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SUMMARY

Insects, like most animals, tend to steer away from
imminent threats [1-7]. Drosophila melanogaster, for
example, generally initiate an escape take-off in
response to a looming visual stimulus, mimicking a
potential predator [8]. The escape response to avisual
threatis, however, flexible [9-12] and can alternatively
consist of walking backward away from the perceived
threat [11], which may be a more effective response to
ambush predators such as nymphal praying mantids
[7]. Flexibility in escape behavior may also add an
element of unpredictability that makes it difficult for
predators to anticipate or learn the prey’s likely
response [3-6]. Whereas the fly’s escape jump has
been well studied [8, 9, 13-18], the neuronal underpin-
nings of evasive walking remain largely unexplored.
We previously reported the identification of a cluster
of descending neurons—the moonwalker descending
neurons (MDNs)—the activity of which is necessary
and sufficient to trigger backward walking [19], as
well as a population of visual projection neurons—
the lobula columnar 16 (LC16) cells—that respond to
looming visual stimuli and elicit backward walking
and turning [11]. Given the similarity of their activation
phenotypes, we hypothesized that LC16 neurons
induce backward walking via MDNs and that turning
while walking backward might reflect asymmetric
activation of the left and right MDNs. Here, we present
data from functional imaging, behavioral epistasis,
and unilateral activation experiments that support
these hypotheses. We conclude that LC16 and
MDNs are critical components of the neural circuit
that transduces threatening visual stimuli into direc-
tional locomotor output.

RESULTS AND DISCUSSION

In our first series of experiments, we revisited the neuronal
activation phenotypes of lobula columnar 16 (LC16) and
moonwalker descending neuron (MDN) cells by acutely depo-
larizing them using a red-light-activated cation channel,
CsChrimson [20], in an optogenetic behavioral assay. We
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used two different split-GAL4 driver lines that label the iden-
tical LC16 population (LC16-1 and LC16-2 GAL4s) and three
different lines that label the identical MDN cells (MDN-1,
MDN-2, and MDN-3 GAL4s; see the list of genotypes in the
Supplemental Experimental Procedures). Bilateral activation
of either LC16 cells or MDNs elicited backward locomotion,
as previously observed [11, 19], but a closer examination re-
vealed subtle differences between the LC16- and MDN-trig-
gered motor programs (Figure 1). In order to quantify these
behaviors, we used computer vision software to extract two
distinct features of locomotion: translation and rotation (see
the Supplemental Experimental Procedures). During the 2 s
stimulation window, LC16 cells triggered transient backward
locomotion that included a strong turning component—even-
tually leading the fly to resume forward walking in a direction
different from its original heading (Figures 1A-1C; Movie S1).
Upon LC16 activation, the resumption of forward locomotion
would often begin during the 2 s light stimulation. By contrast,
MDNs triggered slower, straight or slightly curved backward
walking that persisted until the end of the stimulation period
(Figures 1A-1C; Movie S1).

We used hysteresis-based thresholds [21, 22] to define
six distinct behavioral states based on translational and
angular velocities: straight backward walking, backward
turning, straight forward walking, forward turning, stall,
and pivot (i.e., turning without translation; see the Supple-
mental Experimental Procedures). Consistent with our qual-
itative observation, we observed that flies in which LC16
was activated predominantly showed backward turning
and pivots, whereas flies with MDNs activated showed
substantially more straight backward walking (Figures 1D
and S1).

Next we asked whether LC16 could trigger neuronal re-
sponses in MDNs. We optogenetically activated the LC16
neuronal population with CsChrimson while simultaneously im-
aging calcium transients in the dendritic arbors of MDNs using
GCaMP6m [23] (Figure 2A). In an explanted central nervous
system (CNS), optogenetic activation of LC16 cells was suffi-
cient to trigger calcium responses in MDNs (Figures 2B and
2C). The response was mostly abolished by bath application
of mecamylamine—an inhibitor of cholinergic synaptic trans-
mission (Figures 2B and 2C). These results suggest that LC16
neurons activate MDNs via an excitatory cholinergic input.
This input is unlikely to be a direct synaptic connection since
the arborizations of LC16 and MDN cells do not overlap (Fig-
ure 2A; Movie S2).
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Figure 1. Similar but Distinct Features of Backward Locomotion upon Optogenetic Activation of MDNs or LC16 Cells

(A) Representative motion traces upon optogenetic activation of MDNs and LC16 cells, using the MDN-2 and LC16-1 split-GAL4 driver lines, respectively, to drive
the expression of UAS-CsChrimson. Top: trajectories before, during, and after stimulation. Blue traces, light off; red traces, light on. Arrows indicate position at
start of stimulation. Bottom: trajectories of the same flies during the 2 s stimulation window, now color-coded for backward (<0 mm/s) or forward (>0 mm/s)
translational velocity. Translational velocity in this and other panels is defined as the projection of the fly’s locomotion vector onto its orientation direction.

(legend continued on next page)
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Figure 2. Optogenetic Activation of LC16 Cells Elicits Calcium Re-
sponses in MDNs

(A) Left and center: schematic of the brain showing LC16 neurons (magenta,
expressing CsChrimson) and MDNs (green, expressing GCaMP6m). Yellow
polygons within the dotted rectangle show regions of interest for functional
imaging. Right: regions of interest overlaid on MDN arbors in a projection
image of a representative sample. Scale bar, 20 um.

(B) Top: time series for calcium responses in MDNs upon optogenetic acti-
vation of LC16 cells (n = 6-8 flies). Bottom: responses of MDNs to LC16
activation upon application and washout of mecamylamine (n = 5 flies). Dark
traces indicate mean of per-fly means (20 trials per fly, ten on each side of the
brain) versus time, and envelopes indicate +SEM.

(C) Top: per-fly means of average MDN AF/Fg values during 5 s of LC16 acti-
vation (n = 6-8 flies), shown in jitter plots in which each dot represents per-fly
mean of 20 trials and whiskers represent +SEM. Horizontal bars indicate median
values. p values are for comparisons to no GAL4 control (unpaired Student’s t
test with Bonferroni correction). Bottom: quantification of responses upon
application and washout of mecamylamine (mec; n = 5 flies). p values are for
paired comparisons to mecamylamine-treated samples (paired Student’s t test).
See also Movie S2 and Tables S1 and S2.

Is MDN activity necessary for LC16-triggered backward loco-
motion? To address this question, we activated LC16 with
CsChrimson in a background in which MDNs were inactivated

by expression of the tetanus toxin light chain (TNT), an inhibitor
of synaptic transmission [24]. As a positive control, we included
flies in which TNT was expressed in LC16 rather than MDNs. As a
negative control, we used flies in which an empty vector
controlled TNT expression. We observed that the backward
component of LC16-triggered retreat was dramatically reduced
in all experimental and positive control genotypes, but not in the
negative controls (Figure 3; Movie S8). The residual backward
translation of the experimental flies was not significantly different
from that of the positive control, suggesting that it reflects
incomplete neuronal silencing with TNT rather than an MDN-in-
dependent component to LC16-triggered backward locomotion
(Figures 3B-3D).

By contrast, the turning component resulting from LC16 acti-
vation was partially suppressed when MDNs were silenced (Fig-
ures 3C-3D; Movie S3), suggesting that LC16 neurons induce
turning via both MDN-dependent and MDN-independent path-
ways. Quantification of the six behavioral states revealed that
LC16-trigged backward turns were effectively and similarly sup-
pressed by silencing of either MDNs or the LC16 cells them-
selves (Figures 3D and S2). The MDN-dependent pathway thus
mediates the backward turns elicited by LC16 activation. For-
ward turns were more weakly and variably suppressed by
MDN silencing (Figure 3D), suggesting that they rely primarily
on the MDN-independent pathway. Pivots were increased
upon both MDN and LC16 silencing (Figure 3D), perhaps in
both cases as an indirect consequence of the inability to retreat.

There are four MDN cells, two on each side of the CNS, with
axons that project contralaterally to all three leg neuropils of
the thoracic ganglia [19]. We speculated that asymmetric activa-
tion of the left and right MDNs might result in backward turning.
To address this possibility, we applied a genetic approach to sto-
chastically activate subsets of the four MDN cells [11] (see the
Supplemental Experimental Procedures). In individual flies, the
stochastically activated cells can be anatomically identified
and correlated to the fly’s behavior (Figures 4A-4C; Movie S4).
We found that, overall, the extent of backward translation corre-
lated with the total number of MDNs activated and the amount of
turning correlated with the asymmetry of activation (Figure 4C).
Asymmetric MDN activation consistently favored backward
turning to the contralateral side (with respect to the location
of the MDN soma in the brain). These results suggest that each
of the four MDNs can act independently and that collectively
they control both the magnitude and direction of backward
locomotion.

In conclusion, our results suggest that LC16 cells and MDNs
mediate visually evoked retreat via an excitatory feedforward
circuit (Figure 4D). The four MDN cells can elicit a range
of related motor outputs, depending on the pattern of their

(B) Representative trajectories during the 2 s stimulation window of four flies for each of the various cell-type specific drivers.

(C) Left: translational and angular velocities versus time. Dark traces indicate mean of per-fly means (five trials per fly), and envelopes indicate +SEM. Red rectangles
in this and other panels signify optogenetic stimulation with red light. Right: per-fly mean, over five trials, of total backward translation distances and rotation angles
during 2 s of optogenetic stimulation (n = 26-56 flies). Box-and-whisker plots in this and other panels show 10™, 25", 50, 75, and 90" percentiles. Statistical
significance was assessed using the Kruskal-Wallis test (p < 0.0001 for both panels), followed by Dunn’s post hoc test for pairwise comparisons against the empty
GAL4 (black) and LC16-1 (red) controls. In this and other panels, ***p < 0.0001, ***p < 0.001, **p < 0.01, and *p < 0.05; ns, not significant.

(D) Per-fly mean, over five trials, of the fraction of time spent in the indicated behavioral states during the 2 s window of optogenetic activation. Kruskal-Wallis tests
(p < 0.0001 for all panels) were followed by Dunn’s post hoc test for pairwise comparisons against empty GAL4 (black) and LC16-1 (red) controls. Data for straight

forward and stalled states are shown in Figure S1.
See also Movie S1.
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Figure 3. LC16 Neurons Act via MDNs to Trigger Backward Locomotion

(A) Top: optogenetic activation of LC16 cells in combination with either MDN-3 or the empty GAL4 control driving expression of TNT. Motion traces of repre-
sentative flies are indicated. Blue traces, light off; red traces, light on. Arrows indicate position at the start of optogenetic stimulation. Bottom: trajectories during
the 2 s window of optogenetic stimulation, now color-coded for backward (<0 mm/s) or forward (>0 mm/s) translational velocity.

(B) Representative trajectories of four flies for various genotypes used in the neuronal epistasis experiments. The traces include only the 2 s stimulus window.
(C) Left: translational and angular velocities versus time upon optogenetic stimulation of LC16 cells. Dark traces indicate mean of per-fly means (five trials per fly),
and envelopes indicate +SEM (n = 45-70 flies). Right: per-fly mean, over five trials, of total backward translation distances and rotation angles during the 2 s of
optogenetic stimulation of LC16 cells. Statistical significance was assessed using the Kruskal-Wallis test (p < 0.0001 for both panels), followed by Dunn’s post
hoc test for pairwise comparisons against the empty GAL4 (black) and LC16-1 (red) controls.

(D) Per-fly mean, over five trials, of fraction of time spent in each behavioral state during the 2 s stimulus window. Kruskal-Wallis tests (p < 0.0001 for backward
turn, forward turn, and pivot; p = 0.07 for backward straight) were followed by Dunn’s post hoc test in pairwise comparisons against the negative (empty; black)
and positive (LC16-1; red) controls. Data for forward straight and stalled states are shown in Figure S2.

See also Movie S3.
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(A) Trajectories of all flies during the first 1 s of MDN
activation. Left: categories with more left (L) than right (R)
MDN cells labeled. Middle: categories with no or an
equal number of MDN cells labeled in the two brain
hemispheres. Right: categories with more right than left
MDN cells labeled. Per-fly mean trajectories over 15
trials (faded lines) and per-category mean trajectories
(bold lines) are indicated. Solid and dotted lines indicate

X (mm)

Asymmetric labeling

(mm/s)
Forward

translational velocity

Backward

1/0 or 0/1
—2/0 or 0/2
4T —2/1or1/2

EN
o

Contralateral
Right

angular velocity
(rad/s)

Left

Ipsilateral

Symmetric/no labeling

4 backward (<0 mm/s) and forward (>0 mm/s) translation,
respectively. “n” indicates the number of flies tested in
each category.

(B) Time series for stochastic activation of MDNs. Posi-
tive and negative values for translational velocity indicate
forward and backward locomotion, respectively. Posi-
tive and negative values for angular velocity indicate
contralateral and ipsilateral turns (with respect to the
side where more MDNs were labeled), respectively, for
asymmetric labeling classes, and right and left turns,
respectively, for symmetric/no labeling classes. Dark
0/0 traces indicate means of per-fly means (15 trials per fly),
pooled from all flies of a given labeling category, and
envelopes indicate +SEM (n = 6-28 flies).

(C) Per-fly mean of backward translation distances and
turning-bias indices for flies with varying numbers of
MDNs activated (15 trials per fly). Vertical bars indicate
median values. Turning-bias indices are defined as either
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angular distances (with respect to the side where
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activity: symmetric activation of all four MDNs elicits straight
backward walking, whereas asymmetric activation favors back-
ward turning. Under natural conditions, a visual threat is likely to
preferentially activate the ipsilateral LC16 cells, which we infer
would lead to stronger activation of the ipsilateral MDNs and
hence contralateral (evasive) turning. Even in the absence of pro-
nounced asymmetry in LC16 activation, intervening circuits may
introduce or amplify left-right differences to result in primarily uni-
lateral MDN activation. We anticipate that MDNs also receive
input from other sensory pathways. Mechanosensory cues, for
example, might activate MDNs in response to a physical obstruc-
tion, and these too might differentially activate ipsilateral and
contralateral MDNs to determine both the direction and extent
of backward walking. The descending neurons that control for-
ward walking and turning in Drosophila have not yet been identi-
fied, but once they are, it will be interesting to determine whether
these cells employ an analogous logic to that of the MDNs to
direct forward, rather than backward, walking and turning.
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more MDN cells were labeled; asymmetric labeling) or as
right / (left + right) angular distances (symmetric/no
labeling). Ratios are normalized by subtraction of light-
off turning preferences to correct for any inherent left-
right bias in a given fly. A Kruskal-Wallis test (p < 0.0001
for both panels) was followed by Dunn’s post hoc test of
pairwise comparisons against the category with no
activated MDN cells (0/0; p values indicated).

) (D) Schematic showing the proposed roles of LC16
l neurons and MDNs in visually evoked retreat in
Drosophila.

See also Movie S4.
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Figure S1. Fraction of time in forwards straight and stalled states upon optogenetic neuronal
activation of LC16 or MDN cells. Related to Figure 1.

Per-fly mean over 5 trials, of fraction of time spent in forwards straight and stalled behavioral states during
the 2 s window of optogenetic activation. Kruskal-Wallis tests (P < 0.0001 for both states) were followed
by Dunn’s post-hoc test for pairwise comparisons against empty GAL4 (black) and LC16-1 (red) controls.
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Figure S2. Fraction of time in forwards straight and stalled states in neuronal epistasis experiments.
Related to Figure 3.

Per-fly mean over 5 trials, of fraction of time spent in forwards straight and stalled behavioral states during
the 2 s window of optogenetic activation of LC16 cells. Kruskal-Wallis tests (P < 0.0001 for both states),
were followed by Dunn's post-hoc test in pairwise comparisons against the negative (empty, black) and
positive (LC16-1, red) controls.



GAL4: None LCI6-2 LCI6-1 L(ge‘i')l ( wﬁgfofl N
Mean+SEM Mean+SEM Mean+SEM Mean+SEM Mean+SEM
fly#1 0.14+0.03 0.42+0.04 0.49+0.05 0.10+0.04 0.13+0.02
fly#2 0.14+0.03 0.53+0.04 0.53+0.04 0.07+0.01 0.23+0.04
fly#3 0.13+0.03 0.06+0.02 0.50+0.03 0.15+0.04 0.16+0.03
fly#4 0.10+0.03 0.21+0.02 0.51+0.07 0.12+0.03 0.23+0.04
fly#5 0.16+0.02 0.43+0.05 0.31+0.05 0.05+0.02 0.23+0.02
fly#6 0.07+0.03 0.41+0.04 0.30+0.03
fly#7 -0.01%0.01 0.42+0.02
fly#8 0.06+0.01 0.72+0.09

Table S1. Per-fly means of average AF/F,in MDNs upon optogenetic stimulation of LC16 cells.
Related to Figure 2.
For each fly carrying the indicated split-GAL4 driver together with UAS-CsChrimson MDN-LexAp65
LexAop-GCaMP6m, the mean AF/F,in MDNs during each trial of LC16 activation was calculated. The
mean of these per-trial mean AF/F, values (over 20 trials) yielded the per-fly means tabulated above.

GALA4 driver n Mean+SEM Median
None 8 0.10+0.02 0.12
LCI16-2 6 0.34+0.07 0.41
LCI6-1 8 0.47+0.05 0.49
LC16-1 (With MEC) 5 0.07+0.02 0.07
LC16-1 (MEC Wash-out) 5 0.20+0.02 0.23

Table S2. Mean of per-fly means of average AF/F,in MDNs upon optogenetic activation of LC16
cells. Related to Figure 2.
Per-fly means of AF/F, values, calculated as described above, were averaged over all flies of a given
genotype; n indicates the number of flies tested for each genotype.




Supplemental Experimental Procedures

List of genotypes
Figure Genotype Driver(s)
20XUAS-CsChrimson-mVenus (attP18); R26A03-p65ADZp LC16-1-
(attP40)/+; R5S4A05-ZpGAL4DBD (attP2)/+ GAL4
Figure 1A
20XUAS-CsChrimson-mVenus (attP18); 037220-p65ADZp (attP40)/+; MDN-2-
044845-ZpGAL4DBD (attP2)/+ GAL4
20XUAS-CsChrimson-mVenus (attP18); ; pPBDPGALA4 (attP2)/+ empty
20XUAS-CsChrimson-mVenus (attP18); R26A03-p65ADZp LCl16-1-
(attP40)/+; R54A05-ZpGAL4DBD (attP2)/+ GAL4
20XUAS-CsChrimson-mVenus (attP18); R82D11-p65ADZp LC16-2-
(attP40)/+; RS4A05-ZpGAL4DBD (attP2)/+ GAL4
Figure 1B,C,D 20XUAS-CsChrimson-mVenus (attP18); 044845-ZpGAL4DBD MDN-1-
(attP40)/+; 050660-p65ADZp (attP2)/+ GAL4
20XUAS-CsChrimson-mVenus (attP18); 037220-p65ADZp (attP40)/+; MDN-2-
044845-ZpGAL4DBD (attP2)/+ GAL4
20XUAS-CsChrimson-mVenus (attP18); 050660-p65ADZp (attP40)/+; MDN-3-
044845-ZpGAL4DBD (attP2)/+ GAL4
. MDN-
5XUAS-CsChrimson-mCherry (su(Hw)attP5), 044845-LexAp65 LexAp65
(attP40)/+; LexAop2-IVS-GCaMP6m-p10 (VK00005)/+ ?r)l(onpe )
. LC16-1-
5XUAS-CsChrimson-mCherry (su(Hw)attP5), 044845-LexAp65 GAL4
Figure 2B,C (attP40)/R26A03-p65ADZp (attP40); LexAop2-IVS-GCaMP6m-p10 MDN:
(VK00005)/R54A05-ZpGAL4DBD (attP2) LexAp65
. LC16-2-
5XUAS-CsChrimson-mCherry (su(Hw)attP5), 044845-LexAp65 GAL4
(attP40)/R82D11-p65ADZp (attP40); LexAop2-IVS-GCaMP6m-p10 MDN:
(VK00005)/R54A05-ZpGAL4DBD (attP2) LexAp65
13XLexAop2-IVS-CsChrimson-mVenus (attP18); 26 A03-LexAp65 pB(?nI;GtA)L4
(JK22C)/+; pJFRC35-10XUAS-DSCP-E86tetL.C L Cli g_ ’
(VKO00005)/pBDPGALA4 (attP2)
. LexAp65
Figure 3A MDN3
13XLexAop2-IVS-CsChrimson-mVenus (attP18); 26A03-LexAp65 G AL;1 i
(JK22C)/050660-p65ADZp (attP40); pJFRC35-10XUAS-DSCP- LC16:
E86tetLC (VK00005)/044845-ZpGAL4DBD (attP2) LexAp65
13XLexAop2-IVS-CsChrimson-mVenus (attP18); 26 A03-LexAp65 pB(DnI;GtAIA
Figuro 3B.C,D (JK22C)/+; pJFRC35-10XUAS-DSCP-E86tetLC i cli g)
(VKO00005)/pBDPGALA4 (attP2) LexAp65
13XLexAop2-IVS-CsChrimson-mVenus (attP18); 26A03-LexAp65 LCl6-1-




(JK22C)/R26A03-p65ADZp (attP40); pJFRC35-10XUAS-DSCP- GALA4,
E86tetLC (VK00005)/R54A05-ZpGAL4DBD (attP2) LC16-

LexAp65

. MDN-1-
13XLexAop2-IVS-CsChrimson-mVenus (attP18); 26 A03-LexAp65 GAL4
(JK22C)/044845-ZpGAL4DBD (attP40); pJFRC35-10XUAS-DSCP- LCl 6_’

E86tetLC (VK00005)/050660-p65ADZp (attP2) LexAp65

. MDN-2-
13XLexAop2-IVS-CsChrimson-mVenus (attP18); 26 A03-LexAp65 GAL4
(JK22C)/037220-p65ADZp (attP40); pJFRC35-10XUAS-DSCP- LCl 6_’

E86tetLC (VK00005)/044845-ZpGAL4ADBD (attP2) LexAp65

. MDN-3-
13XLexAop2-IVS-CsChrimson-mVenus (attP18); 26 A03-LexAp65 GAL4
(JK22C)/050660-p65ADZp (attP40); pJFRC35-10XUAS-DSCP- LC16:

E86tetLC (VK00005)/044845-ZpGAL4DBD (attP2) LexAp65

pJFRC300-20XUAS-FRT>-dSTOP-FRT>-CsChrimson-mVenus MDN-1-
Figure 4 (attP18), hs-FLP-PESTOpt (attP3)/+; 044845-ZpGAL4DBD GAL4

(attP40)/+; 050660-p65ADZp (attP2)/+

Fly genetics

The LCI16-LexAp65 and MDN-LexAp65 lines were derived respectively from the 26403-GAL4 and
VT044845-GAL4 lines by gateway cloning, and correspondingly inserted into the JK22C [S1] and attP40
[S2] landing sites by phiC31-mediated recombination. These lines reliably targeted the LC16 and MDN
cell populations and could recapitulate the corresponding activation phenotypes established with GAL4 and
split-GAL4 drivers (data not shown). Split-GAL4 driver lines MDN-1, MDN-2 and MDN-3 were as
described in [S3], and LC16-1 and LC16-2 correspond to 0L0046B and 0L0017B, respectively, as described
in [S4]. Other stocks used were (1) pJFRC35-10XUAS-DSCP-E86tetLC (VK00005), abbreviated as UAS-
TNT, a gift from Barret Pfeiffer; (2) /3XLexAop2-1VS-CsChrimson-mVenus (attP18), Bloomington stock
#55137 [S5]; (3) 20XUAS-CsChrimson-mVenus (attP18) [S5]; (4) hs-FLP-PESTOpt (attP3) [S6]; (5)
PJFRC300-20XUAS-FRT>-dSTOP-FRT>-CsChrimson-mVenus (attP18) [S4], pBPDGAL4U (attP2) [S7];
(6) SXUAS-CsChrimson-mCherry (su(Hw)attP5), a gift from Vivek Jayaraman; (7) LexAop2-1VS-
GCaMP6m-p10 (VK00005), Bloomington stock #44276 [S8].

All flies were raised in the dark at 50% relative humidity on standard cornmeal-molasses food,
supplemented with all-trans-retinal (0.2 mM prior to eclosion, and 0.4 mM post-eclosion).

For activation with CsChrimson, epistasis and calcium imaging experiments, flies were raised at 25°C and
aged for 5-7 days before testing. For the stochastic activation experiments, animals were heat-shocked
during the 1* instar larval stage and reared at 22°C as described in [S4], with the following modifications:
flies were either heat-shocked once for 2 hours, or twice for 2 hours with a 2-hour time interval in between,
and were aged for 13-15 days, prior to testing.

Behavioral assays and analysis

All behavioral experiments were performed at 25°C and 50% relative humidity in the dark. The fly
chamber used in the assays was designed after previously published works [S9-S11] and consists of an
arena within which the flies are constrained in their movements to a plane in which they can be
continuously monitored. For optogenetic activation of neurons with CsChrimson, the entire arena was
uniformly illuminated with 627 nm LEDs (Red-Orange LUXEON Rebel LED — 122 lm; Luxeon Star
LEDs) through a 3 mm thick diffuser. Flies were allowed to walk freely for 1-2 mins before start of the first
activation trial. Behavior was recorded under backlit transmitted infrared (IR) 850nm LEDs (Osram SFH
4050) using a camera (ROHS 1.3 MP B&W Flea3 USB 3.0 Camera; POINT GREY) with a 760 nm long-
pass filter (NEEWER IR filter, 52 mm) at 30 frames per second (fps) and 1024x1024 pixel resolution. For
activation using CsChrimson and in epistasis experiments, groups of ~20 male flies were loaded in the




arena and illuminated with red light of intensity ~5.6 mW/cm?, for five trials. Each trial comprised a 2 s
light stimulus followed by a 20 s light-off period. In the stochastic activation experiments, flies of both
sexes were tested individually for fifteen trials, with a light intensity of ~20.1 mW/cm®. Each trial
comprised a 5 s light stimulus, followed by a 20 s light-off period. Individual flies were retrieved for post-
hoc histology. During the light stimulations, control flies experienced an initial startle response and either
moved faster (activation experiments) or moved slower (stochastic activation experiments) depending on
the intensity of light.

Videos of freely walking flies were tracked with a modified version of Ctrax [S9] that used wing shape to
determine the orientation of flies. Only flies with complete or continuous tracking throughout the videos
were considered for analysis. For each trial, we analyzed a time window that centered on the duration of
red-light illumination. This was 6 s total (2 s each before, during and after stimulus) for the activation and
epistasis experiments, and 15 s total (5 s each before, during and after stimulus) for the stochastic activation
experiments. The tracking fits an ellipse to the fly, and angular velocity and forward velocity for every
frame were calculated as in [S11]. Angular velocity was defined as the change in the body angle relative to
the global coordinate system. Positive and negative values for angular velocity indicated right and left turns
respectively. Forward velocity (for simplicity, referred to as ‘translational velocity’ in figures) was the
projection of the fly’s velocity on its orientation direction. We linearly interpolated the time-points when
forward velocity became 0 mm/sec. ‘Backward translation’ distance was calculated as the total integrated
area from the interpolated time-series plots whenever forward velocity was negative. Total ‘rotation angle’
for the epistasis and activation experiments was calculated by integrating the area under the angular
velocity (i.e., |angular velocity|) vs. time plots. For the stochastic activation experiments, we linearly
interpolated the time-points when angular velocity became 0 rad/s and separately calculated the total angles
turned left and right in each trial for a given fly. Turns from the cases where more right MDN cells were
labeled were sign-reversed and converted into right turns. We thus defined 6 distinct categories: (1) no
MDN cells, (2) 1 cell on one side, (3) 2 cells on one side, (4) 1 cell on each side, (5) 2 cells on each side,
and (6) 3 cells, with 2 on one side and 1 on the other. We pooled data from all flies of a given category of
expression pattern, and defined turning indices as the ratio of contralateral/(contralateral+ipsilateral)
angular distances (with respect to the side where more MDN cells were labeled) for the asymmetric classes,
and right/(left+right) angular distances for the symmetric/no labeling classes. We separately calculated the
mean turning indices before and during stimulation for each fly over fifteen trials, and defined a per-fly
‘turning-bias index’, which was the mean subtracted turning index between light on and off.

For analyses of behavioral states, we manually annotated a subset of the data when the flies were in a given
walking mode. Treating these classifications as ground-truth, we used hysteresis-based thresholds [S12,
S13] on translational and angular velocities for a given behavioral state. A behavioral bout began when
velocity increased beyond an upper threshold and ended when it fell below a lower threshold. Short bouts
and pauses (<3 frames, or <100 ms at 30 fps) were removed and merged with the fly’s state in neighboring
frames. Frames in which angular or translational velocity exceeded 50 units/s or dipped below -50 units/s
were recognized as jumps and eliminated from the analyses [S12]. A backward locomotion bout began
when translational velocity fell below a threshold of -1.75 mm/s and ended when it rose above a threshold
of -1.5 mm/s. A forward locomotion bout began when translational velocity exceeded 2 mm/s and ended
when it fell below 1.5 mm/s. A turning bout began when angular velocity exceeded 2 rad/s and ended
when it dipped below a lower threshold of 1.75 rad/s. Thus, periods when angular velocity fell below 1.75
rad/s were considered as ‘not turning’ and periods when translational velocity varied between -1.5 mm/s
and 1.5 mm/s were considered as ‘not translating’. These thresholds thus defined the 6 behavioral states of
stalled (neither translating nor turning), pivot (turning without translation), forwards or backwards straight
(translating without turning), and forward or backward turn (both translating and turning). Fraction of time
spent in each of these behavioral states was calculated as the trial-averaged ratio of the total number of
frames the flies spent in the given state to the total number of frames in the respective optogenetic trial.
Fraction-time for ‘total backward locomotion’ was defined as the sum of the fraction-times for ‘straight
backwards’ and ‘backward turns’.



Immunohistochemistry and imaging

Immunohistochemistry of the first batch of stochastic activation experiments was performed as described in
[S14] with minor modifications: flies were fixed overnight at 4°C in 1.2% PFA, and the central nervous
systems (CNSs) were stained with rabbit anti-GFP (1:500, Invitrogen), mouse mAb nc82 (1:50, Hybridoma
Bank) and secondary Alexa 488 and 647 antibodies (1:300, Life Technologies). Subsequent batches used a
higher throughput immunohistochemistry protocol, as described in
https://www.janelia.org/sites/default/files/Project%20Teams/Fly%20Light/FL%20Protocol%20-
%20Adult%20IHC%20-%20Split%20Screen 0.pdf. Confocal stacks of the stained brains and ventral nerve
cords were acquired with a Zeiss LSM 710 with a 20X air objective. Movie S2 showing overlaid
segmentations of LC16 neurons and MDNs onto common reference template was generated using
Fluorender [S15], a 3D image rendering software.

Calcium imaging and analysis

The CNSs of female flies were dissected using minimal illumination - in extracellular solution containing
(in millimoles): 103 NaCl, 3 KCI, 5 N-Tris (hydroxymethyl) methyl-2-aminoethanesulfonic acid, 10
trehalose, 10 glucose, 2 sucrose, 26 NaHCO;, 1 NaH,PO,, 1.5 CaCl,, and 4 MgCl, (pH near 7.3 when
bubbled with 95% (vol/vol) O, and 5% (vol/vol) CO,, ~295 mOsm). We used female flies because MDN-
LexAp65 labeled MDN cells more strongly in females. Imaging was done using a 2-photon scanning
microscope (Zeiss MP710), with a 20X water immersion objective of N.A. 1 (Objective W Plan-
Apochromat) at a wavelength of 920 nm and an image acquisition frequency of 2 Hz. Throughout the
experiment, the sample was perfused in saline bubbled with 95% O, (v/v) and 5% CO, (v/v) at a speed of
~80-100 ml/hour. The imaging plane spanned the entire area of the brain with an optical slice in which we
could reliably identify MDN dendritic arbors on both sides of the brain. An LED (660 nm) light-source
collimated with an optic fiber of diameter 400 um and N.A. 0.39 was used to activate CsChrimson. The
location of the optic fiber with respect to the brain was controlled by a micromanipulator targeting the
center of the brain. The distance between the sample and the optic fiber ranged from 0.5-1 mm. Light
powers were measured directly from the LED light source using a power-meter (Thorlabs). Intensity
measures ranged from 1.06-2.17 mW/mm?’ for an imaging plane 0.5-1 mm away from the source. Each trial
comprised 5 s of continuous red light stimulation, followed by 35 s of light-off period. Each fly was tested
for 10 trials. For blocking nicotinic transmission, 10-15 pl of mecamylamine stock (5 mM) was added
directly to a ~5 ml static bath to generate a final concentration of 10-15 uM. Perfusion was stopped for ~10
mins to allow time for action. Preliminary experiments established that stopping the perfusion alone does
not eliminate responses in MDNSs. For wash-out experiments, samples were perfused with ~50 ml of saline
prior to imaging.

For analysis, regions of interest (ROIs) on MDN dendrites from left and right sides of brain were hand-
drawn in Fiji (http://fiji.sc). The ROIs were located in the lower lateral accessory lobe (LLAL), near the
lateral accessory lobe commissure (LALC). This brain region could be reliably identified from the baseline
GCaMP6m signal and by using the location of other neurons labeled in the MDN-LexAp65 driver line as
landmarks. The areas of the left and right ROIs were kept the same for all flies. Absolute fluorescence was
calculated as the average pixel intensity in each ROI, for every frame of the video. AF/F, (F is the average
signal over 10 s before the stimulation) was calculated for each video in these ROIs. Data from the left and
right ROIs were pooled together since MDN has symmetric dendritic arborizations in the brain. For each
trial, the average AF/F, values over the 5 s red light stimulation was calculated, and the mean of these
average AF/F, over 20 trials yielded a per-fly mean.
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