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SUMMARY
Neural circuit function underlies cognition, sensation, and behavior. Proper circuit assembly depends on the
identity of the neurons in the circuit (gene expression, morphology, synapse targeting, and biophysical prop-
erties). Neuronal identity is established by spatial and temporal patterning mechanisms, but little is known
about how these mechanisms drive circuit formation in postmitotic neurons. Temporal patterning involves
the sequential expression of transcription factors (TFs) in neural progenitors to diversify neuronal identity,
in part through the initial expression of homeodomain TF combinations. Here, we address the role of the
Drosophila temporal TF Hunchback and the homeodomain TF Bicoid in the assembly of the Pair1
(SEZ_DN1) descending neuron locomotor circuit, which promotes larval pausing and head casting. We
find that both Hunchback and Bicoid are expressed in larval Pair1 neurons, Hunchback activates Bicoid in
Pair1 (opposite of their embryonic relationship), and the loss of Hunchback function or Bicoid function
from Pair1 leads to ectopic presynapse numbers in Pair1 axons and an increase in Pair1-induced pausing
behavior. These phenotypes are highly specific, as the loss of Bicoid or Hunchback has no effect on Pair1
neurotransmitter identity, dendrite morphology, or axonal morphology. Importantly, the loss of Hunchback
or Bicoid in Pair1 leads to the addition of new circuit partners that may underlie the exaggerated locomotor
pausing behavior. These data are the first to show a role for Bicoid outside of embryonic patterning and the
first to demonstrate a cell-autonomous role for Hunchback and Bicoid in interneuron synapse targeting and
locomotor behavior.
INTRODUCTION

Neural circuit formation underlies the generation of behavior, and

aberrant neural circuit development has been associated with

many neural disorders, such as autism and attention deficit hy-

peractivity disorder.1 It is widely accepted that circuit formation

requires the assembly of precise interconnectivity between

diverse neuron subtypes. Although the mechanisms for gener-

ating molecularly and morphologically distinct neurons are well

studied (see below), little is known about how these develop-

mental mechanisms regulate ‘‘higher-order’’ neuronal properties

suchaspre- andpost-synapsenumbers or circuit partner choice.

InDrosophila, neuronal identity is specified by the combination

of spatial and temporal transcription factors (TFs) acting on

neuronal stemcells (neuroblasts inDrosophila). Spatial patterning

creates molecularly distinct neuroblasts,2 followed by each

neuroblast sequentially expressing a series of temporal TFs:

Hunchback > Kruppel > Pdm (FlyBase: Nubbin/Pdm-2) > Castor,

which diversify neurons within each neuroblast lineage.3 Tempo-

ral TFs are known to specify axon and dendrite morphology

and targeting4–8 as well as behavior.6 For example, in neuroblast

7-1, the best characterized lineage in the embryo, the zinc-finger

temporal TF Hunchback promotes expression of the
2430 Current Biology 32, 2430–2441, June 6, 2022 ª 2022 Elsevier In
homeodomain TF even-skipped that is required for proper motor

neuron morphology and connectivity9–12; and the combination of

Kruppel and Pdm temporal TFs promotes expression of the

homeodomain TF Nkx6 (FlyBase: HGTX) that is required for

proper ventral projecting motor neuronmorphology and connec-

tivity.4,13 In both cases, transient temporal TF expression acti-

vates a homeodomain TF that persists in the postmitotic neuron

to determine neuron morphology and neuromuscular connectiv-

ity. Similarly, work from the Hobert lab in C. elegans supports a

model in which each of the 302 neurons is specified by a unique

combination of homeodomain TFs.14 Overall, fromworms to flies

tomammals, temporal TFs activate homeodomain TFs to specify

molecular and morphological neuronal identity.15–18

Although homeodomain TFs are well known to specify

these early aspects of motor neuron identity,15–17 their role in

specifying later aspects of neuronal identity such as synapse

number, position, and connectivity remains poorly understood.

To address this question, we utilized the Pair1 (SEZ_DN1)

locomotor circuit inDrosophila. Pair1 is a GABAergic interneuron

with ipsilateral dendrites and contralateral descending axonal

projections.19–21 The moonwalker descending neurons (MDN)

provide inputs to Pair1, and Pair1 sends outputs to A27h neurons

in the ventral nerve cord (VNC).19–22 When optogenetically
c.
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Figure 1. Hunchback activates Bicoid expression in larval Pair1 neurons

(A) Percent of Pair1 neurons expressing Hunchback (Hb, left column, blue), Kruppel (Kr, gray, middle left column), Castor (Cas, gray, middle right column), and

Grainy head (Grh, gray, right column) via immunostaining. n = 12–15, reported for each protein.

(B) Time course of Hunchback (Hb) expression in Pair1 neurons. Pair1 neurons (GFP; left column), Hb antibody (middle column), and merge (right

column) at indicated time points after larval hatching (ALH). Yellow-dashed circles indicate Pair1 cell body. Scale bar, 5mm.Genotype: +;UAS-myr::GFP; R75C02-

Gal4.

(C) Hb RNAi decreases Hb protein levels. Expression of Hunchback (Hb) in third instar larvae expressing pan-neuronal luciferase RNAi (control) or Hb RNAi.

Genotypes: +; Elav-Gal4/+; UAS-Luc RNAi/+ and +; Elav-Gal4/+; UAS-Hb RNAi/+. Scale bars, 50mm.

(D–F) Time course of Bicoid (Bcd) expression in Pair1 neurons at indicated time points ALH. (D) Pair1 neurons (GFP, left column) expressing Bcd detected by a rat

antibody (middle column). (E) Pair1 neurons (GFP, left column) expressing Bcd detected by a guinea pig antibody (middle column). (F) Pair1 neurons (GFP, left

column) expressing a Bcd:FLAG fusion protein (middle column) detected by a FLAG antibody. Genotypes: (D and E) +;UAS-myr::GFP; R75C02-Gal4; (F) +;UAS-

myr::GFP/Bicoid-GFP.FPTB; R75C02-Gal4. The Bcd:FLAG also has a GFP tag that was not detectable in our stains. Yellow-dashed circles indicate Pair1 cell

body. Scale bars, 5mm.

(G) Expression of Bcd:FLAG in third instar larvae expressing pan-neuronal luciferase RNAi (control) or Bcd RNAi. Genotypes: +; Bcd-GFP.FPTB/Elav-Gal4; UAS-

Luc RNAi/+ and +; Bcd-GFP.FPTB/Elav-Gal4; UAS-Bcd RNAi #1/+. Scale bars, 50mm.

(H) Hb RNAi reduces Bcd protein levels but Bcd RNAi does not alter Hb protein levels. Top: control luc RNAi; middle Bcd RNAi; and bottom Hb RNAi. Each shown

at 24 h ALH and stained for the indicated proteins. Yellow-dashed circles indicate Pair1 cell body. Scale bars, 5 mm. Genotypes: +;UAS-myr::GFP/+; R75C02-

Gal4/ UAS-Luc RNAi and +;UAS-myr::GFP/+; R75C02-Gal4/ UAS-Bicoid RNAi #2 and +;UAS-myr::GFP/+; and R75C02-Gal4/ UAS-Hb RNAi.

(legend continued on next page)
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activated, the Pair1 neurons induce a pause in forward locomo-

tion and increase in head casting, in part by inhibiting the A27h

neurons, which drive forward locomotion.19–21 Importantly, we

previously reported that the temporal TF Hunchback and the

homeodomain TF Bicoid are expressed in Pair1 neurons

throughout life,19 providing candidates to study the transcrip-

tional regulation of Pair1 neuronal identity and connectivity.

Hunchback is the first temporal TF to be expressed in the

Drosophila embryo and acts transiently to generate early born

neurons.3 In the embryonic CNS, Hunchback is not required to

maintain neuronal identity,23 although it is required to maintain

proper dendrite morphology of the mAL interneuron in adult

males.24 Bicoid is a homeodomain TF; however, its expression

and function outside the early embryo had not been reported

until our recent work.19 Bicoid is well known to form an ante-

rior-posterior morphogen gradient that directly activates

hunchback25 to properly pattern the anterior-posterior body

axis.26 Although the role of Hunchback in temporal patterning

is conserved in mammals,27 Bicoid is found only in higher

dipteran insects, making it an interesting contributor to insect

evolution.28,29 Here, we test the model that the temporal TF

Hunchback activates the homeodomain TF Bicoid (opposite of

their early embryo relationship) and whether Hunchback and

Bicoid play a role in Pair1 neurotransmitter expression, neuron

morphology, synapse number, circuit function, and behavior.

Our data support the emerging model that temporal TFs drive

expression of homeodomain TFs that maintain distinct aspects

of neuronal identity including synapse number/position,

connectivity, and behavior.

RESULTS

Hunchback is expressed in Pair1 neurons throughout
development
Hunchback is an early temporal TF expressed in the embryonic

VNCand the brain.3 To determine if Pair1 neurons are born during

the Hunchback temporal TF window, we labeled Pair1 with GFP

using the Pair1-gal4 line19–21 and asked whether Pair1 neurons

are expressed together with each of the embryonic temporal

TFs in newly hatched larvae (0–4 h after larval hatching [ALH]).

Pair1 neurons expressed Hunchback and none of the other

temporal TFs (Figure 1A).We previously showed that Hunchback

was expressed in Pair1 neurons in the adult brain,19 and here, we

extend these findings to show thatPair1 expressesHunchbackat

all larval stages tested (6, 24, and76ALH; Figure 1B). Importantly,

to demonstrate that the Hunchback RNAi works, pan-neuronal

and Pair1-specific expressions of the Hunchback RNAi

decreased Hunchback levels (Figures 1C and 1H). We conclude

that Pair1 is born during the Hunchback temporal window and

maintains Hunchback expression into adulthood.
(I) Quantification of Hb (blue) and Bcd (purple) protein expression within the Pair1

of the cell body reported. 24 h ALH statistics: two-way ANOVA: genotype, F(2,

30) = 15.90, p < 0.0001; Bonferroni’s multiple comparisons between genotypes

RNAi, p > 0.9999; Bicoid, cont versus Hb RNAi, p < 0.0001, cont versus Bicoid RN

F(2, 30) = 38.49, p < 0.001; protein, F(1, 30) = 42.78, p < 0.0001; interaction, F(2, 30

each protein: Hb, cont versus Hb RNAi, p < 0.0001, cont versus Bicoid RNAi, p

p < 0.0001; n = 6 animals.

(J) Schematic showing opposite Bcd/Hb genetic interactions in early embryo (to
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Bicoid is expressed in Pair1 neurons throughout
development
We previously showed that Bicoid was expressed in Pair1

neurons in the late larval and adult brain,19 but its expression

at multiple larval stages has not been reported. We employed

two complimentary strategies to assay for Bicoid expression in

Pair1 neurons. For both approaches, we labeled Pair1 neurons

with GFP. In the first method, we used two different antibodies

against the Bicoid protein and found that Bicoid is expressed

in the Pair1 nucleus and cytoplasmic puncta at 6, 24, and 76 h

ALH (Figures 1D and 1E). Importantly, both nuclear and puncta

antibody staining was abolished by Bicoid RNAi (Figure 1H). In

the second method, we imaged an FLAG-tagged endogenously

expressed Bicoid protein (Bcd-GFP.FPTB) and found that it is

localized to cytoplasmic puncta in Pair1 neurons at 6, 24, and

76 h ALH (Figure 1F). Importantly, to demonstrate that the Bicoid

RNAi works, pan-neuronal expression of the Bicoid RNAi

decreased the expression of the FLAG-tagged Bicoid protein

(Figure 1G).

For each Bicoid antibody and the epitope-tagged protein, we

observed cytoplasmic puncta, which might be liquid-liquid phase

separation30 (LLPS; see discussion). Our results here, taken

together with our previous results, show that Bicoid is maintained

in the Pair1 neurons from larval development to adulthood,

consistent with a model in which the homeodomain Bicoid TF

acts to maintain some or all aspects of Pair1 neuronal identity.

Hunchback activates Bicoid expression in Pair1 neurons
Bicoid activates Hunchback in the embryonic blastoderm.26

Here, we ask whether Bicoid activates Hunchback in the Pair1

neurons. We labeled Pair1 neurons with GFP and visualized

Hunchback and Bicoid expression by antibody staining. In

control animals expressing luciferase RNAi in Pair1, both

Hunchback and Bicoid show normal expression (Figure 1H

‘‘control RNAi,’’ quantified in Figure 1I). In contrast, when the

Bicoid RNAi transgene was expressed in Pair1 neurons, Bicoid

expression was significantly reduced in Pair1, but surprisingly,

Hunchback expression was unchanged (Figure 1H ‘‘Bcd

RNAi,’’ quantified in Figure 1I). Thus, Bicoid does not activate

Hunchback in Pair1.

Next, we tested the converse regulatory relationship: does

Hunchback activate Bicoid in Pair1 neurons? We expressed

Hunchback RNAi in Pair1 and observed both Hunchback and

Bicoid levels were significantly decreased (Figure 1H ‘‘Hb

RNAi,’’ quantified in Figure 1I). We saw similar results at 24

and 74 h ALH; Figure 1I). Importantly, there are Hunchback bind-

ing sites on both the 50 and 30 ends of the bicoid locus,31,32

consistent with direct transcriptional expression of bicoid by

Hb. In addition, we found that pan-neuronal Hunchback

knockdown did not appreciably change the number of Bicoid+
cell body at indicated time points ALH. Arbitrary units (AU) normalized to area

30) = 48.31, p < 0.001; protein, F(1, 30) = 86.69, p < 0.0001; interaction, F(2,

for each protein: Hb, cont versus Hb RNAi, p < 0.0001, cont versus Bicoid

Ai, p < 0.0001; n = 6 animals. 74 h ALH statistics: two-way ANOVA: genotype,

) = 13.73, p < 0.0001; Bonferroni’s multiple comparisons between genotypes for

= 0.9029; Bicoid, cont versus Hb RNAi, p < 0.0001, cont versus Bicoid RNAi,

p) and neurons (bottom). Hunchback (Hb, green) and Bicoid (Bcd, red).



Figure 2. Hunchback and Bicoid regulate synapse number but not neurotransmitter identity, dendrite morphology, or axon morphology in

Pair1 neurons
(A) Morphology of Pair1 neurons. TEM volume reconstruction (left) comparedwith GFP expression via Pair1-Gal4 (right). Dendrites and axons labeled. Scale bars,

10 mm. Genotype: +; UAS-myr::GFP; R75C02-Gal4.

(legend continued on next page)
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neurons, suggesting that Hunchback activation of Bicoid in the

Pair1 neurons is highly specific (Figure S1). We conclude that

Hunchback activates Bicoid expression in Pair1 neurons, the

opposite regulatory relationship as seen in the blastoderm

(Figure 1G).

Hunchback and Bicoid are not required for Pair1
neurotransmitter identity or axon morphology
Here, we test the role of Hunchback and Bicoid in establishing or

maintaining neurotransmitter identity and neuron morphology in

Pair1 neurons. Pair1 expresses the neurotransmitter GABA, has

ipsilateral dendrites, and sends contralateral axons posteriorly

down the entirety of the larval VNC (Figure 2A). We knocked

down Hunchback and Bicoid individually in Pair1 using validated

Hunchback and Bicoid RNAi transgenes (Figure 1) and screened

for GABA expression, dendrite morphology, and axon

morphology at 76 h ALH. The Pair1-Gal4 driver does not label

any additional neurons at 76 h, making it an ideal time point for

this analysis. We first confirmed that Pair1 expresses the neuro-

transmitter GABA and not the neurotransmitters glutamate and

acetylcholine (Figure 2B). We found that loss of Hunchback

and Bicoid in the Pair1 neuron had no detectable effect on

GABA levels in Pair1 (Figure 2B). Although unlikely, we cannot

rule out that Hunchback and Bicoid knockdown in Pair1 results

in expression of a novel neurotransmitter. Next, we assessed

dendrite morphology by measuring total dendrite length and

the number of dendrite branch points using Imaris image anal-

ysis software (Figure 2C, ‘‘Filament’’). Compared with controls,

when Hunchback was knocked down, dendrite morphology

was not changed (Figures 2C0 and 2D). Similarly, when Bicoid

was knocked down, dendrite morphology was also not changed

(Figures 2C00 and 2E). Lastly, we assessed axon morphology by

measuring axon length and volume using Imaris (Figure 2F,

‘‘Surface’’). Compared with control, when Hunchback was

knocked down axon length and volume was not changed

(Figures 2F0 and 2H). Similarly, when Bicoid was knocked
(B) Neurotransmitter expression in Pair1 neurons. Expression of GABA (left colum

expression in Hunchback (Hb) knockdown animals (B0) and Bicoid (Bcd) knockdo

R75C02-Gal4/ UAS-Luc RNAi and +; UAS-myr::GFP; R75C02-Gal4/ UAS-Hb RN

(C) Dendrite morphology in animals expressing luciferase RNAi (Control, C), Hun

column) and reconstructed dendrites (filaments, right column). Scale bars, 20 mm

(D) Total dendrite length in control (black) and Hb RNAi (blue). Statistics: t test, p =

and Hb RNAi (blue). Statistics: t test, p = 0.72, n = 8–9 animals.

(E) Total dendrite length in control (black) and Bcd RNAi (purple). Statistics: t test,

and Bcd RNAi (purple). Statistics: t test, p = 0.09, n = 9 animals.

(F) Pair1 axons in animals expressing luciferase RNAi (Control, F), Hunchback

presynaptic marker Bruchpilot (Brp, middle column) and reconstructed axons (su

column). Scale bars, 15 mm.

(G) Loss of Bcd or Hb results in ectopic presynaptic puncta at each GFP protrusio

RNAi control, (G0) Hb RNAi, or Bcd RNAi (G00) Scale bars, 2 mm.

(H) Axon length in control (black) and Hb RNAi (blue). Statistics: t test, p = 0.1312, n

test, p = 0.4153, n = 8 animals.

(I) Axon length in control (black) and Bcd RNAi (purple) Statistics: t test, p = 0.11, n

t test, p = 0.14, n = 8–9 animals.

(J) Number of synapses normalized to axon length in control (black) and Hb RN

normalized to axon volume in controls (black) and Hb RNAi (blue). Statistics: t te

(K) Number of synapses normalized to axon length in control (black) and Bcd RNA

normalized to axon volume in control (black) and Bcd RNAi (purple). Statistics: t

(C–K) Genotypes: LexAop-myr::GFP; R75C02-LexA, LexAop-brp-Sh::mCherry/+;

brp-Sh::mCherry/+; R75C02-Gal4/ UAS-Hb RNAi and LexAop-myr::GFP; R75C0

See also Figure S2
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down, axon morphology was also not changed (Figures 2F00

and 2I). We conclude that reduction in both Hunchback and

Bicoid has no effect on Pair1 GABA expression, dendrite

morphology or axon morphology.

Hunchback and Bicoid are required for limiting Pair1
synapse number and position
Next, we assayed Hunchback and Bicoid RNAi knockdown for

changes in synapse number and position. We expressed the

well-characterized nonfunctional presynaptic tag Bruchpilot-

Short (Brp)33,34 in Pair1 and quantified Brp+ presynaptic puncta

along the Pair1 axons, using Imaris to quantify synapse number

(Figures 2F, 2J, and 2K). To quantify Pair1 synapse number, we

normalized the number of synapses to the axon length and

volume. We found that compared with controls, Hunchback

knockdown led to a significant increase in presynapse number

(Figures 2F0 and 2J). Similarly, Bicoid knockdown significantly

increased presynapse number compared with control

(Figures 2F00 and 2K). We also confirmed this result using an in-

dependent Bicoid RNAi transgene (Figure S2). Interestingly, the

number of presynapses per axonal bouton appears increased

when Hunchback and Bicoid was knocked down (Figure 2G),

and the ectopic presynapses were preferentially localized to

the thoracic region of the Pair1 neuron (Figures 2F and S2). We

conclude that Hunchback and Bicoid are required to maintain

Pair1 synapse number by preventing the formation of presynap-

ses in the thoracic region of the Pair1 neuron. Note that both

Hunchback and Bicoid knockdown are performed constitutively

beginning in the embryo, so we cannot make any conclusion

about when during development that Hunchback and Bicoid

act to regulate synapse number.

Hunchback and Bicoid act in postmitotic Pair1 neurons
to regulate synapse number
To date, Hunchback and Bicoid functions have been primarily

investigated in the developing embryo.10,26,35 To investigate a
n), vGlut (middle column), and ChAT (right column) in Pair1 neurons (B). GABA

wn animals (B00) at 74 h ALH. Scale bars, 5 mm. Genotypes: +; UAS-myr::GFP;

Ai and +; UAS-myr::GFP; R75C02-Gal4/ UAS-Bicoid RNAi.

chback (Hb) RNAi (C0) and Bicoid (Bcd) RNAi (C00). Pair1 dendrites (GFP, left

.

0.46, n = 8–9 animals. (D0 ) Number of dendrite branch points in control (black)

p = 0.21, n = 9 animals. (E0) Number of dendrite branch points in control (black)

(Hb) RNAi (F0) and Bicoid (Bcd) RNAi (F00). Pair1 axons (GFP, left column),

rface, magenta, right column) and reconstructed synapses (spots, green, right

n (bouton). Pair1 presynaptic puncta at a representative bouton in (G) luciferase

= 8 animals. (H0) Axon volume in control (black) and Hb RNAi (blue). Statistics: t

= 9 animals. (I0) Axon volume in control (black) and Bcd RNAi (purple). Statistics:

Ai (blue). Statistics: t test, p = 0.009, n = 8 animals. (J0) Number of synapses

st, p = 0.0117, n = 8 animals.

i (purple). Statistics: t test, p < 0.0001, n = 9 animals. (K0 ) Number of synapses

test, p < 0.0001, n = 8–9 animals.

R75C02-Gal4/ UAS-Luc RNAi and LexAop-myr::GFP; R75C02-LexA, LexAop-

2-LexA, LexAop-brp-Sh::mCherry/+; R75C02-Gal4/ UAS-Bcd RNAi.



Figure 3. Hunchback and Bicoid function in postmitotic Pair1 neurons to limit synapse number

(A) Schematic of the experimental design; see text for details.

(B) Pair1 synapse numbers after luciferase RNAi (control, B), Hb RNAi (B0), or Bcd RNAi (B00). Pair1 axons (GFP, left column), reconstructed axons (surface,

magenta) and synapses (spots, green). Scale bars, 20 mm.

(legend continued on next page)
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novel role for Hunchback and Bicoid in postmitotic neurons, we

utilized ubiquitously expressed temperature-sensitive Gal80

(tubulin-Gal80ts) to knockdown Hunchback and Bicoid at em-

bryo stage 16, when Pair1 neurons are postmitotic. To accom-

plish this, we reared animals with the Pair1-Gal4, Gal80ts, and

Hunchback RNAi transgenes at 18�C; at this temperature, the

Gal80ts protein is in an active conformation and inhibits Gal4

activation of the RNAi transgene. At embryonic stage 16, the an-

imals were switched to 30�C; at this temperature, the Gal80ts

protein is in an inactive conformation allowing the Gal4 to drive

expression of the RNAi transgene36 (Figure 3A). At 76 h, ALH

we assayed Pair1 axonal volume, length, and synapse density

as described previously. When Hunchback and Bicoid were indi-

vidually knocked down in postmitotic Pair1 neurons, axon vol-

ume and length was not altered compared with

control (Figures 3C and 3D), similar to constitutive Hunchback

and Bicoid knockdown (Figure 2). However, Pair1 neuron

synapse number was significantly increased when Hunchback

and Bicoid were individually knocked down in postmitotic

Pair1 neurons (Figures 3E and 3F). This indicates that

Hunchback and Bicoid are required in postmitotic neurons to

limit synapse number. This result is also the first example of

the temporal TF Hunchback having a function in postmitotic

axons, and the first example that the homeodomain TF Bicoid

has a role beyond the early embryo.

Hunchback regulates Pair1 connectivity
The Pair1 neurons inhibit their direct downstream partners,

A27h, to block forward locomotion.20 Pair1 neurons are also

synaptic partners with other neurons in the brain, such as

DN_mx neurons.20 Since Hunchback and Bicoid are required

in Pair1 neurons to limit synapse number, we wanted to deter-

mine whether the disruptions in circuit function were due to

either an increase in synapses within their normal partners or

addition of synapses from novel partners. We used trans-Tango

to label direct partners downstream of Pair1 with an HA epitope

tag.37 Specifically, trans-Tango utilizes an artificial signaling

pathway that is expressed in all neurons but only activated in

downstream neuronal partners of Pair1 (Figure 4A). We

expressed the trans-Tango transgene pan-neuronally and

Hunchback RNAi transgene in Pair1 neurons, counted the num-

ber of HA+ cell bodies labeled in the central brain and VNC, and

compared these results with controls with normal Hunchback

levels. To quantify synapse number in both the VNC (where

Pair1-A27h cell bodies are located, Figure 4B) and the central

brain lobes (where Pair1-DN_mx cell bodies are located; Fig-

ure 4B), we labeled the subesophageal zone with the Sex combs

reduced (Scr) antibody38 and counted cell body number above

and below the most posterior boundary of the Scr domain
(C) Pair1 axon volume in control (black) and Hb RNAi (blue) animals. Statistics: t te

(blue) animals. Statistics: t test, p = 0.3115, n = 8–12 animals.

(D) Pair1 axon volume in control (black) and Bcd RNAi (purple) animals. Statistics

RNAi (purple) animals. Statistics: t test, p = 0.9914, n = 6–8 animals.

(E) Pair1 synapse numbers normalized to axon volume in control (black) or Hb RN

synapses normalized to axon length in control (black) or Hb RNAi (blue) animals.

(F) Number of synapses normalized to axon volume in control (black) and Bcd RN

synapses normalized to axon length in control (black) and Bcd RNAi (blue) animal

R75C02-LexA, LexAop-brp-Sh::mCherry/tub-Gal80ts; R75C02-Gal4/ UAS-Luc

Gal80ts; R75C02-Gal4/ UAS-Hb RNAi and LexAop-myr::GFP; R75C02-LexA, Le

2436 Current Biology 32, 2430–2441, June 6, 2022
(Figures 4C and 4D [dashed line]). Furthermore, all experiments

were conducted at 78 h ALH when the Pair1 Gal4 driver did

not have off-target expression.

Next, we wanted to test the role of Hunchback and Bicoid in

establishing or maintaining postsynaptic partner number using

trans-Tango. Expressing Bicoid RNAi and trans-Tango led to

lethality that precluded assaying synaptic partner numbers.

However, combining Hunchback RNAi and trans-Tango allowed

development to the late larval stages necessary for this experi-

ment. Interestingly, we found that knocking down Hunchback

in Pair1 neurons significantly increased the number of neurons

labeled by the trans-Tango transgene in the VNC (Figures 4C–

4F and quantified in Figure 4G), indicating that specifically in

the VNC Pair1 neurons are forming synaptic connections with

novel partners. Additionally, knocking down Hunchback had

no change on the number of neurons labeled in the central brain

(Figure 4G0), indicating that Pair1 is not forming connections with

novel neurons in the central brain. These result show that new

neurons are connecting to Pair1 in the VNC, although we cannot

rule out the possibility that there are also more Pair1-A27h

synapses or differences in synaptic strength. We conclude that

Hunchback is required for proper Pair1 connectivity in the VNC

(Figure 4H).

Hunchback and Bicoid are required in Pair1 for normal
locomotion
It is well characterized that when the Pair1 neuron is optogeneti-

cally activated the larvae pause and perform head casts.19–21

Here, we knocked down Hunchback and Bicoid individually in

Pair1 neurons and assayed locomotion and head casting before,

during, and after activation of Pair1 by the red-light-gated cation

channel CsChrimson.20 We observed no differences in the

speeds of control or Hunchback knockdown larvae before the

red-light stimulus was presented (‘‘Baseline’’ speed, Figure 5A).

However, upon Pair1 activation, the Hunchback knockdown

larvae showed faster pausing, measured by a significantly

steeper negative slope (Figure 5B). We observed that control an-

imals quickly increase their speeds after the initial pause during

red-light exposure, whereas the Hunchback knockdown animals

remained slow. To quantify this, we normalized the speeds of the

control and Hunchback knockdown animals during red-light

exposure to the average control speed. We found that Hunch-

back knockdown in Pair1 resulted in a significantly slower speed,

whereas the red-light stimulus was presented (Figure 5B0).
Lastly, we observed that after the red-light exposure, control

animals quickly return to a baseline speed (speed before red-

light stimuli), whereas the Hunchback knockdown animals

took longer. To quantify this, we normalized the speeds of the

control and Hunchback knockdown animals after red-light
st, p = 0.4432, n = 8–11 animals. (C0) Axon length in control (black) and Hb RNAi

: t test, p = 0.1393, n = 6–8 animals. (D0) Axon length in control (black) and Bcd

Ai (blue) animals. Statistics: t test, p = 0.0495, n = 8–11 animals. (E0) Number of

Statistics: t test, p = 0.0271, n = 8–12 animals.

Ai (purple) animals. Statistics: t test, p = 0.0037, n = 6–8 animals. (F0 ) Number of

s. Statistics: t test, p = 0.0349, n = 6–8 animals. Genotypes: LexAop-myr::GFP;

RNAi and LexAop-myr::GFP; R75C02-LexA, LexAop-brp-Sh::mCherry/tub-

xAop-brp-Sh::mCherry/tub-Gal80ts; R75C02-Gal4/ UAS-Bicoid RNAi.



Figure 4. Hunchback is required for proper Pair1 neuron connectivity

(A) Schematic of the trans-Tango experimental design; see text for details

(B) TEM reconstructions of Pair1 (yellow) connectivity with A27h (cyan) and DN_mx (magenta).

(legend continued on next page)
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exposure to the baseline speed. We found that Hunchback

knockdown in Pair1 resulted in an inability to recover speed after

red-light exposure compared with control (Figure 5B00). We

conclude that Hunchback is required in Pair1 for normal Pair1-

dependent locomotion (Figure 5D [green arrows represent

speed]).

Given that reduced speed and head casting are correlated

behaviors in Drosophila larvae,21 we assayed head casting at

time points where the larvae speeds were significantly reduced.

First, we assayed the angular velocity and number of head

casts during the red-light exposure, when the Hunchback

knockdown resulted in significantly slower speed. We found

that both the speed of head casting (Figure 5C) and number of

head casts (Figure 5C0) were significantly increased when

Hunchback was knocked down in Pair1 neurons. Next, we

assayed the number of head casts during the recovery phase,

when the Hunchback knock down resulted in significantly

slower speed. We found no significant difference in the number

of head casts during the recovery phase when Hunchback was

knocked down in Pair1 neurons compared with control (Fig-

ure 5C00). Taken together, these results suggest that Hunchback

functions in Pair1 neurons to regulate pausing and head casting

behavior during Pair1 activation, as well as overall larval speed

recovery after pausing (Figure 5D [red arrows represent head

casting]).

To determine if the Hunchback knock down phenotype

was due to loss of Bicoid, we knocked down Bicoid in Pair1

and assayed locomotion and head casting (Figure 5E). When

Bicoid was knocked down in Pair1, there was no change in

pausing speed during Pair1 activation, but there was a signifi-

cant decrease in overall speed during red-light stimulus and

the overall speed after the red-light exposure (Figure 5F).

Additionally, when Bicoid was knocked down in Pair1, there

was no change in the angular velocity or number of head casts

during the red-light stimulus or the recovery phase (Figure 5G).

These results suggest that Bicoid expression in Pair1 is only

required for overall speed during Pair1 activation and speed re-

covery after Pair1 activation (Figure 5H). Taken together, knock

down of Hunchback or Bicoid have similar effects on larval

locomotor behaviors, with Hunchback knockdown having a

stronger phenotype. This could be due to Hunchback regulating

additional genes beyond Bicoid (see discussion). In conclusion,

our data suggest that Hunchback and Bicoid are required in

Pair1 neurons for normal Pair1 circuit function.

DISCUSSION

Our results show that Hunchback activates Bicoid in postmitotic

Pair1 neurons, where it regulates specific and important aspects
(C and D) trans-Tango was used to visualize Pair1 downstream synaptic partners

left column) defined the central brain and VNC boundary (dashed line), Pair1 ne

middle right column), and merge. Compiled Z-projections. Scale bars, 40 mm.

(E and F) High magnification image of HA+ cell bodies in VNC (yellow box, C a

bars, 40 mm.

(G) Number of HA+ cell bodies posterior to the Scr+ boundary in control (black) an

HA+ cell bodies anterior to the Scr+ boundary in control (black) and Hb RNAi (bl

(H) Schematic demonstrating Hunchbacks role in mediating both synapse numb

Genotypes: UAS-myr::GFP.QUAS-mtdTomato-3XHA; P(trans-Tango); R75C02-

Tango); R75C02-Gal4/UAS-Hb RNAi.
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of neuronal identity—synapse number, synapse density, and

connectivity. When Hunchback or Bicoid levels are decreased,

synapse density is increased, with a corresponding disruption

of the function of the Pair1 locomotor neural circuit. This work

demonstrates a novel role for Hunchback and Bicoid—func-

tioning postmitotically to regulate synapse number and to ensure

proper circuit function. Importantly, this work also reproduces a

phenotype previously seen in C. elegans—a single homeobox

gene (unc-4) specifically regulates synaptic connectivity but

not other aspects of neuronal identity.18 Interestingly, unc-4

expression is also regulated by a nonhomeodomain TF,39,40

suggesting that this regulatory pathway may be conserved

between species to specify highly specific aspects of neuronal

identity.

Unlike most early born neurons in the VNC that only tran-

siently express Hunchback,23 and Bicoid which is only ex-

pressed in the first few hours of embryogenesis, the Pair1

neuron maintains both Hunchback and Bicoid expression into

the adult. This suggests that a Pair1-specific regulatory mech-

anism may be leading to the persistent Hunchback and Bicoid

expression and function. Given that the Pair1 neuron persists

into adulthood, still expresses Hunchback and functions

within a similar locomotor neural circuit,19 we hypothesize

that Hunchback and Bicoid expressions may be required in

Pair1 neurons throughout life for the maintenance of the Pair1

locomotor neural circuit.

To our surprise, Bicoid protein expression in larval Pair1 neu-

rons was often detected in one or more spherical puncta located

in the cytoplasm; this was observedwith two independent Bicoid

antibodies and a third FLAG-tagged Bicoid protein and was

abolished by Bicoid RNAi. Given that Bicoid contains highly

disordered regions with an abundance of glutamine and glycine,

the spherical puncta may represent a phase-separation

condensate,30 perhaps to keep nuclear Bicoid levels low.

Interesting, Bicoid does not form spherical puncta outside of

the larvae.19 Further investigation is needed to understand na-

ture of the Bicoid cytoplasmic puncta, but these studies have

the potential to elucidate a novel role for phase-separation in

mature neurons.

Previous work showed that Bicoid activates hunchback in

the early embryo.26 Our study is the first we are aware of to

demonstrate the reverse that Hunchback can promotes Bicoid

expression in vivo. Hunchback may regulate Bicoid directly

or indirectly; supporting the former possibility are the findings

that Hunchback protein binds two distinct regions at the 30 and
50 end of the bicoid locus.31,32 Alternatively, Hunchback may

act indirectly by promoting Bicoid phase separation in larval

neurons. Regardless, this finding supports our initial hypothesis

that temporal TFs, like Hunchback, can activate homeodomain
following luciferase RNAi (Control, C) or Hb RNAi (D). Sex combs reduced (Scr,

urons (GFP, middle left column), neuronal partners downstream of Pair1 (HA,

nd D) in control (E) and Hb RNAi (F) animals. Compiled Z-projections. Scale

d Hb RNAi (blue) animals. Statistics: t test, p = 0.0015, n = 7–8. (G0) Number of

ue) animals. Statistics: t test, p = 0.86, n = 9.

er and synaptic partner selection in Pair1 neurons.

Gal4/UAS-Luc RNAi and UAS-myr::GFP.QUAS-mtdTomato-3XHA; P(trans-



Figure 5. Hunchback and Bicoid are required for normal Pair1-dependent locomotor behavior

(A) Speed of animals expressing luciferase RNAi (Control; black) or Hunchback (Hb) RNAi (blue) larvae over time. Red bar represents red-light exposure.

(B) Pausing speed slope in control (black) or Hb RNAi (blue) animals. Statistics: t test, p < 0.0001, n = 47–49 animals. (B0) Normalized speed during red-light

exposure of control (black) and HbRNAi (blue) animals. Statistics: t test, p < 0.0001, n = 47–49 animals. (B00) Normalized speed during after the red-light stimulus in

control (black) or Hb RNAi (blue) animals. Statistics: t test, p = 0.0153, n = 47–49 animals.

(C) Normalized angular velocity of head casting in control (black) or Hb RNAi (blue) animals. Statistics: t test, p = 0.02, n = 33–35 animals. (C0) Number of head

casts per second during the red-light stimulus in control (black) or Hb RNAi (blue) animals. Statistics: t test, p = 0.014, n = 47–49 animals. (C00) Number of head

casts per second during recovery phase in control (black) or Hb RNAi (blue) animals. Statistics: t test, p = 0.18, n = 47–49 animals.

(D) Schematic of control or Hb RNAi animals speed (green arrow) and head casting (red arrow) during the baseline, red-light, and recovery phase.

(E) Speed of animals expressing luciferase RNAi (Control, black) or Bicoid (Bcd) RNAi (purple) larvae over time. Red bar represents red-light exposure.

(F) Pausing speed slope in control (black) or Bcd RNAi (purple) animals. Statistics: t test, p = 0.2091, n = 34–47 animals. (F0) Normalized speed during red-light

exposure of control (black) or Bcd RNAi (purple) animals. Statistics: t test, p = 0.0145, n = 34–47 animals. (F00) Normalized speed during after the red-light stimulus

in control (black) or Bicoid RNAi (purple) animals. Statistics: t test, p = 0.0304, n = 34–47 animals.

(G) Normalized angular velocity of head casting in control (black) or Bcd RNAi (purple) animals. Statistics: t test, p = 0.23, n = 25–33 animals. (G0)
Number of head casts per second during the red-light stimulus in control (black) or Bcd RNAi (purple) animals. Statistics: t test, p = 0.07, n = 45–47

(legend continued on next page)
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TFs, like Bicoid, to specify some or all aspects of neuronal

identity. Other morphogens have been previously associated

with establishing properties of neuronal identity,41 further sug-

gesting that early developmental TFs may be important regula-

tors of neuronal identity, connectivity, and circuit function in

general.

We found that Hunchback and Bicoid had no detectable role in

regulating dendrite morphology, axon morphology, nor GABA

expression, key aspects of Pair1 neuronal identity. However,

we found both Hunchback and Bicoid are required for maintain-

ing synapse number and functional connectivity of the Pair1

neuron. Our trans-Tango experiments show that reduced

Hunchback levels resulted in the addition of new synaptic part-

ners of Pair1, although we cannot exclude the possibility that

these may be normal partners that are too weak to see in con-

trols. Although we did not formally identify the novel neuronal

partners, we utilized the Drosophila larvae TEM volume to spec-

ulate that Pair1 could be synapsing with the A27h neurons

located in the thoracic region.42 Given that A27h neurons are

involved in forward locomotion,20 additional thoracic A27h neu-

rons synapsing onto, and therefore being inhibited by Pair1 acti-

vation, could explain the increased pausing phenotype observed

when Hunchback in knocked down in Pair1. Alternatively,

abdominal A27h neurons could be forming more synapses with

Pair1 in the posterior axonal regions.

Interestingly, it appears that Bicoid is not the only homeodo-

main TF functioning downstream of Hunchback in Pair1.

When Hunchback is knocked down in Pair1, pausing speed is

increased, head casting is increased, and recovery speeds are

decreased. However, Bicoid knockdown only replicated the

decreased recovery speed phenotype (Figure 5); this suggests

that another homeodomain TF may be functioning downstream

of Hunchback to regulate pausing speed and head casting.

The data presented here begin to support this hypothesis, but

additional work is needed to identify other homeodomain TFs

functioning downstream of Hunchback.

Our work is the first, to our knowledge, to demonstrate a role

for Hunchback and Bicoid in postmitotic neurons to regulate

synapse number, connectivity, and circuit function. Our results

raise the question of which is the more ancestral function of

these two TFs: in segmentation, temporal patterning in neuro-

blasts, or postmitotic neuronal circuit maintenance?
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KEY RESOURCES TABLE
REAGENT OR RESOURCE SOURCE IDENTIFIER

Antibodies

Chicken polyclonal anti-GFP Abcam, Eugene, OR RRID: AB_13970

Rabbit polyclonal anti-mCherry Novus, Centennial, CO Cat # NBP2-25157; RRID: AB_2753204

Rat monoclonal anti-HA (3F10) Sigma, St. Louis, MO SKU: 11867423001; RRID: AB_390918

Rat monoclonal anti-Flag Novus, Centennial, CO Cat # NBP1-06712; RRID: AB_1625981

Mouse monoclonal anti-Scr DSHB, Iowa City, IA RRID: AB_528462

Rabbit polyclonal anti-GABA Sigma, St. Louis, MO Cat # A2052; RRID: AB_477652

Rat polyclonal anti-Bcd John Reinitz, University of Chicago, IL N/A

Guinea Pig anti-Bcd John Reinitz, University of Chicago, IL N/A

Rabbit anti-Hb Made in lab previously41 N/A

Secondary Antibodies Jackson ImmunoReasearch, West Grove, PA N/A

Chemicals, peptides, and recombinant proteins

All-trans-retinal Sigma-Aldrich R2500-100MG

Experimental models: Organisms/strains

UAS-CsChrimson::mVenus Vivek Jayaraman, Janelia Research Campus N/A

LexAop-brp-Sh::mCherry Gift from Takashi Suzuki, Toyko

Institute of Technology

N/A

R75C02-Gal4 (referred to as Pair1-Gal4) Bloomington Drosophila Stock Center BDSC 39886

R75C02-LexA Bloomington Drosophila Stock Center BDSC 54365

UAS-myr::GFP Bloomington Drosophila Stock Center BDSC 32198

LexAop-myr::GFP Bloomington Drosophila Stock Center BDSC 32211

UAS-Luc RNAi Bloomington Drosophila Stock Center BDSC 31603

UAS-Hunchback RNAi Bloomington Drosophila Stock Center BDSC 34704

UAS-Bicoid RNAi Bloomington Drosophila Stock Center BDSC 33886

UAS-Bicoid RNAi #2 Bloomington Drosophila Stock Center BDSC 35478

Bicoid-GFP.FPTB Bloomington Drosophila Stock Center BDSC 67654

Tubulin-Gal80ts Bloomington Drosophila Stock Center BDSC 7019

UAS-myrGFP.QUAS-mtdTomato-3XHA;

trans-Tango (referred to TransTango)

Bloomington Drosophila Stock Center BDSC 77124

Software and algorithms

FIMtrack WWU Munster http://www.uni-muenster.de/Informatik.

AGRisse/media/fim-media.html

FIJI ImageJ http://imagej.net/software/fiji/

Prism 9 GraphPad https://www.graphpad.com/
Imaris 9.5 Oxford Instruments https://imaris.oxinst.com
RESOURCE AVAILABILITY

Lead contact
Requests for information and resources not made available here should be directed to and will be fulfilled by the lead contacts, Chris

Q. Doe (cdoe@uoregon.edu) and Kristen M. Lee (klee4@uoregon.edu).

Materials availability
This study did not generate new reagents.

Data and code availability
All data reported in this paper will be shared by the lead contact upon request. This paper does not report original code. Any addi-

tional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Drosophila melanogaster
All flies were reared in a 25C room at 50% relative humidity with a 12 hr light/dark cycle unless noted otherwise. All comparisons

between groups were based on studies with flies grown, handled, and tested together. Male and female Drosophila larvae were

tested together. The following stocks were gifted: UAS-CsChrimson::mVenus (Gift from Vivek Jayaraman, Janelia Research

Campus), LexAop-brp-Sh::mCherry (Gift from Takashi Suzuki, Toyko Institute of Technology). The following stocks were obtained

from the Bloomington Drosophila Stock Center: R75C02-Gal4 (referred to as Pair1-Gal4, BDSC #39886), R75C02-LexA (BDSC

#54365), UAS-myr::GFP (BDSC #32198), LexAop-myr::GFP (BDSC #32211), UAS-Luc RNAi (BDSC #31603), UAS-Hunchback

RNAi (BDSC #34704), UAS-Bicoid RNAi (BDSC #33886), UAS-Bicoid RNAi #2 (BDSC #35478), Bicoid-GFP.FPTB (BDSC

#67654), Tubulin-Gal80ts (BDSC #7019), UAS-myrGFP.QUAS-mtdTomato-3XHA; trans-Tango (referred to trans-Tango, BDSC

#77124).

METHOD DETAILS

Immunostaining and imaging
Standard confocal microscopy and immunocytochemistry methods were performed as previously described.20 Primary antibodies

used: Chicken anti-GFP (1:1500; Abcam, Eugene, OR) Rabbit anti-Hunchback (1:400; Doe Lab43), Rabbit anti-GABA (1:500; Sigma,

St. Louis, MO), Rabbit anti-mCherry (1:500; Novus, Centennial, CO), Guinea Pig anti-Bicoid (1:1500; Gift from John Reinitz, University

of Chicago, IL), Rat anti-Bicoid (1:100; Gift from John Reinitz, University of Chicago, IL), Rat anti-Flag (1:400; Novus, Centennial, CO),

Rat anti-HA (1:100; Sigma, St. Louis, MO) and Mouse anti-Scr (1:10; DSHB, Iowa City, IA). Secondary antibodies were from Jackson

ImmunoResearch (Donkey, 1:400; West Grove, PA). Confocal image stacks were acquired on a Zeiss 800 microscope. All images

were process either in Fiji (https://imagej.new/fiji) or Imaris (https://imaris.oxinst). All figures were generated on Adobe Illustrator

(Adobe, San Jose, CA).

Behavior
At 48 hr ALH, larvae were transferred to apple caps with 0.5 mM All Trans Retinol (ATR) or 0.5 mM ethanol (vehicle). All behavior was

done with third instar larvae (72-76 hr ALH). At approximately 72 hr ALH, larvae were transferred to an 1.2% agar sheet on the FIM

table.44 After two minutes to acclimate, larvae locomotion was recorded at 4 frames per second for 112 seconds with a Basler cam-

era. At 50 seconds, the red light was turned on for 12 seconds.

trans-Tango
We utilized the trans-Tango transgene as described previously.37 To analyze neuronal partners in the VNC, all HA+ cell bodies pos-

terior of the most posterior boundary of the Scr stain were counted. To analyze neuronal partners in the central brain, all HA+ cell

bodies anterior of the most posterior boundary of the Scr stain were counted. Cell counting was completed via the ‘‘Cell Counter’’

plugin in Fiji. The timepoint utilized in all trans-Tango experiments, 78 hr ALH, had only Gal4 expression in Pair1 neurons.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of pixel intensity
All pixel intensity quantification was done manually using the ‘‘Measure’’ feature in Fiji. The freehand tool was used to outline the cell

body. Measurements were set to ‘‘Area’’ and ‘‘Raw Integrated Density’’. Each slice imaging the cell body was measured. For each

slice, the ‘‘Raw Integrated Density’’ was divided by the ‘‘Area’’. The sum of these values is reported in arbitrary units.

Quantification of axon phenotypes
To quantify total dendrite length and the number of branch points, the filament tool was used in Imaris Image Analysis Software. A

region of interest was placed over the entire dendritic region labeled with GFP, excluding the cell bodies and axons. The largest diam-

eter was set to 1.7 and the smallest diameter was set to 0.2.

To quantify axon length, the filament tool was used in Imaris Image Analysis Software. A region of interest was placed over one

Pair1 axon labeled via GFP. The largest diameter was set to 1.7 and the smallest diameter was set to 0.2.

To quantify axon volume, the surface tool was used in Imaris Image Analysis Software. A region of interest was placed over one

Pair1 axon labeled via GFP. The surface detail was set to 0.18 and the background subtraction was set to 1.8. The final threshold was

set to 7.7% of the total.

To quantify synapse number the spots tool was used in Imaris Image Analysis Software on the Bruchpilot-Short::mCherry label.

The XY diameter was set to 0.7 and the Z diameter was set to 1.5. The final threshold was set to 0.5% of the total. Each spot asso-

ciated with each surface was calculated, with the threshold set to 0. To calculate synapse density, the total number of Spot was

divided by the Length or Volume of the axon. As axon volume was unchanged by all manipulations, synapse density also represents

synapse number.
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Quantification of behavior
Larvae were tracked using FimTrak44 and acceleration was reported. To report pausing speed slope, the slope ((y1-y2)/(x1-x2)) of the

speed before red light stimuli to the minimal speed during the red light stimuli was calculated. y1 was the animals speed before the

light stimulus, y2was the animalsminimal speed during the light stimulus, x1was the timewhich y1was calculated, x2was the time at

which the animal reachedminimal speed during the red light stimulus. To calculate the normalized red light speed, the average speed

during the red light stimuli was calculated for each animal for each genotype. For the control genotype, the average red light stimuli

speed for all animals was determined, termed the total control average. Then, the average red light speed for each animal for each

genotype was divided by the total control average. The same approach was used to calculate normalized recovery speed. For the

head-casting analysis, the larvae body axis was defined as the tail-end = 0 degrees and the head-end = 180 degrees.44 A head-cast

was defined as the head shifting past the center line (i.e. 180 degrees) but not shifting more than a total of 180 degrees (this would be

interpreted as a full body bend or axis change). The number of head-casts per secondwere reported. Angular velocity was calculated

via j(qf - qi)/(0.25s)j, where qf = final angle and qi = initial angle. Each measurement was calculated within the frames appropriate for

each phase of the experiment.

Statistical analysis
All statistical analysis were performed with Prism 9 (GraphPad Software, San Diego, CA). Numerical data in graphs show individual

measurements (dots) and means (bars). The statistical test used, as well we the number of replicates (n) and definition of measure-

ment reporter (i.e. animal, axon) for each data set is in the corresponding legend.
e3 Current Biology 32, 2430–2441.e1–e3, June 6, 2022


	Hunchback activates Bicoid in Pair1 neurons to regulate synapse number and locomotor circuit function
	Introduction
	Results
	Hunchback is expressed in Pair1 neurons throughout development
	Bicoid is expressed in Pair1 neurons throughout development
	Hunchback activates Bicoid expression in Pair1 neurons
	Hunchback and Bicoid are not required for Pair1 neurotransmitter identity or axon morphology
	Hunchback and Bicoid are required for limiting Pair1 synapse number and position
	Hunchback and Bicoid act in postmitotic Pair1 neurons to regulate synapse number
	Hunchback regulates Pair1 connectivity
	Hunchback and Bicoid are required in Pair1 for normal locomotion

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

	Experimental model and subject details
	Drosophila melanogaster

	Method details
	Immunostaining and imaging
	Behavior
	trans-Tango

	Quantification and statistical analysis
	Quantification of pixel intensity
	Quantification of axon phenotypes
	Quantification of behavior
	Statistical analysis




