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Supplemental Figure Legends

Figure S1 (related to Figure 2).  Foma-1 neurons display direction-selective responses to the motion of a small object within their receptive field, but did not respond direction selectively to wide field motion.

A) Side and top view schematics of electrophysiology set-up.  The brain is accessed from the posterior of the fly’s head while visual stimuli are presented to the fly’s eyes via two coherent fiber optic arrays.

B) Response field for a Foma-1 neuron.  A 10° dot was moved in eight cardinal directions at each of 162 locations in the visual field.  For each location the average firing rate was calculated for each direction of motion, and a vector was computed for the preferred direction.  The average vectors are plotted according to their position in visual space.

C) Averaged response field across cells (n = 42, s.e.m. indicated by + marks at the ends of arrows).

D) Averaged firing rate of Foma-1 neurons to global motion stimuli.  Left, response to presentation of a dynamic dot stimulus at different speed and density conditions, for rotational and translational global motion patterns (mean ± s.e.m., n = 26).  Right, response to drifting square wave gratings at 200°/s, with a spatial wavelength of 20° (mean ± s.e.m., n = 15).  Different directions were randomly interleaved in a continuous presentation.

Figure S2 (related to Figure 3).  Characterization of Foma-1 neurons to additional looming stimuli. 
A) Averaged response of a Foma-1 neuron to a looming stimulus that persists after looming has ceased, averaged over 9 trials (mean ± s.e.m.).  l/|v| = 22 ms. 

B) Time of peak response relative to the time of collision as a function of l/|v| for looming stimuli that persist after looming has ended (n = 2) and for looming stimuli that are extinguished after looming has ended (same data as Figure 3D).  Mean ± s.e.m.

C) Averaged response field (from Figure S1) with boxes indicating the starting positions of looming stimuli.  The black and blue boxes correspond to the positions tested in Figure 3E, 3F, 4C, and 4D.

D) Averaged responses of a Foma-1 neuron to looming stimuli originating in four different azimuthal positions (elevation = 30°, azimuth = 0° (black), 40° (green), 65° (purple), and 80° (red)).  Mean ± s.e.m, averaged over 24, 8, 7, and 10 trials respectively.  l/|v| = 22 ms. 

E) Raster plots and averaged responses of a Foma-1 neuron to looming stimuli with final angles of 60° for one Foma-1 neuron.  l/|v| = 44 (left), 22 (middle), and 14 (right) ms.

F) Averaged responses to looming stimuli with final angles of 60° for three Foma-1 neurons.  l/|v| = 22 ms.

G) Averaged responses to looming stimuli with final angles of 30° for the same neurons.  l/|v| = 22 ms.

Figure S3 (related to Figure 6).  Experimental apparatuses for behavioral assays.

A) Photograph of the experimental apparatus for looming evoked escapes showing the platform and mirror reflecting a looming stimulus from the CRT monitor below.

B) Time of peak responses of Foma-1 neurons (black, same data as in Figure 3D) and behavioral takeoffs (red) as a function of l/|v|.  Peak responses averaged from 27 flies.  Takeoff data averaged from 6, 10, 10, and 8 flies for l/|v| values 11, 16, 32, and 64 ms respectively.  

C) Bar plot of the fraction of flies that takeoff for each stimulus presentation.

D) Photograph of experimental apparatus for Channelrhodopsin stimulation showing the platform and the blue LEDs.
Supplementary Movie 1 (related to Figure 5). Video recording of a fly taking off in response to a looming stimulus.  

Supplementary Movie 2 (related to Figure 5). Video recording of a fly taking off in response to channelrhodopsin stimulation.

Supplemental Experimental Procedures
General fly husbandry

Flies were raised on standard cornmeal-agar medium and kept on a 12:12 light/dark cycle at 25°C and 50% humidity.  All flies were backcrossed 5 times into an isogenized OregonR background.

We used the following constructs for the indicated experiments: 

Electrophysiology: 

w+; Foma-1-GAL4/UAS-mCD8GFP  

Loom escape behavior: 
w+; Oregon-R 

w+; Foma-1-GAL4/UAS-Shits;UAS-Shits/+

  



w+; Foma-1-GAL4/+

 



w+; UAS-Shits/+; UAS-Shits/+ 





w+; +; 21Dhh/+



(“L2”)





w+; UAS-Shits/+; 21Dhh/UAS-Shits 
Channelrhodopsin behavior: 
w+norpA36; Foma-1-GAL4/ UAS-ChR2-YFP

w+norpA36; Foma-1-GAL4/+

w+norpA36; UAS-ChR2-YFP/+

w+norpA36; 201Y-GAL4/UAS-ChR2-YFP
(“MB”)
w+norpA36; UAS-ChR2-YFP/+; 21Dhh/+
(“L2”)

Electrophysiology

Female flies, 1-2 days post eclosion, were briefly anaesthetized on ice, and placed in a recording chamber [20].  The fly’s head was affixed using epoxy and bathed in oxygenated saline, consisting of 103 mM NaCl, 3 mM KCl, 5 mM TES, 26 mM NaHCO​3, 1 mM NaH2PO4, 1.5 mM CaCl2, 4 mM MgCl2, 10 mM trehalose, 10 mM glucose, and 10 mM sucrose.  The cuticle was removed from the back of the head, and the neural sheath manually removed from the brain.  Pressure polished electrodes 47[]
 (3 – 7 M) were filled with a slightly diluted extracellular saline with 0.5% neurobiotin tracer (Vector Laboratories) and 2% Alexa Fluor 546 biocytin (Invitrogen).  Recordings were made using a Zeiss Axioskop 2 microscope with IR-DIC optics and a 63X water immersion objective.  Data was collected using a Multiclamp 700B amplifier and Clampex 10.2 (Molecular Devices), sampled at 10 kHz and filtered at 4 kHz, and analyzed using Igor Pro (Wavemetrics).  The baseline firing rate was controlled throughout the experiment by hyperpolarizing current to lie within the range of 5-10 Hz.  Within this range, responses shapes evoked by looming stimuli were unchanged.

Visual stimuli

Visual stimuli were generated using custom Open-GL code, presented on an Iiyama HM204DT monitor, controlled by an ATI Radeon 9550 graphics card, run at 200 Hz.  The stimuli were focused onto two coherent fiber optics (Schott, IG-154) using two Sigma Zoom Lenses (AF-MF 17-70mm F2.8-4.5 DC Macro).  The other ends of the fiber optics, covered with a thin piece of Parafilm to diffuse the stimuli, were held under the stage the microscope at a distance of 1 mm from the fly’s head, and converged in front of the fly, oriented at 45° to the midline of the fly.  The luminance of the optic for a dark screen was 2.2 cd/m2, a grey screen was 21.4 cd/m2, and that for a white screen was 27.7 cd/m2.  

Receptive field mapping:

A single 10° dot was flashed at 2 Hz in each of 242 different locations.  The dot flashed in each location 3 times sequentially, and sampled each location at random.  The cell’s firing rate during the on phase and the off phase were examined for each position. 

Global motion stimulus: 

A random array of 10° dots was moved coherently (98% coherence) in one of four directions (90° increments) for 250 ms.  Different density and speed conditions were sampled, with the conditions interleaved at random.  Density values were 5%, 20%, 35% and 50%.  Speed values were 100°/s, 200°/s and 300°/s.  Each motion epoch was preceded by a noise epoch of 250 ms in which each dot moved in a randomly chosen direction (0% coherence), with the same density and speed. The overall stimulus luminance was maintained at a constant value throughout the experiment by adjusting the luminance of both the dots and the background for different density conditions [19].  The direction of coherent motion for the two optics were coordinated to create translational or rotational stimuli. 

Local motion stimulus: 

A single 10° dot was moved in 8 different directions (at 45° intervals) in each of 162 positions in the visual field at 200°/s.  The most anterior part of the visual field, where the two optics converged, was not sampled.  For each location the average firing rate was calculated for each direction of motion, and a vector was computed for the preferred direction. 

Looming stimulus: 

The visual angle of the approaching dot was updated every 5 ms and determined by the equation 


[image: image4.wmf]
(eq 1)

where l is half of the length of the object and v the velocity of the object towards the fly. 

Eleven l/|v| conditions were tested through the combination of four virtual object lengths (0.030, 0.044, 0.088, 0.175 mm) and three velocities (2, 4, 6 mm/s).  The value of l/|v| ranged from 5 to 87.5 ms, with three values being sampled twice.  

We presented looming stimuli of contrast increments, decrements, and checkerboards on a gray background.  For the contrast increment and checkerboard conditions there was a delay of 1 second between looming stimuli, whereas for the contrast decrement condition there was a delay of 15 seconds between looming stimuli.  These delays are significantly shorter from the ≥ 40 s delays used in studies in locusts [21,23].  In our hands, using these shorter intervals, neuronal responses remained robust across trials.  For both conditions, sequential looming stimuli were initiated in different positions of the visual field.  

The recorded spikes were smoothed with a 20 ms Gaussian filter to render the instantaneous firing rate.

The time of peak was related to the ratio l/|v| by fitting to a line such that
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(eq 2)
From this, the angular threshold can be calculated from [31]:


[image: image8.wmf]
(eq 3)
Random looming stimulus: 

A virtual object of half-length l = 0.175 mm was randomly moved towards and away from the fly.  Every 25 ms the velocity of the dot towards the fly was chosen from a uniform distribution between ±4 mm/s.  The visual angle was determined from equation (1) and was updated every 5 ms.  If the visual angle of the dot either exceeded 150° or was less than 13°, the apparent size of the dot was reset to a randomly chosen angle.  

Full field flicker:

Spatially uniform white light was presented to the fly.  The stimulus intensity was chosen every 15 ms from a Gaussian distribution with a mean of 19.4 cd/m2 and a standard deviation of 10.4 cd/m2.

LN Model

We used a Linear-Nonlinear (LN) model to capture the cell’s response either to the visual angle of the random looming stimulus or to luminance of the full field flicker stimulus.  For each case, the model consists of two functions, a linear temporal filter and an instantaneous nonlinearity.  The model predicts the response of the cell, r’(t), by convolving the stimulus, s(t), with the linear filter, F(t), and passing the result, g(t), through the nonlinearity N(g): 
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(eq 4)
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(eq 5)

The filter was computed as the correlation between the stimulus, s(t), and the response, r(t), normalized by the autocorrelation of the stimulus.  The filter was scaled such that the variance of the linear prediction, g(t), was equal to the variance of the stimulus, s(t).  For the LNloom stimulus, s(t) denotes the visual angle as a function of time, while for the LNluminance stimulus, it denotes the full field luminance as function of time.  The 25 ms time correlation of the random looming stimulus resulted in many of the linear filters calculated for this stimulus to be acausal by less than 25 ms.  The nonlinearity was computed by plotting the response, r(t), against the linear prediction, g(t).  Values of g were ranked by order of magnitude, and the corresponding r values were then averaged over bins containing an equal number of points.

The linear filter represents the temporal sensitivity and polarity of the cell, while the nonlinearity conveys the threshold, gain, and rectification of the cell’s response.

To compare two filters calculated in different conditions, F1(t) and F2(t), we calculated the normalized root-mean-square (rms) difference between them as:


[image: image12.wmf]
(eq 6)

To evaluate the quality of the fit, we used Pearson’s correlation coefficients to examine how well the LN model’s predicted response to a novel stimulus sequence matched the averaged response of the neuron to that sequence.   Comparing this to the correlation coefficients for individual trials of that sequence to the averaged response, we found that the LN prediction matched the averaged response statistically indistinguishably from the trial-to-trial variability (Pearson’s correlation coefficient 0.70 ± 0.03 compared to 0.63 ± 0.04 (mean ± s.e.m.), n = 7 neurons, 6 trials per neuron, p = 0.19 Student’s T Test).
Histology

Neurons were filled by electroporation.  Electrodes containing 10 mg/ml Texas Red dextran (Invitrogen) in extracellular saline were connected to the output of a stimulator (Grass), and placed against the cell body of targeted neurons.  We applied 20V pulses (5 ms, 1 Hz) until the cell was filled with dye, which usually occurred in less than 1 minute.  Serial optical sections were taken in the intact preparation using a Leica confocal microscope (TCS SP5 II) with a 20X (N.A. 1.0) water immersion objective. 

Some neurons were filled with neurobiotin and Alexa 546 during recordings.  Following filling, the brains were dissected and fixed in 2% Paraformaldehyde, washed in PBST (Phosphate Buffer Saline + 1% Triton X-100), and blocked in PBST including 10% normal goat serum.  Brains were incubated in 1:200 Streptavidin:Alexa Fluor 546 (Invitrogen) and 1:200 rabbit anti-GFP (Promega) in PBST overnight at 4°C.  Following five washes in PBST, brains were incubated in 1:200 anti rabbit 488 for 2 hours at 25°C.  Brains were washed in PBST five times and mounted in glycerol.  We imaged z-stacks (1 µm slices) with a Leica confocal microscope (TCS SP2 AOBS) using a 40X oil immersion objective (N.A. 1.25).

For the images in Fig. 1b and c, we prepared brains following the same staining protocol above, but incubated with nc82 at 1:30 (Developmental Studies Hybridoma Bank) and rabbit anti-GFP at 1:200 (Promega).

Loom behavior

Female flies were collected within one day of eclosion and food deprived for ~20 hours prior to experiments.  Flies were briefly anaesthetized on ice and placed into pipet tips with the tip cut off (leaving an opening of 2.25 mm).  Both experimental and control genotypes were warmed to 34° C for at least 20 minutes.  The pipet tip was held vertically beneath a small platform, 25 x 40 mm (Figure S3).  The fly climbed up the tip and onto the platform.  When the fly emerged onto the platform it was presented with a looming stimulus.  The platform was placed on top of the screen of an Iiyama HM204DT monitor inside a chamber preheated to 34°C.  The stimulus was generated at 200Hz, and reflected to the fly using a mirror angled at 45°.  The looming stimulus was repeated up to six times and each fly was scored as to whether it responded to the stimulus.  Some experiments were recorded using either an Exilim (Casio, EX-FH20) or a Prosilica (GE680) camera at 200 frames per second.

Optogenetic stimulation

UAS-Channelrhodopsin-YFP flies and norpA36 flies were backcrossed five times into an isogenic OregonR background, and then combined.  For these experiments, the standard fly food was supplemented with 10µM all-trans-retinal (Advance Scientific & Chemical).  

Fly crosses were set up on retinal containing food and kept in the dark.  Upon eclosion, female flies were placed in fresh retinal containing food and aged 3-4 days in the dark.  Flies were briefly anaesthetized on ice and placed into pipet tips with the tips cut off (leaving an opening of 2.25 mm).  A single pipet tip was held vertically beneath a small platform, 25 x 40 mm.  The platform was surrounded by four adjustable arms each holding a 470 nm tri-star LED board (Luxeon Star, MR-B0030-20T) attached to a heat sink roughly 4.5 cm away from the top of the platform (Figure S3B).  When the fly emerged onto the platform, the LEDs were illuminated at 700mA, with an irradiance of 713 W/m2.  The time at which the fly took off from the platform was measured from when the LEDs were illuminated.  Some experiments were recorded using an Exilim camera (Casio, EX-FH20) at 200 frames per second.
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