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SUMMARY

Natural behaviors are a coordinated symphony of motor acts that drive reafferent (self-induced) sensory acti-

vation. Individual sensors cannot disambiguate exafferent (externally induced) from reafferent sources.

Nevertheless, animals readily differentiate between these sources of sensory signals to carry out adaptive

behaviors through corollary discharge circuits (CDCs), which provide predictive motor signals from motor

pathways to sensory processing and other motor pathways. Yet, how CDCs comprehensively integrate

into the nervous system remains unexplored. Here, we use connectomics, neuroanatomical, physiological,

and behavioral approaches to resolve the network architecture of two pairs of ascending histaminergic neu-

rons (AHNs) in Drosophila, which function as a predictive CDC in other insects. Both AHN pairs receive input

primarily from a partially overlapping population of descending neurons, especially from DNg02, which con-

trols wing motor output. Using Ca2+ imaging and behavioral recordings, we show that AHN activation is

correlated to flight behavior and precedes wing motion. Optogenetic activation of DNg02 is sufficient to acti-

vate AHNs, indicating that AHNs are activated by descending commands in advance of behavior and not as a

consequence of sensory input. Downstream, each AHN pair targets predominantly non-overlapping net-

works, including those that process visual, auditory, and mechanosensory information, as well as networks

controlling wing, haltere, and leg sensorimotor control. These results support the conclusion that the AHNs

provide a predictive motor signal about wing motor state to mostly non-overlapping sensory and motor net-

works. Future work will determine how AHN signaling is driven by other descending neurons and interpreted

by AHN downstream targets to maintain adaptive sensorimotor performance.

INTRODUCTION

Animals exploit a multisensory strategy to navigate their envi-

ronment. In doing so, the animal’s own movements can acti-

vate one or more sensory modes by the process of reafference,

which must be reliably distinguished from sensory activation

from outside stimuli (exafference), to properly coordinate

behavior.1 However, individual sensory organs or structures

only signal the presence and magnitude of sensory cues, but

cannot provide source information. For instance, a mechano-

sensory hair will activate when bent by an external object,

such as a predator, or by the animal’s own movement, such

as when brushing up against a stationary object. To distinguish

reafference from exafference, the central nervous system (CNS)

implements a broad class of feedforward circuits, commonly

referred to as corollary discharge circuits (CDCs), which pro-

vide predictive motor information to sensory and motor path-

ways.2 CDCs impact sensorimotor integration via diverse

means including modulation of network processing,3,4 blanket

suppression, or temporally precise inhibitory gating of sensory

processing,5–8 and modulating efferent pathways that tune sen-

sory sensitivity.9,10 Importantly, CDCs are often modulatory in

nature and can up or downregulate responsiveness of a sen-

sory neuropil to reafferent signals.4,10 Throughout the animal

kingdom, CDCs convey information from a variety of motor

control centers to most, if not all, sensory modalities. The

fundamental importance of these predictive motor signals is

highlighted by their failure, which results in attributional errors
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associated with nearly every form of sensory hallucination

whether fatigue11,12 or disease induced.13,14 Thus, predictive

motor signals from CDCs are essential for the animal to effec-

tively use sensory information to make adaptive choices that

optimize behavioral performance.

Despite being studied across diverse species and sensory

modalities, there remain many open questions about their syn-

aptic integration into the nervous systems. That is, how are up-

stream circuits organized to drive CDCs, and in turn, how are

CDCs integrated into downstream circuits? We recently

described two pairs of histaminergic neurons, which originate

within the ventral nerve cord (VNC) and project to the brain of

the mothManduca sexta.15 These ascending histaminergic neu-

rons (AHNs) have somas in the mesothoracic neuromeres

(MsNm) (MsAHNs) and metathoracic neuromeres (MtNm)

(MtAHNs). The AHNs bilaterally ramify the subesophageal zone

(SEZ) and the antennal mechanosensory and motor center

(AMMC). In night-flying plume tracking insects, the MsAHNs

also project into the antennal lobe and have been co-opted to

serve a function there.16 In Manduca, only �16 GABAergic local

interneurons (INs) within the antennal lobe express the inhibitory

histamine B receptor, suggesting that the AHNs affect local pro-

cessing of odor information through a disinhibitory network

mechanism.15 Paired recordings of the MsAHNs and a primary

wing motor fiber inManduca indicates that MsAHN firing rate in-

creases�200ms prior to wingmotor output from the VNC. Thus,

their activation is thought to be the consequence of receiving

direct descending wingmotor command signals. AHN activation

therefore results in disinhibition within the antennal lobe just in

advance of flight, resulting in an upregulation of temporal preci-

sion with which antennal lobe projection neurons entrain to the

stimulus temporal structure,4 such as those induced by the

beating wings.17,18 The consequence of this increased temporal

fidelity is associated with enhanced sensory acuity.4 Thus, in

Manduca the MsAHNs represent a CDC that informs the

antennal lobe of wing motor action, allowing it to upregulate ol-

factory processing and performance during flight. However, as

with other CDC’s, how they are synaptically integrated into the

nervous system remains unexplored.

Our prior work established that homologs to the Manduca

AHNs are present across insects, including Drosophila.16

Therefore, to resolve the broader network architecture within

which the AHNs are synaptically integrated into the CNS, we

turned to the wealth of circuit-cracking approaches afforded

by Drosophila melanogaster. We asked to what extent are the

two AHN pairs anatomically integrated within the same sensory

and motor networks? More specifically, do the two AHN pairs

follow the same organizational principles with respect to their

synaptic connectivity and mechanisms of communication, or

do they represent operationally different circuits despite their

similarities in basic morphology and neurotransmitter content?

Furthermore, does the activity of the AHNs correlate to or

otherwise represent motor information? If so, are the AHNs

activated in advance of the initiation of wing movement and

hence provide predictive information to their downstream

targets? To address these questions, we exploited connectom-

ics, molecular, anatomical, and physiological approaches to

comprehensively map synaptic connectivity and explore what

drives their activation.

RESULTS

AHN anatomical characterization throughout the CNS

A relatively small number of histaminergic neurons project

throughout the central brain and VNC of Drosophila19–23 (Fig-

ure 1A) and innervate several neuropils. Similar to Manduca

and many other insect species,16 Drosophila has two pairs of

AHNs with somas located within the MsNm (the MsAHNs) and

MtNm (the MtAHNs). The remaining histaminergic soma in the

VNC reside in the abdominal segment and do not ascend (Fig-

ure 1A). We therefore first aimed to determine the contribution

of the AHNs to the total histaminergic projections observed

within the CNS. To this end, we identified several driver lines

that include the AHNs, but not other histaminergic neurons

(Figures S1A–S1E; Table S1). Using one such line, we drove

the expression of diphtheria toxin A24 to ablate the AHNs. This

approach eliminated histamine labeling in the thoracic neuro-

meres (Figure 1B) as well as in several brain neuropils, including

most of the SEZ, AMMC (Figure 1B0), and saddle (SAD) and pos-

terior slope (Figure 1B00). To resolve the independent projections

of each AHN type, we used the MultiColor FLP Out (MCFO)

approach25 to stochastically label single AHNs (Figures 1C and

1D). This established that individual MsAHNs arborize within

both the ipsilateral and contralateral MsNmand prothoracic neu-

romeres (ProNm) before ascending to the brain to innervate the

SEZ, SAD, and posterior slope (Figures 1C0 and 1C00), whereas

single MtAHNs unilaterally arborize in the gnathal ganglia

(GNG), AMMC (Figure 1D) and all leg neuropils contralateral to

the soma (Figure 1D0).

Using their unique morphology, we then located candidate

MsAHNs and MtAHNs within three large CNS electron micro-

scopy (EM) volumes, the full adult fly brain26 (FAFB), the female

adult nerve cord27,28 (FANC) and the male adult nerve cord29,30

(MANC) datasets (Figures 1E–1G). In the brain, we identified

the MsAHNs based on their expected bilateral arborization pat-

terns in the SEZ, SAD, and posterior slope (Figure 1E) and the

MtAHNs based on their unilateral innervation of the AMMC and

dorsal GNG (Figure 1F). Furthermore, we reconstructed and

identified the MsAHNs and MtAHNs within the male and female

VNC datasets based on soma position and morphology (Fig-

ure 1G). The general morphology of the AHNs was similar be-

tween male and female datasets (Figures S1F–S1I and S1K),

except for additional processes from the MsAHNs projecting

laterally and ventrally within the ProNm and MsNm in FANC

that were absent in MANC (Figures S1H and S1I). However, we

observed variability for the ventrolaterally projecting prothoracic

and mesothoracic branches among single MCFO clones of

MsAHNs from male flies, suggesting that these morphological

differences represent individual, rather than sex-specific, differ-

ences (Figure S1J). There were no obvious differences in the

morphology of the MtAHNs between the FANC andMANC data-

sets (Figure S1K). Thus, MCFO-derived single AHNs (Figures 1C

and 1D) and EM-based reconstructions indicate that the projec-

tions of the AHNs pairs partially overlap within the VNC but are

non-overlapping in the brain (Figure 1H). To determine whether

other neurons represented good AHN candidates, we took two

approaches. First, we manually traced the major processes of

all neurons within the same ventral-to-dorsal tracts through

which the MsAHNs and MtAHNs soma project within the FANC
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dataset and found no neurons whose coarse morphology were

consistent with the morphology of the AHNs, as revealed by

MCFO (Figures 1C and 1D). Second, we used the NBLAST algo-

rithm for measuring neuronal similarity31 with our AHN candi-

dates to search for cells with similar morphologies within the

MANC volume (Figures S1L and S1M), but again none of the

top hits were similar to the single AHNs observed with light

microscopy (Figures 1C and 1D). Thus, both methods suggest

that the AHN candidate cells found in MANC and FANC are

high confidence matches to AHNs.

Next, to further validate our candidate AHNs from the EM

volumes, we characterized primary input and output regions of

the AHNs using driver lines that restricted Gal4 expression

exclusively to either the MsAHNs or MtAHNs. Using the

Figure 1. General AHN morphology and histamine expression in the CNS

(A) Histamine immunolabeling in the intact CNS of Drosophila melanogaster. ProNm, prothoracic neuromere; MsNm, mesothoracic neuromere; MtNm, meta-

thoracic neuromere; ANm, abdominal neuromere.

(B) Histamine immunolabeling in R48H10-Gal4 flies driving the expression of diptheria toxin-A in (B) the VNC aswell as (B0) anterior and (B00) posterior depths in the

brain.

(C) Single MsAHN clone within the (C) VNC and at (C0) medium and (C00) posterior depths of the brain.

(D) Single MtAHN clone within the (D) VNC and at (D0 ) anterior depths of the brain.

(E and F) Manual reconstruction of a (E) MsAHN and (F) MtAHN within the full adult fly brain (FAFB) EM volume. Gnathal ganglia (GNG; yellow), saddle (green),

antennal mechanosensory motor center (AMMC; blue), inferior posterior slope (IPS; magenta), superior posterior slope (SPS; orange).

(G) Reconstruction of a MtAHN (lavender) and MsAHN (green) in the FAFB (FlyWire) and FANC EM volumes. Scale bars, 20 mm.

(H) Cartoon schematics of the MtAHN (lavender) and MsAHN (green).

See also Figure S1 and Table S1.
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somatic/dendritic marker DenMark (ICAM5-RFP) and the pre-

synaptic marker synaptotagmin tagged with GFP (syteGFP),32

we labeled the primary input and output regions of the AHNs

and compared these immunohistochemical results with EM vol-

ume reconstructions where we annotated pre- and postsynaptic

sites (Figure 2). Within the VNC, theMsAHNs had sparse expres-

sion of syteGFP throughout the ProNm and MsNm (Figure 2A)

and prominent ICAM5-RFP labeling primarily localized in the

wing and intermediate tectulum (IntTct)33,34 (Figures 2A and

2B). Within the brain, only syteGFP was present in the SEZ,

SAD, and posterior slope (Figures 2C and 2D), consistent with

FAFB synapse annotations which are predominantly presynaptic

within the brain (Table 1). The distribution of manually annotated

postsynaptic sites of theMsAHNEM reconstructions were highly

consistent with the transgenic expression of ICAM5-RFP by the

MsAHN splitGal4 line, although we observed relatively more pre-

synaptic sites within leg neuropil in theMsAHNs within the FANC

EM volume (Figure 2E). In general, there was more ICAM5-RFP

signal relative to postsynaptic sites in the EM datasets, likely

due to ICAM5-RFP being additionally expressed in cell bodies

Figure 2. Distribution of AHN input and output regions

(A–D) Input and output regions of the MsAHNs. R17F12 X VT049652 splitGal4 driving the expression of the axon terminal marker synaptotagmin-eGFP

(‘‘syteGFP’’; cyan) and the dendrite/somamarker ICAM5-mCherry (‘‘DenMark’’; yellow). N-cadherin (NCAD) serves as a neuropil marker (magenta). (A) Horizontal

view ofMsAHN syteGFP andDenMark expressionwithin the VNC. Dashed line indicates the border of the sagittal view in (B). (B) Sagittal view of image stack in (A).

(C) Frontal view of MsAHN syteGFP and DenMark expression within the saddle.

(D) Frontal view of MsAHN syteGFP and DenMark expression within the posterior slope.

(E) Reconstruction of the MsAHN from the FANC EM volume with presynaptic (cyan) and postsynaptic (yellow) marked.

(F–I) Input and output regions of the MtAHNs. R84G04-Gal4 driving the expression of the axon terminal marker synaptotagmin-eGFP (syteGFP; cyan) and the

dendrite/soma marker ICAM5-mCherry (DenMark; yellow). NCAD serves as a neuropil marker (magenta). (F) Horizontal view of MtAHN syteGFP and DenMark

expression within the VNC. Dashed line indicates the border of the sagittal view in (G). (G) Sagittal view of image stack in (F). (H) Frontal view of MtAHN syteGFP

and DenMark expression within the AMMC. (I) Frontal view of MtAHN syteGFP and DenMark expression within the GNG.

(J) Reconstruction of the MtAHN from the FANC EM volume with presynaptic (cyan) and postsynaptic (yellow) sites marked. Scale bars, 20 mm.

See also Table S1.
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and primary neurites. The MtAHNs on the other hand had sy-

teGFP expression in all three thoracic neuromeres (Figures 2F

and 2G), as well as the AMMC (Figure 2H) and dorsal GNG (Fig-

ure 2I). MtAHN expression of ICAM5-RFP was distributed

throughout the posterior IntTct of the MsNm and extended into

the MsNm collectively spanning neuropils involved in leg and

wing coordination33,34 (Figures 2F and 2G). As with the

MsAHNs, the MtAHN transgenic labeling of pre- and postsyn-

aptic zoneswas consistent with EM volume reconstruction’s dis-

tribution of pre- and postsynaptic sites (Figures 2E–2J). Taken

together, these results provide strong confirmation that we

have identified the AHNs in the FANC and FAFB connectomic

volumes. Importantly, the AHNs receive the bulk of their input

within the medial regions of the VNC associated with wing and

haltere locomotor control and leg-wing coordination, and project

local output extensively within the leg and wing sensory-motor

neuropils and multiple sensory processing regions in the brain.

Organization of AHN upstream circuits

Next, we used the FANC and MANC EM datasets to retrieve or

reconstruct the upstream synaptic partners of the AHNs to

determine the possible information sources integrated by the

AHNs. As upstream synapse counts differed notably between

AHNs of FANC and MANC (MANC AHNs had �33 more up-

stream synapses), likely due to differences in EM methods

used in generating these volumes, we thresholded per-cell con-

nectivity in FANC and MANC by a ‘‘proportionally equivalent’’

threshold before further analysis (see STAR Methods). We first

classified synaptic partners into one of 6 broad neuronal clas-

ses: sensory neurons (SNs), ascending sensory neurons

(SAs), ascending neurons (ANs), descending neurons (DNs),

INs restricted to the VNC, or motor neurons (MNs). All four

AHNs had relatively similar proportional demographics (across

FANC and MANC), with DNs representing the majority of input

to all AHNs (50%–68%) followed by INs (17%–37%), with rela-

tively small contributions from the other cell classes (Figures 3A

and 3B). Depending upon the degree of convergence of the up-

stream partners on all four AHNs, the AHNs could convey com-

mon information or information unique to single cells or pairs of

AHNs. To determine the degree to which individual AHNs

receive common vs. distinctive input, we generated graph plots

for the FANC (Figure 3C) and MANC (Figure 3D) datasets to de-

pict the input to AHNs based upon the combinations of AHNs

to which groups of neurons contribute. Most noticeably, class

demographics differed between unique upstream inputs to

each individual AHN relative to upstream inputs that converged

upon two or more AHNs. While unique input to individual AHNs

derived mostly from INs and ANs, the primary common input to

all four AHNs derived almost exclusively from DNs (Figures 3C

and 3D).

The spatial distribution of synaptic input onto a neuron is

thought to play a variety of roles—dendritic synaptic input are in-

tegrated via several mechanisms to drive neuron activity,35

whereas axonal synaptic input is thought to play roles in local-

ized control of membrane voltage or neurotransmitter release

in axonal branches.36 To determine whether different neuron

classes synapse upon distinct regions of the AHNs, we plotted

the location of input sites by class on the AHNs (Figures 3E–3H

and S2). While INs synapse uniformly across the AHN skeletons,

DNs and ANs primarily synapse upon medial dendritic regions of

the AHNs near the midline, within the tectular neuropils (Figures

3E–3G and S2A–S2C). In contrast, the relatively low number of

SN synapses were distributed sparsely over the MsAHNs and

were localized almost exclusively to axonal regions in the meso-

thoracic leg neuropil on theMtAHNs (Figures 3H and S2D). Thus,

DN and AN inputs are suited to driving AHN activity, whereas IN

and SN inputs likely play more local modulatory roles on AHN

axonal branches. Overall, as the inputs that are common to indi-

vidual AHN pairs or both pairs are primarily DNs, this implies that

activity across AHNs are strongly driven by these shared sources

of information. Unique inputs to individual AHN cells are more

weighted toward other neuron classes and may thus mainly

Table 1. FANC, MANC, and FAFB AHN tracing and connectivity summary

EM volume Cell

Postsynaptic sites/upstream

connections (to valid neurons)

Presynaptic

sites

Downstream connections (to valid

neurons/orphans/-undetermined)

FANC MsAHN-L 1,040 (992) 1,664 4,604 (995/93/3,516)

MsAHN-R 962 (899) 1,170 3,183 (740/60/2,383)

MtAHN-L 1,430 (1,288) 2,586 7,580 (1,317/505/5,758)

MtAHN-R 1,024 (935) 1,952 4,901 (891/292/3,718)

MANC MsAHN-L 2,941 (2,825) 1,782 5,090

MsAHN-R 3,116 (2,984) 1,722 5,001

MtAHN-L 4,039 (3,499) 2,102 4,946

MtAHN-R 4,895 (4,173) 2,549 6,032

FAFB (CATMAID) MsAHN-L 92 1,115 3,427 (1,649/407/1,371)

MtAHN-L 70 556 1,440 (812/215/413)

FAFB (FlyWire) MsAHN-L 630(149) – 2,091(312/–/1,779)

MsAHN-R 704(173) – 2,295(386/–/1,909)

MtAHN-L 441(74) – 1,043(212/-/831)

MtAHN-R 356(57) – 754(117/–/637)

Presynaptic site counts of AHNs in FAFB (FlyWire) are undetermined as automated synapse predictions in this connectome are carried out as pairs of

post-to-pre connections rather than single presynaptic sites.
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play roles in modulating AHN output, perhaps from other

ongoing network activity within the VNC.

AHNs convey a predictive motor signal from DNs

A large catalog of DNs in Drosophila have been classified at the

light level by morphology and functional organization in the

CNS,33,37 and most of these DNs are now further identified in

the MANC EM volume.38 Guided by these works, we identified

in both FANC- and MANC-specific DN types that provide sub-

stantial input to single, pairs, or all four AHNs (Figures 4A–4D).

Although there are some DN pairs that provide input exclusively

to either AHN pair, a large proportion of DN input converges onto

both pairs (Figures 4E and 4F), in particular from the DNg02s

(Figures 4G and 4H) and DNp54s. DN input to AHNs is generally

highly bilateral or weakly lateralized (Figure S3H). While little is

known about the DNp54s, the DNg02s represent flight steering

control neurons that are responsive to visual motion during flight

and whose activation increases wing stroke amplitude,37 to aid

in adjusting flight path during the optomotor response.39 Using

a reporter of choline acetyltransferase translation,40 we

determined that themajority of DNg02s are cholinergic (Figure 4I)

but express neither the vesicular glutamate transporter nor

GABA (Figures S3A and S3B) and thus likely provide excitatory

input to the AHNs. The DNp54s did not co-express reporters

for any small classical transmitters (Figures S3C–S3G).

To test whether the AHNs are activated by wing motor output,

we carried out Ca2+ imaging of the DNg02 population and each

AHN pair using genetically encoded Ca2+ indicators41 during the

induction of flight. Flies were dissected and imaged from the

posterior side of the head for DNg02 dendrites or from the ventral

side of the thorax for AHN soma. An air puff was manually deliv-

ered to the head via a syringe to induce flight. Consistent with

prior work,37 the DNg02s became active with the induction of

flight (Figure 4J). Likewise, both the MsAHNs (Figure 4K) and

MtAHNs (Figure 4L) each became active with the induction of

flight (further see Videos S1 and S2), while no change in fluores-

cence was observed when GFP was expressed in either AHN

pair (Figures S3I and S3J), indicating that flight-induced changes

in GCaMP signal were not movement artifacts. Flight-induced

activation of AHNs suggests that they receive input correlated

Figure 3. Connectivity of upstream inputs to the AHNs

(A and B) Input synapse fractions to AHNs expressed as percent among identified upstream partners by neuron class in (A) FANC and (B) MANC.

(C and D) Graph plot of upstream partners to the AHNs in the (C) FANC and (D) MANC dataset. The number on node label indicates the number of neurons. Edge

number indicates total number of synapses. Pie chart within nodes indicates the fraction of synaptic input to AHNs by neuron class. As total upstream synapse

count differed between FANC and MANC, the sum of total upstream synapses to AHNs in FANC vs. MANC was used to define a ‘‘proportionally equivalent’’

synapse threshold of 3 for FANC and 10 for MANC to threshold individual neuron connectivity in (A)–(D).

(E–H) Horizontal views of the postsynaptic site distributions for one MsAHN (left) and one MtAHN (right) in FANC from (E) descending neurons (cyan),

(F) ascending neurons (lavender), (G) interneurons (red), and (H) sensory neurons (pink). Abbreviations: ascending neuron (AN), ascending sensory neuron (SA),

descending neuron (DN), interneuron (IN), motor neuron (MN), MsAHN (MsN), MtAHN (MtN), sensory neuron (SN).

See also Figure S2 and Table S1.
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Figure 4. Connectivity of DNs upstream of the AHNs

(A and B) Reconstruction of DNs representing 5% or more of synaptic input from DNs to the (A) MsAHNs and (B) MtAHNs in both the FANC and MANC EM

datasets.

(C and D) Input synapse fractions of DNs upstream of theMsAHNs andMtAHNs in the (C) FANC and (D) MANCEMdatasets. DNs are placed in their own category

if the DN type hasR5% connectivity with any AHN type; otherwise, they are grouped as ‘‘DNsum.’’ The color scheme of DN types is matched to that of the neuron

reconstructions in (A) and (B).

(E and F) Graph plot of DNs upstream of the MsAHNs and MtAHNs by DN type in the (E) FANC and (F) MANC datasets. Node number indicates the number of

neurons within a DN type. Edge number indicates the total number of synaptic connections. Only connectivity from DNs to the AHNs is depicted. As total up-

stream synapse count differed between FANC and MANC, a proportionally equivalent synapse threshold of 3 for FANC and 10 for MANC was used to threshold

individual neuron connectivity in (C)–(F). Color code: MsAHNs (light orange), MtAHNs (yellow); DN types colored as in (A)–(D).

(G) Reconstruction of the DNg02s (the largest source of synaptic input to the AHNs) in the FANC EM dataset.

(H) VT039465-p65ADZ; VT023750-ZpGdbd (SS02625) splitGal4 line expressed in DNg02s (white). Brp (nc82 antibody) used to delineate neuropil. Image courtesy

of Shigehiro Namiki.33,37

(I) Intersection between the DNg02 splitGal4 (yellow) and a ChAT-T2A-LexA (cyan) driver lines reveals that the DNg02s are cholinergic. NCAD (magenta) de-

lineates neuropil, and scale bars, 20 mm.

(J–L) Flight-induced changes in Ca2+ levels measured via epifluorescence imaging of jGCaMP7 in (J) the DNg02s (6 flies and 3 trials), (K) the MsAHNs (6 flies,

6 soma, and 3 trials), and (L) theMtAHNs (9 flies, 13 soma, and 3 trials). Cartoons depict the orientation of flies during each recording, and the green line indicates

(legend continued on next page)
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to wing movement, consistent with a predictive motor circuit.

However, if AHNs were indeed transmitting a predictive motor

signal, their activity might be expected to rise prior to the actual

motor action. To examine this possibility, we carried out Ca2+ im-

aging in MsAHNs at a higher speed (100 Hz) with framewise

synchronized behavioral recordings, and induced flight. As

before, Ca2+ activity in MsAHNs rises with flight motor activity

(Figures 4M and S3M). The timing of flight initiation was anno-

tated as the first frame of observable wing spreading (Fig-

ure S3L), and the timing of Ca2+ rise was algorithmically deter-

mined as the inflection point of the slope of the low-pass

filtered Ca2+ trace (Figure S3N). Some Ca2+ traces show a brief

dip due to Z-motion from the air puff; if the inflection point was

within this region, the timing of the first positive dF/F following

the inflection point was taken as the rise timing (Figure S3O).

Using this method, we find that MsAHN Ca2+ rise does indeed

precede flight initiation with a per-fly median latency of 37 ms

(Figure 4N). Thus, activity in the MsAHNs is well positioned to

inform downstream circuits of impending flight motor activity.

Next, to test whether the DNg02s provide excitatory, cholinergic

drive to the AHNs, we expressed the light-activated ion channel

CsChrimson42 in the DNg02s while imaging from the MtAHN

somata using jGCaMP7f (only MtAHNs targeted as we lack a

clean MsAHN-LexA). Red-light activation of the DNg02s reliably

resulted in a strong Ca2+ transient from the MtAHNs (Figure 4O),

while red-light did not induce MtAHN Ca2+ transients in control

animals with an ‘‘empty-Gal4’’ (no expression in the CNS; Fig-

ure S3K) and lacking the CsChrimson transgene. Thus, the

MtAHNs are activated during flight at least in part via excitatory

input from the DNg02s. As the MsAHNs receive �2–33 more

synapses from DNg02s compared with the MtAHNs, we also

expect that they are driven by DNg02s during flight. Interestingly,

flies do not take off nor flap their wings upon activation of the

DNg02s, suggesting that although they are active during flight,

DNg02s are not themselves command neurons for flight initia-

tion. As detailed further below, DNg02s form a circuit with the

AHNs, INs and wing power MNs that may play a role in control-

ling wing power output during flight. However, as other DNs that

provide input to AHNs have not been behaviorally characterized,

it remains possible that AHNs may be activated by other motor

activities besides flight steering control alone.

AHN pairs each target distinct sensorimotor networks

Although there is little physical overlap in the neuropils inner-

vated by both AHN types, the degree to which the AHN pairs

converge upon common targets and the demographics of

their downstream partners remains unclear. To examine the

downstream connectivity of AHNs in the brain, we initially

traced 50% of downstream connections for a single MsAHN

and MtAHN in the FAFB EM volume via the Collaborative Anno-

tation Toolkit for Massive Amounts of Image Data (CATMAID)43

and further retrieved connectivity for the AHNs from a later public

release of the FlyWire dataset, an autosegmented, proofread

connectome of the FAFB volume.44–46 While synapse counts

from the automated synapse predictions in FlyWire were overall

lower than our manual annotations, the dense reconstruction of

this connectome allowed further analyses of AHN connectivity

beyond the direct downstream partners of AHNs. Cell class de-

mographics of AHN downstream connectivity in FlyWire (Fig-

ure 5A) indicated that the majority of output for both AHN pairs

is directed to INs (59%–78%), followed by DNs (17%–26%)

and other neuron classes. Even without applying a synapse

count threshold for inclusion, we observed virtually no common

downstream synaptic partners of the AHN pairs for both FlyWire

and manual tracings within the brain (Figures 5B and S4A), indi-

cating that the different AHN pairs largely tile their output within

the brain. Similarly, the top neuron types downstream of the

AHNs in FlyWire show a distinct profile of neuropil ramification

between the AHN pairs—the downstream neuron types of the

MsAHNs (Figures 5D and 5F) largely have input and output in

the posterior slope, an area implicated in wide-field motion re-

sponses,47,48 while the downstream types of the MtAHNs (Fig-

ures 5E and 5G) largely have input and output in the GNG (gus-

tatory and leg sensorimotor processing33,49) and ventrolateral

neuropils (VLNPs) (sensorimotor processing related to salient vi-

sual stimuli50,51). Some partners of both AHN pairs also have

input and output in the SAD and AMMC, which are neuropils

related to processing of antennal mechanosensory stimuli. In

addition, someMsAHN partners also have partial input or output

in the GNG. Thus, each AHN pair likely targets largely distinct

sensorimotor processes, with potential overlap in antennal me-

chanosensory- and GNG-related pathways.

To determine whether the populations of neurons targeted by

each AHN pair converge upon common 2nd order targets in the

brain, we calculated the effective connection strength52 between

the AHNs and all brain neurons in FlyWire. Effective connection

strength is a metric that serves as a proxy for indirect connectiv-

ity from a source neuron to a target neuron through other inter-

mediary cells (here calculated for a path length of 2). For AHN

downstream connectivity, effective connection strength takes

into account (1) the proportion of input synapses from AHNs

onto each intermediary neuron that subsequently synapses

upon a target neuron of interest and (2) the proportion of input

synapses from each intermediary neuron to the target neuron

(Figure S4C). To determine effective connection strength at the

level of neuron type, synapse counts for the entire connectome

were first summed by type before applying the same cal-

culations. These calculations for AHNs yielded a long-tailed

the timing of flight initiation following an airpuff. Gray traces represent recordings from individual replicates from dendrites (DNg02) or soma (AHNs), and black

trace represents the average Ca2+ transient across all animals.

(M) Ca2+ activity in the 1 s period around flight initiation in high speed Ca2+ imaging (100 Hz calcium and behavioral imaging, 9 flies, 3 trials, and 12 soma; box in

Figure S3M). Green line at t = 0 s indicates flight initiation timing. Black line is the mean across all animals and replicates.

(N) Mean per-fly difference between Ca2+ rise timing to flight initiation for MsAHNs as determined by the synchronized behavioral capture and high speed Ca2+

imaging (9 flies, 3 trials, and 12 soma). Difference is significantly lower than zero by one-tailed Wilcoxon signed rank test (p = 0.023, a = 0.05).

(O) Ca2+ transients that were evoked were measured via two-photon imaging of jGCaMP7 in the MtAHNs in response to CsChrimson activation of the DNg02s.

Gray traces represent recordings from individual AHN soma, and black trace represents the mean fluorescence transient across all animals.

See also Figure S3, Table S1, and Videos S1 and S2.
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distribution of effective connection strength values across cell

types of the brain (Figure S4D). Similar to direct connectivity,

the top indirect neuron targets for each AHN pair consisted

mainly of INs followed by DNs, and the top targets for each indi-

vidual AHN pair tended to have weak effective connection

strength with the other AHN pair (Figure 5C). The neuropil rami-

fication of these cells likewise show that MsAHN downstream

targets largely ramify the posterior slope (Figures S4E and

S4G) while MtAHN downstream targets largely ramify the GNG

(Figures S4F and S4H). Thus, these results further support the

Figure 5. Downstream connectivity of the AHNs in the brain

(A) Synapse fractions of downstream partners of AHNs by neuron class in the brain in the FAFB (FlyWire) dataset.

(B) Graph plot of the downstream targets of the AHNs in the FAFB (FlyWire) dataset by cell class. This connectivity reveals virtually no overlap in downstream

targets between MsAHNs and MtAHNs, with no synapse threshold applied. Node number indicates the number of neurons. Pie chart within nodes indicates the

fraction of output from AHNs by cell class. Edge number indicates the total number of synaptic connections. Abbreviations: ascending neurons (ANs; lavender),

descending neurons (DNs; cyan), interneurons (INs; red), motor neurons (MNs; blue), sensory neurons (pink), visual centrifugal neurons (VCNs; salmon), visual

projection neurons (VPNs; light blue). Cell class derived from ‘‘superclass’’ annotations in FlyWire. MsAHNs colored light orange, and MtAHNs colored yellow.

(C) Matrices of effective connection strength (see Figure S4C) for connectivity between each AHN pair to indirect downstream neuron types at a path length of 2 in

FAFB (FlyWire). Left, top 50 indirect downstream neuron types for the MsAHNs; right, top 50 for the MtAHNs. Neuron types with high effective connectivity with

one AHN pair generally have no or weak effective connectivity with the other. Colored side bars indicate cell class using the same colors in (A). Neuron types with

per-type input <100 were excluded from the final matrix as they were typically poorly segmented.

(D and E) Top 5 neuron types receiving the largest synapse count per type from (D) MsAHNs and (E) MtAHNs in FAFB (FlyWire). Neuron types shown are LB3_2,

PSp2_3, CB0214, WEDd1_1, DM1_antero_ventral_2 for MsAHNs and CB0174, WEDa1_1, JO-A, DNge079, DNge230 for MtAHNs. Type names are assigned

neuron types, or morphological groups if not assigned, as defined previously.46 Neurons of the same type are colored different shades of similar colors.

(F and G) Neuropil arborization of top direct downstream neuron types for (F) MsAHNs and (G) MtAHNs. Only neuropil categories withR10% input or output from

each neuron type are shown. Only downstream types above an outlier threshold of synapse counts with AHNs (above the 3rd quartile plus 1.5 3 interquartile

range) are included. Type names are assigned neuron types (black labels), or morphological groups (magenta labels) if not assigned, as defined previously.46

Green labels are manually assigned neuron types in this work (further see STAR Methods and Table S2). Neuropil supercategory abbreviations: ventrolateral

neuropils (VLNPs), ventromedial neuropils (VMNPs), inferior neuropils (INPs), periesophageal neuropils (PENPs), gnathal ganglia (GNG). Single neuropil ab-

breviations: gorget (GOR), superior posterior slope (SPS), inferior posterior slope (IPS), antennal mechanosensory and motor center (AMMC), saddle (SAD). Left

and right neuropils are combined, and neuropils besides those of the VMNP and PENP are further combined into supercategories. Only neuropil categories with

R10% input or output from each neuron type are shown.

See also Figure S4 and Table S2.
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Figure 6. Downstream connectivity of the AHNs in the VNC and association of MsAHNs in a wing feedforward network with DNg02

(A and B) Synapse fractions of downstream partners of AHNs by neuron class in the brain in the (A) FANC and (B) MANC dataset.

(C and D) Graph plot of downstream partners of the AHNs in the (C) FANC and (D) MANC dataset. Node number indicates the number of neurons within a neuronal

category. Edge number indicates the total number of synaptic connections. Pie chart within nodes indicates the fraction of synaptic output from AHNs by cell

class. A proportionally equivalent synapse threshold of 3 for both FANC and MANC was used to threshold individual neuron connectivity in (A)–(D).

(E and F) Top 5 neuron groups receiving the largest synapse count per group from (E) MsAHNs and (F) MtAHNs in MANC. Neuron types shown are IN19B043

(group 14502), IN03B058 (group 21430), IN11B004 (group 25868), DVMn 1a-c, DLMn c-f for MsAHNs and AN02A001, DNxl080, IN17B003, IN21A004 (group

10978), IN04B002 for MtAHNs.

(G and H) Neuropil arborization of top direct downstream neuron types for (G) MsAHNs and (H) MtAHNs in MANC. Only downstream neuron groups above an

outlier threshold of synapse counts with AHNs (above the 3rd quartile plus 1.53 interquartile range) were included. Neuropil abbreviations: neck tectulum (NTct),

wing tectulum (WTct), haltere tectulum (HTct), intermediate tectulum (IntTct), lower tectulum (LTct), prothoracic leg neuropil (LegNp T1), mesothoracic leg

neuropil (LegNp T2), metathoracic leg neuropil (LegNp T3), ovoid/accessory mesothoracic neuropil (Ov), medial ventral association center (mVAC), abdominal

neuromeres (ANm). Left and right neuropils are combined, and the mVACs are further combined across all thoracic segments. Only neuropil categories

withR10% input or output from each neuron type are shown. Neuron type names are MANC annotated ‘‘type’’ and appended with morphological ‘‘group’’ (5- or

(legend continued on next page)
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inference that each AHN pair largely targets divergent down-

stream pathways.

Roughly 5% of MtAHN output in FlyWire (�10% in manual

tracings) target SNs, which consist entirely of Johnston’s organ

neurons (JONs). These sensory cells project into the AMMC

from the Johnston’s organ at the base of the antennal aristae,

which are tuned to different frequencies of acoustic and mecha-

nosensory vibrations, as well as static deflections induced by

forces such as gravity and wind.53–57 Information transduced

by the JONs is then distributed throughout diverse sensory

and motor control networks found in regions such as the SAD,

vest, wedge, and AMMC.58–63 The JONs targeted by the

MtAHNs were either JO-A or -B subtype neurons,64 which are

sensitive to acoustic stimuli, suggesting that MtAHNs play a

role in modulating acoustic responses. To further investigate

this hypothesis, we examined whether the other downstream

partners of an MtAHN receive JON input (i.e., are secondary

auditory neurons). This was carried out using manually anno-

tated synapses in CATMAID, as many JONs show signs of

degradation (dark cytoplasm and irregular neurites), which may

interfere with automated synapse predictions in FlyWire. Using

JON connectivity that was annotated during our tracing process,

or were annotated by other lab groups, we classified down-

stream targets of the MtAHNs by whether they were synaptically

connected to the JO-A or B sensory afferents. Indeed, roughly

half of MtAHN downstream connectivity originates from neurons

that are connected to JONs, and the largest set (�37% of

MtAHN downstream synapses) is downstream of JONs (Fig-

ure S4B). As connectivity of JONs are only sparsely traced, it is

likely these numbers are underestimated. However, they imply

that the MtAHNs specifically play a role in modulating or sup-

pressing acoustic processing in both primary afferents and their

downstream cells.

AHNs also have significant output in the VNC. By spanning the

brain and VNC, the AHNs innervate CNS structures that funda-

mentally differ in their functional architecture-brain circuits may

be largely constituted of higher order sensorimotor pathways,

while VNC circuits constitute lower order pathways. Thus, the

relative demographics targeted by AHN compartments may

also differ between the brain and VNC. To investigate down-

stream connectivity in the VNC, we reconstructed downstream

partners of AHNs in FANC, and retrieved downstream connectiv-

ity of AHNs in MANC. Similar to the brain, both AHN pairs pre-

dominantly target INs within the VNC (62%–78%), yet there

were more glaring differences in the remaining neuron classes

targeted by each pair in both VNC datasets (Figures 6A and

6B). A greater proportion of MsAHN output (10%–26%) was

directed toward MNs relative to the MtAHNs, whereas the

MtAHNs had relatively greater downstream connectivity with

SNs. Similar to brain connectivity, there was virtually no conver-

gence in the downstream targets between the different AHN

pairs (Figures 6C and 6D). In addition, while the output of both

cells of the MsAHN pair converged upon a large number of tar-

gets, the output of the individual MtAHNswasmore highly segre-

gated from each other. Finally, there was only moderate overlap

in the neuropil ramification of the top downstream neuron types

of either of the MsAHNs and MtAHNs; the MsAHN partners

largely occupied the wing and haltere neuropils, while the

MtAHN partners largely occupied the leg neuropils, with a

smaller subset occupying the wing and haltere neuropils

(Figures 6G and 6H). This implies that within the VNC, each of

the two AHN pairs mostly target separate populations of neurons

and affect different sensorimotor processes, where the MsAHNs

likely target wing and haltere-related networks, while the

MtAHNs likely target leg-related networks.

As with the brain, we further calculated effective connection

strength of AHNs to determine their second order targets in the

VNC. The top indirect downstream targets of AHNs in the VNC

mainly consisted of INs, with smaller numbers of other cell clas-

ses (Figure 6I). Most neuron types with strong effective connec-

tion strength with one AHN pair had weak connectivity with the

other AHN pair (Figures 6I and S5D–S5F). As with top direct tar-

gets, most top indirect targets of MsAHNs ramify the wing and

haltere neuropils (Figure S5G), while most top indirect targets

of MtAHNs ramify the leg neuropils (Figure S5H). As circuits in

the VNC are likely more directly associated with motor output

compared with the brain, we further calculated effective connec-

tion strength from AHNs specifically to all VNCMNs. Indeed, the

AHN pairs do not converge upon the same downstream 2nd or-

der MN targets (Figure 6J). While MsAHNs predominantly target

the wing MNs and have lesser connectivity with the haltere and

neck MNs, the MtAHNs’ downstream IN population predomi-

nantly targets putative leg MNs (Figure 6J). Thus overall, the 1st

and 2nd order downstream targets of the AHN pairs remain

largely segregated within the VNC, implying that each AHN

pair is involved in distinct pre-motor circuits.

MsAHNs and DNg02 integrate into a wing control circuit

Having established that the two AHN pairs integrate consider-

able common input, but target separate downstream networks,

we next sought to characterize the structure of these networks.

We began by identifying the individual neuron types that receive

6-digit number) if each type contains more than one group. Wing-tectular INs identified in (K)–(M) are named ‘‘Tect IN’’ in lieu of MANC type. Number in pa-

rentheses indicates cell count.

(I) Matrices of effective connection strength (see Figure S4C) for connectivity between each AHN pair to indirect downstream neuron types at a path length of 2 in

FAFB (FlyWire). Left, top 50 indirect downstream neuron types for the MsAHNs; right, top 50 for the MtAHNs. Neuron types with high effective connectivity with

one AHN pair generally have no or weak effective connectivity with the other. Colored side bars indicate cell class using the same colors in (A).

(J) Matrix of effective connection strength for connectivity between each AHN pair to all MN groups in MANC at a path length of 2. MN target muscle categories:

wing (pink), leg (gold), neck (green), haltere (blue), or abdominal (gray).

(K and L) The cell classes receiving the greatest amount of synaptic input from theMsAHNs were (K) a population of wing-tectular INs (shades of red) and (L) wing

power MNs (shades of blue); only a subset of wing-tectular INs and one of each wing MN type are shown for clarity.

(M) Circuit motif depicting the relationship between the DNg02s (green), DNp54s (orange), MsAHNs (light orange), wing-tectular INs (red), and wing MNs (blue).

The DNg02s and DNp54s are reciprocally connected and synapse upon the MsAHNs. The DNg02s andMsAHNs further synapse upon the wing-tectular INs and

wing MNs (MNs of the dorsal longitudinal muscles; DLMn a, b and DLMn c-f, and of the dorsal ventral muscles; DVMn 1a-c, DVMn 2a, b, and DVMn 3a, b). See

also Figure S5.
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the largest number of synapses from each AHN pair within

MANC (Figures 6E and S5C). From the MsAHN, two sets of neu-

rons received the greatest synaptic input; a population of wing-

tectular INs (Figure 6K) and wing power MNs, which innervate

the dorsal longitudinal wing depressor muscles as well as the

dorsal ventral wing levator muscles (Figure 6L). Interestingly,

the wing-tectular INs and wing MNs formed a compact network

that includes the DNg02s, DNp54s, and MsAHNs (Figure 6M). In

addition to providing common input to all AHNs, the DNg02s and

DNp54s synapse upon each other. Furthermore, the DNg02s

synapse heavily upon the wing-tectular INs, as well as the

same wing MNs targeted by the MsAHNs. Finally, the wing-tect-

ular INs synapse heavily upon the same wing MNs targeted by

theMsAHNs, thereby creating a feedforward network originating

with DNg02s, which are known to regulate wing motor con-

trol.37,39 While the role of this network has yet to be investigated,

it likely implicates the MsAHNs in a feedforward role in modu-

lating flight power output in the DNg02 circuit. In contrast to

the MsAHNs, the top downstream partners of the MtAHNs

had very little interconnectivity (Figures S5A and S5B) and

collectively consisted of a diverse set of ANs, DNs, and INs

(Figures 6E and 6F). As the MtAHNs target leg neuropils, each

of which contains local circuits dedicated to control of single

legs,38,65–67 it is likely that the lower interconnectivity between

MtAHN downstream cells at least partially reflects targeting of

these semi-independent local leg circuits. Overall, these two

AN pairs integrate extensively throughout non-overlapping sen-

sory and motor neuropils in the VNC, targeting distinct down-

stream partners, implying that they provide information about

an ongoing wing behavioral state to separate combinations of

networks.

DISCUSSION

Coordination between motor output and sensory processing is

an essential feature of locomotion, at times requiring precise in-

teractions between neuronal classes that each serve different

roles and perform different computations. Despite studies in

diverse species and sensory modalities, there remain many

open questions about the cellular and synaptic mechanisms un-

derlying CDC function. For example, a precise efference copy of

motor commands can be physiologically observed during visual

processing in Drosophila,8,68 but the cellular basis of this signal

has not yet been established. Furthermore, CDCs representing

different motor information can converge onto a given sensory

pathway,6,9,68–71 yet the combined impact of this convergence

remains unknown. Finally, a single CDC can also distribute infor-

mation to multiple sensory and/or motor neuropils,4,7 yet func-

tional consequences of this distribution to the coordination of

multiple sensorimotor processes remain unknown. The goals

of this study were to comprehensively explore the synapse-level

integration of the AHNs throughout the VNC and the brain and

determine the contexts under which they are activated. The

AHNs appear to be a common feature of insect nervous sys-

tems,16 and the putative homologs of the MsAHNs in Manduca

sexta provide a corollary discharge to the olfactory system,4

a function not conserved in Drosophila.16 Furthermore, as

ascending CD neurons are commonly found across the animal

kingdom,2,72–74 this study provides the opportunity to shed light

on how ascending CDCs integrate into multiple networks to help

coordinate sensory and motor function.

Here, we reconstructed the AHNs and their upstream and

downstream partners in EM volumes, revealing the comprehen-

sive connectivity of the AHNs at the synapse level. However, is

the connectivity of the AHNs consistent with a CDC role or the

closely related concept of efference copy? By past defini-

tions,2,75,76 corollary discharge generally refers to motor-related

signals, which are relayed to other motor or sensory circuits to

modulate sensorimotor processing, planning an execution, or

learning. Efference copy on the other hand is a specific form of

CDC, in which a circuit provides a facsimile of motor signals,

which is relayed to early sensory processing networks, often to

subtract reafferent sensory input. Circuit connectivity suggests

that the MsAHNs relay wing motor signals to visual motion pro-

cessing circuits in the brain in a corollary discharge role, while

they function in the VNC as a feedforward element in a flight cir-

cuit. By comparison, the MtAHNs integrate descending wing

motor commands and relay them to putative leg sensorimotor

networks within the VNC suggesting a corollary discharge func-

tion, and to auditory efferents and second order auditory INs in

the brain suggesting an efference copy function. However, since

Ca2+ imaging is unable to resolve the temporal structure of AHN

spiking activity, we were unable to determine whether this CDC

provides an exact efference copy of motor commands.

In contributing to CDC-related roles, the two AHN pairs likely

represent information about ongoing wing movement plans as

they receive shared excitatory input from DNs involved in flight

control, and we demonstrate that AHNs become active in

advance of and during flight, similar to Manduca.4 Flight motor

state is conveyed to several visual and visuomotor circuits in

the brain,71–81 likely by multiple parallel pathways through neu-

rons that have not been identified; this study is the first to

comprehensively document the connectivity of two related

ascending pathways that convey flight motor information from

the VNC to the brain. Indeed, the largest proportion of DN inputs

to the AHNs derive from the DNg02s, which modulate wingbeat

amplitude in response to wide-field motion during flight.37,39 In

addition to the DNg02s, the DNp54s also provide shared input

to both AHN pairs, and other DNs including DNg32, DNp08,

and DNp38, with as-yet-unknown functions provide distinct in-

puts to each AHN pair, suggesting that each AHN pair integrates

distinct sets of other motor-related signals converging frommul-

tiple brain neuropils. These other motor signals are likely related

to neck, wing and haltere motor control, or wing-leg coordina-

tion, as the axonal processes of these DNs largely target the up-

per, intermediate and lower tectula of the VNC, which are asso-

ciated with control of such behaviors.33,34,37 Furthermore, DNs

ramifying the upper tectulum tend to receive input in the poste-

rior slope of the brain, a neuropil implicated in visual processing

and navigation, while DNs ramifying the intermediate and lower

tectulum (LTct) are more diversely associated with several brain

visuomotor processing centers and the AMMC,33 suggesting

that AHNs convey information related to visual and mechano-

sensory motor responses.

In contrast to their shared upstream connectivity, each AHN

pair appears to be specialized in targeting distinct downstream

networks, as their axonal processes tile largely non-overlapping

regions in the VNC and brain, and each AHN pair contributes
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input to almost completely non-overlapping sets of neurons at

the synapse level. In both the VNC and brain, INs comprise

the bulk of downstream targets for both AHN pairs, while the

remaining downstream connections (20%–40%) show notable

differences in cell class distribution. While DNs are a smaller pro-

portion of AHN downstream targets, each AHNs pair targets

distinct sets of DNs either directly or indirectly across the brain

and VNC. These DNs themselves provide minor or no input to

the AHNs. Thus, AHN connectivity forms a ‘‘zigzag’’ motif where

descending input to the VNC is relayed back to the brain via

AHNs tomodulate other descending pathways. This connectivity

may allow AHNs to modulate motor-related signals delivered

through these descending pathways in a CDC function. The

function of these AHN downstream DNs remains to be investi-

gated. Interestingly, the MsAHNs synapse onto circuits that

are largely localized to the posterior slope, which is implicated

in sensorimotor processing of wide-field visual motion re-

sponses.47,48 A role in modulating wide-field motion processing

is particularly compatible with a role in conveying flight motor in-

formation, as the velocity of wide-field motion perceived by the

fly is expected to be far greater in flight compared with walking.

Indeed, brain-wide circuits that carry out self-motion estimation

are thought to integrate multisensory information and motor sig-

nals transmitted through CDCs.82 The high-level organization of

this system may incorporate CDCs in both higher and lower or-

der circuits with interplay between descending and ascending

pathways between the brain and nerve cord,82 of which AHNs

(in particular MsAHNs) may plausibly play a part in. While

much of the circuit architecture of circuits that process self-mo-

tion remain to be explored, the velocity tuning of the lobula plate

tangential cells which convey wide-field motion information to

the posterior slope is known to be modulated by octopamine

release during flight, although the exact octopaminergic cells

responsible have not been identified.79,83,84 MsAHNs may thus

represent a parallel channel conveying flight motor information

to the posterior slope or may be a component of the pathway

controlling octopamine release.

In addition, the MsAHNs more frequently synapse onto wing

MNs in the VNC, while the MtAHNs more frequently synapse

onto sensory afferents in the brain and VNC. This implies that

the MtAHNs may play a role in impacting lower order sensory

processing, whereas the MsAHNs may in part impact motor

output. From a network perspective, the MsAHNs are integrated

into local flight circuits downstream of DNg02 and DNp54 and

upstream of power MNs in the VNC, pointing toward a non-

CDC feedforward role in VNC wing circuits. In comparison,

MtAHN downstream circuits in the VNC have much less overlap

with their upstream circuits and are largely located in the leg neu-

ropils, suggesting a role in modulating VNC leg motor output,

although more work is required to dissect the circuit details

and function of these leg neuropil circuits in general. In the brain,

the MtAHNs target primary sensory afferents, notably the audi-

tory JO-A and -B afferents of the Johnston’s organ (5%–10%

of synapses). Interestingly, at least half of all otherMtAHN synap-

ses in the brain are directed to neurons upstream or downstream

of auditory afferents, overall suggesting that MtAHNs play a role

in tuning or filtration of auditory signals, perhaps from self-gener-

ated acoustic signals related to wing movements. This arrange-

ment has parallels to the sound-suppressing CDC of the cricket

Gryllus bimaculatus, where a single pair of ANs relays singing

motor information from the VNC mesothoracic segment to

auditory circuits in the prothoracic segment to suppress the

auditory responses of sensory afferents and second order audi-

tory neurons to self-generated courtship song.7,85,86 While the

arrangement of auditory organs fundamentally differs between

flies and crickets, the common need for addressing auditory re-

afference has resulted in the evolution of at least superficially

similar CDCs.

In summary, we identified two pairs of corollary discharge neu-

rons that span the brain and VNC of Drosophila and provide

insights into their circuit organization as well as their possible

contributions to multiple sensorimotor functions. This lays the

groundwork for future behavioral analyses of how AHNs

contribute to shaping and tuning these sensorimotor functions

including acoustic and visuomotor responses. From a wider

perspective, the AHNs are but two pairs among roughly 1,860

ANs (as surveyed in MANC), which likely function in relaying a

wealth of information back to the brain including sensory, mo-

tor/behavioral, and other internal states. Significant headway

has been made in understanding a handful of ANs, which play

a range of roles from sensory detection to adaptive motor con-

trol.68,87–96 Crucially, a broad behavioral survey and analysis of

the activity of �250 AN types suggest that most function in en-

coding and relaying information to the brain about high-level

behavioral states such as walking and grooming, rather than

low-level states such as individual limb movement.96 These

functions may be carried out by integration and processing of

multiple sources of proprioceptive or other sensory input, or by

corollary discharge from VNC motor circuits as demonstrated

by the AHNs. If the results of this survey are representative of

AN function at large in Drosophila, corollary discharge functions

may be widespread among ANs and constitute an open field for

further study.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-RFP Rockland Cat#600-401-379; RRID: AB_2209751

Chicken anti-GFP abcam Cat# ab13970; RRID: AB_300798

Rat anti-NCAD Developmental Studies

Hybridoma Bank

Cat#DN-Ex #8; RRID: AB_528121

Rabbit anti-histamine Immunostar Cat#22939; RRID: AB_572245

Rabbit anti-hemaglutinin Cell Signaling Technology Cat#3724; RRID: AB_1549585

Mouse anti-V5-Alexa 555 Bio-Rad Cat# MCA1360D550GA; RRID: AB_2687576

Rabbit anti-GABA Sigma Cat#A2052; RRID: AB_477652

Rabbit anti-serotonin Immunostar Cat#20080; RRID: AB_572263

Rabbit anti-tyrosine hydroxylase Immunostar Cat#22941; RRID: AB_572268

Mouse anti-Bruchpilot (nc82) Developmental Studies

Hybridoma Bank

Cat#nc82; RRID: AB_2314866

Donkey anti-chicken AlexaFluor 488 Jackson ImmunoResearch

Laboratories

Cat#703-545-155; RRID: AB_2340375

Donkey anti-rabbit AlexaFluor 546 Invitrogen Cat#A-10040; RRID: AB_2534016

Donkey anti-rat AlexaFluor 647 Abcam Cat#ab150155; RRID: AB_2813835

Donkey anti-mouse Dylight 649 Jackson ImmunoResearch

Laboratories

Cat#715-495-150

Experimental models: Organisms/strains

D. melanogaster: R48H10-GAL4 Jenett et al.97 BDSC #50395;

RRID: BDSC_50395

D. melanogaster: UAS-Cbeta\DT.I Han et al.24 BDSC #25039;

RRID: BDSC_25039

D. melanogaster: hsFlp;;MCFO Nern et al.25 BDSC #64085;

RRID: BDSC_64085

D. melanogaster: 40XUAS-IVS-mCD8::GFP Pfeiffer et al.98 BDSC #32195;

RRID: BDSC_32195

D. melanogaster: pJFRC59-13XLexAop2-IVS-myr::GFP Pfeiffer et al.99 Janelia Fly store; 1117286

D. melanogaster: R84G04-Gal4 Jenett et al.97 BDSC #40403;

RRID: BDSC_40403

D. melanogaster: R84G04-LexA (Chr. 3) Pfeiffer et al.98; Mobilized

derivative of RRID:

BDSC_54987

BDSC #54987;

RRID: BDSC_54987

D. melanogaster: R17F12-p65AD Dionne et al.100 BDSC #68845;

RRID: BDSC_68845

D. melanogaster: VT049652-Gal4.DBD Tirian and Dickson101 BDSC #74970;

RRID: BDSC_74970

D. melanogaster: VT025938-p65AD Tirian and Dickson101 BDSC #71314;

RRID: BDSC_71314

D. melanogaster: VT040583-GAL4.DBD Tirian and Dickson101 BDSC #71800;

RRID: BDSC_71800

D. melanogaster: UAS-DenMark, UAS-syt.eGFP Nicolaı̈ et al.32 BDSC #33065;

RRID: BDSC_33065

D. melanogaster: VT039465-p65AD;VT023750-Gal4.DBD Namiki et al.33 Janelia line SS02625; BDSC #75974;

RRID: BDSC_75974

D. melanogaster: R24A03-p65AD; R74C01-Gal4.DBD Namiki et al.33 Janelia line SS01062; BDSC #86738;

RRID: BDSC_86738

D. melanogaster: VT056359-p65AD; VT002021-Gal4.DBD This paper Janelia line SS96091; BDSC #87313;

RRID: BDSC_87313
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, AndrewM.

Dacks (andrew.dacks@mail.wvu.edu).

Materials availability

SplitGal4, Gal4, and LexA Drosophila stocks generated in this paper are available from the lead contact without restriction upon

request.

Data and code availability

d All data are available upon request from the lead contact.

d All original code used for connectomics and calcium imaging analysis has been deposited at Zenodo and is publicly available

as of the date of publication. The associated DOI is listed in the key resources table.

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

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals used in this study

All fly stocks were raised on a standard cornmeal/agar/yeast medium at 24 or 25�C on a 12:12 light/dark cycle at �60% humidity.

Flies used for calcium imaging experiments during flight were housed in mixed cultures and aged to 3-5 days old before imaging. For

optogenetic stimulation of DNg02 by CsChrimson with 2-photon Ca2+ imaging of MtAHNs, parental flies were allowed to lay eggs on

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

D. melanogaster: 10XUAS-IVS-mCD8::RFP}attP18,P{y[+t7.7]

w[+mC]=13XLexAop2-mCD8::GFP}su(Hw)attP8

Pfeiffer et al.98 BDSC #32229;

RRID: BDSC_32229

D. melanogaster: pJFRC28-10XUAS-IVS-GFP-p10 in attP2 Pfeiffer et al.99 Janelia Fly store #1116592

D. melanogaster: ChAT-Trojan-LexA Diao et al.40 BDSC #60317;

RRID: BDSC_60317

D. melanogaster: vGlut-Trojan-LexA Diao et al.40 BDSC #60314;

RRID: BDSC_60314

D. melanogaster: GAD1-Trojan-LexA Diao et al.40 BDSC #60324;

RRID: BDSC_60314

D. melanogaster: 20XUAS-IVS-Syn21-jGCaMP7f-p10

in su(Hw)attP5

Dana et al.41 BDSC #80906;

RRID: BDSC_80906

D. melanogaster: 20XUAS-IVS-Syn21-jGCaMP7f-p10

in VK00005

Dana et al.41 BDSC #79031;

RRID: BDSC_79031

D. melanogaster: 20XUAS-IVS-Syn21-jGCaMP7b-p10

in su(Hw)attP5

Dana et al.41 BDSC #80907;

RRID: BDSC_80907

D. melanogaster: 20XUAS-IVS-Syn21-jGCaMP7b-p10

in VK00005

Dana et al.41 BDSC #79029;

RRID: BDSC_79029

D. melanogaster: 13XLexAop2-IVS-Syn21-jGCaMP7f

in VK00005

Dana et al.41 BDSC #80914;

RRID: BDSC_80914

D. melanogaster: 13xLexAop2-IVS-Syn21-jGCaMP7f

in su(Hw)attP5

Dana et al.41 Janelia Fly Store #3032633

D. melanogaster: 20xUAS-CsChrimson-tdTomato

-trafficked in su(Hw)attP1

Klapoetke et al.42 Janelia Fly Store #3015695

Software and algorithms

R version 4.1.1 The R Foundation https://www.r-project.org/

Fiji ver 2.3.0/1.53f51 Schindelin et al.102 https://fiji.sc/

Scanimage version 2016 Pologruto et al.103 https://www.mbfbioscience.com/

products/scanimage/

mManager Edelstein et al.104 https://micro-manager.org/

Code for connectomics and calcium imaging analyses This paper; GitHub; Zenodo Zenodo: https://doi.org/

10.5281/zenodo.10557545
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standard cornmeal media containing 0.2 mM all-trans retinal. Newly-eclosed offspring (%1-day post-eclosion) were transferred to

cornmeal media containing 0.4 mM all-trans retinal and aged for 3-4 days before use in experiments. All fly cultures containing

all-trans retinal were shielded from light. Flies used for calcium imaging and optogenetic stimulation experiments were of mixed

sex in roughly equal numbers. The fly stocks used in this study are summarized in the key resources table and Table S1.

METHOD DETAILS

Immunohistochemistry

Intact brain and ventral nerve cords were dissected in Drosophila saline105 and fixed in 4% paraformaldehyde (PFA) at 4�C for 30 mi-

nutes, unless immunostaining for histamine in which samples were fixed in 4% 1-Ethyl-3-(3-Dimethylaminopropyl) carbodiimide in

PBS at 4�C for 2 hours before post-fixing in 4% PFA at 4�C for 30 minutes. Samples were then washed 4X in PBST (PBS with 0.5%

Triton X-100) and blocked for 1 hour in 2% BSA (in PBST and 50mM sodium azide), except when labeling for histamine in which 3%

normal goat serum (in PBST and 50mM sodium azide) was used as the blocking agent. Primary antibodies (see key resources table

for antibody details) were applied for 48 hours at 4�C with agitation. After, samples were washed 4X in PBST and blocked as

described above. Secondary antibodies were applied and incubated for 48 hours in 4�C with agitation. Samples were then washed

2X in PBST and 2X in PBS before being run through an ascending glycerol series (40%, 60% and 80%) for 10minutes each. Samples

were mounted in VectaShield. Images were analyzed with an Olympus FV1000 BX61 (Shinjuku, Tokyo, Japan) confocal, using Fluo-

view FV1000 software with a 20X UPlanSApo, 40x UPlanFL-N or 60x PlanApo-N oil-immersion objective.

Circuit reconstruction and connectomic analyses

The AHNs were reconstructed and their pre- and postsynaptic sites annotated in the Female Adult Nerve Cord (‘‘FANC’’) dataset27,28

and the Full Adult Fly Brain (‘‘FAFB’’) datasets26 using CATMAID (Collaborative Annotation Toolkit for Massive Amounts of Image

Data).43,106 We further identified the AHNs in the Male Adult Nerve Cord (‘‘MANC’’) by their morphology and connectivity.29,30 We

identified the following cells as the top AHN candidates in VNC and brain EM volumes: For MsAHNs, skeleton IDs 237078 and

402598 in FANC CATMAID (segment IDs 648518346499994886 and 648518346489573207 in FANC autosegmentation), bodyIDs

13926 and 12536 in MANC, and skeleton IDs 2455455 and 2455571 in FAFB CATMAID (segment IDs 720575940626130469 and

720575940630175276 in FlyWire); for MtAHNs, skeleton IDs 313368 and 250373 in FANC CATMAID (segment IDs

648518346488561230 and 648518346475813602 in FANC autosegmentation), bodyIDs 42819 and 11003 in MANC, and skeleton

IDs 3385431 and 17138817 in FAFB CATMAID (segment IDs 720575940614269393 and 720575940622346876 in FlyWire). Pre-

and postsynaptic partners were reconstructed either manually or using autosegmentation AI developed for FAFB107 and FANC.27

For FANC, we reconstructed all presynaptic partners of the AHNs, while postsynaptic partners were reconstructed in the autoseg-

mentation volume only for bodies with an initial synapse count ofR3 with any AHN. For FAFB, we reconstructed postsynaptic part-

ners for�50% of downstream connections of MsAHN-L and MtAHN-L, not counting orphan fragments. Reconstruction was carried

out by first connecting synapses from AHNs to prior traced neurons (by other labs), then tracing remainder downstream partners by

random sampling of postsynaptic sites connected to AHNs, until 50% of downstream connections have been traced. We further

retrieved upstream and downstream connectivity from the FlyWire public release dataset (v630) via custom R scripts. For MANC,

we retrieved upstream and downstream connectivity of AHNs from neuprint (https://neuprint.janelia.org/?dataset=manc) for the

MANC dataset (v1.2) via custom R scripts, and further filtered connectivity only with ‘valid’ neurons (has a neuron class entry in

the neuprint ‘class’ field). Traced or annotated upstream and downstream connection counts of AHNs in all 3 EM volumes are sum-

marized in Table 1. The automated synapse predictions inMANC yielded larger upstream and downstream synapse counts for AHNs

compared to manual synapse annotations in FANC, possibly due to differences in EM volume preparation and imaging, most notably

lower T-bar staining intensity in FANC as well as higher voxel resolution in the Z-plane for MANC (8x8x8 nm3) compared to FANC

(4.3x4.3x45 nm3).

Data analysis and visualization was carried out with R version 4.1.1 with the following packages: fancr (https://github.com/

flyconnectome/fancr), fafbseg108 (https://github.com/natverse/fafbseg), reticulate (https://github.com/rstudio/reticulate), google-

sheets4 (https://github.com/tidyverse/googlesheets4), neuprintr108 (https://natverse.org/neuprintr/), malevnc (https://github.com/

natverse/malevnc), nat108 and nat-nblast,31 catmaid (https://github.com/natverse/rcatmaid), igraph (https://github.com/igraph/

igraph), ggplot2 (https://github.com/tidyverse/ggplot2), plyr (https://github.com/hadley/plyr), gplots (https://github.com/cran/gplots),

viridis (https://github.com/sjmgarnier/viridis), dplyr (https://github.com/tidyverse/dplyr), tidyr (https://github.com/tidyverse/tidyr), dend-

sort,109RColorBrewer (https://cran.r-project.org/package=RColorBrewer), svglite (https://svglite.r-lib.org), elmr108 (https://github.com/

natverse/elmr).

We used NBLAST31 in two ways, first as a method to determine if neurons with similar morphologies to the 2 pairs of AHNs were

present in the FANC and MANC volumes, and second to match DN types connected to the AHNs in FANC to DNs in MANC. To find

cells with similar morphology to the AHNs inMANC, we retrieved skeletons for our top pair of MsAHN andMtAHN candidates, as well

as skeletons for all MANC neurons with soma in T2 or T3. Skeletons were rescaled to micron dimensions, small neurites less than

10 mm long were pruned to reduce spurious short-length projections resulting from skeletonization methods, and skeletons were

then registered to a symmetrized MANC template provided via the malevnc package. We carried out NBLAST via the R nat-nblast

package31 using the version 2 algorithm optimized for Drosophila neurons, for each of the two MsAHN and MtAHN candidates

against the set of MANC neurons with soma in T2 or T3, respectively. To determine the top 5 matches against the MsAHN and
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MtAHN cell types, we pooled the top hits for each pair of cells, removed redundant matches between the cell pairs and self-matches,

then took the top 5 cells rank-ordered by NBLAST score.

To determine FANC DN types, we skeletonized neuron meshes (wavefront method) for DNs upstream and downstream of AHNs

from the FANC autosegmentation volume via the skeletor python package (https://github.com/navis-org/skeletor). FANC skeletons

were registered to MANC space via a FANC-to-MANC registration provided in the Rmalevnc package. For MANCDNs, we retrieved

skeletons for all DNs from theMANC neuprint server (https://neuprint.janelia.org/). All skeletons were rescaled tomicron dimensions,

and small neurites less than 10 mm long were pruned. NBLAST between each FANC DN and the entire set of MANC DNs (plus the

FANCDN itself for normalization of NBLAST scores) was carried out with the version 2 NBLAST algorithm. The top 10 hits fromMANC

were then manually compared with the reference neuron from FANC to verify matches.

We used CATMAID or custom R code to generate synapse fraction and connectivity graph plots. To summarize connectivity by

neuron classes for all EM volumes, classes were manually annotated in FANC and FAFB (CATMAID), and were adapted from

MANC ‘class’ annotations in MANC and ‘superclass’ annotations in FAFB (FlyWire).46 For FANC, we used a synapse count threshold

of 3 as aminimum threshold for defining significant synaptic partners of AHNs. Upstream and downstream synapse count thresholds

are higher in MANC compared to FANC. Thus, to establish an equivalent threshold, we used the ratio of upstream connections pro-

vided by ‘valid’ neurons (not counting orphan fragments) for all AHNs in MANC to that of FANC, multiplied by the FANC synapse

threshold and rounded, as the MANC upstream threshold. For the MANC downstream threshold, we used the sum of AHN down-

stream synapses in FANC provided by both valid neurons and undetermined bodies for calculating this ratio, as we had selectively

reconstructed and proofread only bodies that had an initial downstream synapse count of 3 or more with AHNs. These calculations

yielded an upstream synapse count threshold of 10 and downstream synapse count threshold of 3 for MANC AHNs. To generate the

synapse distribution figures, we plotted the xy and xz coordinates of the locations of the skeleton nodes and of the input synapses of

the left AHNs from FANC (CATMAID). For further analysis, neuron types in MANC were derived from MANC ‘type’ annotations, ap-

pended with morphological ‘group’ annotations if more than one ‘group’ was within a ‘type’. For FlyWire, neuron types were consid-

ered to be assigned neuron types in FlyWiremetadata, ormorphological groups if not assigned, as defined previously.46 In addition, a

minority of neurons upstream or downstream of AHNs in FlyWire were further manually annotated with a type in this work (Table S2).

FANC neurons were not assigned types except for DNs (see next paragraph).

To summarize AHN upstream connectivity with DNs, we categorized upstream DNs above the established synapse thresholds by

their cell type, as determined by curation in MANC by the Jefferis group38 and our NBLAST of FANC DNs to MANC DNs. FANC DN

identities were further corroborated with the Jefferis group (personal communication). We defined the most significant DN inputs to

the AHNs as contributingR5%of DN input by type-to-type connectivity (that is, by sum of connectivity for all DNs of the same type to

all AHNs of the same type). DNs below this threshold were placed into the ‘‘DN (summed)’’ category for plotting of DN synapse frac-

tions and graphs.

To calculate the effective connection strength52 from the AHNs to indirect downstream targets in MANC and FlyWire, we retrieved

synapse connectivity between all valid neurons in each volume, collapsed connectivity by cell type or ‘synonym’ annotations in

MANC (grouping by anatomical origin and cell morphology for SNs), and converted synapse weights to input fractions. For each

neuron type, we calculated effective connection strength for a path length of 2 (one synaptic hop) downstream of AHNs. That is,

for each possible intermediary neuron, the input fraction contributed by AHNs to this neuron ismultiplied by the input fraction contrib-

uted by the neuron to the indirect downstream target; the effective connection strength of an AHN to the indirect downstream target is

the sum of these multiplied numbers for all intermediary neurons. These calculations were carried out by matrix multiplication of ad-

jacency matrices of input fractions. For the VNC, paths through DNs or SNs were not considered, as they either receive input outside

the VNC or are driven by non-neuronal inputs. Similarly, for the brain, paths through ANs and SNs were not considered.

For ROI input and output of AHN downstream partners in MANC and FlyWire, we retrieved ROI presynaptic and postsynaptic site

counts for these partners, combined counts for left and right neuropils and normalized them by their totals for each neuron type. For

FlyWire, neuropils were further combined into supercategories as defined previously.110 For MNs, we set their presynaptic site count

to zero, as manual examination in the EM volume suggested that most predicted sites for these MNs are false positives.

Ca2+ imaging

Imaging of flies was carried out on a custom-built two-photon/epifluorescence microscope. No methods of sample size estimation

were used prior to carrying out these calcium imaging experiments. To image AHN somas during flight, we cold anesthetized flies,

removed legs and mounted flies ventral side up on custom-made fly holders111 with Loctite AA 3972 (Part# 36294) light-activated

glue. We dissected through the ventral side of the thorax in external saline (103 mM NaCl, 3 mM KCl, 5 mM TES, 8 mM treha-

lose-2H2O, 10 mM glucose, 26 mM NaHCO3, 1 mM NaH2PO4, 1.5 mM CaCl2-2H2O, 4 mM MgCl2, 270-275 mOsm)112 saturated

with carbogen (95% O2/5% CO2). We used epifluorescence imaging to measure Ca2+ activity of AHNs during flight, as thoracic vi-

brations caused by flight affected capture of the optically-sectioned 2-photon image stacks. Epifluorescence imaging of AHN somata

was carried out through a Nikon CFI75 LWD 16X W objective with a pco.edge 5.5 monochrome camera (pco.) at 20 Hz using mMan-

ager software,104with excitation by a 470 nmLED source, and a filter set consisting of a 495 nmdichroic beamsplitter (Semrock), 447/

60 nm excitation (Semrock) and 525/80 nm emission filter (MidOpt). The behavior of the fly was simultaneously monitored with a

Blackfly S BFS-U3-04S2M-CS monochrome camera (FLIR) imaging a lateral view of the fly at 100 Hz with a 845/60 nm bandpass

filter (MidOpt) under near-IR illumination. Imaging was initiated in both the Ca2+ and behavioral cameras using a simultaneous start

signal. To induce flight, an airpuff was delivered to the head �10 seconds into the imaging period, and flies were imaged for an
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additional 20 seconds. Flight trials were carried out 3 times per fly. Six to nine flies which flew robustly for all 3 trials were used for

further analysis.

To carry out high-speed Ca2+ imaging in MsAHNs to determine timing of Ca2+ rise relative to flight initiation, epifluorescence was

carried out using the same method outlined in the prior paragraph, except with the Ca2+ imaging camera carrying out imaging at

100 Hz, and frame-wise synchronization with the behavioral imaging camera was carried out by triggering frame capture in the

behavioral imaging camera using the Ca2+ imaging camera’s GPIO strobe output. Nine flies which flew robustly for all 3 trials

were used for further analysis.

For imaging of DNg02 dendrites during flight, we head-fixed flies and dissected through the posterior surface of the head. Two-

photon imaging was carried out with a 920 nm Insight DS+ pulsed laser (MKS Instruments) at 7-8.5 mW power, with emission de-

tected through a Nikon CFI75 LWD 16X W objective by a photomultiplier tube (Hamamatsu H10770PB-40-SEL) through a 503/

40 nm dichroic filter (Semrock). Volume imaging was carried out at a rate of 14.14 Hz (10 z-slices with 5 mm increments). Microscope

control and image capture was controlled through Scanimage software version 2016.103 Induction of flight and monitoring of fly

behavior was carried out as for imaging of AHN somata. Flight trials were carried out 3 times per fly. Six flies which flew robustly

for all 3 trials were used for further analysis.

For imaging of MtAHNs with optogenetic stimulation of DNg02s, flies were mounted ventral side up and dissected through the

ventral thorax as for imaging of AHN soma. Two-photon imaging was carried out for MtAHN soma as for imaging of DNg02 dendrites

above. To carry out optogenetic stimulation of DNg02s, red light from a 660 nmLED source filtered through a 661/20 nmdichroic filter

(Semrock) was presented for one second through the objective. Optogenetic stimulation was carried out 3 times per fly. Six flies per

experimental condition were tested.

QUANTIFICATION AND STATISTICAL ANALYSIS

Image analysis for AHNs and DNg02s was carried out in Fiji ver 2.3.0/1.53f51.102 Image stacks acquired using 2-photon microscopy

were first flattened via sum slices projection. For AHN flight experiments, motion in the VNC was observed during flight, which we

corrected using a rigid motion correction method implemented in the moco ImageJ plugin.113 This method could correct for motion

artifacts within the plane of focus but not for those in the Z-axis. ROIs were then manually drawn around the AHN somas or DNg02

dendrites, as well as in an empty area of the neuropil around the soma for background subtraction, and the signal intensity within

these ROIs were measured across time. Flight initiation was manually annotated in behavioral capture videos as the first frame of

visible wing spreading. Further data processing and figure generation was carried out in MATLAB ver 2019b. Baseline fluorescence

wasmeasured in the 5-second period before flight induction and used to normalize fluorescence intensity changes across each Ca2+

trace. If more than one soma was observable per fly, quantification and plotting was carried out separately for each soma.

To analyze timing of Ca2+ rise relative to timing of flight initiation in high-speed Ca2+ imaging of MsAHNs, processing of image

stacks and flight initiation annotation was carried out as above. Further analyses were carried out in R with the ggplot2, signal

(https://r-forge.r-project.org/projects/signal) and exactRankTests (https://cran.r-project.org/package=exactRankTests) packages.

Fluorescence was normalized by the baseline in the period 0.5 to 5 seconds before flight initiation. To determine the Ca2+ rise timing,

Ca2+ traces were low-pass filtered with a Butterworth filter (4th order, 5 Hz cutoff), and a 1s window around the flight initiation timing

was searched to find all inflection points in the slope of the Ca2+ trace (sign change in the third differential). The inflection point that

had the largest value of the second differential of the Ca2+ trace was considered to be the Ca2+ rise timing. However, some Ca2+

traces showmomentary Z-motion artifacts from airpuff delivery. If the inflection point was within a region with negative dF/F, the first

point of positive dF/F in the low-pass filtered trace following the inflection point was considered the start of the Ca2+ rise. The per-fly

mean of the difference of Ca2+ rise timing and flight initiation timing was calculated, and the one-sample Wilcoxon signed rank test

was used to determine if per-fly means were significantly below zero (a = 0.05). This nonparametric test was used as normality could

not clearly be determined for the given sample size (9 flies).

Information about sample sizes are found within the figure legends for calcium imaging quantification.
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