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This fast but uncoordinated response can
form the basis for a sensory-evoked
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SUMMARY

During locomotion, most vertebrates—and invertebrates such as Drosophila melanogaster—are able to
quickly adapt to terrain irregularities or avoid physical threats by integrating sensory information along
with motor commands. Key to this adaptability are leg mechanosensory structures, which assist in motor co-
ordination by transmitting external cues and proprioceptive information to motor centers in the central ner-
vous system. Nevertheless, how different mechanosensory structures engage these locomotor centers re-
mains poorly understood. Here, we tested the role of mechanosensory structures in movement initiation
by optogenetically stimulating specific classes of leg sensory structures. We found that stimulation of leg
mechanosensory bristles (MsBs) and the femoral chordotonal organ (ChO) is sufficient to initiate forward
movement in immobile animals. While the stimulation of the ChO required brain centers to induce forward
movement, unexpectedly, brief stimulation of leg MsBs triggered a fast response and sustained motor activ-
ity dependent only on the ventral nerve cord (VNC). Moreover, this leg-MsB-mediated movement lacked in-
ter- and intra-leg coordination but preserved antagonistic muscle activity within joints. Finally, we show that
leg-MsB activation mediates strong avoidance behavior away from the stimulus source, which is preserved
even in the absence of a central brain. Overall, our data show that mechanosensory stimulation can elicit a
fast motor response, independently of central brain commands, to evade potentially harmful stimuli. In addi-
tion, it sheds light on how specific sensory circuits modulate motor control, including initiation of movement,
allowing a better understanding of how different levels of coordination are controlled by the VNC and central
brain locomotor circuits.

INTRODUCTION number and class of inactivated cells.'>'" Sensory structures
vary in shape and properties depending on the type of mechan-
ical feature being transduced.'® For example, in insects, the

chordotonal organ (ChO) relays mechanical features of joints,

Moving organisms possess highly efficient motor circuits that
integrate multisensorial information and execute the appropriate

motor response.’? This is particularly necessary when facing
irregular terrain and avoiding obstacles and collisions.>® In in-
sects, including Drosophila, descending interneurons (DNs)
bridge the central brain and gnathal ganglia (GNG) with execu-
tive circuits in the ventral nerve cord (VNC), the insect equivalent
of the mammalian spinal cord, controlling a plethora of motor be-
haviors, including locomotion.®® These circuits can quickly
adapt to external environmental conditions, optimizing speed,
stability, and energy consumption.’* Mechanosensory feed-
back mechanisms, including proprioception (internal sense of
position and movement) and exteroception (perception of
external stimuli), are key to this flexibility. These sensory func-
tions are enabled by specialized neurons that relay physical
features, such as muscle extension, tissue compression, or
gravitational orientation to motor centers. Their absence renders
animals highly “uncoordinated,” largely determined by the

in a manner analogous to mammalian muscle spindles.'® Among
exteroceptors, mechanosensory bristles (MsBs) are involved in
detecting external cues, such as dust particles, parasites, and
wind intensity, triggering varied motor outcomes, such as
grooming, defensive kicking, or locomotion arrest.'*'® More-
over, direct mechanical or optogenetic stimulation of MsBs in-
duces a reflexive postural adjustment or avoidance away from
the stimulation site.””'°

Each MsB is connected to the dendrites of a mechanosensory
neuron, whose axon projects to the ventral-most layer of the leg
neuropil within the VNC, where sensory information is pro-
cessed.'®"'*?° The local circuits responsible for processing me-
chanosensory receptive fields comprise a complex network of
excitatory and inhibitory synapses, which are capable of target-
ing motor neurons.”'**? Evidence shows that sensory structures
can directly affect ongoing muscle contraction locally to correct
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Figure 1. Optogenetic stimulation of leg mechanosensory bristles triggers movement in stationary flies

(A) Leg and VNC expression patterns of MsB1 line. mVenus expression under combinatorial control of R65D12 and dac"E-flp. Genotype: R65D12-GAL4, dac™t-fip,
UAS-FRT-stop-FRT-Chrimson-mVenus. Cell bodies are located in the legs (left) and send axonal projections to the VNC (right). We ruled out labeling of che-
mosensory structures based on anatomy.'*?%2° Scale bars, 100 um.

(B) Leg and VNC expression pattern of ChO line. mVenus expression under combinatorial control of R79E02 and ato-flp. Genotype: R79E02-GAL4, ato-flp, UAS-
FRT-stop-FRT-Chrimson-mVenus. Cell bodies are located in the legs (left) and send axonal projections to the VNC (right). Scale bars, 100 pm.

(C) Schematic of the behavioral arena. Arena is surrounded by six deep red LEDs. See STAR Methods for details.

(legend continued on next page)
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movement and posture. For instance, in the stick insect, sensory
feedback from the ChO and campaniform sensilla assist in-
phase transitions from stance to swing phase, termed “active re-
action,” which influences the activation threshold by flexor and
extensor motor pools, providing a positive reinforcement of
movement.”>?* In the locust, leg tactile stimulation can elicit
fictive motor activity resembling “walking” patterns.”® Further
studies suggest the existence of a local neuronal architecture
within the VNC linking sensory structures to central pattern gen-
erators (CPGs) and leg motor neurons to produce intersegmental
coordination.?® These findings suggest the potential for leg me-
chanosensation to initiate sustained walking activity. Whether fly
circuits substantiate this possibility, and whether mechanosen-
sory class and location serve as determinants to drive walking
activity, remains uncertain. To investigate this question, we
took advantage of the rich genetic toolkit and quantitative kine-
matic tools available for Drosophila.

Here, we show that stimulation of MsBs or ChO is sufficient to
initiate forward movement. Brief stimulation of the leg MsBs (but
not the head or wing MsBs) elicited immediate and sustained
motor activity independent of descending commands, which
lacked inter- and intra-leg coordination. Finally, targeted stimu-
lation of front and hindleg MsBs induced a strong and directional
avoidance behavior, even in the absence of the central brain.

This study sheds light on the ability of specific sensory inputs
to engage motor circuits within the VNC that provide directional
movement, while highlighting the necessity of the central brain
for inter- and intra-leg coordination during walking. These pro-
cesses are particularly relevant in the context of avoidance
behavior.

RESULTS

Activation of leg MsBs evokes brain-independent
movement

To understand the role of leg sensory afferents in movement
control and walking initiation, we identified fly lines from the Ja-
nelia Flylight collection targeting different types of mechanosen-
sory neurons in the leg.”” To restrict GAL4 expression to the legs,
we used a combinatorial approach with flipase under the control
of the dac"® enhancer fragment."" We selected two lines, one la-
beling MsBs (hereafter termed MsB1) and one labeling the
femoral ChO (termed ChO) (Figures 1A, 1B, and S1).

We tested the expression patterns of the selected lines and
observed, as described previously, that MsB1 neurons project
to the ventral-most layer of the leg neuropil, the ventral associa-
tion center (VAC) (Figure S1A).%° Projections from the ChO line
targeted the medial ventral association layer (mVAC) and the in-
termediate neuropil (IntNP) (Figures 1B and S1B).*° In the brain,
we identified ChO axon terminals in the wedge (WED) region and
the antennal mechanosensory and motor center (AMMC) (Fig-
ure S1B). The MsB1 line showed some labeling in the antennal
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lobes and GNG. We also found cell labeling in the maxillary
palps, in the proboscis, and in the 3™ antennal segment (Fig-
ure S1A; data not shown), possibly explaining MsB1 labeling of
brain structures.'*3'~%°

Next, we measured the behavioral responses of immobile flies
to optogenetic stimulation of the selected lines. We drove expres-
sion of the light-gated CsChrimson channel and analyzed fly
behavior after a single 100-ms stimulation in an open-field arena
(Figure 1C; STAR Methods).** While control empty-GALA4 flies re-
mained immobile immediately after stimulation, stimulation of
MsB1 or ChO led to forward walking (Figures 1D and S1F; Video
S1). Motor responses differed between these two lines, with
MsB1 stimulation inducing a very short latency response, reach-
ing a maximum speed of 7.38 + 1.17 mm/s 60 ms after stimulus
onset, while ChO stimulation led to a more progressive response,
reaching maximum speed of 6.98 + 1.99 mm/s after 600 ms
(Figures 1D" and D”, upper panels). We noticed that MsB1 stim-
ulation triggered a startle response (a fast, short-latency motor
response to a sudden unexpected stimulus)®® characterized by
an apparent uncoordinated locomotor pattern followed by sus-
tained “coordinated” walking. In contrast, ChO stimulation led
to an apparent coordinated walking pattern (Figures 1D’ and
1D”; Video S1), suggesting that ChO and MsBs promote move-
ment using different neuronal circuits.

We then asked whether movement initiation was dependent
on descending information by decapitating the animals before
optogenetic stimulation (Figure 1E), which removes all descend-
ing inputs from the brain and GNG and all sensory feedback from
the head capsule. Decapitated Drosophila can maintain an up-
right posture and display innate behaviors such as groom-
ing.'”*® While control animals (empty-GAL4) did not exhibit
any optogenetic response (Figures 1E and S1F; data not shown),
MsB1 stimulation triggered an immediate response phenocopy-
ing the uncoordinated startle seen in the head-intact animals,
moving mainly forward (Figures 1E' and S1F-S1H; Video S1)
and reaching a peak speed of 6.85 + 1.27 mm/s, 60 ms after
stimulus onset, with motor activity sustained for approximately
2.9 s. In contrast, optogenetic stimulation of ChO in beheaded
flies did not induce movement (Figures 1E” and S1F), suggesting
these sensory neurons require brain circuits for walking initiation.
Flies exhibited a leg twitch reflex, which slightly shifted the
body’s centroid, likely resulting from direct synaptic connections
between the ChO and leg motor neurons,®’ causing a small in-
crease in the perceived instantaneous speed (red arrow in Fig-
ure 1E”; Video S1). We also tested nanchung-GAL4, a commonly
used ChO driver,® which phenocopied the results observed with
our ChO driver (Figure S1l).

These results indicate that stimulating mechanosensory struc-
tures in the leg is sufficient to initiate walking, which for MsB1
only depends on local circuits within the VNC. However, sus-
tained walking after MsB stimulation requires descending activ-
ity from the brain.

(D and E) Instantaneous speed and trajectories over time after optogenetic stimulation. Upper panels show instantaneous speed over time, with red bar rep-
resenting 100 ms red light stimulus. Dark blue line and light blue shadows indicate the average and SEM for all replicates, respectively. Lower panels show
representative trajectories for 4 s after optogenetic stimulation. Trajectory plots are color coded according to the speed of the fly, with black arrows and red dots
indicating the initial and final positions, respectively. (D) Head-intact and (E) headless animals. Red arrow indicates a brief speed increase due to leg twitch. N =

19~20 animals for all conditions.
See also Figure S1 and Video S1.
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Movement triggered by MsB is leg specific

We next asked whether the motor response can also be triggered
by MsBs in other body structures. Full-body stimulation of MsBs,
achieved through dust particles or genetic means, induces
grooming behavior."®* In our study, restricting activation to
leg MsBs resulted in mainly uncoordinated locomotion. Consid-
ering previous findings on compartmentalized sensory connec-
tions leading to different behavioral responses,'’'® we asked
whether the motor response depended on the location of the
stimulus. For this, we used the same GAL4 driver combined
with a head capsule or wing-specific flipase line using the eyeless
(ey) and vestigial (vg) fragments, respectively (Figure 2A; STAR
Methods). We confirmed the presence of positive cells in the
respective cuticle and axonal projections (Figures S1C-S1E).
We then cataloged the repertoire of motor behaviors in response
to optogenetic stimulation using automatic and manual classi-
fiers (STAR Methods).

In head-intact animals, leg MsB activation triggered an
apparent uncoordinated locomotion, immediately followed by
coordinated walking and grooming in most animals (12 out of
20) (Figure 2B). Conversely, head stimulation induced initiation
of coordinated walking (Figures 2C-2E), possibly through
antennal olfactory sensory neurons, which can drive forward
walking.“® Stimulation of wing MsBs led only a small fraction of
the animals to groom (2 out of 20) compared with leg or head
stimulation (11 and 10 out of 20, respectively) (Figures 2B-2E).
These data show that the uncoordinated activation of leg motor
centers is specific to leg afferents.

We then asked whether these behaviors require higher-or-
der brain commands. As before, we found that leg MsB stim-
ulation in headless animals led to uncoordinated body
displacement (Figures 2F and 2H). Conversely, stimulation of
wing MsB afferents in headless flies resulted instead in
grooming, a behavior absent in head-intact conditions (Fig-
ure 2C). Video analysis of headless flies showed that the
observed leg movement bouts sometimes resembled a defen-
sive kick, described previously, to remove fictitious para-
sites’® (Video S2). We also tested the possibility that a
discrete subpopulation of leg cells could be sufficient to acti-
vate cyclic movement. Using six additional GAL4 lines ex-
pressed in a subset of bristles (ranging between 4 and 57),
we characterized their response to optogenetic stimulation
and found that even small groups of MsBs can drive uncoor-
dinated behavior (Table S1; Figures S2C-S2E). We also found
a notable correlation (r = 0.44) between duration of uncoordi-
nated phase and the quantity of labeled cells in the femur,
while other structures showed a low correlation with the unco-
ordinated phase (r < 0.28), suggesting that femur MsBs have a
significant influence on the VNC-dependent leg movement.

Overall, our data show that the motor response triggered by
sensory stimulation depends not only on the class of sensory re-
ceptor (MsBs) but also on the source of the stimulus and the
number of cells recruited.

MsB stimulation evokes movement encompassing an
uncoordinated phase

Next, we investigated the kinematic features of the MsB-induced
response using the FlyWalker system, which quantifies kine-
matic parameters with high spatiotemporal resolution.’"*"42
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Control animals display a typical tripod gait pattern (Figure 3A)
and consistent stance traces (tarsal ground contacts relative to
body axis) (Figure 3C), indicating high levels of leg coordina-
tion.'":21+43-45 | eg MsB stimulation-induced forward movement
displayed two visually distinct phases: an early uncoordinated
phase followed by a late coordinated phase (Figures 3B and
3D and 3B’ and 3E, respectively; Video S3).

The uncoordinated phase displayed a fast and an apparent
random step pattern without any clear coupling between the
six legs (Figures 3B and 3D). Following the uncoordinated
phase, the coordinated phase showed normal walking pat-
terns. To better characterize the different phases of MsB-
evoked movement, we analyzed the step configurations, a
proxy for inter-leg coordination, and found a large proportion
of frames that do not match any of the normal gaits or config-
urations described for control flies.""*%%*6 (Figures 3A
and 3B, lower panels). We describe these configurations as
“non-compliant” because they do not comply with the rules
of coordinated movement.*”*® These include, for example,
two contralateral or two consecutive ipsilateral legs lifted
simultaneously. Due to this unstable leg support caused by
insufficient fly pad (or pulvilli) contacts, we noticed occasional
ventral (and more proximal tarsal) contacts, which are absent
in normal walking animals (Figures S3A-S3C; data not shown).
We calculated that non-compliant configurations were notably
prevalent during the uncoordinated phase (29.6% + 4.4%),
contrasting with their near absence in control animals
(Figures 3F and S3D). We then analyzed features of the
stance-like phases during the uncoordinated phase, defined
as moments when the tarsi contact the ground, and swing-
like phases when the leg is in the air. We found that the
stance-like traces display highly variable and inconsistent leg
contacts (Figures 3C-3E and 3G). Nevertheless, during the un-
coordinated phase, leg retraction (i.e., backward movement
relative to the body) is still largely present during the stance-
like phase (Figures 3D and 3H). This pattern matches the stan-
dard leg movement that results in the forward displacement of
the body. Furthermore, we evaluated the whole kinematic pro-
file and found that most kinematic parameters were altered
(Figure S3D).

During the transition from an uncoordinated to a distinct
coordinated phase, most flies display a period during which
all legs contact the ground, while the body is still in motion
(19 out of 21, 90.4%) (Figure 3B; ~1.4 s). From a total of 21 flies
tested, 10 (48%) shifted to coordinated walking without stop-
ping (e.g., Figures 3B and 3B'), 4 (19%) showed a small pause
of 200 to 400 ms, and 6 (29%) flies initiated grooming for a sig-
nificant period of time before resuming walking. Animals
receiving sequential stimuli showed a similar trend (data not
shown), suggesting that distinct signals are able to counteract
the sensory-evoked uncoordinated phase. Once animals return
to a coordinated phase, both gait patterns and stance traces
become similar to control animals (Figures 3B/, 3E-3H,
and S3D).

In summary, stimulation of leg MsBs results in a fast cyclic
movement, during which flies display an uncoordinated
phase, lacking inter-leg coordination, followed by a coordi-
nated phase presenting the stereotypical properties of
walking animals.
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Figure 2. Cyclic movement is specific to leg mechanosensory bristle stimulation

(A) Schematic showing the combinatorial genetic tools used to restrict the expression of the MsB GAL4 driver R65D12 to the legs (dacTE-fIp), wings (VgBE-fip), and
head (ey-flp) regions. Each combination was crossed with UAS>>CsChrimson.

(B-D, F, and G) Raster plots illustrating the flies’ movement within 1 s before and after the stimulation of leg MsB. The x axis denotes time in seconds, with
0 indicating the precise moment of stimulation by red light pulse (red bar). Each line corresponds to one individual. Movement categories: immobility (beige),
uncoordinated locomotion (orange), coordinated walking (yellow), leg movement (brown), and grooming (green). Upper panel shows empty-GAL4 behavior, while
lower panel shows MsB1 GAL4 (R65D12) behavior.

(B-D) Head-intact animals. (B) Leg domain (with dac™-flp). (C) Wing domain (with VgBE-fip). (D) Head domain (with ey-flp).

(F and G) Headless animals. (F) Leg domain. (G) Wing domain.

(E and H) Stacked bar plots depicting the percentage of time allocated to behaviors described earlier within a 3-s window post stimulation for head-intact (E) and
headless flies (H). Statistical analysis with Kruskal-Wallis ANOVA followed by Dunn’s post hoc analysis: “o < 0.05 **p < 0.01, ***p < 0.001. n = 20 for all conditions.
See also Figure S2, Video S2, and Table S1.
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Figure 3. Kinematic analysis of walking patterns after MsB1 stimulation

(A and B) Representative gait features of MsB-evoked movement. The upper panel shows the flies’ step patterns across time. For each leg, swing phases are
represented in black and stance phases in white. For the uncoordinated phase, we describe each step as swing-like and stance-like. Right hind (RH), right middle
(RM), right front (RF), left hind (LH), left middle (LM), and left front (LF). The lower panel represents the gaits adopted by the fly. For each frame, the corresponding
gait was color coded as follows: yellow (tripod), blue (tetrapod), green (non-canonical), and red (non-compliant configuration; STAR Methods). 100 ms opto-
genetic stimulation is represented by a red shadow.

(A) Empty-GAL4 control (genotype: empty-GAL4, dac™t-flp, UAS-FRT-stop-FRT-Chrimson-mVenus).

(B) Post-stimulus response of MsB1 flies (genotype: R65D12-GAL4, dac"E-flp, UAS-FRT-stop-FRT-Chrimson-mVenus). 100 ms optogenetic stimulation is
represented by a red shadow. The sequence is divided into early response (uncoordinated phase) and late response (coordinated phase) (B and B’, respectively).
(C-E) Representative stance traces. Traces are generated by the position of the stance phase footprints relative to the body center (set at 0.0,0.0). For each leg,
stance onset corresponds to the anterior extreme position (AEP) (colored circle), while stance offset is termed posterior extreme position (PEP). Experimental
conditions are color matched with previous panels.

(C) Control empty-GALA4 flies.

(D) Post-stimulation of MsB1 flies, early response corresponding to the uncoordinated phase.

(E) Post-stimulation of MsB1 flies, late response corresponding to the coordinated phase.

(F-H) Kinematic quantification between the empty-GAL4 control (n = 20), the early (n =21), and late response post stimulated (n = 23). (F) Non-compliant index and
(G) stance straightness index.

(legend continued on next page)
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Kinematic features after leg MsB stimulation in
headless flies

We next investigated the kinematic features of headless flies’
movement upon leg MsB stimulation (Figure 4) using the
FlyWalker system. Stimulated headless flies exhibit uncoordi-
nated gait pattern and stance-like traces (Figures 4A and 4B),
akin to intact flies’ uncoordinated phase (Figure S3D), with indis-
tinguishable stance straightness indices between the two condi-
tions (Figure 4C; compare Figure 3D with Figure 4B). As in the
head-intact condition, the absence of sufficient fly pad contacts
was compensated for by contacts of ventral portions of the body
and proximal tarsal segments (Figure S3C; data not shown).
However, the uncoordinated movement in headless flies lasted
longer than the uncoordinated phase in head-intact flies (Fig-
ure 4D), suggesting that descending circuits can mediate the
transition to a coordinated walking pattern. To explore this
further we compared the “early response” in head-intact animals
to the headless flies’ response. We noticed a higher non-compli-
ance index in headless flies (Figure 4E) but a maintenance of leg
retraction during step cycles (Figure 4F). We subjected the kine-
matic parameters to a principal component analysis (PCA), se-
lecting the top 3 components that explained most variance.
PC1 (50.2% explained variance) showed a statistical difference
between headless animals and the uncoordinated phase in
head-intact animals (Figures S3E and 4G/).

These data indicate that leg MsBs can trigger sustained cyclic
motor activity using solely circuits within the VNC, albeit with
severely impaired coordination between legs and leg segments.
This cyclic activity is modulated and ultimately restrained by
brain circuits and descending information.

Inter-joint coordination is partially disrupted after MsB
stimulation

To further explore the uncoordinated locomotion following leg
MsB stimulation, we examined intra-leg (or inter-joint) coordina-
tion, i.e., the correct modulation of joint angles within a single
limb in relation to another.*® To visualize joint angles, we tethered
flies expressing CsChrimson in leg MsBs to a wire while they
freely gripped a polystyrene ball*® (Figure 5A). One 100-ms light
stimulation pulse was delivered while the flies were immobile
and behavior was imaged using a lateral camera. Tracking by
DeeplabCut®' allowed the extraction of 3 joint angles: (1)
coxa-femur joint, (2) femur-tibia joint, and (3) tibia-tarsus joint
(Figures 5A, S4A, and S4B; Video S4). MsB stimulation induced
leg movement in both head-intact and headless flies (Figure S4A;
Video S4). To determine whether inter-joint coordination was
perturbed by the stimulation protocol, we compared four condi-
tions that capture the uncoordinated and coordinated phases of
post-stimulation movement (Figures 3 and 4): walking flies
(pre-stimulation) (Figure S4A, blue section), head-intact flies for
the initial 1 s after stimulation onset (termed early response)
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(Figure S4A, red section), head-intact flies 3-5 s after stimulation
onset (termed late response) (Figure S4A, green section), and
headless flies for the first 1 s after stimulation onset (termed
headless response) (Figure S4A, purple section).

As expected, pre-stimulation walking flies showed stereo-
typed periodic patterns of joint angles (Figure S4A).°° We
restricted our subsequent analysis to only coxa-femur and fe-
mur-tibia joints because these were strongly modulated
throughout the step cycle in a correlated fashion (Figures S4A
and S4B).

We performed fast Fourier transform (FFT) to extract compo-
nent frequencies from data (Figures 5B and S4B). During
pre-stimulation, coxa-femur and femur-tibia joints had highest
power at 7.0 Hz, corresponding to the average step frequency
(Figure S4B). In the intact-early response, the periodic modula-
tion of joint angles was lost, but by late response a lower-fre-
quency peak re-emerged (around 5.2 Hz). Strikingly, headless
flies exhibit highly variable frequencies with no clear peaks
(Figure 5B).

To further investigate the relationship between joints, we
generated angle-angle plots between the coxa-femur joint and
the femur-tibia joint for our 4 conditions (Figure 5C). Walking flies
showed a half-moon-shaped “ring” trajectory (Figure 5C, pre-
stim.) corresponding to the stance and swing phases of the
step cycle. After stimulation, angle correlations were disturbed
in the early response; transitioning to a consistent “walking-
like” pattern in the late response (Figure 5C, early and late
response). During headless response conditions, very distorted
angle-angle traces are visible without a detectable ring pattern
(Figure 5C, headless response). To quantify dispersion from
the average walking cycle, we calculated the mean trace of the
walking angles (black line in Figures 5C and S4C), and analyzed
the minimum distance for each measured point to the mean
trace (Figures 5D and 5E). Distances were reduced from the early
response to the late response, while in the headless condition
distances were greatly increased (Figure 5E). To identify disrup-
tions in the angle-angle relationships, we divided the space into
four quadrants based on stance and swing phases (Figure S4D).
Headless flies exhibited a notable over-representation of points
in quadrant 4 (Figure S4E), indicating extended femur-tibia an-
gles. This tendency led to headless flies dropping the ball after
stimulation (Video S4).

These data show that inter-joint coordination is partially lost
immediately after stimulation in head-intact flies or in headless
flies, suggesting a role for descending control to appropriately
regulate the coordination between joint angles.

Intra-joint muscle coordination is maintained during
movement triggered by MsB

Key for coherent locomotor activity is the reciprocal inhibition of
opposing flexor and extensor muscles,> meaning that contraction

(H) Stance phase leg retraction for empty-GAL4 control (n = 650 steps) and the early (n = 697 steps) and late response post stimulated (n = 714 steps; STAR
Methods). In (F) and (G), boxplots represent the median as the middle line, with the lower and upper edges of the boxes representing the 25% and 75% quartiles,
respectively. Whiskers represent the range of the full dataset, excluding outliers represented by diamonds. Filled dots represent individual flies. Values are
normalized for body size. Statistical analysis with Kruskal-Wallis ANOVA followed by Dunn’s post hoc analysis, **p < 0.01, **p < 0.001. In (H), violin plots depict
the distribution of stance phase leg retraction for each step, where the midpoint denotes the median value. Wilcoxon rank-test was employed to test whether
values were different from 0. **p < 0.00. Statistical analysis between groups with Kruskal-Wallis ANOVA followed by Dunn’s post hoc analysis: **p < 0.001.

See also Figure S3 and Video S3.
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of one joint muscle is concurrently matched by relaxation of its
antagonistic muscle. Because we observed a loss of movement
rhythmicity, we questioned whether sensory-triggered movement
still follows this muscle pattern, which we refer to as intra-joint co-
ordination, or whether, alternatively, there are moments of muscle
co-contraction. We monitored muscle GCaMP fluorescence at the
femur-tibia joint as a proxy for muscle contraction while optoge-
netically stimulating leg MsBs (Figures 5F-5J and S5; Video
54).5555 The fly’s body and legs were glued to a coverslip, and
muscle activity in the femur was recorded using spinning disc
confocal microscopy, followed by quantification of fluorescence
in tibia levator and depressor muscles (Figures 5G-5I, S5A, and
S5B; STAR Methods).>® Optogenetic stimulation of leg MsBs
showed a fast muscle response, maintaining an antagonistic alter-
nation (Figures 5H and S5A; Video S5). Stimulation of MsBs in
headless flies also led to alternating antagonistic muscle activity,
albeit with a higher variability (Figures 51 and S5B; Video S5).
Spearman correlations between the two muscle signals over
time were negative, confirming their anti-phasic relationship (Fig-
ure 5E). In addition, by measuring the peak intensities and widths
of the GCaMP fluorescence profile during muscle contraction (Fig-
ure S5C), we found that stimulation of leg MsBs in headless flies led
to a weaker muscle contraction pattern compared with head-
intact conditions (Figure S5D). Finally, as a proxy for co-contrac-
tion, we calculated the percentage of overlap between the two
fluorescence curves using different thresholds (Figure S5F). We
found a reduced percentage (below 10%) of fluorescence overlap
between antagonistic muscles, irrespective of the threshold level
(Figure S5F). Overall, these findings show that leg-MsB-stimula-
tion-evoked movement largely maintains intra-joint muscle coordi-
nation properties in head-intact and headless flies.

MsBs evoke VNC-dependent avoidance behavior

Previous studies have highlighted the ability of MsBs to mediate
avoidance behaviors in the context of inter-fly interactions or
optogenetic stimulation of bristle neurons in the body.'"*’
Moreover, we confirmed that leg MsBs express DmPiezo-
GAL4 (an excitatory channel component that mediates noxious
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mechanical stimuli®®) (Figure S6). We then tested whether acti-
vating our leg-MsB line is sufficient to generate an aversive
response, as previously reported.'® We used a stadium-shaped
behavioral chamber delimited by a red laser in the central region
so that optogenetic activation would occur whenever flies
crossed it (Figure 6A). Animals expressing CsChrimson under
the control of MsB, ChO, or empty-GAL4 drivers were individu-
ally placed on side A of the chamber and their location tracked
for 3 min (Figure 6A). Control animals and the ChO group showed
equal occupancy of the two sides of the chamber (Figures 6A
and 6B). In contrast, we found that animals expressing CsChrim-
soninleg MsBs displayed a strong avoidance behavior to the red
laser, remaining almost exclusively on side A (Figure 6A and 6B).
Next, we asked whether the interaction angle with the laser influ-
ences the avoidance response by comparing the angles at which
flies approached the laser with the angular velocity, angle, and
speed as flies moved away from it (Figure 6C; STAR Methods).
We normalized the entry speed to 0° to 90°, as we observed
no laterality bias when flies contacted the laser. We found that
flies mostly react to laser contact by moving backward at angles
similar to their entry (Figure 6D), particularly when flies entered
with angles above 70° (almost perpendicular to the laser axis)
(Figure 6D). Backward speed was inversely correlated with the
entry angle (Figure 6E), with frontal entries (i.e., nearly perpendic-
ular) showing faster retreat speeds (expressed in increased
negative values). Flies also showed a concurrent rotational
component as they exit away from the laser, measured by their
angular speed (Figure 6F; data not shown), although we found
no statistical bias with perpendicular entries (Figure 6F). These
data suggest that flies integrate the directionality in which they
encounter the stimulus and perform an appropriate avoidance
response away from it, with the strongest response to a head-
on stimulus.

Because other MsB lines with sparse expression patterns also
showed a response to optogenetic stimulation in an open arena
(Figure S2), we decided to test whether activation of smaller
groups of cells could also mediate avoidance (MsB4, MsB5,
MsB6, and MsB7) (Figure S2). By measuring the occupancy

middle (RM); right front (RF); left hind (LH); left middle (LM); left front (LF). The lower panel represents the gaits adopted by the fly. For each frame, the corre-
sponding gait was color coded as follows: yellow (tripod), blue (tetrapod), green (non-canonical), and red (non-compliant configurations). 100 ms optogenetic
stimulation is represented by a red shadow.

(B) Representative stance traces following optogenetic stimulation. Traces are generated by the position of the stance phase footprints relative to the body center
(set at 0.0,0.0). For each leg, stance onset corresponds to the anterior extreme position (AEP) (colored circle) while stance offset is termed posterior extreme
position (PEP).

(C) Stance straightness index in head-intact empty-GAL4 control (n = 20), early and late response (n = 21) of post-stimulated head-intact animals (n = 23), and
post-stimulated headless flies (n = 13).

(D) Post-stimulation activity between head-intact (early response) and headless flies.

(E) Non-compliant index in head-intact empty-GAL4 controls, early and late response of post-stimulated head-intact animals, and post-stimulated headless flies.
(F) Violin plots depicting the distribution of stance phase leg retraction for each step for empty-GAL4 controls (n = 650 steps), early (n = 697 steps), late response of
post-stimulated head-intact animals (n = 714 steps), and post-stimulated headless flies (n = 386 steps). The midpoint denotes the median value. Wilcoxon rank-
test was employed to test whether values were different from 0. ***p < 0.001. Statistical analysis between groups with Kruskal-Wallis ANOVA followed by Dunn’s
post hoc analysis: *p < 0.05; **p < 0.01; ***p < 0.001.

(G and G’) PCA of all kinematic parameters in head-intact empty-GAL4 controls, early and late response of post-stimulated head-intact animals, and post-
stimulated headless flies. (G) Two-dimensional (2D) representation of PC1-PC2 with ellipses delimiting 50% of variance of the data. (G’) Comparison of each PC1
coordinates.

In (C)-(E) and (G), boxplots represent the median as the middle line, with the lower and upper edges of the boxes representing the 25% and 75% quartiles,
respectively, whiskers represent the range of the full dataset, excluding outliers represented by diamonds. Filled dots represent individual flies. Values are
normalized for body size. Statistical analysis with Kruskal-Wallis ANOVA followed by Dunn’s post hoc analysis: *p < 0.05; **p < 0.01; ***p < 0.001. See STAR
Methods for details.

See also Figure S3 and Video S3.
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Figure 5. Mechanosensory-bristle-evoked movement shows partially disrupted inter-joint coordination but muscle activity alternation is

maintained

(A) Tethered fly setup showing tracked joint positions (blue/green circles). Insect schematic of fly T1 leg showing 5 segments and 3 measured joint angles (brown,
coxa-femur angle; bright orange, femur-tibia angle; light orange, tibia-tarsus angle). For simplicity, the fused trochanter-femur joint is included in the coxa-femur

joint. Conditions were head-intact early response (n = 11), head-intact late response (n = 6), and headless response (n = 7).
(B) Fast Fourier transform of leg angles for the coxa-femur joint.

(legend continued on next page)
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density for each genotype, we noticed that flies with sparse la-
beling showed a variable avoidance profile, which was less
extreme than MsB1 (Figure 6G). Initially, we assessed the fre-
quency of fly crossings of the high-intensity laser zone, normal-
ized to their average walking speed (STAR Methods). Consistent
with earlier results, the control group showed many crossings,
whereas MsB1 displayed a clear avoidance behavior, with only
a single cross observed in all the flies tested (Figure 6H). MsB4
and MsB5 showed a significant reduction in crossings compared
with the control, while MsB6 and MsB7 did not show a change in
crossing number, although a change in behavior was visible
while crossing the laser area (e.g., Figure 6L; data not shown).
Upon close video inspection, we observed a noticeable hesita-
tion among flies in groups MsB1, MsB4, and MsB5 as they ap-
proached the high-intensity laser zone’s edge. We defined a
peri-laser zone (gray section in Figure 6G) to capture this area
of the arena and calculated fly speeds and time spent within
this area. We found a significant increase in time spent in the
peri-laser zone for the groups MsB1, 4, and 5 when compared
with the control group (Figure 6l). To assess the extent of laser
avoidance, we analyzed the percentage of time spent within
the high-intensity laser zone (red section in Figure 6G). Surpris-
ingly, while MsB1 lines showed an almost complete avoidance
of the high-intensity zone, MsB4, and to some extent MsB5,
spent an increased amount of time there as compared with the
control (Figure 6J). Given the previously described role of
MsBs in inducing grooming behavior,'® we quantified the per-
centage of time flies spent grooming in this area and, indeed,
MsB4 and MsB5 showed a significant increase (Figure 6K),
thus explaining the increased occupancy. It should be noted
that some leaky off-target labeling of the GAL4 drivers was
observed in the optic lobes of MsB4 and MsB5 (Figure S6B).
However, the avoidance response in these lines resembles the
full MsB line, and increased grooming in the laser area suggests
that MsBs drive the response, not off-target cells. To understand
the frequencies of behaviors after laser touch, we categorized
the post-laser interaction behavior into 4 classes: move away
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from the laser after contact, stay in the peri-laser zone, stay in
the laser zone, or cross (Figures 6L and 6M; STAR Methods).
We found that the MsB1 flies tend to have a higher percentage
of move away events when compared with the other MsB lines.
Moreover, the responses from both lines, MsB4 and MsB5, ex-
hibited high percentages of laser avoidance but predominantly
remained in the peri-laser zone with few move away responses
(Figure 6M). Curiously, the MsB?7 line exhibited some instances
of moving away from the laser. Nonetheless, in general, the re-
sponses of MsB6 and MsB7 showed limited avoidance, mostly
crossing the laser area (Figure 6M; data not shown).

These data suggest that MsBs mediate avoidance responses
depending on the number of bristles engaged. While engage-
ment of more bristles leads to total avoidance of the area and
moving away from the area of stimulation, engagement of fewer
bristles leads to grooming, a behavior used to avoid and remove
contact of dust or parasites.

The direction of the response triggered by MsBs can be
mediated by the VNC
An avoidance response involves moving away from an unwanted
stimulus, requiring a choice of directional movement. We there-
fore asked whether targeted stimulation of fore- or hindleg MsBs
in immobile animals could elicit a motor avoidance behavior
similar to extreme temperatures or noxious odors.>® For this,
we performed targeted laser stimulation of fore or hind legs on
immobile animals expressing CsChrimson in leg MsBs (Fig-
ure 7A). We found that flies move away from the source of the
stimulus immediately after being stimulated (Figures 7A’ and
7A”; Video S6). We next asked whether the response to targeted
stimulation of leg MsBs was independent of brain circuits.
Remarkably, we found the same directionality of movement in
headless animals, with animals moving away from the stimula-
tion site (Figures 7B and 7B"), although the distance traveled
was considerably reduced.

We then tested whether the kinematic response to targeted
stimulation of leg MsBs was comparable to stimulation of all

(C) Angle-angle plots of coxa-femur versus femur-tibia angles over time. Different colors represent individual trials. Black line and dotted lines indicate the mean

trace of the walking condition over the step cycle.

(D) Histogram representing the distribution of distances between individual points and the mean walking trace.

(E) Violin plots depicting the distribution of distances between individual points and the mean walking trace. Distances were significantly increased for all
stimulated conditions as compared with pre-stimulus condition, indicating a significant disruption of the coordination between joints after MsB stimulation
(Pwalking-early response < 0-001, Pwalking-late response < 0-001, Pwaiking-decapitated < 0-001, Dunn’s test) Distances were reduced from the early response to the late response,
indicating a partial recovery of coordination (Deariy response-iate response < 0.001, Dunn’s test). In contrast, distances were greatly increased in the headless condition,
indicating that loss of brain control leads to wildly disrupted relationships between joint angles (Dearly response-decapitated < 0-0071, Piate response-decapitated < 0.001, Dunn’s
test). p values were calculated using Dunn’s post hoc test. **“p < 0.001.

(F) Leg schematic showing tibia levator (blue) and depressor (orange) muscles in the femur. Adapted from Venkatasubramanian et al.”? Dashed rectangle
represents the scanned region of the genotype: lexO-GCaMP6f; mhc-lexA:LHV2, dac™E-flp;UAS-FRT-stop-FRT-CsChrimson-mVenus, R65D12-GALA4.

(G) Representative images of a femur showing levator (top) or depressor muscles (lower) contraction, resulting in GCaMP fluorescence inside the respective
muscles. Yellow lines depict the regions of interest (ROls) used for fluorescence calculations.

(H and 1) Representative plots showing the fluctuation of fluorescence for levator (blue) and depressor (orange) muscles across time. Red bar represents the
100-ms red light stimulation. Values are normalized to the maximum signal measured in each ROI throughout the experiment, corresponding to 100%. (H) Head-
intact flies (n = 13); (I) headless flies (n = 13).

(J) Spearman correlation analysis between levator and depressor muscles activity across different experimental conditions. A positive Spearman correlation
signifies synchronous or in-phase muscle activity; conversely, negative values indicate an out-of-phase or antagonistic relationship between the muscles.
Boxplots represent the median as the middle line, with the lower and upper edges of the boxes representing the 25% and 75% quartiles, respectively. Whiskers
represent the range of the full dataset, excluding outliers represented by diamonds. Filled dots represent individual flies. Statistical analysis with Kruskal-Wallis
ANOVA followed by Dunn’s post hoc analysis revealed no significant difference between the groups. Wilcoxon test was employed to test whether correlations
were different from zero; all groups showed a significant negative correlation.

See also Figures S4 and S5 and Videos S4 and S5.
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Figure 6. Stimulation of leg mechanosensory bristles elicits an avoidance response

(A) Representative trajectories of freely moving flies in an arena crossed in the middle by a laser beam (red bar). Empty-GAL4 (blue), ChO (yellow), and MsB (red).
(B) Proportion of time spent on side B of the arena per condition (n = 20, for all conditions). Arena is divided by the laser line; side B is the side opposite to which the
flies started.

(C) Schemattic illustrating trajectories of flies following laser interaction, as well as the measurements of angles (exit and entry, 6), velocity (v), and angular velocity
(w). Two different time points are depicted (entry time: moment of contact with the laser; exit time: 5 frames after laser interaction. Entry angles were adjusted to
fall within the range of 0° and 90° (STAR Methods). We excluded from this analysis events in which the fly stayed around the peri-laser area (<40%).

(legend continued on next page)
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legs (Figure 3). Indeed, we found that after hindleg stimulation,
head-intact flies display an initial uncoordinated phase followed
by a coordinated phase (Figure 7C; compare to (Figure 3B).
Moreover, the uncoordinated phase showed a high fraction of
non-compliant configurations at levels similar to those seen in
the uncoordinated phase of stimulation of all legs (Figure 7D).
Notably, during front stimulation, backward walking only showed
an apparent uncoordinated pattern, as afterward animals turned
away from the stimulus source and walked forward (data not
shown). Additionally, back stimulation led to a stance-like phase
largely associated with leg retraction (Figure 7E), while front
stimulation led to reversal of this configuration, with stance-like
phase bouts largely associated with leg protraction (represented
as negative values in Figure 7E), leading a backward motion of
the body.

We next employed the tethered fly setup to probe whether
decapitated flies were able to achieve directionality by engaging
in functional step cycles when stimulated from one end only. As
with the open-field setup, decapitated flies reacted in a direc-
tional manner to the stimulation. In particular, front stimulation
was very effective at driving backward movement on the ball,
while back stimulation was less efficient, with flies showing
less directionality (Figure 7F). Interestingly, decapitated flies
exhibited the ability to execute backward step cycles upon
receiving front stimulation, notably evident in the T3 leg,
reversing the typical joint angle adjustments observed during
forward locomotion. (Figure 7G, upper section, compare with
lower section; Video S6). A similar process has been observed
in backward walking elicited by the moonwalker descending
neurons.”®

Overall, these results suggest that leg MsBs can mediate me-
chanical aversive behaviors and that the motor directionality
generated by these exteroceptors is at least partially encoded
within the fly’s VNC.

DISCUSSION

In this study, we unveil a new parallel circuit for direct activation
of VNC locomotor neural networks resulting in a fast, sustained
directional motion. Previous studies in Drosophila have shown
that stimulation of mechanosensory structures initiates behav-
ioral programs such as grooming® or backleg kicks to remove
invading mites,"'® which can be executed by VNC circuits with
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remarkable speed and precision. Our data show that neural net-
works in the VNC can process leg mechanosensory feedback to
execute a distinct cyclic motor program, driving body displace-
ment. Notably, the location of the sensory input largely deter-
mines the motor outcome rather than solely the class of the me-
chanosensory structures stimulated (Figure 2).'° Because the
leg and wing MsBs target distinct neuropil regions in the
VNC' (Figure S1), it is likely that distinct motor circuits become
active.

While grooming and kicking after bristle stimulation help the
fly to rid itself of parasites and debris, the uncoordinated for-
ward movement here does not follow the same purpose.
Instead, our data highlight the role of leg MsBs as mediators
of mechanical aversive stimuli, leading to an avoidance
response caused by inter-fly contacts or other physical immi-
nent threats (Figures 6 and 7).°” This response can also be
seen in an innate motor reflex termed startle-induced locomo-
tion.®"-%? Interestingly, in a screen for modifiers of this behavior,
Yamamoto and colleagues identified several genes that regu-
late MsB number and neuronal terminal differentiation.®%*
Accordingly, our data suggest MsBs can elicit a rapid motor
response to mechanically induced, potentially dangerous situa-
tions at the expense of a coordinated, albeit slower, response,
which could be mediated by DNs. Consistently, we found a
strikingly faster response upon stimulation of MsBs compared
with ChO (Figure 1D). This strategy resembles the fast jump
response to escape from a predator attack. In this response,
stability is traded off for speed, contrasting with an alternative
slow and coordinated take-off jump.?*®° Another aversive
behavior can be found in the zebrafish, where the intensity of
sensory stimulation can also impact the latency of the escape
response, wherein stronger stimulation results in a shorter la-
tency response.®® These avoidance behaviors display a direc-
tionality component away from the place where the avoidance
stimulus originates, which requires descending control to
permit postural adjustments.'®°”:5%%7 |n mammals, spinal with-
drawal reflexes can occur in millisecond timescales,®® which
can nevertheless be sensitized (i.e., facilitated or inhibited) by
descending commands.®® While the descending commands
that govern oriented walking avoidance are only partly under-
stood,*®’® our data suggest that circuits within the VNC
mediate part of the directionality component of the motor
response (Figure 7). In the stick insect, load sensors drive a

(D-F) Plots showing the correlation between the entry angle and various parameters, such as (D) exit angle, (E) exit velocity, and (F) exit angular velocity. The line
represents the regression fit and the shadow the confidence interval. The Pearson correlation coefficients are the following: entry angle versus exit angle (0.32);
entry angle vesus exit velocity (—0.2); entry angle versus exit angular speed (—0.23) (n = 194 contact events).

(G) Density plots showing the frequency of distribution of occupation the arena. Warmer colors indicate a higher density for all conditions (n = 17~21). The red bar
indicates the high-intensity laser zone, while the gray bar indicates the peri-laser zone.

(H) Number of high-intensity laser area crosses normalized to speed.

(I) Percentage of time spent in peri-laser zone. Area surrounding the laser, 4.8 mm for each side: starting at 0.2 mm from the edge of the laser.

(J) Percentage of time spent inside the high-intensity laser zone.

(K) Percentage of grooming inside the laser zone.

(L) Example traces of instances of contact with the laser. Classification of interaction with the laser: move away, light green; peri-laser zone, dark green; laser
zone, yellow; cross, orange (STAR Methods). Red dotted line represents the high-intensity laser zone.

(M) Plot representing the percentage of laser encounters for each category.

(B and H-K) Boxplots represent the median as the middle line, with the lower and upper edges of the boxes representing the 25% and 75% quartiles, respectively.
Whiskers represent the range of the full dataset, excluding outliers represented by diamonds. Filled dots represent individual flies. Statistical analysis with
Kruskal-Wallis ANOVA followed by Dunn’s post hoc analysis. (D-F) Statistical analysis with t test. “o < 0.05; **p < 0.01; **p < 0.001. See STAR Methods for details.
See also Figure S6.
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reversal of CPG outputs—possibly via inhibitory circuits—so
that protractor muscles contract during the stance phase while
retractor muscles do so during the swing phase of the stepping
cycle, leading to backward walking.”' ™2

Based on our data, we propose a model in which stimulation of
leg MsBs specifically activates VNC circuits in the leg neuropil
that lead to a fast but uncoordinated motor output (Figure S7,
blue circuit). In parallel, the activity of MsBs or other propriocep-
tive structures perceive leg movements and relay this informa-
tion via ascending neurons to higher-order centers that inhibit
uncoordinated movements and trigger coordinated motor
output via DNs (Figure S7, orange circuit). In this study, the
movement evoked by the stimulation of MsBs shows character-
istic CPG-like activation, during which antagonistic muscles
maintain anti-phasic contraction leading to joint movement (Fig-
ure 5).”*’ The same behavior was observed in headless flies,
implying a lack of interference of ascending or descending
neurons in the sensory-evoked movement. These results
resemble pharmacological stimulation of decapitated flies with
stimulatory amines, which leads to locomotor bouts.”” More-
over, studies in deafferented VNCs, using the muscarinic cholin-
ergic agonist pilocarpine, have shown alternating and rhythmic
activity in antagonistic leg motor neuron pools driven by the
CPGs.”>"57879 Despite extensive research, the identity, loca-
tion, and architecture of the CPG population remain largely un-
known due to challenges in accessing neuronal VNC popula-
tions. Nevertheless, certain interneurons have been identified
within this network in both cockroaches and stick insects.”®%°
Alternatively, the MsB-induced motor activity could be the
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product of a feedback loop between leg sensory afferents and
local VNC circuits driving the motor oscillation. Such a closed-
loop model has been described for the stick insect®' % and
C. elegans.®* The reconstruction of the Drosophila VNC using se-
rial-section electron microscopy (EM) datasets in combination
with the expanding Drosophila genetic toolkit will contribute to
establishing the functional connectivity of the leg MsBs.®®
Remarkably, we found reduced intersegmental coordination
between hemisegments and leg joints immediately after MsB
stimulation (Figures 3, 4, and 5), albeit with antagonistic muscle
contraction still being maintained (Figure 5). Moreover, this
rhythmic activity is independent within the three leg joints, as
these rarely exhibit coordinated activity between one another,
meaning that different CPGs control the antagonistic activity
of motor neuron pools of each leg joint.”® Given that in our
experimental design, animals still maintain their proprioceptive
structures that assist in segment coupling, we can speculate
that MsB-dependent cyclic activity overrides or is insensitive
to sensory feedback or to any other coupling mechanism. Our
data also suggest a role for descending feedback promoting
segmental coordination because decapitation decreased the
degree of inter- and intra-leg coordination (Figures 4, 5, S3D,
and S4). Work on hemimetabolous insects has shown a role
for DNs controlling the onset and features of walking patterns,
including reverse walking.”"*®” Moreover, optogenetic manip-
ulation of defined populations of DNs can trigger stereotyped
behaviors and change walking patterns.”®® Multisegmental
coupling is provided either by sensory feedback, descending
inputs, or centrally by nonspiking interneurons,’®%° with

Figure 7. Targeted stimulation of leg mechanosensory bristles reveals a directionality component of the avoidance response in head-intact

and headless flies

(A) Schematic representation of laser beam activation of front (orange) and back (purple) legs in head-intact flies.
(A) Trajectories of the fly after laser stimulation of the front and back legs for the groups empty-GAL4 front and back stimulation (blue, n = 13), back stimulation of
MsB flies (purple, n = 5), and front stimulation of MsB flies (orange, n = 5). The red dot indicates the starting frame for all flies. Each gray dot represents one frame;

30 frames were considered.
(A") Vertical positions after laser stimulation over time.

(B) Same as (A) in headless flies. Groups empty-GAL4 front and back stimulation (blue, n = 10), back stimulation of MsB flies (purple, n = 10), and front stimulation

of MsB flies (orange, n = 8).
(B') See (A'). 30 frames were considered.
(B") See (A").

(C) Representative gait features of an MsB1 head-intact fly after targeted laser stimulation of back legs. Genotype: R65D12-GAL4, dac™t-flp, UAS-FRT-stop-
FRT-Chrimson-mVenus. The upper panel shows the fly’s step patterns across time. For each leg, swing phases are represented in black and stance phases
in white. Right hind (RH); right mid (RM); right front (RF); left hind (LH); left middle (LM); left front (LF). The lower panel represents the gaits adopted by the fly. For
each frame, the corresponding gait was color coded as follows: yellow (tripod), blue (tetrapod), green (non-canonical), and red (non-compliant configurations).
The sequence is divided into an uncoordinated phase (purple) and a coordinated phase (gray).

(D) Non-compliant index in empty-GAL4 controls and uncoordinated and coordinated response of post-stimulated head-intact animals after targeted back
stimulation and front stimulation.

(E) Violin plots depicting the distribution of stance phase leg retraction for each step for empty-GAL4 controls front (n = 119 steps) and back (n = 121 steps)
stimulations, for MsB1 back stimulation: uncoordinated (n = 121) and coordinated response (n = 121 steps) and MsB1 front stimulation (n = 76 steps). The
midpoint denotes the median value. Wilcoxon rank-test was employed to test whether values were different from 0. ***p < 0.001. Statistical analysis between
groups with Kruskal-Wallis ANOVA followed by Dunn’s post hoc analysis: *p < 0.05; *p < 0.01; **p < 0.001. Each control was compared with the respective
experimental group. No statistical significance was found between the conditions back stimulation control and the respective back stimulation groups.

(F) Fictive X displacement of the ball over time, indicative of the direction of the movement of the fly, for 3 headless conditions: empty-GAL4 flies pooled front and
back stimulation (blue, n = 12 stimulations [4 flies]), MsB front stimulation (orange, n = 17 stimulations [6 flies]), and MsB back stimulation (purple, n = 16
stimulations [7 flies]).

(G) Modulation of coxa-femur and femur-tibia joint angles of the hind (T3) leg throughout time for MsB1 backward walking induced by front stimulation in headless
flies (upper) and spontaneous forward walking in head-intact flies (lower). Dark gray and light gray represent swing and stance phases, respectively. Boxplots
represent the median as the middle line, with the lower and upper edges of the boxes representing the 25% and 75% quartiles, respectively. Whiskers represent
the range of the full dataset, excluding outliers represented by diamonds. Filled dots represent individual flies. Statistical analysis with Kruskal-Wallis ANOVA
followed by Dunn’s post hoc analysis: “p < 0.05; **p < 0.01; ***p < 0.001.

See also Video S6.
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slow-walking animals —such as the stick insect—relying heavily
on sensory feedback.?®”"°° Our results suggest that, as in
other insects, alternating activity of antagonistic motor pools
in Drosophila are uncoupled between different joints and hemi-
segments, further reinforcing the use of this model system to
unravel the neuronal architecture responsible for coordinated
motor patterns.
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, César S.
Mendes (cesar.mendes@nms.unl.pt).

Materials availability
Fly lines generated in this study are available upon request from the lead contact.

Data and code availability

o All data reported in this paper have been deposited at Zenodo and is publicly available as of the date of publication.

e All original code has been deposited at Github and is publicly available as of the date of publication. Links are listed in the key
resources table.

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Fly stocks

Flies were housed in a 25°C incubator with 50-70% humidity. The GAL4 lines from the Janelia Flylight Collection were: R65D12-
GAL4(attP2), R77E09-GAL4(attP2), R85A07-GAL4(attP2), R45D07-GAL4(attP2), R54A11-GAL4(attP2), R39A11-GAL4(attP2) and
R64D07-GAL4(attP2), R50A05-GAL4(attP2), R22E04-GAL4(attP2), R79E02-GAL4(attP2) and pBDP-GAL4UW (w[1118];P{GALA4.
1Uwlattp2) (empty-GAL4). Piezo-GAL4 line was obtained from Bloomington (BL58771). Ato1.9-flp and Vg®E -flp were generated
by TOPO cloning into an entry clone the 1.9kb enhancer fragment from the regulatory region of atonal®® and the boundary enhancer
of vestigial (Vg®5)°* (a gift from Mirian Zecca), respectively. Both entry clones were subjected to a Gateway reaction into a flp desti-
nation plasmid. Transgenic lines were generated by standard procedures in a yw background. The dacTE-flp was used in previ-
ously."" UAS-FRT-stop-FRT- CsChrimson-mVenus was a gift from Gerry Rubin.®’ UAS-FRT-stop-FRT-GFP, Lexop-GCaMP6&f
and ey-flp lines were obtained from the Bloomington Stock Center. For the calcium imaging in leg muscles we used lexO-
GCamp6f;mhc-lexA:LHV2,lexO-Cherry/SM6ATmM6Bb>® and the recombinant line dacRE-flp;UAS-FRT-stop-FRT-CsChrimson-
mVenus (VK5), R65D12-GAL4 (attP2). All flies used in this study were non-virgin females between 1 and 7 days post-eclosion. Prior
to experimentation, all flies were manipulated under cold anesthesia and allowed to recover for at least 24 hours.
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METHOD DETAILS

Behavior setup and optogenetic activation of mechanosensory structures

The open-field behavior arena for optogenetic stimulation was custom-built from a 3 mm opaque white and black acrylic sheet using
alaser cutter. The circular arena comprised a diameter of 54 mm and was surrounded by evenly distributed six deep 655 nm red LEDs
(LUXEON Rebel LEDs), providing a stimulation power of 0.016 mW/mm2 (Figure 1C). The edge of the arena was surrounded by water
to prevent flies accessing the walls. The top of the arena (transparent acrylic) was covered with Sigmacote (Sigma-Aldrich). A white
LED array was placed under the arena to serve as backlight. Flies were imaged from above using a camera (Flea3-USBS3, Point Grey,
Teledyne FLIR LLC) equipped with a 12 mm Computar (Commack, NY) lens covered with a 600nm, OD 4.0 Shortpass Filter (Edmund
optics, Barrington, NJ) to block optogenetic stimulation light.

For the experiments in Figure 1, we used 1-7 day old females, comprising 20 control flies (empty-GAL4), and 20 flies expressing
CsChrimson in leg mechanosensory bristles. Flies were bred and kept in food infused with all trans-Retinal (Final Concentration
0.4 mM; R2500, Sigma-Aldrich). Single flies were aspirated into the chamber. We waited for a spontaneous pause in behavior (no
walking or grooming) and manually delivered a single pulse stimulation of 100ms. Imaging continued for at least 20 seconds after
stimulation. For decapitated fly experiments, flies were anesthetized on a cold plate and their head was cut off. After surgery, flies
were kept in an empty vial for 1-5 minutes prior to testing.

For the experiments in Figure 6, we used a rectangular 3D-printed custom arena crossed in the middle by a red laser line (650 nm,
5mW). Flies were placed in one side of the arena (side A) and allowed to move freely. Each trial lasted 3 minutes.

In the experiments in Figures 7A and 7B, where we activated the back and front legs of headless and head-intact flies, we used the
same arena, but this time we waited until flies were immobile and moved the laser line until it touched the back or front of the fly.

Video acquisition and Tracking
The video image was acquired at 30 Hz (1200 x 1210) using Fly capture software. Image segmentation was performed by custom
software in python using OpenCV. Two main features were extracted from the videos: fly position (X and Y coordinates) and pixel
change around the fly. Positions were calculated from the centroid of an ellipse fitted to the fly by background subtraction. The pixel
change was quantified by calculating the number of active pixels in a 100x100 pixel region surrounding the centroid. A pixel was
considered to be active if it recorded a change higher than 10 intensity levels. The fly distance and speed were calculated for
each frame using fly position x and y coordinates.

For the analysis of the interaction of the flies with the laser in Figure 6, tracking was performed using FlyTracker (Caltech), which
extracts the body centroid, axis and orientation.

Behavioral classifiers
We used velocity and pixel change features to automatically classify behavioral states. We classified fly behavior into four categories:
Walking, Grooming, Stopping and Leg Movement. A fly is considered to be walking if its average speed is higher than 1.9mm/s.
Grooming is detected when the velocity of the fly is lower than 1.9mm/s and average pixel change of a section of 8 frames is above
180 pixel/s. We classified as leg displacement the movement in which velocity is lower than 1.9mm/s and average pixel change of a
section of 8 frames is between 30 and 180 pixel/s. Finally, a fly is considered to be immobile when velocity is lower than 1.9 and pixel
change is lower than 30 pixel/s. Thresholds were determined and confirmed by manual annotations of fly behavior (% of efficacy).
Later, walking behavior was either classified into coordinated or uncoordinated walking by visual inspection (Figures 2 and S2).
For the analysis of individual laser interactions, we selected moments where the fly was in contact with the laser. We considered the
fly touched the laser when in less than 2mm proximity with the area of highest laser intensity. This extra threshold was set to account
for the fact that we are tracking the centroid of the body, but flies can sense the laser beam with their legs. To classify different be-
haviors, we used spatial and temporal thresholds; we considered the flies ‘move away’ from the laser if they left the peri-laser zone
(8mm above or below the area of high laser intensity) in less than 1 second; stayed in ‘Peri-laser zone’ if they do not leave the area
surrounding the laser; stayed in ‘Laser zone’ if they were inside the high intensity laser are after one second; and ‘Cross’ if they
crossed to the other side of the laser. To compute the angles of the fly after laser interactions we used FlyTracker data, which pro-
vides the orientation of the flies in radians (where 0 represents a parallel position relative to the laser, with flies oriented to the right).
After converting radians to degrees, we adjusted all entry angles to fall between 0 and 90° in relation to the laser. Additionally, we
adjusted the quadrant of the exit angles depending on the transformation of the entry angle. If an entry angle underwent a transfor-
mation, we swapped the quadrant of the corresponding exit angle. Angular speed was determined by calculating the average angle
variation over 5 frames following laser interaction. Finally, velocity was calculated considering the orientation of the fly, if the fly moved
backwards the speed was recorded as negative.

fTIR imaging and FlyWalker software

For the analysis of walking behavior upon stimulation of sensory structures, a new arena comprising 12 LEDs (Deep red 655nm, Lux-
eon Rebel LED) was incorporated in the previously described fTIR setup,'’ rendering a stimulation power of 0.014 mW/mm?. Flies
were placed in the FlyWalker arena and a 100ms pulse of red light was given. Each fly only received one pulse. In experiments
involving headless flies, their heads were reattached to the thorax using UV-curable glue (Loctite 3104, Henkel Adhesives) to facilitate
accurate body tracking and preserve the fly’s body weight and center of mass (COM).*® The walking kinematics of flies after
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stimulation were quantified using FlyWalker software package. We identified stance and stance-like phases by detecting an fTIR
signal, indicating an interaction between the fly leg and the glass substrate, and swing phase as the absence of this signal."’ Two
additional parameters called Non-compliant Index and Stance Phase Leg Retraction were added to the previously published kine-
matics parameters. Non-compliant Index is defined as the fraction of frames in a video in which the fly displays non-compliant leg
combinations. Non-canonical stance combinations correspond to patterns that do not fit either of the idealized tripod, tetrapod
and wave gaits.""*’

The Stance Phase Leg Retraction measures the direction of the leg movement in relation to the body. It is calculated by finding
the difference between y coordinates of AEP (Anterior extreme position) to the y coordinates of PEP (Posterior extreme position)
for each step. The values were normalized to the body length (b.u.). When the Stance Phase Leg Retraction value is positive, it
indicates that the leg moved from an anterior to posterior movement in relation to the body during the stance phase. This for-
ward-to-backward movement denotes a retraction of the leg. Negative values indicate leg posterior to anterior movement during
the stance phase.

For experiments in Figures 7C-7E), we built a transparent plastic cover that encouraged the flies to walk on the FlyWalker glass. We
waited for a spontaneous pause and stimulated either the back or the front part of the fly with the red laser line (650 nm, 5mW).

Tethered fly imaging

For imaging of leg angles in Figures 5A-5E, 7F, and 7G), we used 3-7 days-old females expressing CsChrimson in mechanosensory
bristles, as above. Adult flies were kept in food infused with all trans-Retinal since the day of eclosion (Final Concentration 0.4 mM,
R2500, Sigma-Aldrich). Flies were anaesthetized on ice, and either decapitated with scissors (Fine Scientific Tools) or left with head-
intact. They were positioned on a cold plate with the thorax upwards and a wire was glued to the thorax with UV curable glue (Norland
Optical Adhesives #81). Flies were fixed in the tethered set-up using the wire above a porexpam ball (4.5 mm diameter, painted with
black paint (Posca Uni)), held in a custom-made 3D printed holder. Flies could freely pick up and walk on the ball, and if dropped,
could regain it again. Animals were illuminated with an InfraRed LED (Thorlabs) and imaged with a PointGrey Camera (Flea3) with
a Computar Macro-zoom lens and a long-pass filter, at a frame rate of 120 fps. Video capture was controlled using a custom-built
Bonsai workflow.”®

Each fly was allowed to recover for 5 minutes on the setup before the beginning of the experiment. For stimulation in Figures 5A-
5E), we waited for a spontaneous pause in behavior and delivered a 100ms light stimulus via a single deep red LED (627nm), posi-
tioned 3 cm away from the fly, controlled using Bonsai.®® Light power at the fly was 13.8 nm/cm?, calibrated to produce a motor
response in CsChrimson flies whilst not affecting flies in food lacking all trans-Retinal (data not shown).

Walking bouts were extracted from head-intact non-stimulated flies (either before stimulation or in sessions where no stimulation
was delivered), and were manually classified as satisfying straight walking with at least 6 step cycles. In total, 8 walking bouts were
used from three flies. In the head-intact and headless stimulation conditions for the ‘early response’ and ‘late response’ timepoint, we
visually inspected videos and excluded timepoints where the flies were either still or performing grooming, as being non-informative
for our question of limb coordination while walking. Total N was 11 (head-intact early response), 6 (head-intact late response) and 7
(decapitated early response).

For tethered experiments in Figures 7F and 7G, we used the same red laser line as described in the freely moving set-ups (650nm).
We positioned the laser laterally to the fly, to illuminate either only the front or back legs. We waited for moments of immobility in
decapitated flies and delivered a long laser pulse (1.5-2s).

All videos were analyzed using DeeplLabCut.°" 18 points were tracked in total; 3 body points (head, thorax and tail) and 5 points per
leg (Body-Coxa; Coxa-Femur; Femur-Tibia; Tibia-Tarsus; and Tarsus-end). Here we considered the fusion between the trochanter
and femur.’® In Figure 5, we considered angles only from the T1 leg, since this leg is predominantly at a perpendicular angle to the
imaging path and thus the angles could be accurately calculated in a 2D video; while for Figure 7G we did T3 tracking. Limb angles for
tracked legs were calculated using Python.

For Figure 7F, effective body displacement was calculated using absolute horizontal ball displacement over the stimulation period,
with a custom-written Bonsai software, and normalized the displacement to average fly body length.

Leg and VNC dissection and Mounting

To observe the morphology of leg sensory neurons, legs were dissected from the body in PBS. The legs were then fixed in PFA 4%
overnight at 4°C. After fixation legs were washed 3xin 0.3% Triton-X in PBS for 20 minutes at room temperature and mounted in 70%
glycerol. Brains and VNCs were fixed in PFA 4% for 20 minutes and dissected in PBS. Tissues were labeled with a primary antibody
raised against brp (mouse nc82, 1:10; DSHB) followed by a secondary anti-mouse 647 (1:500; Jackson ImmunoResearch). Tissues
were mounted in in 70% glycerol and scanned in a confocal microscope Zeiss (Oberkochen, Germany) LSM710 confocal micro-
scope with a 40x objective.

In vivo calcium imaging during leg stimulation

Flies containing the following genotype: lexO-GCamp6f;mhc-lexA:LHV2,lexO-Cherry and dac™E-flp;UAS-FRT-stop-FRT-CsChrim-
son-mVenus (VK5), R65D12-GAL4 (attP2) were anesthetized with ice for 3-5 min. Three ipsilateral legs were glued to a glass slide
with UV-Curable glue. The body of the fly was immobilized using beeswax. GCaMP imaging was performed at 25°C on a Nikon/
Andor Revolution XD spinning-disk confocal microscope with an EMCCD camera (iXon 897) using iQ 3.5 software and using a
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20x CFI Super Fluor 20X 0.75 NA dry objective. Images were taken at the scan speed of 100ms per frame. A set of six deep red LEDs
was paced around the fly to provide the 100ms red light pulse.

QUANTIFICATION AND STATISTICAL ANALYSIS

We extracted motor parameters using FlyWalker Software. Since many of the measured gait parameters vary with speed, we
analyzed the data for these parameters by determining the best-fit regression model of each individual parameter with speed for
the control experiment and then determining the residual values for each experimental group in relation to this regression model.
Data was then expressed as the difference to the residual normalized line. Normalized data was previously tested for normality
and homoscedasticity with Shapiro-Wilk and Levene tests. Statistical differences between experimental groups were determined
using Kruskal-Wallis analysis of variance followed by Dunn’s post hoc test (for non-normal distributions) or one-way-Anova followed
by Tukey’s post hoc test (for normal distributions). Data analysis was performed using custom Python scripts. Boxplots represent the
median as the middle line, with the lower and upper edges of the boxes representing the 25% and 75% quartiles, respectively. Whis-
kers represent the range of the full data set, excluding outliers. Outliers are defined as any value that is 1.5 times the interquartile
range below or above the 25% and 75% quartiles, respectively. For the boxplots in Figures 3 and 4 we used raw data not normalized
to the control since Non-compliant index and Stance straightness parameters do not show a correlation with velocity (data not
shown).

To have a more succinct representation of the data, we used Principal Component Analysis (PCA), an unsupervised dimensionality
reduction method. PCA finds a linear projection of the data from a high-dimensional space onto a lower-dimensional subspace, while
maximizing variance of the projected data, and thus retains meaningful information, resulting in a description of the data as a function
of a smaller set of uncorrelated variables (or principal components). Data were first pre-processed by centering and scaling, after
which the PCA algorithm computed the covariance matrix in order to determine the correlation between variables and calculated
the eigenvectors and eigenvalues of the covariance matrix in order to identify the principal components. We chose the first three prin-
cipal components to visualize the data. The first two components were chosen to generate a two-dimensional plot. Each dot in the
plots corresponds to a video, representing these new abstract variables. Color-coded dots were used to distinguish specific groups.
As such, clusters of dots reflect similar walking patterns, shared by the corresponding flies.*?

In order to generate a GCaMP fluorescence line profile over time, we used Fiji software. To delineate the ROI Area of the depressor
and levator muscle, we used the threshold tool and measured the mean fluorescence value for each frame using ROl Manager, a
multimeasure tool. Fluorescence values for each muscle were normalized by subtracting the minimum value of each video and
dividing by the maximum value, giving contraction values between 0 and 100%. Muscle contraction peaks were detected with a
peak finding algorithm in Python. Peak width was calculated by subtracting fluorescence 20 percentage points from each peak value,
and measuring the width of the signal that exceeded this value around each peak (Figure S5C).

e5  Current Biology 34, 1-19.e1-e5, July 8, 2024



	CURBIO20299_proof.pdf
	Mechanosensory bristles mediate avoidance behavior by triggering sustained local motor activity in Drosophila melanogaster
	Introduction
	Results
	Activation of leg MsBs evokes brain-independent movement
	Movement triggered by MsB is leg specific
	MsB stimulation evokes movement encompassing an uncoordinated phase
	Kinematic features after leg MsB stimulation in headless flies
	Inter-joint coordination is partially disrupted after MsB stimulation
	Intra-joint muscle coordination is maintained during movement triggered by MsB
	MsBs evoke VNC-dependent avoidance behavior
	The direction of the response triggered by MsBs can be mediated by the VNC

	Discussion
	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Fly stocks

	Method details
	Behavior setup and optogenetic activation of mechanosensory structures
	Video acquisition and Tracking
	Behavioral classifiers
	fTIR imaging and FlyWalker software
	Tethered fly imaging
	Leg and VNC dissection and Mounting
	In vivo calcium imaging during leg stimulation

	Quantification and statistical analysis




