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Figure S1 (related to Figure 2). All traces of changes in L-R WSA and GCaMP6f fluorescence 
(ΔF/F) during rightward motion of a vertical grating obtained from one fly. 

 

Supplemental Experimental Procedures 

2-photon calcium imaging 

We used 2-5 days old female flies heterozygous for w+;UAS-tdTomato;UAS-GCaMP6f [S1,S2] and w-
;+;R56G08-Gal4 for all imaging experiments. We performed 2-photon calcium imaging as described 
previously [S3,S4] using a Prairie Ultima IV two-photon microscope (Prairie Technologies, Middleton, 
WI) equipped with a Nikon 40x NIR Apo objective water-immersion lens (0.8 NA) and an excitation 
wavelength of 930 nm. Images were acquired at a frame rate of 13.1 Hz (looming experiments) or 9.5 
Hz, which allowed us to image from a relatively large area, but was still sufficient to detect large 
signals, as changes in neuronal activity often lasted multiple seconds. We chose an imaging area based 
on the tdTomato signal, measuring 32 x 64 µm (looming experiments) or 72 x 98µm. The z-depth was 
adjusted slightly during experiments based on observation of the GCaMP6f signal. To correct for 
motion in the X-Y plane, we registered the tdTomato channel for each frame by finding the peak of the 
cross correlation between the image and the first frame [S5]. For analysis, we chose a region of interest 
(ROI) manually. For each frame, we computed fluorescence (Ft) of the GCaMP6f signal by subtracting 
the sum of the background pixels from the sum of the ROI pixels. The background was defined as the 
10% dimmest pixels. For each fly, we computed the mean fluorescence for a trial in which the fly did 
not fly (F0), as we did not observe any significant changes in fluorescence when the fly was not flying. 
For each fly the value of F0 is the same across experimental conditions. Our metric for response is (Ft – 
F0)/F0, which we call ΔF/F for brevity. 

 

Behavioral measurements 

Left and right wing stroke amplitudes were acquired as described previously [S6] at 32 Hz (looming 
experiments) or 50 Hz. This method introduces a delay in measurement of ~30 ms  [S7], which we 
corrected. Saccades were identified from L-R angles as described by Kim et al. 2015  [S8], and either 

-20

0

20

40

60

3s

-20

0

20

40

60

-2

0

2

4

6

-20

0

20

40

60

-2

0

2

4

6

-2

0

2

4

6

3s 3s

L-R (°) ǻ)�)



classified as loom-elicited, when the peak L-R velocity occurred within 0.5 s of the mean response 
peak relative to the end of the looming stimulus, or classified as spontaneous. Individual peak response 
magnitudes were determined as maxima within a 0.5 s window surrounding the mean peak trace for 
baseline-subtracted L-R (Fig. 1E) and base-line averaged ΔF/F (Fig. 1F).  For each fly, we determined 
sample version z-scores of these peak responses, after filtering L-R and ΔF/F traces with a zero-lag, 
fourth-order, low pass Butterworth filter with cut-off frequencies of 6 Hz and 2 Hz, respectively. 

 

Electrophysiology  

We performed patch-clamp experiments on 1-2 days old females heterozygous for w-;+;R56G08-Gal4 
and w+;UAS-10xeGFP;+ using techniques described  previously  [S3,S6]. Flies were tethered to a 
custom-made holder, but with the head not tilted forward, such that it could be opened dorsal of the 
antennae to provide access to the cell body. In this configuration, the upper third of the eye was 
obstructed by the holder. We corrected membrane potential values for a measured liquid junction 
potential of 13 mV. The data were sampled at 10kHz. During recording, the cell was filled with 
Biocytin (B-1603, Invitrogen, Carlsbad, CA) and afterwards the brain and VNC were dissected and 
stained as described previously. We acquired images using a confocal microscope (SP5, Leica, 
Wetzlar, Germany) with a 40x oil-immersion objective at a step size of 1 µm. For reconstruction of the 
cell we used the simple neurite tracer from ImageJ (NIH) [S9].  

 

Activation experiments 

2-5 day old female flies heterozygous for w+;UAS-eGFP; UAS-P2X2  [S10,S11] and w-;+;R56G08-
Gal4 were tethered as for the imaging experiments. We injected 1 mM Mg-ATP (A9187, Sigma-
Aldrich, St. Louis, MO) using a Picrospritzer II (Parker, Holli, NH) and thin-walled micropipettes with 
a tip of ~3 µm diameter positioned next to the targeted dendrites in either the right or left brain 
hemisphere. We added 0.03 mM Alexa568 (A-10437, Invitrogen) to the solution to visualize the 
ejected solution under the microscope during a few control pulses before each experiment. The 
pressure was adjusted such that a visible, but locally defined, amount of solution was ejected (pressures 
ranged from 1-12 psi). During experiments, the fluorescence illumination was turned off. We applied 1 
s pulses every 30 seconds and for a trial to be included in the analysis, the fly had to fly continuously 
from 1 s before the start of the pulse through the end of the pulse. We only included flies that were able 
to complete 5 such trials. Control flies either had the same genotype as experimental flies but no ATP 
was added to the solution, or they did not express UAS-P2X2. For combined visual stimulation and 
ATP injection we presented a square-wave grating moving to the left for 3 s and applied a pressure 
pulse (1 s) after 1 s of visual motion. We alternated this stimulus with just the presentation of visual 
motion or just ATP application.  

 

Visual stimuli and data analysis 

Visual stimuli were presented using a cylindrical LED arena with 570 nm peak wavelength for 
electrophysiology and 454 or 470 nm for calcium imaging. The arena covered 216° (looming 
experiments) or ~200° horizontally and 64° (looming experiments) or 60° vertically with a resolution 
of ~2.25°. Looming stimuli emulated a 0.15 m diameter dark sphere approaching at 1.5 ms-1 from 1.5 
m away until it reached a 60° visual angle. These expanding circles were presented every 6 s from 
either 45° to the left or right of the fly in pseudo-random order, with a sham, or no looming stimulus, 
appearing 11% of the time. Large-field visual patterns consisted of a sine-wave grating (closed-loop) or 
square-wave grating (open- loop) with spatial wavelength of 36° and maximal contrast. In open-loop 
experiments a pattern appeared, remained stationary for 2 s, moved for 3 s and remained stationary for 
another 3 s after which a new pattern appeared. To group responses for leftward and rightward visual 
motion into equally-spaced 10 bins, we subtracted the baseline calculated as the mean during 1 s before 
onset of the stimulus and sorted the data according to the magnitude of the changes in L-R WSA, 
calculated as the mean during stimulus presentation. We then calculated average responses for each 
bin. Changing the bin size did not qualitatively alter the result. For closed-loop experiments, we added 
a motion bias of ±10 corresponding to a temporal frequency of ±1.56 Hz. Each closed-loop trial lasted 
2 min and the sign of the bias was switched between trials.  To plot ΔF/F against changes in WSA, we 
calculated the mean L-R WSA for each frame during the time the image was acquired. We then binned 
the data in intervals of 2° from -30° to +30° and for each interval calculated the mean ΔF/F measured 
at that time. We did this separately for each fly and then calculated the mean across flies. For 



calculating the cross-correlation we subtracted the mean for both the membrane potential and L-R 
WSA traces without any additional filtering or binning. For further assessing the timing between 
neuronal activity and behavioral changes, we selected the time points, at which the membrane potential 
exceeded twice the STD under the condition that the membrane potential had been below that value for 
at least two seconds before that. We than calculated the average changes in membrane potential and L-
R WSA for all events. All data analysis was performed in MATLAB (Mathworks, Natick, MA) and 
Python.  
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