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Motor neurons are the final common pathway* through which the brain controls

movement of the body, forming the basic elements from which allmovement is
composed. Yet how a single motor neuron contributes to control during natural
movement remains unclear. Here we anatomically and functionally characterize
theindividual roles of the motor neurons that control head movement in the fly,
Drosophila melanogaster. Counterintuitively, we find that activity in a single motor
neuronrotates the head in different directions, depending on the starting posture
ofthe head, such that the head converges towards a pose determined by the identity
of the stimulated motor neuron. A feedback model predicts that this convergent
behaviour results from motor neuron drive interacting with proprioceptive feedback.
Weidentify and genetically? suppress a single class of proprioceptive neuron®that
changes the motor neuron-induced convergence as predicted by the feedback model.
These data suggest aframework for how the brain controls movements: instead

of directly generating movementin agiven direction by activating a fixed set of
motor neurons, the brain controls movements by adding bias to a continuing
proprioceptive-motor loop.

Tounderstand how the nervous system controls movements, it is neces-
sary to understand the repertoire of motor neuron-driven movements
available to the brain when choreographing the motion of the body. Any
given motor neuron resides deep within a nested hierarchy of neural
feedback loops*® and can participate in many different movementsin
whichits effects will vary, depending on the state of the rest of the motor
system. Thus, a concise, interpretable, but still accurate description,
ofthe movement generated by any given motor neuron remains a fun-
damental hurdle to understanding how the brain controls movement.

Drosophila offers an emerging platform in which single, identified
neurons can be perturbed during behaviour, with the potential to cre-
ate tools to do so for an entire motor subsystem® %, Here we compre-
hensively analyse how the behavioural consequences of single motor
neuron activation change across motor context. We performthis char-
acterization for most of the motor neurons that control head position,
revealing the contribution to behaviour of a population of the most
fundamental motor elements of the nervous system.

Neck motor neurons transform vision into movement

Many behaviours incorporate head movements, which in the fly are
controlled by about 25 motor neurons driving small muscles in the
neck®' (Fig. 1a). Flies can rotate their head around all three cardinal

axes (roll, pitch and yaw) and such movements are often visually driven.
In particular, to stabilize its gaze, the fly must continuously adjust its
headin response to visual motion'"2, To ascertain the role of an exam-
ple neck motor neuron in controlling head movement in Drosophila,
we first focused on the neck motor neuron CvN7 and investigated its
potential role in gaze stabilization’.

Inflies, gaze stabilization uses a class of visual projection neurons,
the lobula plate tangential cells*** (LPTCs), which detect optic flow
patterns resulting from particular axes of self-rotation'. To determine
if LPTCs input directly to CvN7, we double-labelled LPTCs (magenta,
Fig.1b) and CvN7 (green, Fig. 1b). This showed that the visual neu-
ron axons wrap around the dendrites of CvN7. Reconstruction of two
motor neuronsin the FAFB whole-brain electron microscopy dataset'®
(Extended Data Fig. 1) confirmed synaptic connectivity between
five specific visual neurons in the larger bilateral LPTC population™
and the motor neurons CvN6 and CvN7 (refs. 9,17) whose dendrites
branchin both sides of the brain (inset, Fig. 1b and Extended Data
Fig.1). Todetermine the particular optic flow pattern that CvN7 is most
responsive to, we performed patch clamp recordings during visual
stimulus presentation. This showed that CvN7 responds to downward
visual motion (Fig. 1c). Scanning small visual stimuli across the fly’s
visual field allows reconstruction of the visual receptive field of the
motor neuron® (Fig. 1d), the structure of which suggests that the
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Fig.1|Motor neuronstimulation generates convergent movements.

a,b, Schematic (a) and confocal (b) image showing neck motor neuron dendrites
(green) overlapping with LPTCs (magenta; scale bar, 50 pm). Subpanel, synapse
countsbetween LPTCs and two neck motor neurons'*'¢. HSS is ipsilateral to the
motor neuron axons, VS1-3 and H2 are contralateral. c, CvN7 responses to
downward (red) or upward (blue) local visual motion. The upward response
(blue) istime-reversed so eachxaxis location corresponds to the same portion
of visual space forbothtraces.d, The visual receptive field of CvN7 (Methods).
Black arrows indicate the preferred visual motion direction and response
magnitude. Shadedregion, datafromc. e, The response of CvN7 to full-field
visual rotation. Thinlines, individual trials (n = 5); thick line, mean. Dotted
blueline, axis of rotation predicted fromd to give the strongest response.
f,Behavioural setup (Methods).Images are video frames taken simultaneously
fromtwo angles; coloured dotsare 3D tracked points. g, Red arrow, grand

neuron should respond most strongly during pitch-up movements
thatresultin downward visual motion across the retina®. To test this,
we presented the fly with wide-field ‘star field’ stimuli and recorded
theresponses of the motor neuron as the star field was rotated around
different axes (Fig. 1e). CvN7 responds most strongly to rotation of
the visual world around the axis predicted from the piecewise recep-
tive field mapping (Fig. 1e, dotted line is the axis predicted from the
receptive field in1d).

If CvN7 participates in gaze stabilization, it should, in response to
the pitch-up motion it detects, drive pitch-down head rotations to
stabilize the fly’s gaze. We tested this by optogenetically stimulat-
ing CvN7 and measuring in three dimensions (3D) the resulting head
movements (Fig. 1f). CvN7 activation pitches the head downward as
predicted fromits visual responses (Fig. 1g, mean axis of head rotation:
69° azimuth, 18° elevation with a spherical variance' of 0.09 where
O indicates that all data are perfectly aligned and 1 indicates that the

Yaw (°)

Time (ms)

100 200 300

mean axis of head rotation following unilateral CvN7 stimulation; thinred lines,
individual fly means. Blue arrow, axis of wide-field visual rotation that elicited
the maximumresponseine. h,i, Pitchmovementsinduced by bilateral CvN7
stimulation with pitched-up (21trials) (h) or pitched-down (11 trials) (i) starting
postures. Grey lines, individual trials from several flies; black lines, mean; red
region, stimulus. Positive angular velocity indicates downward head movement.
j.k, The‘actionfields’ of two neurons (Methods), showing the average head
rotation elicited during motor neuron activation at different starting postures.
Dataareplotted in‘quaternion space™®, not Euler angles; Methods. Colour,
time during stimulus. Inset, exampleimage of neurons. j, Bilateral CvN7 (2,442
trials, 32 flies). Solid and dotted circles, starting postures of handi, respectively.
k, DproN2 (3,912 trials, 21flies). CNS, central nervous system.NMN, neck motor
neuron.

data are distributed equally across the entire sphere). As in other fly
species'®, Drosophila neck motor neurons are thus compactly trans-
forming the visual consequences of the fly rotating in space into the
appropriate counter-rotation of the head to stabilize the fly’s gaze.

Motor neuron-induced movement is pose-dependent

Unexpectedly, the head rotations resulting from neck motor neuron
stimulations were highly variable. Grouping CvN7-elicited move-
ments by the initial posture of the head showed that the induced
head rotations were highly dependent on the starting posture
(Fig. 1h-j and Supplementary Videos 1and 2). For example, when the
head started in a pitched-up posture, stimulating the motor neuron-
induced pitch-downward movements (Fig. 1h). However, when the
headstartedina pitched-down posture, activation of the same motor
neuron induced much weaker movements in the opposite direction
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(Fig.1i). Tounderstand this posture dependence, we grouped trials with
similar starting head postures and plotted the mean trajectory of the
head for each group (Fig. 1j and Extended Data Fig. 2). We name such
aplotthe ‘action field’ of the motor neuron. For all starting postures,
stimulating a given motor neuron caused the head posture to move
towards a point of convergence in the action field (Fig. 1j). This means
that stimulating the same motor neuron can lead the head to move in
different directions, depending on starting posture. Which posture
the head converges towards changed, depending on the identity of
the motor neuron stimulated (Fig. 1k, single DproN2 motor neuron),
insuch away to span the range of possible head movements (Supple-
mentary Figs.1-16).

Convergent movements resulting from microstimulation?® have pre-
viously beenattributed by some? tolong and intense stimulation lead-
ing antagonistic muscles to be artificially co-activated. To test whether
the convergent movements we observe are anartefact of our stimulus
parameters, we tested the effect that length and intensity of stimulation
had on the observed movement. We performed patch clamp record-
ings from the CvN7 motor neuron and identified stimulus intensities
that spanned the range of action potential frequencies of the neuron
(Extended Data Fig. 3). When using identical stimuli to activate CvN7
neuronsinour behavioural experiments we observed convergent head
movements, regardless of stimulus intensity (Extended Data Fig. 3).
Increasing stimulus intensity does, however, increase the rotational
velocity with which the head moves towards the convergence point
(Extended Data Fig. 3). The convergence is not due to the head reach-
ing the limit of its range of motion; the point of convergence of CvN7
is positioned 10-15° pitched down, whereas the head can pitch down-
ward unimpeded as far as 35°. Restricting our analysis to only the first
80 ms of the stimulus period still shows convergent head movements
(Extended Data Fig. 4). Similarly, excluding fast, saccadic movements
ofthe head fromour analysis or using a different head-fixed reference
frame to measure rotations? still results in convergent head movements
(Extended DataFig. 4).

Feedback model captures pose-dependence

One potential explanation for the convergence behaviour is that
the motor neuron stimulus is adding an offset to the control signal
in a continuing feedback loop responsible for centring the head.
To test for this, we computationally extracted an estimate of the
stimulus-induced control signal from the recorded head movements.
The plotin Fig. 2a shows the action field for CyN7. We generate an
equivalent plot for control data, in which no stimulus was present and
the head showed atendency to return toits central position (Fig.2b).
For eachtime point of each trajectoryinthese plots, we compute the
rotation required to transform the posture recorded in the control
trajectory to the posture recorded at the same time in the matching
stimulus trajectory. The resulting trajectories are plotted in Fig. 2c.
These trajectories are approximately straight, reflecting areductionin
the correlation between head posture and stimulus-induced rotation
(R*reduced from 0.45 to 0.22; Extended Data Fig. 2g). This analysis
shows an approximately constant stimulus-induced offset which
our optogenetic stimulus added to the head control feedback loop.
The ability to extract this constant control signal from the curved
and convergent head movements suggests that, although the head
movement systemis probably nonlinear, alinear feedback model may
still be able to approximate a significant portion of the stimulus-
induced behaviour.

Onthebasis of these results, we developed alinear feedback model
inwhichmotor neurondriveinteracts with feedback carryinginforma-
tion about head position and velocity (Fig. 2d). The modelled head
movement generated at any given time is proportional to the weighted
sum of the external motor neuron stimulus and the current pose of
the head (Fig. 2e). Thus, the convergent movements observed during
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motor neuron stimulation are modelled by the stimulus adding bias to
afeedbackloop that centres the head. The model was fit to half of our
dataset and then used to simulate the other half without access to the
data. Theresulting simulated movements are qualitatively similar to the
data, having the same convergent behaviour (compare Figs. 2fand 1j).
The performance of the feedback model on simulating single trials was
compared to that of amodel without the feedback component, which
reflects the more classical view that motor neurons generate the same
movement independent of the animal’s initial posture (Fig. 2g). The
feedback model performs better at simulating individual trials, with a
normalized root mean squared error (NRMSE) of 0.4 compared to the
0.6 of the feedforward model (Fig. 2i). An NRMSE value of zero means
thatthe model predicted the trajectory of allindividual trials perfectly
and an NRMSE of one means that a model where the head does not
move fromitsinitial position would have performedbetter. Similarly,
the proportion of trials where the error in the simulated head pose was
below 5°is 71% compared to the 45% of the feedforward model (Fig. 2h).

Proprioception sculpts pose-dependence

The source of postural feedback predicted by our model could be of
neural or biomechanical origin. To distinguish the relative contribu-
tions of these mechanisms we performed proprioceptive manipula-
tions, which are unlikely to affect the biomechanics but will alter any
neural mechanisms reliant on proprioceptive feedback.

To perturb specific subsets of proprioceptors and change the pro-
prioceptive feedbackinatargeted manner we generated two split-GAL4
lines. Eachline expressesin a different subpopulation of proprioceptive
sensory neuronsthatinnervate the neck chordotonal organ. The neck
chordotonal organis a stretch-sensitive internal mechanoreceptor®?%
strung parallel to the neck muscles by connective tissue (Fig. 3a-fand
Extended Data Fig. 5). One sensory neuron type, which we call the lat-
eral neck chordotonal neurons (LNCs), innervates the lateral side of
the chordotonal organ (Fig. 3a-c). Another anatomically distinct sen-
sory neuron type, which we call the medial neck chordotonal neurons
(MNCs), innervates the far medial side of the organ (Fig. 3d-f). Both
sensory neurontypes project to the ventral nerve cord through the pro-
thoracic nerve, where they travel through the dorsal medial tract and
send process towards the midline (Fig. 3a,d and Extended DataFig.5).

If neural integration of proprioceptive feedback contributes to
the convergence behaviour during motor neuron stimulation, then
changingthe proprioceptive feedback should change the action field
of the motor neuron. We tested this hypothesis by perturbing the LNC
proprioceptive neurons with Kir2.1-induced hyperpolarizationduring
CvN7 stimulation (Fig. 31). Our hypothesis predicts that this should
change proprioceptive feedback to the entire neck motor system, mak-
ing the system more permissive around the axis the LNCs monitorand
hence making any CvN7-induced head movement stronger around this
axis. As predicted, changing the proprioceptive feedback changes the
motor neuron action field (compare Fig. 3g with 3k or Extended Data
Fig. 5p with 5r). Specifically, the resulting head movements are, on
average, faster around the pitch axis than for proprioceptor-intact flies
(Fig. 3g,k and Extended Data Fig. 5u,v, median pitch velocity at peak:
34°s + 43° median + interquartile range for control flies, 60° s™ + 66°
for LNC-hyperpolarized flies, P=5x 107, n = 43, two-sample Kolmog-
orov-Smirnov test whether the per-fly peak pitch velocities for the
two genotypes are from the same continuous distribution, median
difference effect size: 21° +13°s™). As a result, the head overshoots
the normal convergence point (12° pitch, measured by the starting
posture that results in the smallest average head movement) of CvN7
and converges instead towards a more pitched pose (19° pitch). This
suggests that the LNC proprioceptor neurons and their downstream
circuit function todamp the pitch velocity of the head. Indeed, freeing
different parameters of the previously fit feedback model one-by-one
(Fig. 3n and Supplementary Methods) shows that the best fit to the
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Fig.2|Afeedback model explains the convergent movements elicited by
motor neuronstimulation.a, The action field of the bilateral pair of CvN7
neurons (3,912 trials, 32 flies). b, The equivalent plot to afor a period of no
stimulus (3,260 trials, 32 flies). ¢, The rotations required to transform each
datapointinbintoits equivalentdatapointina.d, The feedback model. The
step-like optogenetic stimulusisbandpass filtered and drives a rotation of
the head around a3D axis (blue arrow). This drive is summed (®) with the
weighted 3D pose and velocity of the head. This results in the modelled net
rotational change (4) in head position which is integrated ([) to give the
modelled head position (red arrow). e, Anillustration of the effect on the
model of the same motor neuron stimulus delivered at different starting head
postures. Grey arrows plot the acceleration vector that the feedback loop

LNC-hyperpolarized datais obtained by allowing the model parameter
responsible for pitch velocity feedback to be reduced by 53% (Fig. 3m-o).
In contrast to the strong effect observed during motor neuron stimu-
lation, expressing Kir2.1in the LNCs did not measurably affect the
resting posture of the head, probably because the velocity damping
performed by the LNCs falls outside the velocity range of normal head
movements at rest (Extended Data Fig. 5t, two-sample Kolmogorov-
Smirnov test whether the dataare from the same continuous distribu-
tion: P=0.3,0.9 and 0.2 for roll, pitch and yaw, respectively, median
difference effect sizes: 0.12°,0.09°, -0.09°, n = 43 flies). Expressing
Kir2.1ineither the MNCs or another neck proprioceptor, the prosternal
organ®, also changed the action field of CvN7 (Extended Data Fig. 5)
butthe effect could not be captured by changing a single parameterin
our model.

Alibrary of neck motor neurontypes

We have found that stimulating a single motor neuron elicits convergent
movements of the head which can be concisely described by its action
field. To more fully characterize the motor system and determine if

aloneapplies to the head (see Extended Data Fig. 5w for plot of velocity
dependence). Blue arrows plot the acceleration component purely caused
by the drive from the optogenetic stimulus. Red arrows plot the net head
movement that occurs asaresult of theinteraction of the optogenetically
drivenactivity (blue) and pose-dependent feedback (grey). f, The feedback
model (FB) simulating held-out validation data. g, A feedforward (FF) model
applied tothesamedataasinf. Any varianceintrajectorylengthingisdueto
variancein the databeing simulated, not because of any postural dependence
ofthemodel. h, Percentage of simulated trials that predicted head poses
within5° of the actual head pose in the corresponding validation data.i, The
NRMSE of the performance of each model (0, perfect match; 1, no better than
model where head does not move).

this convergent behaviour was a general property of motor neurons,
we measured action fields for most of the motor neurons innervating
the neck motor system.

We constructed a library of genetic drivers (Extended Data Fig. 6
and Supplementary Table 1) which between them expressed in at least
16 of the about 25 pairs of motor neurons that drive fly head move-
ments'°. This is probably an undercount of the unique neuron types
we performed experiments on, as some neurons could not be uniquely
identified by their anatomy. For example, we could not separate the
three VCvN motor neurons and so treat them as one class. We stochasti-
cally drove the optogenetic protein CsChrimsoninsingle neurons from
within the expression patterns of our genetic drivers and measured
the head movements resulting from stimulating each neuron type.
After the behavioural experiment we used confocal imaging of the
same individual flies to identify the neurons that had been stimulated.
Figure 4a,b shows the individually identified neurons we discovered.
In addition, we obtained confocal images of the same neuron types
insitu with the muscles still present to determine the structure of the
neck motor system and identify which muscles each motor neuron
innervates (Fig. 4c-h).
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g, Action field of CvN7, colour-coded by angular velocity (35flies, 2,132 trials).
h, Example CNS of the genotype whose datais plotted ing. Greenindicates

Anatomically, the motor neuron population falls into two groups:
those whose cellbodies are in the brain and those in the ventral nerve
cord. Neck motor neurons in the brain send axons posteriorly down
the neck connective where they branch offto innervate muscles. Those
neck motor neurons in the ventral nerve cord send axons anteriorly
tothe muscles either through nerves that leave the ventral nerve cord
directly or by sending axons half way up the neck connective to then
branch off (Fig.4a,b and Extended Data Fig. 7). Most neck muscles do
notdirectly enter the neck and are contained in the fly’s thorax. These
muscles control head movements either through long tendons that
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ofthe same CvN7 neuron type when the LNC proprioceptive neurons are
hyperpolarized (43flies, 2,623 trials).1, Example CNS of the genotype whose
dataareplottedink. Greenindicates CsChrimson-mVenus expressionin CvN7
neck motor neuron, magentaindicates Kir2.1::tdTomato expressioninthe LNC
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of using the feedback model withits pitch velocity feedback termreduced (n)
tosimulate the LNC-hyperpolarized dataink.n,o, Theresult of fitting each
ofthe model parameters to the LNC-hyperpolarized data (Supplementary
Methods). Two-dimensional versions of the plots ing-mare shownin Extended
DataFig.5.Scalebars, 50 pm.

travel through the neck to attach to the head directly or indirectly
by moving the cervical sclerite: a triangular shaped, hardened cuti-
cle segmentin the thorax that comes to a point in the neck where
it contacts the head’ (Fig. 4g and Extended Data Fig. 7). The excep-
tions to this organization are three small oblique horizontal muscles
whose tendons, unusually, do not attach directly to cuticle structures
but instead fuse at a roughly 45° angle with the thick tendon of the
much larger transverse horizontal muscle (Extended Data Fig. 8).
Most muscles are innervated by a single motor neuron® (Fig. 4h) but
many muscles have similar attachment points and therefore probably
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similar pulling planes. Figure 4h gives asummary of the motor neuron
to muscle connectivity.

Togenerate acompact characterization of the function of each motor
neuron and thus the whole neck motor system, we stimulated each
neuronone-by-one andfit the feedback model to each set of generated
movements (Supplementary Figs.1-16). As with the CvN7 data, conver-
gent movements were observed in most motor neurons and afeedback
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g, Diagram of allidentified neck muscles; key muscle types labelled. View from
inside the prothorax facing towards the neck. Red, muscle; orange, tendon;
grey, cuticle; green, chordotonal organ. See Extended Data Fig. 7 for the
complete set of muscle and cuticle structure labels. h, Motor neuron to muscle
connectivity table (note that OH indicates agroup of three muscles). See
Extended DataFig. 7 for allmuscle name abbreviations. i, The mean axis of
induced head rotation for each motor neuron. j, The speed of rotation around
the mean axis of rotation of each motor neuron (those shownini). See
Supplementary Figs.1-16 for number of trials and flies contributing to each
traceini,j. SC-CO DV, dorsoventral muscles linking the cervical sclerite and
the condyle; VL, ventral longitudinal muscles; DE, depressor muscles; SC-RO,
scleriterotator muscle; LEV, levator muscle; TH, transverse horizontal muscles;
OH, oblique horizontal muscles; AD, adductor muscle.

model fit the data from all neuron types better than a feedforward
one (mean NMSE 0.5 for the feedback model, 0.8 for the feedforward
model) indicating that convergent movements are ageneral property
of this motor neuron population. The axis each motor neuron rotates
the head around issummarized in Fig. 4i and the speed of theinduced
head movement in Fig. 4j. The convergent action field of each motor
neuronis shown in Supplementary Figs.1-16.
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Discussion

Related work

Our dataimply that motor commands from the brain cannot generate
afixed movementby always activating the same set of motor neurons.
This is because the movement produced by motor neurons changes
with posture. Instead, our data suggest that motor neuron inputs can
control movement by adding bias to a continuing proprioceptive
control loop. Similar, but distinct, ideas have been proposed previ-
ously as part of the ‘equilibrium point hypothesis?*? but have been
contentious®. The equilibrium point hypothesis has two discrete
components as follows. (1) That the combination of multimuscle bio-
mechanics and spinal proprioceptive loopslead alimb to converge to
agiven posture and that this equilibrium posture can be changed by
descending inputs altering the threshold to proprioceptive inputs of
the spinal circuitry. (2) That the brain takes advantage of this conver-
gence behaviour to specify desired movements as asequence of such
equilibrium points. Our data are consistent with the first part of the
hypothesis. Indeed, previous work? on some fly neck motor neurons
has found that descending input from the visual system alone does
not lead to action potentials but instead changes the action potential
threshold for mechanosensory inputs®. However, our data provide
no evidence either way for the second part of the equilibrium point
hypothesis. Rather than critically supporting the equilibrium point
hypothesis, our data argue for the more general conclusion that the
nervous system generates movement by changing ongoing control
laws that governthe relationship between estimates of the state of the
body and actual movements of the body***.. This s probably a multilevel
process consisting of several nested feedback loops** using different
levels of abstraction in the estimate of the state of the body of which
our direct proprioceptive-motor neuron loop is alow-level example.

Limitations

Our approach of stimulating individual motor neurons one-by-one
relied on an assumption of pseudolinearity: that stimulating an indi-
vidual motor neuron is informative about its role when acting in con-
certwith others. This approach succeeded because we stimulated the
same motor neuron many times during free behaviour, capturing and
analysingits effects during many different movements and thus many
different motor neuron population states. However, by definition,
this approach will not capture nonlinear interactions between motor
neurons. Forexample, we found that the tendons of the small oblique
horizontal muscles fuse at an approximately 45° angle with the much
larger transverse horizontal muscle tendon, possibly enabling the
oblique horizontal muscles to adjust the line of action of the transverse
horizontalmuscle (Extended DataFig. 8). This tendon fusion probably
results in a nonlinear inter-reliance of the muscles which our analysis
will not have captured®*.

Forallsingle-neuron studies, theisolation of the influence of asingle
neuron is only an approximation; stimulating one neuron will in turn
activate connected neurons. Studies in other species'” have shown
electrical synapses between synergistic motor neurons. Addition-
ally, our analysis does not consider the temporal patterning of motor
neuron activity*.

Mechanism of convergence

In vertebrates, convergent force fields resulting from spinal stimula-
tion are robust to proprioceptive de-afferentation® and are thought
tobe constructed by spinalinterneuronsindirectly engaging muscles
with opposing viscoelastic properties?. Indeed, gross stimulation of
vertebrate motor neuron pools did not result in convergent forces
(after correction for forces at rest) as frequently asinterneuron stimula-
tion*. We have found that motor neurons produce convergent move-
ments which change when a single subclass of proprioceptive neuron
isperturbed. This suggests that one of the mechanisms underlying the
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convergence in our data is proprioceptive feedback. Proprioceptive
feedback is, however, unlikely to be the only mechanism underlying
the effects we observe; passive properties of the fly neck are likely to
also contribute®?,

Functional role of convergence

Inrobotics, flexible movements have been achieved through dynamic
movement primitives®, where time-varying inputs modulate the behav-
iour of lower-level dynamical systems which behave similarly to the
motor neuron-elicited movements reported here. These low-level
dynamical systems ensure that the trajectory specified by their inputs
reachesthe desired target. Analogously, neuron-proprioceptor loops
may transform descending motor commands into control laws useful
for generating complex movements that are robust to perturbations.

Motor neurons driving convergent movements may be useful for
behaviours where astimulus triggers the adoption of a particular pos-
ture such as in grooming*® or escape preparation*. However, many
otherbehavioursrequire the generation of movementsinafixed direc-
tion, such as the control of head movements by the superior colliculusin
mammals* or fly optomotor head movements (Fig. 1). Insuch systems,
descending control from the brain must dynamically adjust with pos-
tureto account for the posture dependence of the downstream motor
neurons®*, In some cases, generating fixed motion in the relevant
sensory reference frame may require convergent movements®.

The motor system is able to produce flexible and diverse outputs
because of the ability of the same motor neurons to contribute in dif*-
ferent ways to many different movements. Because of this multifunc-
tionality it has been challenging to obtain acondensed, interpretable
description of the output of amotor neuron that also capturesits chang-
ingroles across different movements. Here, we obtain sucha condensed
description of motor neuron output for a population of motor neurons.
Thisdescription paves the way for understanding how the descending
control of movement interfaces with adynamic motor system.
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Methods

Generation of genetic lines

Genetic lines were generated that expressed in sparse subsets of one
to ten neck motor neurons by using the split-GAL4 technique*~*° to
generate intersections from published hemidrivers**.

For most motor neurons, it is necessary to activate only a single
neuron out of each bilateral pair expressed by the split-GAL4 line to
ensure that the innervated muscles of the two neurons do not oppose
each other. For example, in the case of a yaw-inducing motor neuron,
the left and right neurons of the bilateral pair will drive the head to
move in opposite directions making interpretation of the movement
induced by bilateral stimulation challenging. In the special case of
pitch-inducing motor neurons, for example CvN7, unilateral stimula-
tion is not necessary as both motor neurons in the bilateral pair drive
the same pitch movements. Accordingly, for CvN7 we used genotypes
that only expressed in one unilateral neuron or both bilateral neurons
as the experimental constraints demanded. For all other motor neu-
rons, we only performed unilateral simulation. To achieve expression
of the optogenetic protein CsChrimson®? in single motor neurons we
stochastically expresseditineach of the split-GAL4 lines (Supplemen-
tary Methods). Flies were dissected after the behavioural experiments
to identify the motor neuron expressing CsChrimson. Flies that did
not express CsChrimson in any neurons served as genetically identi-
cal controls. To determine the effect of silencing proprioceptors on
motor neuron-elicited movements, we used similar fly lines but with
the CsChrimson driven by asparse LexA driver that expressedin CvN7
and proprioceptor-specific split-GAL4 lines expressing Kir2.1in specific
subsets of neck proprioceptive neurons. See Supplementary Methods,
Extended Data Table 1and Supplementary Table 1 for details of geno-
typesand protocols. See Supplementary Table 2 for details of neurons
identified in electron microscopy connectome datasets.

Behavioural experiment pipeline

Tethered, flying flies were videoed from two orthogonal angles at 125
frames per second while presenting 300 ms flashes of red light (625 nm,
0.37 mW mm™) spaced 1.5 sapart for a total of 120 flashes. Owing to the
presence of aloss-of-functionallele of norpA%, flies were blind and did
notshow any behavioural reaction to the red light stimulus. The result-
ing videos were then tracked in 3D**. Flies were individually dissected,
subject to direct-labelimmunohistochemistry and imaged using con-
focal microscopy while keeping track of fly identity. This enabled us
to determine which neurons were optogenetically activated in each
fly. See Supplementary Methods for details of histology and imaging.

Head tracking

Totrack head movements we used the animal part tracker* to track five
pointsonthe fly head. We tracked these landmarks in two dimensions
using a custom deep learning-based network (Supplementary Meth-
ods) and then combining these estimates to generate a 3D estimate
oftheir position. Theresulting set of 3D points are rotated so that the
hand-annotated 3D body axis is aligned across all flies and the origin
sits in the neck at the computationally estimated pivot point. The
data are presented rotated so that the body axis is pitched upwards
40°relative to the horizon in approximately the posture seen during
Drosophilaflight. The 3D rotations between frames are then calculated
from the tracked points using Horn’s method®. The global, labora-
tory frame coordinate conventions used are described in Extended
DataFig. 2c.

Action field plots

To visualize how the movementsinduced by single-neuron activation
change with time and posture we plot ‘action fields’ for each neuron,
for example Fig. 1j. The head rotations from individual motor neuron
stimulation trials were grouped into bins*® according to the starting

posture of the head in the frame before the stimulus started. We plot
the average rotation trajectory of each group, colour-coded by time
or rotational velocity. The positionin the three axes describes the 3D
rotational pose of the head at any given time. The three axes of the plot
are labelled roll, pitch and yaw but are not Euler angles; instead, they
plot the 3D axis of rotation scaled by the magnitude of the same rota-
tion*¢, Thus, the data are plotted in what has previously been termed
‘quaternion space™®: the axis the head is rotated about relative to its
normal resting position determines in which 3D direction the pointis
plotted; the magnitude of the rotation determines how far from the
origin the point is plotted along that direction. No interpolation is
performed on these data.

Electrophysiology

To both measure the visual responses of a motor neuron (Fig. 1c-e)
and also to calibrate the optogenetic stimulus (Extended Data Fig. 3)
we performed patch clamp recordings from the CvN7 motor neuron
using previously described methods® (Supplementary Methods).
The optic fibre was placed in a similar location and distance relative
to the neck as in the behavioural experiments and the same stimulus
sequence delivered as in the behavioural experiments while monitor-
ing the spike rate of CvN7.

Visual stimuli

The fly head was placed in between three orthogonal projector screens
that formed the corner of a cube. Stimuli were corrected in OpenGL
for perspective and individually measured head angle to appear as if
stimuliwere onthe sphere surrounding the fly. Dataare presented for
motor neurons whose axon exits the nervous systemon the right-hand
side of the fly. Data from motor neurons with axons that exited through
anerve on the left side of the fly are flipped to appear as if they came
fromthe equivalent neuron on the right side of the fly.

Visual receptive fields were mapped by scanning a 5° circular black
targetat 50° s'in the four cardinal directions across agrid that covered
thevirtual sphere surrounding the fly*®. The responses of the neuron to
wide-field rotation were measured by rotating a panoramic ‘star field’
stimulus around different axes relative to the fly.

Modelling head movements

The head movementsinduced by single motor neuron stimulation were
modelled with a linear time invariant model. In this model, the head
acceleration at any given timeis proportional to the weighted sum of a
motor neuron-specific 3D vector and feedback which is dependent on
the current head position and velocity (Fig. 2d,e). The bandpass filtered
LED stimulus r (Supplementary Methods) is multiplied by the stimu-
lated direction of pull [m,,m,,m,] of the motor neuronin the quaternion
spacerepresentation*® and linearly combined with a weighted sum of
the current head posture and velocity to model any pose-dependent
feedback. This sum determines the acceleration of the modelled head
inthex, y and zdimensions of the modelled action field according to:

X=rm+xp, +xp,,
Y =rmy+Ypy, t YDyt 2Py

Z=rm,+zp,, +zp,

P2 Pyyr 2020

{_pzs' Z0<0

wherex,y,z, X, y, Zare the current position and velocity of the head in
the action field 3D representation of rotational pose and p, ;are the
weights applied to the current position and velocity of the head. The
feedforward model was the same as the above, except the feedback



parameters p;; were all set to zero. See Supplementary Methods for
details of the model, fitting and simulation. Model performance was
measured in two different ways. The NRMSE was computed between
the simulated and real individual trials over the entire 300 ms simulated
period. The NRMSE was computed as:

[|[data—model||

NRMSE =
S || data— mean(data)||

An NRMSE value of zero means the simulation was a perfect match
to the validation data; an NRMSE value of one means the simulation
performed no better than one in which the head does not move fromits
starting posture. The angular error was also computed for each frame
of the validation data. The rotation required to align the simulated
head pose with the actual head pose was calculated for each frame and
averaged across the entire trial. We report the fraction of trials where
this average angular error was less than 5°.

Reporting summary
Furtherinformation onresearchdesignisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Datatoreproduce the figuresin this paperare available at bitbucket.
org/stephenhuston/code_data_gorko_et_al. The expression patterns
and flies for split-GAL4 lines generated in this study are available
online at splitgal4.janelia.org (release: ‘Gorko et al 2024’), except
for JR153 and JR161 whose expression patterns can be downloaded at
bitbucket.org/stephenhuston/code_data_gorko_et_al; flies available
uponrequest. Electron microscopy data are available at fafb.catmaid.
virtualflybrain.org (SKIDs: 1167858 (CvN6) and 1337777 (CvN7)).
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a

CvN 6: Light Microscopy

CvN 7: Light Microscopy

Extended DataFig.1| Comparison oflight and electron microscopy
images of two neck motor neurons. (a-b) Comparison of light microscopy
data (a) and electron microscopy (b) data for the CvN6 neck motor neuron.

(a) Confocalimage of CvN6. Grey =JRC2018 male standard brain template
which the confocalimage of the BRP neuropil stain was aligned to**3. Black =
CsChrimson-mVenus expression in CvN6. Scale bar =50 um. (b) Skeleton of the

. CvN 6: Electron Microscopy
*P&s\ m\\
d

CvN 7: Electron Microscopy

3. ot
) J

manually traced and proofread same CvN6 neuronin the FAFB whole-brain
Electron Microscopy volume'® (catmaid-fafb.virtualflybrain.org, SKID:
1167858). (c) Confocal image of CvN7, colours as for (a). (d) Skeleton of the
manually traced and proofread same CvN7 neuronin the FAFB whole-brain
Electron Microscopy volume (SKID:1337777). Posterior and lateral views are
shown for each dataset.
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Extended DataFig. 2| Individual trial data used to generate CvN7 action
fields. (a) Video frames of nine flies receiving a CvN7 stimulus when their head
isinitially pitched upward. The grayscale video frameis taken at the end of the
300 millisecond stimulus period, while the underlaid greenimage is fromone
frame before the stimulus started. The difference between the two frames
illustrates the pitchdownward head movementelicited by the CvN7 stimulus
whenthe head startsinan upward posture. (b) Similar to panel a, this panel
displays video frames of nine flies of the same genotype, but with the stimulus
occurringwhen their heads were initially pitched downward. The difference
betweenthe overlaid grey (end of stimulus period) and green (before stimulus)
framesillustrates the small pitch upward movement of the head elicited by the
same CvN7 stimulusasin panela. Symbolsinthelowerlefthand cornersofa&b
correspond tothe same symbolsin paneleandindicate which databins the
videos frames were drawn from. See Supplementary Videos 1-2 for the source
videos. (c) Coordinate system used in this paper. Allhead movement data
(except Extended DataFig. 4e,f) in this paperare presented in the global, lab-
fixed frame coordinate system convention shown here. The X, Y and Z axis
show the axes roll, pitchand yaw occur about respectively according to the
right-handrule. The originisin the fly’s neck, located at the computationally
estimated pivot point of the head. The X axis is defined as tilted downward 40°
fromthetethered fly’slongbody axis, reflecting the resting head posture of a
typical fly during flight. For plots of the visual responses of motor neurons we
define positive elevation as moving upward from the X to the Z axis and positive
azimuth as moving from the fly’s front toits left, i.e. from the X axis to the Y axis.
Thisazimuth/elevation conventionis chosento be consistent with our right-
hand coordinate system for describing rotations of the head, but it does not
match that previously used in theliterature for describing visual receptive

fields'. (d) The rotational trajectories of the head for all 2442 trials (32 flies)
that were used to generate the CvN7 action field showninFig.1j. Eachline
represents thetrajectory of rotational postures occurring during one
stimulation trial, with black dots indicating the head’s starting posture. The
colourofthelines correspondsto the starting posture and the axes areasin
Fig.1j.(e) Thesamedataasin paneld, but with the trajectories grouped by
thestarting posture bin they were assigned to when generating the average
trajectories plottedin Fig.1j. Thelocations of the starting posture bins have
beenexpanded by afactor ofx3.5, moving them apart to prevent the data
groups fromobscuring eachother. Black arrows indicate the quaternion
averages of each bin. (f) The same plot as panel e but with the individual
trajectories colour-coded by time since the stimulus was turned on. (g) depicts
therelationship between theinitial head posture and the CvN7 stimulus-
induced changeinhead posture, using the individual trials underlying the
meansshowninFig.2a&c. Thefirstcolumnrepresents datafrom 3912 individual
trials, illustrating the association between the head posture recorded just
before stimulus onset and the subsequent change in head posture between
thefirstand last frame of the stimulus. In the second column, we employ the
additional processing step depicted in Fig. 2c. Thisinvolves calculating the
‘rotational difference’ between the no-stimulus and stimulus conditions.
Specifically, we plot the rotations required to align each frame’s head posture
withthe corresponding frame of the mean no-stimulus trajectory from the
closest bin (depictedin Fig.2b).In agreement with the mean data displayedin
Fig.2a-c,individual trials exhibita correlation betweeninitial head posture
and stimulus-induced movement (first column, R?= 0.45). However, when
plotting the ‘rotational difference’ between stimulus and no-stimulus
conditions (second column), this correlationis reduced (R*=0.22).
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Extended DataFig. 3| Calibration of optogenetic stimulus strength.

(a) Example trace of the membrane potential (vertical scale bar =10 mV) of the
CvN7 motor neuroninresponse toa300 ms flash of 625 nm, 0.04 mW/mm?
light. Underneath the voltage traceis araster indicating the timing of action
potentials from multiple trials. (b) Anaction field plotting the head movements
resulting from stimulating CvN7 with the same 0.04 mW/mm?light pulse.

(c) Aplotofthe ‘rotational difference’ between the action fieldinb and the
equivalent datathat occurs during the no-stimulus control condition - see
Fig.2a-c for more detail. (d) The neural response of CvN7 toa 0.09 mW/mm?
stimulus. (e) The CvN7 action field resulting froma 0.09 mW/mm?stimulus.

(f) Aplot of the ‘rotational difference’ between the action fieldineand the
equivalent datathat occurs during the no-stimulus control condition. (g) The
neural response of CvN7 toa 0.37 mW/mm?stimulus. (h) The CvN7 action field
resulting froma 0.37 mW/mm?stimulus. (i) A plot of the ‘rotational difference’
betweentheaction fieldin hand the equivalent datathat occurs duringthe no-
stimulus control condition. (j) The neural response of CvN7 to a1.43 mW/mm?
stimulus. (k) The CvN7 action field resulting from a1.43 mW/mm?stimulus.

(I) Aplot of the ‘rotational difference’ between the action fieldin k and the
equivalent datathat occurs during the no-stimulus control condition. Genotype
forall panels: SS00754 x w +, norpA, 20XUAS-CsChrimson-mVenus (attP18).
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Extended DataFig.4|Actionfields are robust tostimulationlength, saccade
removal and reference frame. (a-b) To confirm that the motor neuron-elicited
convergence of head pose we observedis notanartefact of our 300 millisecond
stimulation times, we plot just the first 80 milliseconds of the head trajectory
when theangular velocity of the head is still increasing (Fig. 1h-i). (a) shows the
head movementsresulting from the first 80 milliseconds of CvN7 stimulation.
(b) Shows the first 80 milliseconds of DProN2 stimulation. While there is, by
definition, less time for the head to converge, the early head movements are
still highly posture dependent and moving towards a point of convergence.
Comparethe different movementsin the green and magentacircled trajectories
inb, which are dominated by roll and pitch respectively. (c-d) To confirm that
themean head trajectories plottedinouraction fields are representative of the

underlying dataand not biased by outlier events such as fast head saccades,
we removed trials containing head saccades from the data. (c) is the action
field of the CvN7 neuronreplotted fromFig.1j. (d) shows the same databut
excluding any trial containing head saccades: defined as any trial containing
yaw movements faster than 200 °/second. (e) All rotationsin this study were
measured inthelabreference frame. To confirm that the choice of reference
frame did not substantially alter the results?? we plot here the head rotations
resulting from CvN7 stimulation measured in the reference frame of the head
atthe time of stimulus onset. By definitionall head rotations start at the origin.
(f) To allow comparison of the head reference frame datain e with that measured
inthelabreference framein c we moved the start points of all trajectoriesine
fromtheorigintotheirrespective startlocationsinthelab frame.
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Extended DataFig.5|Proprioceptive manipulations alter the action field
of amotor neuron. (a-d) central anatomy of the neck chordotonal organ
afferents. (a) The central projection pattern of the Lateral Neck Chordotonal
neurons (LNCs) within the ventral nerve cord. Purple: anti-BRP neuropil stain,
green: anti-GFP. Genotype:JR153 x pJFRC2-10XUAS-IVS-mCD8::GFP (attP2).
(b) Example of asingle neuron from within the LNC population, genotype:JR153 x
Multicolour flip out reporter (MCFO-1°). (c) The central projection pattern of
the Medial Neck Chordotonal neurons (MNCs) within the ventral nerve cord.
Purple:anti-BRP neuropil stain, green: anti-GFP. Genotype:JR161 x pJFRC2-
10XUAS-IVS-mCD8::GFP (attP2). (d) Example of a single neuron from within the
MNC population, genotype:JR161x Multicolour flip out reporter (MCFO-1¢°).
(f-k) Peripheral anatomy of the neck chordotonal afferents. (f) Peripheral
expression of thesame LNCs shown in (a-b). Large magenta structure: neck
muscles, small magentastructure: actinrich scolopale cells of the chordotonal
organ (F-actin binding Phalloidin), green: LNCs (anti-GFP). (g) Peripheral
expression of thesame MNCs asshownin c-d. Large magenta structure: neck
muscles, small magentastructure: actinrich scolopale cells of the chordotonal
organ (F-actin binding Phalloidin), green: MNCs (anti-GFP). (h) Magnification
ofthe dendrites of the LNCsshowninf.LNC dendrites (green) canbe seento
invade the magenta cylindrical scolopale cells at the lateral edge of the
chordotonal organ. (i) Diagram of the chordotonal organ and the LNC neuron
innervation. (j) Magnification of the dendrites of the MNCs showning. MNC
dendrites (green) canbe seen toinvade the magentacylindrical scolopale
cellsatthe medial edge of the chordotonal organ. Scale barsina-jare 50 um.
(k) Diagram of the chordotonal organ and the MNC neuron innervation.

(I) Action field resulting from activation of the CyN7 motor neuron replotted
from Fig. 3. Colourindicates the head’s angular velocity. (m) Action field of the
same CvN7 motor neuron whenthe LNCs are hyperpolarized due to expression
of Kir2.1, replotted from Fig. 3. (n) Action field of the same CvN7, with the
MNCs hyperpolarized due to expression of Kir2.1 (43 flies, 5160 trials, JR161x
w+norpA, 13XLexAop2>dsFRT>CsChrimson-mVenus (attP18), BPhsFIpPest-
OPt (attP3); 81B12LexAp65 (VK00022), PJFRC315-10XUAS-1VS-tdtomato::Kir2.1
(su(Hw)attp5)). (o) Action field of the same CvN7 again, with the sensory
neurons of the Prosternal Organ® head proprioceptor hyperpolarized due
toexpression of Kir2.1(12 flies, 1632 trials, SS47486 x w+ norpA,
13XLexAop2>dsFRT>CsChrimson-mVenus (attP18), BPhsFIpPest-OPt (attP3);

81B12LexAp65 (VK00022), PJFRC315-10XUAS-1VS-tdtomato::Kir2.1
(su(Hw)attp5)). (p-s) 2D plots of the same data plotted in 3D in Fig. 3g-m.

(p) The CvN7 action field. Equivalent to Fig. 3g. (q) 2D plot of the results of
using a feedback model to simulate the CvN7 action field. Equivalent to Fig. 3i.
(r) 2D plot of the CvN7 action field when the LNC proprioceptive neurons are
expressing theKir2.1 potassium channeland thus hyperpolarized. Equivalent
plottoFig.3k. (s) 2D plot of the CvN7 action field simulated by the same
model shown in g but with the pitch velocity feedback parameter reduced
tomatchthedatainr.Equivalent plot to Fig.3m. (t) Distributions of head
rotations recorded when no stimulus was present for flies where the LNC
neurons were either unperturbed (blue, empty split-Gal4 x w+ norpA,
13XLexAop2>dsFRT>CsChrimson-mVenus (attP18), BPhsFIpPest-OPt (attP3);
81B12LexAp65 (VK00022), PJFRC315-10XUAS-IVS-tdtomato::Kir2.1 (su(Hw)
attp5)) or where the LNC neurons were hyperpolarized due to expression of
Kir2.1(red,JR153 x w+ norpA,13XLexAop2>dsFRT>CsChrimson-mVenus
(attP18), BPhsFIpPest-OPt (attP3); 81B12LexAp65 (VK00022), PJFRC315-
10XUAS-1VS-tdtomato::Kir2.1 (su(Hw)attp5)). The meanroll, pitchand

yaw head angles for control flies were 0, 8, -1° respectively with standard
deviations of 8,12,4° (N =36 flies). The equivalent mean values for the LNC-
hyperpolarized flieswerel,5and 0°, with standard deviations of9,15and 5

(N =43flies). ATwo-sample Kolmogorov-Smirnov test could not reject the
nullhypothesis that the data from the two genotypes came from the same
distribution (p-values 0.3,0.9 and 0.2 for roll, pitch and yaw respectively,
corresponding effect sizes: 0.12°,0.09°,-0.09°). (u) Time series of the head
pitchvelocity during CvN7 stimulation for flieswhere LNC neurons were
hyperpolarized due to expression of Kir2.1(red, genotypes same as panel t) or
unperturbed (blue). Shaded error bars are standard deviations, thick lines are
means. Black bar indicates stimulus time course. (v) Pitch velocity distributions
for LNC-hyperpolarized (red) and unperturbed (blue) flies (genotypes same
ast-u). Only the velocities at the average time of peak velocity (135 ms) are
plotted. (w) illustrates the velocity dependence of the model described in
Fig.2.The position dependence of the same model is shown in Fig. 2e. Arrows
plotthe acceleration vector that, in the absence of any stimulus, the feedback
loop alone applies to the head at each velocity. (x) illustrates the same velocity
dependence of the model but now for the model fit to the proprioceptor
perturbed (JR153Kir2.1) flies with reduced pitch velocity damping.
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. Ventral Cervical Nerve motor neurons (VCvN)
. Cervical Nerve, descending motor neurons (CvN1-8)
. Cervical Nerve, ascending motor neurons (CvN A1-2)

. Dorsal Prothoracic nerve motor neurons (DProN1-5)

Extended DataFig.7|See next page for caption.



Extended DataFig.7|Neck musculature and nerves of Drosophila
melanogaster. (a-c) Diagrams of the fly’s neck muscles. Grey = cuticle, red =
muscle, orange=tendon, green=neck chordotonal organ. (a) A ventral slice
through the fly’s neck, horizontal plane viewed from above. (b) Dorsal slice
through the fly’s neck. (c) View of the same musclesin a-b frominside the fly’s
thorax, facing towards the neck. SC-CO DV - dorsoventral muscles linking

the cervical scleriteand the condyle. VL - ventral longitudinal muscles,

DE - depressor muscles, SC-RO - sclerite rotator muscle, SC-RE - sclerite
retractor muscle, LEV -levator muscle, TH - transverse horizontal muscles,

OH - oblique horizontal muscles, AD -adductor muscle, ABD - abductor muscle.
(d-f) Diagrams of the major cuticular structures within the fly’s neck. Grey=
cuticle, transparentred =muscles, transparent green = chordotonal organ.

(d) Ventralslice through the fly’s neck, (e) Dorsal slice through the fly’s neck,

(f) view frominside the fly’s prothorax, facing towards the neck. T - tentorium,
CO-condyle, SC - cervicalsclerite, PO - prosternal organ, SA - sternal apodeme,
PNA - pronotalapodeme, PA - pleuron apodem. Muscle and cuticle structure
arenamed inaway thatattempts to match, where possible, the terminology of

Strausfeld®. (g) Diagram of the four neck motor outputs of the fly central
nervous system after which we have named the motor neurons. CNS outline
adapted from'. VCvN motor neurons exit through the Ventral Cervical Nerve
(green) thatbranches from the subesophageal zone where it meets the cervical
connective (called the VCN in Strausfeld®). DProN motor neurons exit the
ventral nerve cord through the Dorsal Prothoracic nerve (purple, called frontal
nerve/FNin Strausfeld®). CvN motor neurons exit through Cervical Nerve (blue,
called CNin Strausfeld®), which branches from the cervical connective half way
downitslength. The CvN Aland CvN A2 motor neurons (red) have the letter A
before the neuron number toindicate that they ascend from the ventral nerve
cordtoreachthe Cervical nerve, in contrast to the majority of CvN neurons
which descend from the subesophageal zone. CvN A1-2 are likely homologous
to ADNI1-2in the blowfly’ which, in the blowfly, exit from their own thinnerve
that originatesinthe ventral nerve cord. In Drosophila melanogaster this nerve
ismissingand appears tobe fused with the cervical connective and the Cervical
Nervetoallow CvN A1-2 to exit the central nervous system via the Cervical Nerve.
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OH3
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Extended DataFig. 8| The tendons of yaw muscles are coupled. (a) Confocal
image of the dorsal neck musculature showing the OH muscles and the large,
curved tendon of the TH muscles. Red = muscles (F-actin stained with Phalloidin),
blue =tendonsand cuticle (chitin binding Calcofluor White). Yellow arrows
indicate points of coupling between the OHand TH tendons. The three small
OHmuscles originate from the midline and travel anterolaterally to where they
connecttothelarge, curved THtendonviasmall tendon tendrils. (b) shows a

higher magnification of the coupling between the OH 3 muscle’s tendon and
that of the THmuscle. (c) Diagram of theimage ina. Muscles are showninred,
the THmuscle tendonis shownin orange and the OH muscle tendons are shown
inblue.Suchanarrangementis likely to allow the OH muscles to change the line
ofaction ofthe THmuscle by alteringits tendon’s geometry. Suchinter-muscle
interactions will not be captured by our linear model.



Extended Data Table 1| Genotypes for flies used in each figure panel

Figure Genotype (see Supplemental Table 1 Age
for full genotypes) (days)
1b HAV5(double Label);SS00754(CvN7) 2-3
R21 H04-L<:xA(LPTCs)
1c-e CvN7-GFP 3-4
19 SS00754(CvN7) 5
FIp-ésChr
1h-j SS00754(CvN7) 5
Cs)é:hr
1k S$S02323(multiNMN) 5
FIp-C):(sChr
2a-c SS00754(CvN7) 5
Cs)C()hr
3a-b JR153(LNC) 3
pJFR(_)‘,(z-GFP
3d-e JR161(MNC) 6
pJFR(_)‘,(2-GFP
3g-h Empty split-GAL4 3
CvN7—CsCh)r(; UAS-Kir2.1
3k-I JR153(LNC) 3
CvN7-CsCh)r(; UAS-Kir2.1
4a-b Multiple split-Gal4 stocks 5
FIp-é(sChr
4ce SS00754(CvN7) 3-4
pJFR():(Z-GFP
4i-j Multiple split-Gal4 stocks 5
FIp-())(sChr

Genotypes and ages of the flies used to generate the data in each of the figure panels listed in the leftmost
column. Genotypes are described using the identifiers from Supplementary Table 1. For the full genotype
and source corresponding to each identifier, see Supplementary Table 1.
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Antibodies

Antibodies used To visualize mVenus expression and assess relative expression levels among flies, an anti-GFP antibody directly conjugated to Alexa
Fluor® 488 was used (Thermo Fisher Scientific A-21311, 1:500). The neuropil was labeled by incubation with mouse anti-BRP
hybridoma supernatant (nc82, Developmental Studies Hybridoma Bank, Univ. lowa, 1:30; concomitantly with anti-GFP), followed by
an Alexa Fluor® 568-conjugated goat anti-mouse antibody (ThermoFisher Scientific A-11031, 1:400). In experiments with flies
expressing both GFP and tdTomato, the latter was detected by adding rat monoclonal anti-RFP antibody (5F8, Chromotek, 1:500)
followed by CyTM3-conjugated goat anti-rabbit antibody (Jackson ImmunoResearch 111-165-144, 1:500). Here, the anti-BRP
antibody was detected by a CyTM5-conjugated goat anti-mouse secondary antibody (Jackson ImmunoResearch 115-175-166, 1:500).

Validation The rabbit anti-GFP antibody A-21311 (ThermoFisher Scientific) is an Alexa Fluor® 488 conjugate of antibody A-21311 (ThermoFisher
Scientific). Together these antibodies have been used for immunohistochemistry in at least 949 publications according to the
manufacturer’s website, including studies of many different split GAL4 lines cited on https://splitgal4.janelia.org/cgi-bin/splitgal4.cgi.
Our work further confirms the specificity of the antibody to GFP since it labels selectively neurons that genetically express GFP.
Similarly, the rat monoclonal anti-RFP antibody 5F8 (Chromotek) selectively labels tdTomato expressing neurons in transgenic flies
(our study), and it has been used in at least 315 previous published studies for IHC and other applications. The manufacturer
validated the specificity in immunofluorescence studies using transfected Hela cells expressing a tdTomato tagged protein in the
Golgi apparatus. Monoclonal antibody nc82 to the Bruchpilot protein in presynaptic active zones is the current gold standard to label
Drosophila synapses. It has been validated by the hybridoma bank depositor for immunohistochemistry (see Wagh et al. 10.1016/
j.neuron.2006.02.008). Of note, this antibody is fixation-sensitive, i.e., strong/denaturing fixation conditions (such as >2% PFA for >1
h at room temperature) yield a poor signal.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Drosophila melanogaster. See supplemental tables 1-2 for detailed strain/genotype/age information.
Wild animals Study did not involve wild animals.
Reporting on sex Study was performed only on males due to constraints in stock construction.

Field-collected samples  No field collected samples used.

Ethics oversight No ethical approval was required because experiments were performed on Drosophila melanogaster.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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