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The sense of proprioception is mediated by inter-
nal mechanosensory neurons that detect joint po-
sition and movement. To support a diverse range
of functions, from stabilizing posture to coordinat-
ing movements, proprioceptive feedback to limb
motor control circuits must be tuned in a context-
dependent manner. How proprioceptive feedback
signals are tuned to match behavioral demands
remains poorly understood. Using calcium imag-
ing in behaving Drosophila, we find that the axons
of position-encoding leg proprioceptors are active
across behaviors, whereas the axons of movement-
encoding leg proprioceptors are suppressed during
walking and grooming. Using connectomics, we
identify a specific class of interneurons that pro-
vide GABAergic presynaptic inhibition to the ax-
ons of movement-encoding proprioceptors. These
interneurons are active during self-generated but
not passive leg movements and receive input from
descending neurons, suggesting they are driven
by predictions of leg movement originating in the
brain. Predictively suppressing expected proprio-
ceptive feedback provides a mechanism to attenu-
ate reflexes that would otherwise interfere with vol-
untary movement.
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Introduction

Effective motor control of the arms and legs requires
sensory feedback from proprioceptive sensory neurons
(i.e., proprioceptors) that detect the position and move-
ment of the body (Proske and Gandevia 2012; Tuthill
and Azim 2018). Motor circuits in the central nervous
system integrate proprioceptive information at multiple
levels to refine motor output and support a range of mo-
tor functions, from postural stabilization to adaptive lo-
comotion (Rossignol et al. 2006; Dallmann et al. 2021;
Frigon et al. 2021).

Because the same proprioceptors are used for many
different motor control tasks, proprioceptive feedback
must be flexibly tuned depending on the behavioral con-
text (Azim and Seki 2019). For example, inhibition
of proprioceptive pathways during voluntary movement

can suppress stabilizing reflexes that would oppose
the intended movement (McComas 2016). Context-
dependent tuning of proprioceptive feedback may also
prevent instabilities due to inherent delays in sensory
pathways (Fink et al. 2014). This is seen in mice, where
proprioceptive feedback is inhibited during walking and
reaching to ensure smooth movement execution (Fink
et al. 2014; Koch et al. 2017).

An efficient means of flexibly tuning sensory feedback
pathways is predictive inhibition. In theoretical frame-
works of predictive inhibition, the motor circuits send an
inhibitory signal to the sensory circuits that is based on
the motor commands (Figure 1A; Crapse and Sommer
2008; Straka et al. 2018). This mechanism, called effer-
ence copy or corollary discharge, allows self-generated
sensory signals to be attenuated or completely can-
celed out, while externally-generated sensory signals
are still transmitted to motor circuits. In the case of
proprioceptive feedback, this ensures that stabilizing re-
flexes are recruited only in response to external forces
(perturbations), not voluntary movement.

Predictive inhibition of sensory feedback has been
described for many different sensory modalities across
multiple species (Cullen 2004; Crapse and Sommer
2008; Straka et al. 2018; Azim and Seki 2019; Daly
and Dacks 2023). Inhibition can occur at multiple lev-
els of the nervous system, but a common mechanism is
presynaptic inhibition, where inhibitory neurons directly
target the sensory axon terminals to reduce neuro-
transmitter release (Clarac and Cattaert 1996; Rudomin
and Schmidt 1999). Previous studies have shown that
presynaptic inhibition can dynamically suppress sen-
sory transmission in proprioceptive axons, consistent
with the theoretical framework of predictive inhibition.
For example, the axons of leg proprioceptors in mice
(Koch et al. 2017) and locusts (Wolf and Burrows 1995)
receive GABAergic inhibition during walking. However,
the extent to which specific proprioceptive feedback
pathways are inhibited during behavior and the central
circuits that mediate the inhibition have remained chal-
lenging to study. This is due in part to the complexity
of the underlying circuits and the technical difficulty of
recording from identified neurons in the spinal cord and
ventral nerve cord (VNC) in behaving animals.

Here, we investigate presynaptic inhibition of leg pro-
prioception in the fruit fly, Drosophila melanogaster. We
focus on the femoral chordotonal organ (FeCO), the
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Figure 1. Proprioceptor axons from the Drosophila leg are anatomically positioned to receive presynaptic inhibition

(A) Left: A theoretical framework for predictive inhibition of proprioceptive pathways. High- or low-level motor circuits send a predictive inhibitory signal based on
the motor commands to the sensory circuits. The predictive signal is subtracted from the measured sensory signal. The corrected sensory signal can be used to
counteract external forces without impeding voluntary movement. Right: Schematic time courses of a joint angle (blue) resulting from self-generated motor commands
and external forces, the sensory signal (green) representing both components, and the corrected sensory signal (black) after subtraction of the predictive signal
(magenta). The example illustrates a case where the predictive signal matches the sensory signal in timing and amplitude.

(B) Left: Confocal image of a Drosophila front leg showing the location of the femoral chordotonal organ (FeCO) cell bodies and dendrites. Green: GFP; gray: cuticle
auto-fluorescence. The blue arrow indicates the extension (Ext) and flexion (Flex) of the tibia relative to the femur. Right: Confocal image of position-encoding claw
and movement-encoding hook axons in the fly ventral nerve cord (VNC). Flexion- and extension-encoding hook axons are overlayed. Green: GFP; gray: neuropil
stain (nc82). Schematized calcium signals from claw and hook axons (GCaMP, green) in response to a controlled, passive movement of the femur-tibia joint (blue)
based on Mamiya et al. (2023).

(C) Top view of reconstructed claw and hook axons in the left front leg neuromere of the FANC connectome. n: number of axons; A: anterior; L: lateral.

(D) Location of input and output synapses of all reconstructed claw and hook axons. View as in (C).

(E) Neurotransmitter profile of the input synapses of claw and hook axons.

See also Figure S1 and Video S1.
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largest proprioceptive organ in the fly leg (Figure 1B,
left; Kuan et al. 2020). The FeCO is functionally anal-
ogous to vertebrate muscle spindles (Tuthill and Azim
2018). Genetically distinct “claw” and “hook” FeCO neu-
rons monitor the position and movement of the tibia,
respectively (Mamiya et al. 2018, 2023). Position-
encoding claw neurons are tonically active at different
joint angles, whereas movement-encoding hook neu-
rons are phasic and directionally tuned (Figure 1B,
right). Feedback from FeCO neurons is integrated by
circuits in the VNC to control leg posture and move-
ment (Agrawal et al. 2020; Chen et al. 2021; Chock-
ley et al. 2022). However, the activity of FeCO neurons
in Drosophila has only been studied during passive leg
movements, delivered with a magnetic control system
(Mamiya et al. 2018, 2023). Thus, it remains an open
question whether FeCO neurons receive presynaptic in-
hibition during active, self-generated leg movements.

To address this question, we reconstructed FeCO
axons in a VNC connectome and found that they re-
ceive significant presynaptic input from GABAergic in-
terneurons. To determine whether FeCO axons are
suppressed during behavior, we used calcium imaging
to record proprioceptor activity in tethered flies behav-
ing on a treadmill. While the axons of position-encoding
claw neurons were active across behaviors, the axons
of movement-encoding hook neurons were suppressed
during walking and grooming. Using the connectome,
we identified a specific class of GABAergic interneu-
rons that provides the majority of presynaptic input to
hook axons. Calcium imaging from these interneurons
revealed that they are active during self-generated but
not passive leg movements, consistent with their role
in inhibiting proprioceptor axons during voluntary move-
ment. These GABAergic neurons receive input from de-
scending neurons suggesting they are driven by predic-
tions of leg movement originating in the brain. Overall,
our findings establish a neural circuit for selectively sup-
pressing the output of movement-encoding propriocep-
tors during self-generated limb movements.

Results

Proprioceptor axons from the Drosophila leg are
anatomically positioned to receive presynaptic in-
hibition
To determine whether proprioceptor axons receive
presynaptic input, we first reconstructed FeCO axons in
an electron microscopy volume of a female Drosophila
VNC (FANC; Phelps et al. 2021). We took advantage of
automated tools for neuron segmentation and synapse
prediction (Azevedo et al. 2022), and then manually
proofread each axon for accuracy. We reconstructed
19 of ~30 claw axons and 22 of ~56 hook axons in the
neuromere of the left front leg (Figure 1C and S1; Video
S1).

We then analyzed the location and number of the in-
put and output synapses of the FeCO axons (Figure

1D). Input synapses were present on all axon branches,
spatially intermingled with output synapses. On av-
erage, individual claw and hook axons had 29+18
(mean+std) and 63+41 input synapses and 744+311
and 7874380 output synapses, respectively. Individ-
ual axons differed in the total number of synapses; the
number of input synapses was weakly correlated with
the number of output synapses (claw: R?=0.62; hook:
R2=0.20; Figure S1C). By identifying the neurons presy-
naptic to claw and hook axons (see methods), we found
that the presynaptic partners were primarily GABAergic
(Figure 1E). Consistent with this finding, we analyzed
a single-cell RNA-sequencing dataset (Mamiya et al.
2023) and found that all claw and hook neurons strongly
express Rdl, the gene for GABA, receptors. In contrast,
the gene for the inhibitory glutamate receptor GluCla
was only weakly expressed in a few FeCO cells.

Together, connectomic reconstruction and RNA-
sequencing data of claw and hook neurons suggest
that they receive GABAergic input from VNC interneu-
rons, which provides a substrate for context-dependent
presynaptic inhibition.

Tools to study leg proprioception in behaving
Drosophila

To investigate the function of presynaptic inhibition of
FeCO axons, we developed a setup for two-photon cal-
cium imaging of neural activity in the VNC and 3D leg
tracking of tethered flies on a spherical treadmill (Fig-
ure 2A; see methods). The setup allowed us to record
calcium signals in FeCO axons and other VNC neurons
with GCaMP while flies walked, groomed, or rested on
the treadmill.

To identify context-dependent inhibition of FeCO ax-
ons, we sought to compare proprioceptor activity during
active (i.e., self-generated) and passive (i.e., externally-
imposed) leg movements. Because it was not techni-
cally feasible to do this comparison directly within the
same animal, we constructed computational models
that replicated calcium signals in FeCO axons during
passive leg movements (Figure 2B). The models con-
volved a claw- or hook-specific activation function with
a GCaMP kernel to translate time courses of femur-tibia
kinematics into time courses of calcium signals. We
then used these models to predict calcium signals in
FeCO axons during active leg movements (Figure 2D).
This comparison of predicted calcium signals based on
passive leg movements and measured calcium signals
during active leg movements provides a quantitative
means to identify context-dependent inhibition.

The activation functions within each model were
based on our previous calcium imaging and leg track-
ing data, in which the femur-tibia joint was passively
moved (Mamiya et al. 2018; see methods; Figure S2A).
As a population, claw neurons encode the position of
the femur-tibia joint as a deviation from a joint angle of
~80°. Population activity increases non-linearly with in-
creasing flexion or extension (Figure S2B). In contrast,
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Figure 2. The axons of position-encoding (claw) proprioceptors are not suppressed during active leg movements

(A) Experimental setup for two-photon calcium imaging from VNC neurons and 3D leg tracking of the left front leg of tethered flies on a treadmill.

(B) Computational models of FeCO proprioceptors translating time courses of joint angles into time courses of calcium signals. The activation functions were fitted to
calcium signals measured during passive leg movement.

(C) Top: Confocal image of position-encoding claw axons in the VNC. The black box indicates the imaging region. Green: GFP; gray: neuropil stain (nc82). A: anterior;
L: lateral. Bottom: Mean tdTomato signal within the imaging region during an example trial.

(D) Example trial of two-photon calcium imaging of claw axons and behavior tracking on the treadmill.

(E) Cross-correlation coefficient between predicted and measured calcium signals per trial at a time lag of zero. The black line shows the median. The black dot marks
the trial shown in (D). n: number of trials; N: number of flies.

(F) Median predicted and measured calcium signals as a function of the median femur-tibia angle for individual resting bouts. Bouts are >1 s in duration. The black
and green line indicate the mean calcium signals in bins of 10°. The dashed blue line indicates the resting angle at which activity is minimal. The blue rectangle
indicates the range of resting angles analyzed in (G). The plot on top shows a kernel density estimation of the femur-tibia angles during resting. The solid blue line
indicates the most frequent femur-tibia angle (mode of the distribution). n: number of resting bouts; N: number of flies.

(G) Predicted and measured calcium signals aligned to the transitions into and out of movement. Movement includes walking and grooming. Thin lines show animal
means, thick lines show mean of means, shadings show standard error of the mean. n: number of transitions; N: number of flies.

See also Figure S2 and Video S2.

hook neurons respond transiently to flexion or extension
of the femur-tibia joint (Figure S2D). Our claw and hook
models effectively replicated these characteristic cal-
cium signals during passive leg movements (Figure S2B
and S2D). This was reflected in high cross-correlation
coefficients between measured and predicted calcium

The axons of position-encoding proprioceptors are
not suppressed during active leg movements

Equipped with computational models to predict calcium
signals during active leg movements, we first asked
whether the axons of the position-encoding claw neu-

signals across trials and flies (claw: r=0.93; hook:
r=0.84; Figure S2C and S2E).

Together, the experimental setup and computational
models enabled us to record calcium signals in proprio-
ceptor axons and identify differences in activity between
self-generated and passive leg movements.

rons are suppressed during behavior. We co-expressed
the calcium indicator GCaMP and the structural marker
tdTomato with the same genetic driver line that was
used to tune the passive computational model (Figure
2C), and recorded the activity of claw axons in behav-
ing flies.

Claw axons were active across behaviors—during
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resting, walking, and grooming (Figure 2D; Video S2).
The passive model effectively tracked the temporal dy-
namics of the calcium signal across different behaviors
(Figure 2D). This was reflected in high cross-correlation
coefficients between measured and predicted calcium
signals across trials and flies (r=0.91; Figure 2E), which
were comparable to those in the passive movement ex-
periments used to tune the passive model (Figure S2C).
Calcium signals were also well predicted when we re-
moved the treadmill and flies moved their legs freely in
the air (Figure S2F and S2G; Video S2).

The characteristic position-encoding of claw axons
was particularly clear when resting flies held their front
leg at a given femur-tibia angle for an extended period
of time. Plotting the median amplitude of the calcium
signal against the median femur-tibia joint angle for in-
dividual resting bouts (>1 s in duration) revealed the ex-
pected U-shaped activity pattern centered at ~80° (Fig-
ure 2F, bottom). The minimum signal was close to the
most frequent femur-tibia angle that flies adopted while
resting on the treadmill (75°; Figure 2F, top).

Given this U-shaped activity pattern, we expected to
see strong changes in the calcium signal when flies
transitioned between resting and moving near the most
frequent resting angle. Indeed, for transitions toward or
away from resting angles of 70°-90° (Figure 2F, blue
box), calcium signals increased and decreased as pre-
dicted by the passive model (Figure 2G).

Together, these results indicate that the position-
encoding claw axons are not suppressed during self-
generated leg movements. Rather, the results indicate
that position feedback is transmitted to downstream
VNC neurons across behavioral contexts. The close
match between the passive claw model predictions and
calcium signals recorded during behavior also provides
confidence in our approach of comparing self-generated
and passive leg movements in leg proprioceptors.

The axons of movement-encoding proprioceptors
are suppressed during active leg movements

We next asked whether the axons of movement-
encoding proprioceptors are suppressed during behav-
ior. We first investigated hook neurons encoding tibia
flexion movements. We again co-expressed the calcium
indicator GCaMP and the structural marker tdTomato in
the same driver line used for tuning the passive compu-
tational model (Figure 3A), and recorded the activity of
hook axons in behaving flies.

The passive model predicted strong calcium signals
in hook axons during walking and grooming compared
to resting (Figure 3B and 3D). However, hook calcium
signals recorded during behavior were conspicuously
different from the passive model predictions (Figure 3B
and 3D; Video S3). The discrepancy between model
prediction and measurement was particularly clear at
the transitions into and out of movement, at which
calcium signals did not increase or decrease as pre-
dicted by the passive model (Figure 3E). Accordingly,

the cross-correlation between measured and predicted
calcium signals across trials and flies was more vari-
able and lower on average than during passive move-
ment (r=0.68; Figure 3C, Treadmill). Note that we com-
puted high cross-correlation coefficients in some trials
simply because the fly’s behavior, and with that, the pre-
dicted calcium signals, changed little over time. Calcium
signals were also absent when we removed the tread-
mill and flies moved their legs freely in the air (Figure
S3A-C; Video S3). The lack of calcium signals during
self-generated movements was even more pronounced
in a second driver line for hook flexion neurons (Fig-
ure S3D-1). We observed a similar degree of behavioral
state-dependent suppression in hook neurons encod-
ing tibia extension movements (Figure S4). These re-
sults indicate that both extension- and flexion-encoding
hook axons are suppressed during self-generated but
not passive leg movements.

Supporting this conclusion, we observed that cal-
cium signals were high when the front leg was moved
passively while resting on the treadmill, which some-
times occurred when the hind legs lifted off the tread-
mill for grooming (Video S3). Calcium signals were also
high during resting when the front leg slowly (over the
course of hundreds of milliseconds) moved towards flex-
ion, which we observed after front leg grooming when
the leg was not placed on the treadmill (Figure 3B, as-
terisks) or in trials in which the treadmill was removed
(Figure S3A). These slow flexions were likely the result
of passive forces produced by leg muscles and skele-
tal structures (Hooper et al. 2009; Ache and Matheson
2013).

To further test that hook axons are not suppressed
during passive movements, we replaced the treadmill
with a moveable platform that flies gripped with the tips
of their legs (Figure 3F; Video S3). We used the plat-
form to passively move the front leg while imaging from
hook axons in the VNC. In this context, we measured
strong calcium signals in response to passive move-
ment of the femur-tibia joint, as predicted by the passive
model (Figure 3G and 3H). This was reflected in higher
and less variable cross-correlation coefficients between
predicted and measured calcium signals across trials
and flies (r=0.86; Figure 3C, Platform).

Finally, we asked whether differences between the
passive model predictions and recorded calcium signals
could be due to differences in joint movement dynamics
between the active and passive movement conditions.
Specifically, flies tended to move their legs more rapidly
when they were actively moving compared to how we
moved them during passive stimulation with the plat-
form. Using the same magnetic control system in which
we previously investigated proprioceptor responses to
passive movements (Mamiya et al. 2018, 2023), we re-
played naturalistic time courses of femur-tibia joint an-
gles measured during walking and grooming to other-
wise passive animals (Figure S5A and S5B; see meth-
ods). Calcium signals recorded from hook axons in this
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Figure 3. The axons of movement-encoding (hook) proprioceptors are suppressed during active leg movements

(A) Top: Confocal image of movement-encoding hook axons in the VNC. The black box indicates the imaging region. Green: GFP; gray: neuropil stain (nc82). A:
anterior; L: lateral. Bottom: Mean tdTomato signal within the imaging region during an example trial.

(B) Example trial of two-photon calcium imaging of hook flexion axons and behavior tracking on the treadmill. The asterisks highlight resting bouts during which the
front leg was held in the air and slowly flexed, likely as a result of passive forces produced by leg muscles and skeletal structures.

(C) Cross-correlation coefficient between predicted and measured calcium signals per trial at a time lag of zero in different movement contexts. Black lines show
medians. Black dots mark the trials shown in (B) and (G). n: number of trials; N: number of flies.

(D) Median predicted and measured calcium signals during resting, walking, and grooming. Bouts are >1 s in duration. Distributions show kernel density estimations.
n: number of behavioral bouts; N: number of flies.

(E) Predicted and measured calcium signals aligned to the transitions into and out of movement. Signals are baseline subtracted (mean from -0.5 to 0 s). Movement
includes walking and grooming. Thin lines show animal means, thick lines show mean of means, shadings show standard error of the mean. n: number of transitions;
N: number of flies.

(F) Experimental setup for passively moving the left front leg via a platform during two-photon calcium imaging from the VNC.

(G) Example trial of two-photon calcium imaging of hook flexion axons and behavior tracking on the platform.

(H) Predicted and measured calcium signals aligned to the transition into passive flexion of the femur-tibia joint. Lines and labels as in (E).

See also Figures S3—S5 and Video S3.

passive context matched the predictions of the passive GABAergic interneurons provide presynaptic inhi-
model (Figure S5C and S5E), with calcium signals in- bition to movement-encoding proprioceptor axons
creasing at the onset of movement as predicted (Figure
S5D and S5F). Thus, the discrepancy between activ-
ity recorded during self-generated movements and the
passive model predictions is unlikely to be caused by
differences in stimulus statistics.

To explore the circuit mechanisms underlying the selec-
tive suppression of hook axons, we analyzed the presy-
naptic connectivity of claw and hook axons in the VNC
connectome (Figure 4A). Claw and hook axons receive
input from interneurons and sensory neurons local to

Together, these results indicate that movement- the VNC, but not descending neurons (claw: 100% in-
encoding hook axons are suppressed whenever flies terneurons; hook: 94.9% interneurons, 4.6% sensory
move their legs actively, regardless of the specific move- neurons, 0.5% unidentified). On average, hook axons
ment context. receive more presynaptic input than claw axons (Figure
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Figure 4. GABAergic interneurons provide presynaptic inhibition to movement-encoding proprioceptor axons

(A) Connectivity of presynaptic neurons with claw and hook axons. The grayscale heatmap indicates the number of synapses between neurons (connection strength).
Boxes on the left group presynaptic neurons of the same developmental lineage, with the color indicating their primary fast-acting neurotransmitter. Boxes from top to
bottom: 13B and 19A (both GABA); 3A (acetylcholine); 9A, 13B, and 19A (all GABA); 8A (glutamate); 8B, 18B, 22A, and sensory (all acetylcholine); unknown.

(B) Top and side view of the chief GABAergic 9A interneuron presynaptic to hook axons in the left front leg neuromere in FANC. A: anterior; L: lateral; V: ventral.

(C) Connectivity between 9A neurons and hook axons.

(D) Top: Confocal image of 9A neurons in the VNC. The black box indicates the imaging region. Magenta: GFP; gray: neuropil stain (nc82). A: anterior; L: lateral.
Bottom: Mean tdTomato signal within the imaging region during an example trial.

(E) Example trial of two-photon calcium imaging of 9A neurons and behavior tracking on the treadmill. The asterisk highlights a resting bout during which the front leg
was moved passively by hind leg grooming.

(F) Predicted and measured calcium signals aligned to the transitions into and out of movement. Movement includes walking and grooming. Thin lines show animal
means, thick lines show mean of means, shadings show standard error of the mean. n: number of transitions; N: number of flies.

(G) Cross-correlation coefficient between predicted and measured calcium signals per trial at a time lag of zero in different movement contexts. Black lines show
medians. Black dots mark the trials shown in (E) and (H). n: number of trials; N: number of flies.

(H) Example trial of two-photon calcium imaging of 9A neurons and behavior tracking on the platform.

() Median predicted and measured calcium signals during active and passive movement bouts on the platform. Bouts are >1 s in duration. Distributions show kernel
density estimations. n: number of movement bouts; N: number of flies.

See also Figure S6 and Video S4.
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4A, top), with most input coming from GABAergic in-
terneurons. Interestingly, presynaptic neurons target ei-
ther claw axons or hook axons, but not both. This could
help explain why activity was selectively suppressed in
hook axons but not claw axons. Most GABAergic input
onto hook axons (83.1%) comes from a group of local
interneurons belonging to the 9A hemilineage (Harris et
al. 2015). One 9A neuron in particular provides 56.8%
of presynaptic input to hook axons (Figure 4A, right).
This chief 9A neuron receives dendritic input in the dor-
sal VNC and provides synaptic output to hook axons in
the the ventral VNC (Figure 4B). In fact, most of the out-
put of the chief 9A neuron (62.8%) is onto hook axons
(Figure 4C). Other GABAergic neurons of the 9A hemi-
lineage also provide a significant fraction of their output
to hook axons (Figure 4C). Thus, this group of GABAer-
gic 9A interneurons is positioned to selectively suppress
activity in hook axons during active leg movements via
presynaptic inhibition.

If these 9A interneurons suppress activity in hook ax-
ons, we would expect their activity to be high during ac-
tive leg movements and low during passive leg move-
ments; the opposite activity pattern that we observed in
hook axons. We instantiated this prediction in a simple
computational model, in which calcium activity is high
during active flexion and extension movements, but not
during resting or passive leg movements (Figure S2A;
see methods). We then compared the predictions of the
model to calcium imaging data from 9A interneurons,
focusing on a region near the terminals of hook axons
(Figure 4D). As predicted, we measured strong calcium
signals in the axons of the 9A interneurons during walk-
ing and grooming (Figure 4E; Video S4), with calcium
signals increasing and decreasing at the transitions into
and out of movement, respectively (Figure 4F). This was
reflected in high cross-correlation coefficients between
predicted and measured calcium signals across trials
and flies (r=0.90; Figure 4G). Calcium signals were also
well predicted when we removed the treadmill and flies
moved their legs freely in the air (r=0.95; Figure S6;
Video S4).

Calcium signals in 9A axons were weak or absent
when the front leg was moved passively on the treadmill,
which sometimes occurred when the hind legs lifted off
the treadmill for grooming (Figure 4E, asterisk; Video
S4). To further test whether calcium signals in 9A ax-
ons are absent during passive leg movements, we again
used the platform setup to passively move the femur-
tibia joint (Figure 4H; Video S4). Because flies were not
anesthetized, they sometimes actively moved their legs
instead of gripping the platform. As predicted by the
passive model, calcium signals were weak during pas-
sive leg movements and strong during active leg move-
ments (Figure 4H and 4l), with high cross-correlation
coefficients between predicted and measured calcium
signals (r=0.81; Figure 4G).

These results demonstrate that local GABAergic 9A
interneurons are active during self-generated but not

passive leg movements. The synaptic connectivity and
activity pattern of these neurons suggest that they se-
lectively suppress hook axons via presynaptic inhibition.
Notably, previous studies found that other neurons of
the 9A hemilineage are postsynaptic to FeCO neurons
(Agrawal et al. 2020) and presynaptic to motor neurons
(Lesser et al. 2023). This suggests that although all 9A
neurons are developmentally related, individual 9A neu-
rons can have distinct circuit functions.

GABAergic interneurons receive descending input
from the brain

To explore the origins of state-dependent activity in
GABAergic 9A interneurons, we analyzed their presy-
naptic neurons in the connectome (Figure 5A). The 9A
neurons receive little direct input from sensory neurons,
suggesting they are not driven by sensory feedback
from the leg. Interestingly, the chief 9A neuron, which
provides the majority of the input to hook axons, re-
ceives most of its input (68%) from descending neurons.
The other 9A neurons receive most of their input from
local premotor neurons in the VNC, but some neurons
of the group also receive descending input (Figure 5B).
In fact, several specific descending neurons provide in-
put to multiple 9A neurons (Figure 5B). Thus, the 9A
neurons may be recruited together by descending input
from the brain to presynaptically inhibit hook axons dur-
ing behavior.

Some of the descending neurons presynaptic to the
chief 9A interneuron target only the neuromere of the
left front leg (Figure 5C), suggesting that the suppres-
sion of hook axons can be controlled in a leg-specific
manner. However, the majority of descending input
(78%) comes from intersegmental descending neurons
that target multiple leg neuromeres of one body side
(Figure 5C). This raised the possibility that the circuit
motif we identified for the left front leg is present in all
legs. To test this possibility, we turned to a second VNC
connectome of a male fly, which is more fully recon-
structed in the middle and rear neuromeres (MANC; see
methods; Takemura et al. 2023; Marin et al. 2023). In
support of our hypothesis, hook axons in all leg neu-
romeres receive most of their input from a GABAergic
interneuron of the 9A hemilineage, which resembles the
chief 9A interneuron reconstructed in the female con-
nectome (Figure S7). Moreover, the top two presynap-
tic partners of these interneurons in the male connec-
tome were intersegmental descending neurons whose
morphology and connectivity matched the top two in-
tersegmental descending neurons we identified in the
female connectome (FANC; Figure S7). Thus, the in-
hibitory circuit motif is segmentally repeated to inhibit
hook axons from all legs along each side of the body.
While most of the descending neurons presynaptic to
the 9A interneurons have not yet been identified in the
connectome, some of them are known to drive walk-
ing (BDN2 and oDN1; Sapkal et al. 2023) and turning
(DNa02 and DNg13; Yang et al. 2023), supporting our
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Figure 5. GABAergic interneurons receive descending input from the brain
(A) Inputs from sensory neurons, premotor neurons, and descending neurons onto individual 9A neurons presynaptic to hook axons.
(B) Connectivity between descending neurons and the 9A neurons presynaptic to hook axons that receive descending input. Numbers next to nodes indicate number

of neurons.

(C) Local and intersegmental descending neurons presynaptic to the chief 9A neuron in FANC. A: anterior; L: lateral.
(D) Proposed circuit motif. A set of descending neurons carries information from the brain and targets 9A neurons in each leg neuromere to suppress hook feedback
resulting from self-generated movement. The difference signal between predicted and measured feedback is transmitted to downstream VNC circuits.

See also Figure S7.

model that presynaptic inhibition of hook axons is driven
by high-level motor circuits in the brain (Figure 5D).

Together, the presynaptic connectivity of the GABAer-
gic 9A interneurons suggests that the suppression of
hook axons during active leg movements is driven pri-
marily by descending signals from the brain. The in-
hibitory circuit motif is consistent across two VNC con-
nectomes and present in all leg neuromeres. This ar-
chitecture suggests that proprioceptive feedback from
movement-encoding proprioceptors is predictively sup-
pressed across all legs during behavior.

Discussion

In this study, we elucidate a neural circuit that se-
lectively suppresses proprioceptive feedback from the
Drosophila leg in a behavioral state-dependent manner.
Both position- and movement-encoding FeCO axons re-
ceive presynaptic input from GABAergic interneurons
(Figure 1), but only the movement-encoding hook ax-
ons are suppressed during active movement (Figures
2 and 3). Hook axons receive presynaptic inhibition
from a specific class of GABAergic interneurons (Fig-
ure 4). These neurons are active during self-generated

but not passive leg movements (Figure 4) and receive
input from descending neurons (Figure 5), suggesting
they are driven by predictions of leg movement originat-
ing in the brain.

GABA-mediated suppression of hook axons

Our evidence suggests that hook axons are inhib-
ited by GABA acting on GABAj receptors. Connec-
tomics analysis revealed overwhelmingly GABAergic in-
put onto hook axons, and our analysis of an RNA-
sequencing dataset (Mamiya et al. 2023) revealed that
hook neurons strongly express the GABAa receptor
gene Rdl. GABAergic presynaptic inhibition of so-
matosensory axons is common throughout the animal
kingdom (Rudomin and Schmidt 1999). For example,
the axons of leg proprioceptors of locusts (Wolf and
Burrows 1995) and mice (Koch et al. 2017) receive
GABAergic presynaptic inhibition during walking. No-
tably, presynaptic inhibition can also be mediated by
other neurotransmitters, including glutamate (Lin et al.
2023; Rudomin and Schmidt 1999). In the case of
hook axons, however, the low number of glutamater-
gic input synapses in the connectome and the low ex-
pression level of the inhibitory glutamate receptor gene
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GluCla argue against glutamatergic inhibition as the
driving force.

Behavioral function of sensory suppression in hook
axons

How might presynaptic inhibition of hook axons af-
fect leg motor control? Studies in a range of insects
have shown that FeCO neurons mediate stabilizing re-
flexes of the tibia in response to external perturbations
(Béassler 1993; Field and Matheson 1998; Tuthill and
Wilson 2016). In Drosophila, a passive extension of the
tibia excites motor neurons innervating the muscles that
flex the tibia, leading to a compensatory flexion of the
leg (Azevedo et al. 2020). This response is known as
a resistance reflex. Resistance reflexes are ubiquitous
in limb motor systems of invertebrates and vertebrates,
where they help to stabilize the body against external
perturbations (Tuthill and Wilson 2016; Tuthill and Azim
2018). In Drosophila, the specific FeCO subtypes in-
volved in the resistance reflex of the femur-tibia joint are
not known. Our finding that hook axons are not sup-
pressed during passive leg movements (notably also on
the treadmill; Video S3) suggests that feedback from
hook neurons could mediate this reflex. An advantage
of movement over position feedback in this context is
that perturbations can be detected more rapidly. Thus,
the suppression of hook axons during active leg move-
ments could function to attenuate the resistance reflex,
thereby avoiding interference with intended movements.
In line with this idea, the activity of hook axons and 9A
neurons was consistent across different types of move-
ments: walking, grooming, and other leg movements.

Attenuating reflexes during active movement via
presynaptic inhibition may be a common feature of mo-
tor systems (McComas 2016). In locusts, stick insects,
and crayfish, the axons of chordotonal neurons receive
presynaptic inhibition with the potential to suppress re-
sistance reflexes during self-generated movement (Wolf
and Burrows 1995; Clarac and Cattaert 1996; Sauer et
al. 1997). In mice, the axons of leg proprioceptors re-
ceive presynaptic inhibition during walking by a specific
class of GABAergic interneurons (Koch et al. 2017). In-
activation of these neurons results in excessive leg flex-
ion, suggesting that presynaptic inhibition functions to
suppress resistance reflexes during locomotion. Simi-
larly, mechanosensory neurons of the lateral line sys-
tem of zebrafish receive presynaptic inhibition during
swimming (Pichler and Lagnado 2020; Odstrcil et al.
2022). Inhibition of the lateral line could attenuate rheo-
taxis, a turning reflex to face into an oncoming current.
A potential reason for the widespread occurrence of
presynaptic inhibition of sensory axons is the selective
control it permits over specific sensory pathways with-
out affecting the operation of postsynaptic circuits.

Behavioral function of sensory transmission in claw
axons

We found that hook but not claw axons are suppressed
during active leg movements. That is, suppression of
feedback is not a general feature of leg proprioception
in Drosophila, but specific to one proprioceptor subtype.
However, like hook axons, claw axons receive primarily
GABAergic input and strongly express the GABA re-
ceptor gene Rdl. The function of this presynaptic inhibi-
tion remains unclear, but based on studies in other ani-
mals, it could protect the sensory terminals from habitu-
ation, sharpen receptive fields through lateral inhibition,
or reduce hysteresis in postsynaptic neurons (Clarac
and Cattaert 1996).

Overall, claw axons faithfully encoded position sig-
nals regardless of the behavioral context. Why are claw
axons not suppressed during active leg movements?
Claw neurons project to different classes of VNC in-
terneurons (Agrawal et al. 2020; Chen et al. 2021). One
possibility is that these interneurons form parallel path-
ways that support different motor functions. For exam-
ple, one pathway could mediate a resistance reflex to
stabilize posture during resting, while another pathway
could ensure proper leg placement during walking and
grooming (Dean 1984; Brunn and Dean 1994; Takeoka
et al. 2014; Mayer and Akay 2021). In that case, a
pathway-specific modulation at the level of interneurons
would provide more flexibility than a general modulation
at the level of sensory axons. During active movement,
the counterproductive resistance reflex pathway could
be suppressed without affecting the operation of the leg
placement pathway. A similar mechanism is seen in
the vestibular system of primates, where sensory axons
faithfully relay head movement information regardless
of the behavioral context, and pathway-specific mod-
ulation occurs at the level of interneurons (Mackrous
et al. 2022). A comprehensive analysis of the circuits
downstream of claw and hook axons in the VNC con-
nectomes might shed light on the specific pathways for
leg motor control.

Predictive inhibition from the brain

The GABAergic 9A interneurons presynaptic to hook
axons receive little direct input from sensory neurons
and were active only during self-generated movement,
synchronously with the predicted sensory signals from
hook axons. This suggests that presynaptic inhibition
from 9A neurons is predictive of expected propriocep-
tive feedback. Due to the slow dynamics of GCaMP rel-
ative to the speed of fly leg movements, we were unable
to determine whether 9A activity precedes movement.
However, presynaptic inhibition effectively suppressed
hook signals, which would require the presynaptic sig-
nal to be predictive in order to overcome sensorimotor
delays.

In other mechanosensory systems, inhibition may be
graded and dependent on the strength of the move-
ment. In zebrafish, for example, the signal that in-
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hibits the mechanosensory neurons of the lateral line
system increases with increasing motor activity (Pich-
ler and Lagnado 2020). In the case of 9A neurons, the
calcium signals were not correlated with the strength of
femur-tibia movement (data not shown). Notably, cal-
cium signals in hook axons are not dependent on the
strength of femur-tibia movement either (e.g., joint an-
gle velocity; Mamiya et al. 2018). Rather, hook neurons
appear to be active whenever the leg is flexing or ex-
tending, regardless of movement speed. Thus, for a
predictive signal selectively targeting hook axons, tim-
ing is the most important variable. Similarly, predictive
signals in other animals seem to match the sensory sig-
nals primarily in time when they target early stages of
sensory processing (Crapse and Sommer 2008).

If the suppression signal to hook axons is predic-
tive, where is it generated? Predictions of propriocep-
tive feedback could originate in either low-level motor
circuits in the VNC or high-level circuits in the brain.
An elegant example of predictive inhibition from low-
level motor circuits is found in crickets. When a cricket
sings, the sensory axons of its auditory neurons are
suppressed by signals from the local motor circuits that
produce the singing, thereby allowing the animal to re-
main sensitive to external sounds (Poulet and Hedwig
2006). Similarly, the axons of leg proprioceptors in mice
and locusts are thought to be suppressed by low-level
motor circuits that produce walking (Wolf and Burrows
1995; Koch et al. 2017). In the case of 9A neurons,
however, predictive inhibition is likely driven by high-
level circuits in the brain. The chief 9A neuron, which
is the strongest presynaptic partner of hook axons, re-
ceives primarily input from descending neurons and lit-
tle input from local premotor neurons. This circuit mo-
tif was stereotyped across two VNC connectomes and
was present in all leg neuromeres. In addition, some of
the descending neurons targeted several 9A neurons,
suggesting they can be recruited together. Evidence for
predictive inhibition originating in the brain can be found
in other motor systems (McComas 2016). For exam-
ple, in primates, descending neurons drive the presy-
naptic inhibition of cutaneous axons during active wrist
movements (Seki et al. 2003). Similarly, in zebrafish, an
efference copy originating in the hindbrain inhibits the
mechanosensory neurons of the lateral line (Pichler and
Lagnado 2020; Odstrcil et al. 2022). In weakly electric
fish, a cerebellum-like circuit in the brain cancels self-
generated electrosensory input during swimming (Wal-
lach and Sawtell 2023).

We found that 9A neurons receive synaptic input from
several different descending neurons. The majority of
these descending neurons project along one side of the
body, suggesting that sensory suppression in hook ax-
ons can be regulated in a body-side specific manner.
This might be useful for asymmetric behaviors such as
turning. Moreover, some descending neurons arborized
only within the neuromere of the front leg, while others
arborized within the neuromeres of multiple legs, sug-

gesting that sensory suppression can be regulated in
a leg-specific manner. Suppressing hook signals from
all legs might be useful during behaviors such as walk-
ing, when all legs are moving simultaneously. In sup-
port of this idea, some of the intersegmental descending
neurons presynaptic to the 9A neurons were recently
found to drive different aspects of walking (BDN2 and
oDN1; Sapkal et al. 2023; DNa02 and DNg13; Yang et
al. 2023). In contrast, suppressing hook signals from
only a subset of legs might be useful during grooming.
During front leg grooming, for example, local descend-
ing neurons could drive the suppression of hook sig-
nals specifically in front legs, while leaving propriocep-
tive transmission in the standing middle and hind legs
unaffected. Ongoing efforts to bridge the brain and VNC
connectomes will soon make it possible to identify these
descending neurons in the brain and investigate their
connectivity and function.

Conclusion

In this study, we found that proprioceptive movement
feedback from the legs is selectively suppressed in be-
having Drosophila. Selective state-dependent suppres-
sion is driven by a segmentally-repeated circuit motif
of local GABAergic interneurons and descending neu-
rons that shows signatures of predictive signaling. We
propose that the function of this neural circuit is to
increase the animal’s sensitivity to external perturba-
tions while preventing reflexes from disrupting volun-
tary movement. In the future, it will be interesting
to test whether the same logic extends to analogous
movement-encoding (type la muscle spindle afferents)
and position-encoding (type Il muscle spindle afferents)
proprioceptors in mammals.
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Methods

Resource availability

Lead contact. Further information and requests for re-
sources and reagents should be directed to and
will be fulfiled by the lead contact, John C. Tuthill
(tuthill@uw.edu).

Materials availability. The split-GAL4 driver lines used in
this study are available upon request from the lead con-
tact. The underlying AD and DBD lines are listed in the
key resources table and are available from the Bloom-
ington Drosophila Stock Center or the lead contact.

Data and code availability. Calcium imaging and behav-
ioral data generated for this paper will be available for
download from Dryad. Data from the FANC connectome
was analyzed from the CAVE materialization version
721, timestamp 2023-09-21T08:10:01.216565. Analy-
sis code used in this study will be available on GitHub
(https://github.com/tuthill-lab). Any additional informa-
tion required to reanalyze the data is available from the
lead contact upon request.

Experimental animals

We used Drosophila melanogaster raised on standard
cornmeal and molasses medium at 25°C ina 14:10 hour
light:dark cycle. We used male flies 1 to 6 days post-
eclosion for imaging experiments, except for the fully
constrained preparation (Figure S5) where we used fe-
male flies. The genotypes used for each experiment are
listed in a table below.

Sample preparation for confocal imaging of the VNC

For confocal imaging of FeCO axons and 9A neurons
in the VNC, we crossed flies carrying the GAL4 driver
to flies carrying pJFRC7-20XUAS-IVS-mCD8::GFP and
dissected the VNC of females out of the thorax in
Drosophila saline (103 mM NaCl, 3 mM KCI, 5 mM TES,
8 mM trehalose, 10 mM glucose, 26 mM NaHCO3, 1
mM NaH2PO4, 1.5 mM CaCl2, and 4 mM MgClI2; pH
7.1; osmolality adjusted to 270-275 mOsm). We fixed
the VNC in a 4% paraformaldehyde PBS solution for
15 min. Next, we rinsed the VNC in PBS three times
and put it in blocking solution (5% normal goat serum in
PBS with 0.2% Triton-X) for 20 min, and then incubated
it with a solution of primary antibody (rat anti-CD8 an-
tibody, 1:50 concentration; mouse anti-Bruchpilot anti-
body for neuropil staining, 1:50 concentration) dissolved
in blocking solution for 24 hours at room temperature.
At the end of the first incubation, we washed the VNC
with PBS with 0.2% Triton-X (PBST) three times, and
then incubated the VNC in a solution of secondary anti-
body (goat anti-rat antibody Alexa Fluor 488, 1:250 con-
centration; goat anti-mouse antibody Alexa Fluor 633,
1:250 concentration) dissolved in blocking solution for
24 hours at room temperature. Finally, we washed the
VNC in PBST three times and then mounted it on a
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slide with Vectashield (Vector Laboratories). We ac-
quired z-stacks of each VNC on a confocal microscope
(Zeiss 510; Zeiss). We aligned the expression pattern in
the VNC using the Computational Morphometry Toolkit
(CMTK; Neuroimaging Informatics Tools and Resources
Clearinghouse) to a female VNC template (Bogovic et
al. 2020) in Fiji (Schindelin et al. 2012).

Fly preparation for in vivo two-photon calcium
imaging in the VNC

For recording calcium signals in the VNC of behav-
ing flies, we adapted a previously described prepara-
tion (Chen et al. 2018; Hermans et al. 2022). First, we
clipped the fly’s wings under cold anesthesia. Then, we
pushed the dorsal part of the thorax through a hole (0.8
mm width, 0.95 mm length) in a curved steel sheet at
the bottom side of a custom-made holder. The thorax
was fixed using UV-curing glue (KOA 300; Kemxert) ap-
plied around the perimeter of the thorax on the top side
of the holder. This left the fly’s legs, head, and abdomen
on the bottom side of the holder free to move. The
top side of the holder was then immersed in Drosophila
saline. To gain optical access to the VNC, a rectangu-
lar piece of cuticle was removed from the dorsal tho-
rax. This exposed the indirect flight muscles (IFMs)
while leaving the body-wall muscles intact. IFMs were
parted along the midline of the body using a tapered in-
sect pin (0.1 mm diameter; Living Systems Instrumenta-
tion). We waited ~60 min for IFMs to partly dissolve. Re-
maining IFMs were then removed using the insect pin.
Removing IFMs exposed the proventriculus (or cardia,
a part of the gut) and surrounding tracheae above the
neuromeres of the front legs. Fine forceps were used to
pull out the anterior trachea above the neck connective
and remove the underlying fat bodies. Then, the proven-
triculus was moved to the right side of the thorax using
an insect pin, exposing most of the neuromere of the left
front leg. The pin was held in place by a sculpting com-
pound (Super Sculpey Firm) positioned next to the tho-
rax. A second insect pin was inserted into the sculpting
compound and thorax to displace the left lateral trachea.
Care was taken not to touch the VNC while displacing
the gut and tracheae. Leaving the gut and tracheae in-
tact proved critical for normal fly behavior and allowed
us to record from the VNC for several hours. After the
dissection, the fly holder was mounted onto a three-axis
manipulator, and the fly was positioned above the tread-
mill. We typically gave flies 30-60 min to recover from
the preparation before starting the experiments.

For recording calcium signals in the VNC while con-
trolling tibia position with the magnet-motor system (see
below), we used a previously described preparation in
which the fly is oriented ventral side up (Mamiya et al.
2018). We first cold anesthetized the fly on ice and then
pushed the head and ventral thorax through a hole in a
steel sheet of a custom-made holder. The head and tho-
rax were fixed using UV-curing glue (KOA 300; Kemx-
ert). The abdomen and legs were placed on the bottom

side of the holder. To control the femur-tibia joint angle,
we glued the femur of the right front leg to the bottom
side of the holder and attached a small piece of insect
pin (~1 mm length, 0.1 mm diameter; Living Systems
Instrumentation) to the tibia and tarsus. The pin was
painted black (Super Black; Speedball Art Products) to
improve image contrast for movement tracking (see be-
low). All other legs were glued to the holder to not in-
terfere with the movement of the tibia of the right front
leg. The top side of the holder was then immersed in
Drosophila saline. To gain optical access to the VNG,
the cuticle covering the front leg neuromeres was re-
moved with fine forceps. Fat bodies and larger trachea
covering the imaging region of interest were removed
as well. Finally, we removed the digestive tract with fine
forceps to reduce the movement of the VNC.

In vivo two-photon image acquisition

For recording calcium signals in the VNC during be-
havior and motor-controlled movements of the tibia, we
used two two-photon Movable Objective Microscopes
(MOM; Sutter Instruments) with a 20x water-immersion
objective (Olympus XLUMPIlanFI, 0.95 NA, 2.0 mm wd;
Olympus) and a 40x water-immersion objective (0.8 NA,
2.0 mm wd; Nikon Instruments), respectively. Neurons
of interest expressed the calcium indicator GCaMP6f
or GCaMP7f (green fluorescence) and the structural
marker tdTomato (red fluorescence). Fluorophores
were excited at 920 nm by a mode-locked Ti:sapphire
laser (Chameleon Vision S; Coherent). We used a
Pockels cell to keep the power at the back aperture of
the objective below ~35 mW. Emitted fluorescence was
directed to two high-sensitivity GaAsP photomultiplier
tubes (Hamamatsu Photonics) through a 705 nm edge
dichroic beamspilitter followed by a 580 nm edge image-
splitting dichroic beamsplitter (Semrock). Fluorescence
was band-passed filtered by either a 525/50 (green) or
641/75 (red) emission filter (Semrock). Image acqui-
sition was controlled with Scanlmage 5.2 (Vidrio Tech-
nologies) in Matlab (MathWorks). Each microscope was
equipped with a galvo-resonant scanner, and each ob-
jective was mounted onto a piezo actuator (Physik In-
strumente; digital piezo controller E-709). For record-
ings during behavior, we acquired volumes of three 512
x 512 pixel images spaced 5 pm apart in depth (10
um total) at a speed of 8.26 volumes per second. We
typically recorded 400 volumes (~50 s) per trial. For
recordings during motor-controlled movements of the
tibia, we acquired volumes of three 256 x 128 pixel im-
ages spaced 10 pym apart in depth (20 um total) at a
speed of 36.7 volumes per second. Previous experi-
ments revealed that calcium signals in claw and hook
axons do not differ qualitatively across different axon
branches when the leg is passively moved (Mamiya et
al. 2018). Therefore, we focused our experiments on a
single imaging region. All experiments were performed
in the dark at room temperature.
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Two-photon GCaMP and tdTomato image analysis

Two-photon images were analyzed with custom scripts
in Matlab. Images acquired during behavior were an-
alyzed in nine steps. First, we smoothed each image
with a Gaussian filter (sigma = 3 pixels; size = 5 x 5
pixels). Second, we corrected for horizontal movement
of the VNC. Each tdTomato image was aligned to the
average tdTomato signal of the recorded trial via trans-
lations using a cross-correlation-based image registra-
tion algorithm (upsampling factor = 4; Guizar-Sicairos
et al. 2008). The same translations were then applied
to the GCaMP images. Third, the three GCaMP and
tdTomato images per volume were averaged. Fourth,
we extracted the mean fluorescence in manually drawn
regions of interest (ROIs). Fifth, we corrected for ver-
tical movement of the VNC by computing the ratio of
GCaMP fluorescence to tdTomato fluorescence in each
frame (Weir and Dickinson 2015). Dividing the GCaMP
fluorescence by the tdTomato fluorescence decreased
the impact of vertical movement, because such move-
ments result in correlated changes in both signals, and
the tdTomato signal is independent of neural activity.
Sixth, to facilitate comparisons across trials and flies,
ratio values were z-scored by subtracting the mean of
a baseline ratio and dividing by the standard devia-
tion of that baseline ratio. The baseline was defined
in each trial as the 10% smallest ratio values. Seventh,
z-scored ratio values were upsampled to the sampling
rate of leg tracking (300 Hz) using cubic spline interpo-
lation. Eighth, upsampled ratio values were low-pass
filtered using a moving average filter with a time window
of 0.2 s. Ninth, to facilitate comparisons with predicted
calcium values, we normalized the measured calcium
values to be between zero and one by dividing each z-
scored ratio value by the maximum z-scored ratio value
for a given genetic driver line in the dataset.

Two-photon images acquired during motor-controlled
movements of the tibia (Figure S5) were analyzed simi-
larly, but due to a lack of VNC movement in that setup,
correcting for horizontal and vertical movement of the
VNC (steps 2 and 5 above) was not necessary. Instead,
we computed the change in GCaMP fluorescence rel-
ative to a baseline per trial. For each frame, we sub-
tracted the mean of the baseline from the GCaMP fluo-
rescence and divided by the mean of the baseline. The
baseline was defined per trial as the lowest average
GCaMP fluorescence in a window of 0.27 s (10 frames).
Then, calcium signals were z-scored, upsampled, low-
pass filtered, and normalized as described above (steps
6-9).

To fit the computational models (see below), we z-
scored and normalized the calcium imaging data from
Mamiya et al. (2018) in the same manner as the data
recorded from behaving flies. That is, we first z-scored
the calcium signals per trial relative to a baseline, and
then divided each z-scored value by the maximum
z-scored value for a given genetic driver line in the
dataset.

Treadmill

The omnidirectional treadmill consisted of a patterned
Styrofoam ball (9.1 mm diameter; 0.12 g) floating on air
in an aluminum holder. The air flow was set to 500
ml/min. The ball was illuminated by two infrared LEDs
(850-nm peak wavelength; ThorLabs) via optical fibers.
Ball movements were recorded with a camera at 30 Hz
(Basler acA1300-200um; Basler AG) equipped with a
macro zoom lens (Computar MLM3X-MP; Edmund Op-
tics). Ball rotations around the fly’s cardinal body axes
(forward, rotational, sideward) were reconstructed of-
fline using FicTrac (Moore et al. 2014). Rotational ve-
locities of the fly were calculated based on the known
diameter of the ball. Velocities were upsampled to the
sampling rate of leg tracking (300 Hz) using cubic spline
interpolation and low-pass filtered using a moving aver-
age filter with a time window of 0.2 s. The treadmill was
mounted onto a one-axis manipulator. This allowed us
to remove the treadmill in between trials and record data
for leg movements in the air or on the platform.

Platform for moving the leg

The platform consisted of a metal pin (0.5 mm diame-
ter, 4.4 mm length) mounted onto a three-axis micro-
manipulator (MP-225; Sutter Instruments). The pin was
wrapped in black sandpaper to provide sufficient grip
for the flies’ tarsi. The micromanipulator was controlled
manually.

Magnet-motor system for moving the tibia

We used a previously described magnet-motor system
(Mamiya et al. 2018) to control the femur-tibia angle dur-
ing calcium imaging. We moved the tibia/pin to differ-
ent positions via a cylindrical rare earth magnet (10 mm
height, 5 mm diameter). The magnet was attached to
a steel post whose position was controlled with a pro-
grammable servo motor (SilverMax QCI-X23C-1; Quick-
Silver Controls). The motor was mounted onto a mi-
cromanipulator (MP-225; Sutter Instruments). This al-
lowed us to adjust the motor position so that the magnet
moved in a circular trajectory centered at the femur-tibia
joint.

The movement of the magnet, and with that, the tibia,
was controlled with a custom script in Matlab. We im-
posed movements that were representative of femur-
tibia joint angles and velocities recorded during walk-
ing and grooming (Figure S5B). Each trial started at
a femur-tibia angle of ~90°. In “walking” trials, we re-
played 67 movement bouts containing different front leg
walking kinematics. Each bout was 2 s in duration. In
“grooming” trials, we replayed 12 movement bouts con-
taining different front leg grooming kinematics. Bout du-
rations ranged from 0.3 s to 2 s. Because movement
bouts did not necessarily start or end at a femur-tibia
angle of 90°, we added a 0.25 s transition phase be-
fore and after each bout, in which the tibia was linearly
moved to the start position or back to 90°. The tibia was
not moved for 0.5 s in between stimuli.
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Tracking of the femur-tibia joint

For recordings during behavior, movements of the left
front leg were recorded at 300 Hz with two cameras
(Basler acA800-510um; Basler AG) equipped with 1.0x
InfiniStix lenses (68 mm wd; Infinity) and 875 nm short
pass filters (Edmund Optics). The leg was illuminated
by an infrared LED (850-nm peak wavelength; Thor-
Labs) via an optical fiber. We trained a deep neural net-
work (DeepLabCut; Mathis et al. 2018) to automatically
track all leg joints in each camera view. 2D tracking data
from both camera views were then combined to recon-
struct leg joint positions and angles in 3D using Anipose
(Karashchuk et al. 2021). Specifically, we applied a me-
dian filter on the 2D tracking data and then used spa-
tiotemporally regularized triangulation. The two cam-
eras were calibrated using a ChArUco board (6x6 mark-
ers, 4 bits per marker, 0.125 mm marker length). 3D leg
tracking was necessary to provide accurate femur-tibia
joint angle information for the computational models that
predicted calcium signals in our neurons of interest (see
below).

For recordings with the magnet-motor system, move-
ments of the right front leg tibia were recorded at 200
Hz with a single camera (Basler acA800-510um; Basler
AG) equipped with a 1.0x InfiniStix lens (94 mm wd; In-
finity) and a 900 nm short pass filter (Edmund Optics).
Because the servo motor was placed directly under the
fly, we placed the camera to the side and used a prism
(Edmund Optics) to capture the view from below. The
leg was illuminated by an infrared LED (850-nm peak
wavelength; ThorlLabs) via an optical fiber. The coxa-
femur, femur-tibia, and tibia-tarsus joints were tracked
using DeepLabCut. Because the tibia moved in a single
plane parallel to the surface of the holder, 2D tracking
was sufficient to provide accurate femur-tibia joint angle
information for the computational models.

Data annotations and data selection

For trials involving the treadmill and platform, fly be-
havior was classified semi-automatically based on the
leg tracking data. All classifications were reviewed and
manually corrected if necessary. First, movement of
the left front leg was determined based on the speed
of the leg’s tarsus in the side-view camera. The veloc-
ity was low-pass filtered using a moving average filter
with a time window of 0.3 s. Frames in which the veloc-
ity exceeded 0.8 px/s were classified as moving. The
resulting binary behavioral sequence was low-pass fil-
tered by removing epochs shorter than 250 ms (hys-
teresis filter). That is, the behavioral sequence could
only change state if at least 250 ms were in a new state.
In trials involving the treadmill, movements were further
classified as walking or grooming based on the move-
ment of the left middle leg. Movement of the middle
leg was determined analogously to that of the front leg
(low-pass filter followed by thresholding and hysteresis
filter). Epochs in which both the front leg and the middle
leg moved were classified as walking. Epochs in which

the front leg but not the middle leg moved were classi-
fied as front leg grooming. Front leg movements other
than walking or grooming were manually classified as
“other”

For trials involving the platform, we additionally man-
ually annotated periods of passive leg movement based
on the leg videos. For hook flexion neurons, we an-
notated passive flexions of the femur-tibia joint (Figure
3G). For hook extension neurons, we annotated passive
extensions of the femur-tibia joint (Figure S4H). For 9A
neurons, we annotated all passive movements of the leg
(Figure 4H).

Frames were manually excluded from the analysis
if the front leg was involved in movements other than
walking or grooming on the treadmill (e.g., ball push-
ing), the femur-tibia joint of the front leg was not tracked
correctly, or the two-photon image registration failed
(e.g., the VNC moved out of the imaging volume).
When calculating the cross-correlation for passive leg
movements with the platform, we additionally excluded
frames in which the leg moved actively. Behavioral
bouts and movement transitions were excluded if they
were shorter than the desired minimum duration (see
figure legends).

For some genotypes (see table of genotypes be-
low), we recorded neural activity with GCaMP6f and
GCaMP7f. We did not observe any differences in the
calcium signals and therefore pooled recordings for our
analysis.

Computational models for predicting calcium sig-
nals in neurons

We constructed computational models to predict time
courses of calcium signals in claw, hook, and 9A neu-
rons from time courses of femur-tibia joint kinematics.
The joint kinematics were fed into a neuron type-specific
activation function, which was convolved with a double
exponential function to mimic the temporal dynamics of
GCaMP:

e_t/Toff _ e_t/Ton’

with an onset time constant 7,,, = 0.03 s and an offset
time constant 7,y = 0.3 s. The time constants were
tuned to match the measured calcium signals in claw
and hook axons in Mamiya et al. (2018) (Figure S2).
The activation functions for claw and hook neurons
were based on calcium imaging and leg tracking data
from Mamiya et al. (2018), where the femur-tibia joint
was passively moved using ramp-and-hold stimuli (Fig-
ure S2). In that dataset, calcium signals in claw axons
are lowest at a joint angle of 90° and increase non-
linearly with increasing flexion or extension. To model
this encoding, we first subtracted 90° from the tracked
femur-tibia joint angle. Then, we fitted a 4th order poly-
nomial activation function (convolved with the GCaMP
kernel) to the z-scored and normalized calcium signals
using nonlinear least-squares optimization (Isqcurvefit;
Matlab; Figure S2A). In our dataset, calcium signals

16


https://doi.org/10.1101/2023.10.20.563322
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.20.563322; this version posted October 23, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

were weakest at a joint angle of 80° (Figure 2F). Thus,
for our dataset, we subtracted 80° from the tracked
femur-tibia joint angle, but used the same activation
function. The 10° difference between the datasets is
likely related to differences in leg tracking, not encod-
ing.

Hook neurons were assumed to encode flexion or ex-
tension direction. To model this encoding, the joint an-
gle velocity was fed into a binary step function (Figure
S2A). For hook flexion neurons, we used a threshold of
-5 deg/s for the dataset from Mamiya et al. (2018) and
-50 deg/s for our dataset. Different thresholds were cho-
sen to account for different amounts of tracking noise in
the datasets. Mamiya et al. (2018) did not test hook ex-
tension neurons. But based on Mamiya et al. (2023),
hook extension neurons have the opposite encoding of
hook flexion neurons, which we modeled with a binary
step function with a threshold of 50 deg/s in our dataset
(Figure S2A).

To model activity of 9A neurons, which we assumed
respond during active (but not passive) flexion and ex-
tension, the joint angle velocity was fed into a rectangu-
lar function with thresholds of £50 deg/s (Figure S2A).
For times when the leg was passively moved, the joint
angle velocity input was set to zero.

To facilitate comparisons with measured calcium val-
ues, we normalized the predicted calcium values to be
between zero and one by subtracting the minimum pre-
dicted value in each trial and dividing by the maximum
predicted value for a given genetic driver line in the
dataset.

Reconstruction of FeCO axons and presynaptic
neurons in the FANC connectome

Neurons in the Female Adult Nerve Cord (FANC) elec-
tron microscopy dataset (Phelps et al. 2021) were pre-
viously segmented in an automated manner (Azevedo
et al. 2022). To manually correct the automated seg-
mentation of claw and hook axons and their presynaptic
neurons, we used Google’s collaborative Neuroglancer
interface. Pre- and postsynaptic neurons that made
less than three synapses with a neuron of interest were
excluded from connectivity analyses. Neuron annota-
tions were managed by the Connectome Annotation
Versioning Engine (CAVE; Dorkenwald et al. 2023). We
used custom scripts in Python to interact with CAVE via
CAVEclient (Dorkenwald et al. 2023) and analyze con-
nectivity.

Identification of hemilineages and fast-acting neu-
rotransmitters

In Drosophila, neurons that share a developmental ori-
gin (i.e., belong to the same hemilineage) possess com-
mon anatomical features (Harris et al. 2015) and re-
lease the same fast-acting neurotransmitter (GABA, glu-
tamate, or acetylcholine; Lacin et al. 2019). We took
advantage of this knowledge to identify the hemilin-
eage and thus the fast-acting neurotransmitter of each

VNC neuron presynaptic to the claw and hook axons
in the FANC connectome. For identification, we relied
on light microscopy images of sparse GAL4 lines, cell
body position along the dorsal-ventral axis (Lacin et al.
2019; Meissner et al. 2023), and personal communica-
tion (James W. Truman, David Shepherd, Haluk Lacin,
and Elizabeth Marin).

Definition of cell classes

Neurons presynaptic to the 9A interneurons were iden-
tified as sensory neurons, descending neurons, or pre-
motor neurons. Sensory neurons had processes enter-
ing the VNC from peripheral nerves and no cell body
in the VNC. Descending neurons had a process in the
neck connective and no cell body in the VNC. Premo-
tor neurons were presynaptic to leg motor neurons in
the neuromere of the left front leg. These neurons were
previously annotated in FANC by Lesser et al. (2023).

Circuit analysis in the MANC connectome

The Male Adult Nerve Cord (MANC) connectome (Take-
mura et al. 2023) and its annotations (Marin et al. 2023)
were queried via the NeuPrint APl and web explorer
(Plaza et al. 2022).
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Key resources table

Reagent or resource

Source

Identifier

Antibodies

Mouse anti-Bruchpilot monoclonal antibody

Rat anti-CD8 monoclonal antibody

Goat anti-mouse secondary antibody, Alexa Fluor 633
conjugate

Goat anti-rat secondary antibody, Alexa Fluor 488 conjugate

Developmental Studies
Hybridoma Ban

Thermo Fisher Scientific

Invitrogen

Thermo Fisher Scientific

RRID:AB_2314866

RRID:AB_10392843
RRID:AB_141431

RRID:AB_2534074

Deposited data

Calcium imaging data of FeCO axons during simple passive
leg movements

RNA-sequencing dataset of FeCO neurons
FANC connectome

MANC connectome

Mamiya et al. (2018)

Mamiya et al. (2023)
Azevedo et al. (2022)
Takemura et al. (2023)

https://faculty.washington.edu/
tuthill/publications.html

GEO:GSE236232
https://fanc.community

https://neuprint.janelia.org

Experimental models: Organisms/strains

P{y[+17.7] w[+mC]=20XUAS-IVS-mCD8::GFP}attP2

P{y[+7.7] W[+mC]=20XUAS-IVS-GCaMP6flattP40;
P{w[+mC]=UAS-tdTom.S}3

P{w[+mC]=UAS-tdTom.S}2
PBac{y[+mDint2] w[+mC]=20XUAS-IVS-jGCaMP7f}VK00005
P{w[+mc]=iav-GAL4.K}3

P{y[+17.7] w[+mC]=GMR73D10-GAL4}attP2

P{y[+17.7] w[+mC]=GMR21D12-GAL4}attP2

P{y[+17.7] w[+mC]=VT038873-p65AD}attP40

P{y[+17.7] w[+mC]=R32H08-GAL4.DBD}attP2
P{y[+17.7] w[+mC]=VT018774-p65AD}attP40
P{y[+17.7] w[+mC]=VT040547-GAL4.DBD}attP2

P{y[+17.7] w[+mC]=R12C09-GAL4.AD}attP40

P{y[+17.7] w[+mC]=R30A10-GAL4.DBD}attP2

Bloomington

Gift from Peter Weir and
Michael Dickinson, Caltech

Bloomington
Bloomington
Bloomington
Bloomington
Bloomington

Gift from Barry J. Dickson,
Janelia Farm, HHMI

Bloomington
Bloomington

Gift from Barry J. Dickson,
Janelia Farm, HHMI

Gift from James W. Truman,
University of Washington

Gift from James W. Truman,
University of Washington

RRID:BDSC_32194
N/A

RRID:BDSC_36327
RRID:BDSC_79031
RRID:BDSC_52273
RRID:BDSC_39819
RRID:BDSC_48946
N/A

RRID:BDSC_69119
RRID:BDSC_93430
N/A

N/A

N/A

Software and algorithms

Anipose

CAVEclient

Computational Morphometry Toolkit

DeepLabCut

FicTrac

Karashchuk et al. (2021)
Dorkenwald et al. (2023)

Neuroimaging Informatics
Tools and Resources
Clearinghouse

Mathis et al. (2018)
Moore et al. (2014)

RRID:SCR_023041

https://github.com/seung-
lab/CAVEclient

https://www.nitrc.org/
projects/cmtk/

RRID:SCR_021391

https://github.com/rjdmoore/
fictrac
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FlJI

Matlab
neuPrint
Neuroglancer

Scanimage 5.2

Schindelin et al. (2012)
MathWorks
Plaza et al. (2022)

RRID:SCR_002285
RRID:SCR_001622

RRID:SCR_015631

Vidrio Technologies RRID:SCR_014307

https://neuprint.janelia.org/

Table of genotypes

Figure 1B, left: FeCO neurons expressing
GFP in the leg

Figure 1B, right: claw neurons expressing
GFP

Figure 1B, right: hook flexion neurons
expressing GFP

Figure 1B, right: hook extension neurons
expressing GFP

Figure 2, S2: claw neurons expressing
tdTomato and GCaMP7f

Figure 2, S2: claw neurons expressing
GCaMP6f and tdTomato

Figure 3, S3, S5: hook flexion neurons
expressing tdTomato and GCaMP7f

Figure 4, S7: 9A neurons expressing
tdTomato and GCaMP7f

Figure S3, driver line 2: hook flexion neurons

expressing tdTomato and GCaMP7f

Figure S3, driver line 2: hook flexion neurons

expressing GCaMP6f and tdTomato

Figure S4: hook extension neurons
expressing tdTomato and GCaMP7f

+ / +; P{y[+17.7] w[+mC]=20XUAS-IVS-mCD8::GFP}attP2 /
P{w[+mc]=iav-GAL4.K}3

+/ +; P{y[+17.7] W[+mC]=20XUAS-IVS-mCD8::GFP}attP2 / P{y[+17.7]
w[+mC]=GMR73D10-GAL4}attP2

+/ +; P{y[+17.7] w[+mC]=20XUAS-IVS-mCD8::GFP}attP2; P{y[+17.7]
w[+mC]=GMR21D12-GAL4}attP2

+/ P{y[+17.7] w[+mC]=VT018774-p65AD}attP40; P{y[+t7.7]
w[+mC]=20XUAS-IVS-mCD8::GFP}attP2 / P{y[+t7.7]
w[+mC]=VT040547-GAL4.DBD}attP2;

P{w[+mC]=UAS-tdTom.S}2 / +; PBac{y[+mDint2]
W[+mC]=20XUAS-IVS-jGCaMP7fVK00005 / P{y[+17.7]
w[+mC]=GMR73D10-GAL4}attP2

P{y[+17.7] w[+mC]=20XUAS-IVS-GCaMP6f}attP40 / +;
P{w[+mC]=UAS-tdTom.S}3 / P{y[+17.7] w[+mC]=GMR73D10-GAL4}attP2

P{w[+mC]=UAS-tdTom.S}2 / +; PBac{y[+mDint2]
W[+mC]=20XUAS-IVS-jGCaMP7fVK00005 / P{y[+17.7]
w[+mC]=GMR21D12-GAL4}attP2

P{w[+mC]=UAS-tdTom.S}2 / P{y[+7.7] w[+mC]=R30A10-GAL4.DBD}attP2;
PBac{y[+mDint2] w[+mC]=20XUAS-IVS-jGCaMP7f}VK00005 / P{y[+17.7]
w[+mC]=R12C09-GAL4.AD}attP40

P{w[+mC]=UAS-tdTom.S}2 / P{y[+17.7] w[+mC]=VT038873-p65AD}attP40;
PBac{y[+mDint2] w[+mC]=20XUAS-IVS-jGCaMP7f}VK00005 / P{y[+17.7]
w[+mC]=R32H08-GAL4.DBD}attP2

P{y[+17.7] w[+mC]=20XUAS-IVS-GCaMP6f}attP40 / P{y[+17.7]
W[+mC]=VT038873-p65AD}attP40; P{w[+mC]=UAS-tdTom.S}3 / P{y[+17.7]
w[+mC]=R32H08-GAL4.DBD}attP2

P{w[+mC]=UAS-tdTom.S}2 / P{y[+t7.7] w[+mC]=VT018774-p65AD}attP40;
PBac{y[+mDint2] w[+mC]=20XUAS-IVS-jGCaMP7f}\VK00005 / P{y[+t7.7]
w[+mC]=VT040547-GAL4.DBD}attP2
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Figure S1.

(A) Top view of reconstructed claw axons in the left front leg neuromere of the FANC connectome. A: anterior; L: lateral.
(B) Top view of reconstructed hook axons in the left front leg neuromere of the FANC connectome. View as in (A).
(C) Number of input and output synapses for individual claw and hook axons. Black lines indicate the mean. Green lines indicate linear fits. n: number of axons.
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Figure S2.
(A) Activation functions for claw, hook flexion, hook extension, and 9A neurons.
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(B) Measured and predicted (fitted) calcium signals of claw axons in response to applied ramp-and-hold movements of the femur-tibia joint. Experimental data from
Mamiya et al. (2018). Lines show mean of animal means, shadings show standard error of the mean. n: number of trials (10 trials per ramp-and-hold stimulus,

totalling 20 trials for both stimuli); N: number of flies.

(C) Cross-correlation coefficient between predicted and measured calcium signals per trial at a time lag of zero. The black line shows the median. n: number of trials;

N: number of flies.

(D) Same as (B) but for hook flexion axons.

E) Same as (C) but for hook flexion axons.

F) Example trial of two-photon calcium imaging of claw axons and behavior tracking without the treadmill.
G) Same as (C) but for claw axons imaged without the treadmill. The black dot marks the trial shown in (F).
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Figure S3.

(A) Example trial of two-photon calcium imaging of hook flexion axons and behavior tracking without the treadmill.

(B) Cross-correlation coefficient between predicted and measured calcium signals per trial at a time lag of zero. The black line shows the median. The black dot marks
the trial shown in (A). n: number of trials; N: number of flies.

(C) Predicted and measured calcium signals aligned to the transitions into and out of movement. Signals are baseline subtracted (mean from -0.5 to 0 s). Thin lines
show animal means, thick lines show mean of means, shadings show standard error of the mean. n: number of transitions; N: number of flies.

(D) Example trial of two-photon calcium imaging of hook flexion axons (second driver line) and behavior tracking on the treadmill.

(E) Same as (B) but for hook flexion axons (second driver line) imaged on the treadmill.

(F) Same as (C) but for hook flexion axons (second driver line) imaged on the treadmill. Movement includes walking and grooming.

(G) Example trial of two-photon calcium imaging of hook flexion axons (second driver line) and behavior tracking without the treadmill.

(H) Same as (B) but for hook flexion axons (second driver line) imaged without the treadmill.

(I) Same as (C) but for hook flexion axons (second driver line) imaged without the treadmill.
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Figure S4.

(A) Left: Confocal image of hook extension axons in the VNC. The black box indicates the imaging region. Green: GFP; gray: neuropil stain (nc82). A: anterior; L:
lateral. Right: Mean tdTomato signal within the imaging region during an example trial.

(B) Example trial of two-photon calcium imaging of hook extension axons and behavior tracking on the treadmill.

(C) Cross-correlation coefficient between predicted and measured calcium signals per trial at a time lag of zero. The black line shows the median. The black dot
marks the trial shown in (B). n: number of trials; N: number of flies.

(D) Predicted and measured calcium signals aligned to the transitions into and out of movement. Movement includes walking and grooming. Signals are baseline
subtracted (mean from -0.5 to 0 s). Thin lines show animal means, thick lines show mean of means, shadings show standard error of the mean. n: number of
transitions; N: number of flies.

(E) Example trial of two-photon calcium imaging of hook extension axons and behavior tracking without the treadmill.

(F) Same as (C) but for hook extension axons imaged without the treadmill.

(G) Same as (D) but for hook extension axons imaged without the treadmill.

(H) Example trial of two-photon calcium imaging of hook extension axons and behavior tracking on the platform.

(I) Same as (C) but for hook extension axons imaged on the platform.

(J) Same as (D) but for hook extension axons imaged on the platform.
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(A) Experimental setup for two-photon calcium imaging from VNC neurons and leg tracking of a front leg of a tethered fly. All joints except for the femur-tibia joint of a
front leg are fixated. The femur-tibia joint is passively moved via a motor-controlled magnet.
(B) Probability distributions of walking and grooming kinematics recorded in the hook flexion neuron dataset and the walking and grooming kinematics used for passive

replay with the setup shown in (A).

(C) Example trial of two-photon calcium imaging of hook flexion axons and behavior tracking with the magnet-motor system.
(D) Predicted and measured calcium signals aligned to the transition into passive movement. Movement includes passive walking and passive grooming. Signals are
baseline subtracted (mean from -0.5 to 0 s). Thin lines show animal means, thick lines show mean of means, shadings show standard error of the mean. n: number

of transitions; N: number of flies.
(E) Same as (C) but for hook extension axons.
(F) Same as (D) but for hook extension axons.
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Figure S6.

(A) Example trial of two-photon calcium imaging of 9A neurons and behavior tracking without the treadmill.

(B) Cross-correlation coefficient between predicted and measured calcium signals per trial at a time lag of zero. The black line shows the median. The black dot marks
the trial shown in (A). n: number of trials; N: number of flies.

(C) Predicted and measured calcium signals aligned to the transition into and out of movement. Signals are baseline subtracted (mean from -0.5 to 0 s). Thin lines
show animal means, thick lines show mean of means, shadings show standard error of the mean. n: number of transitions; N: number of flies.
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Figure S7.

(A) Hook axons, chief 9A neurons presynaptic to hook axons, and the top two descending neurons presynaptic to the chief 9A neurons in the male VNC connectome
(MANC). A: anterior; L: lateral.

(B) Top two descending neurons presynaptic to the chief 9A neuron in the female VNC connectome (FANC). A: anterior; L: lateral.
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Supplementary videos

Video S1
Claw axons, hook axons, the chief 9A neuron presynaptic to hook axons, and the top two descending neurons
presynaptic to the chief 9A neuron in the FANC connectome.

Video S2

Example trials of two-photon calcium imaging of claw axons and behavior tracking on the treadmill and without
the treadmill. Videos are sped up 2x. The measured calcium signal is based on the ratio of GCaMP to tdTomato.
For this video, GCaMP images were low-pass filtered using a moving average filter with a time window of 0.2 s.
tdTomato images are not shown.

Video S3

Example trials of two-photon calcium imaging of hook flexion axons and behavior tracking on the treadmill, without
the treadmill, and on the platform. Videos are sped up 2x. The measured calcium signal is based on the ratio of
GCaMP to tdTomato. For this video, GCaMP images were low-pass filtered using a moving average filter with a time
window of 0.2 s. tdTomato images are not shown.

Video S4

Example trials of two-photon calcium imaging of 9A axons and behavior tracking on the treadmill, without the tread-
mill, and on the platform. Videos are sped up 2x. The measured calcium signal is based on the ratio of GCaMP to
tdTomato. For this video, GCaMP images were low-pass filtered using a moving average filter with a time window of
0.2 s. tdTomato images are not shown.
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