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Canonical DNs from Namiki et al., 2018
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1. Structure and organization of DNs —— CDL
2. Functional logic of DNs in behavioral control —— JSH

3. Orchestrating complex behavioral sequences —— LZJ
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* What is the definition of descending neurons?

We operationally define a DN as a neuron that: (1) connects
brain and VNC with an axon through the neck connective and (2)
has Its cell body In the brain.”

—— Namiki, S., et al. (2018). elL/fe.



The Core Problem: An Information Bottleneck

A Neuron classes
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How do we map the "hardware blueprint’ of DNs?

What core 'design principles’ does this blueprint reveal?



Method 1: Macro-Tracing
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Hsu & Bhandawat (2016) Screntific Reports Namiki et al. (2018) el/fe



Method 2: Genetic & Chemical ID for a DNs

b-Anterior b-Medial b-Posterior

* Double-labeling experiments combine
genetic markers for specific neuron types
(green) with anatomical tracing of all DNs
(red).

* The colocalized (yellow) cells are thereby
identified as DNs with a specific chemical
identity.

Hsu & Bhandawat (2016) Screntific Reports



Draw the Complete Blueprint'
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Summary of Methods: From Macro to Micro
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Design Principle 1: A Balanced Chemical System

a. Cholinergic and GABAergic DNs

Cholinergic

b. DNs using minor neurotransmitters

Octopamine
0 Awr
PENP Dopamine
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Neurotransmitter
Acetylcholine
GABA

Neither GABAergic nor Cholin

Labeled using Percent
Cha-Gal4 > GFP (neurons expressing
. - 38
choline acetyltransterase)
GABA antibody 37
VGlut-Gald = UAS-mCDS8-GFP (neurons "
Glutamate . . 6
expressing vesicular glutamate transporter)
. . Dde-Gal4 > UAS-mCD8-GFP (neurons .
Serotonin : : 3
expressing dopamine decarboxylase)
Tdc2-Gald > UAS-mCD8-GFP (neurons I
expressing tyramine decarboxylase)
TH antibody 0.2°
85

Dopaminergic

The fly's descending system is balanced between excitatory

(cholinergic, ~38%) and inhibitory (GABAergic,

Hsu & Bhandawat (2016) Screntific Reports

~37%) neurons.




Design Principle 2: Two Morphological 'Philosophies’

A Example unique DNs B Example population DNs

Namiki et al. (2018) eL/fe
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Most DN inputs are in the brain and outputs (magenta) are in the VNC
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Wiring Rule 2: Indirect Control via Premotor Circuits

A Community structure of VNC
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Connectomics data reveals that DNs
rarely connect directly to motor
neurons (MNSs).

The majority of their outputs (~71%)
target a large population of intrinsic
premotor interneurons (INs).



Wiring Rule 3: Functional Partitioning into Three Major Pathways

A Major Neuropils and Tracts B Major Commissures

A Lateral view # DN types
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Namiki et al. (2018) el/fe




Principle in Action: Functional Segregation in Peripheral Nerves

B Sensory neurons Ci Prothoracic (T1) leg nerve

The principle of functional
segregation extends to
the periphery. Within a
single leg nerve, motor
axons (output, blue) and
sensory axons (Input,
magenta) are bundled
INto separate domains.

10 ym

Phelps et al., 2021. Cell



Case Study: How a Visual Threat is Channeled to Different Actions

DNpO3

* A single visual iInput representing a
threat (from the LC4 glomerulus) is
distributed to multiple, distinct DNSs.

* These DNs project to different motor
pathways, allowing the same sensory
cue to trigger different behaviors.

Namiki et al. (2018) el/fe



Summary : An Efficient, Flexible, and Modular Hardware System

Efficient Information Transfer

* The DN system is a significant “information bottleneck,” conveying highly integrated,
high-level commands from the brain to the VNC.

Flexible Dual-Design

* The system employs two design philosophies: "command-like" neurons for triggering
rapid, all-or-none behaviors, and "population-type” neurons for graded, fine-tuned
control.

Complex Indirect Control

* DNs rarely synapse directly onto motor neurons. Instead, they primarily exert control
through a vast network of premotor interneurons, allowing for immense computational
flexibility.

Clear Modular Wiring

* The system is highly modular, organized into three major, functionally segregated
pathways for flight (dorsal), leg-based actions (ventral), and coordination (intermediate).



Functional logic of DNs in behavioral control

Q1: Which specific descending neurons (DNs) have been
proven to possess specific functions?

Q2: Do specific DNs trigger a single stereotyped behavior?

Q3: How do DNs achieve flexible switching of behavioral
control strategies?

By JSH



Structure & Function: Mapping descending neurons with split-Gal4
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Professor Barry Dickson: Neural circuits and behaviour

The Dickson laboratory Investigates the neural circuits that control walking in the fruit fly, Drosophila melanogaster
The goal is to understand how local circuits in the nerve cord produce rhythmic motor patterns, how these patterns
are co-ordinated across each leg joint and all six legs, and how descending signals from the brain modutate these

operations to alter the fly's direction, speed and gait

Find out more

Michael H. Dickinson
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Research Summary
Meurophysiclogy, Decision, Behavior

Profile

Complex and intellectually challenging problems can be so commonplace that they escape our
attention. The research in my lab fecusas on one such everyday phenomencon - the molion of a
fly through the air. While the buzz of fly wings i more likely to elicit a sense of annoyance than
wonder, insect flight behavior links a series of fundamental processes within bath the physical
and biological sciences: neuronal signaling within brains, the dynamics of unsteady fluid flow,
the structural mechanics of composite materials, and the behavior of complax nonlinear
systems. The aim of my research is to elucidale the means by which flies accomplish their
aerodynamic feats. A Aigorous mechanistic deseription of flight requires an integration of biology,
engineering, fluid mechanics, and control theory. The long term goal, however, is not simply to
undarstand the material basis of insect flight, but to develop its study into a model that can
provide insight to the behavior and robustness of complax systems in general. Students and
post-docs lascinated with any aspects of insect flight behavior, physiclogy, or evolution are
invited to join my laboratory. What is more important than an interest in insect flight, however, is
a love of complexity and a commitment to interdisciplinary approaches,



Command-like DNs: The role of MDN in backward walking
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Mapping neural inputs to the MDN command-like neuron
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mechanosensory inputs
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Sen R, et al. Current Biology. 2019
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The command-like MDNSs serves as a critical hub, integrating multiple sensory

information to drive a stereotypic behavior (backward walking).




Functional Characterization of MDN-Targeted Neuronal Circuits in VNC
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MDN control motor circuit dynamics in a distributed and localized manner

LBL40 — the power stroke (tibia flexion)
during the stance phase;
LUL130 — the initiation of the swing phase

(leg lifting)

Foreleg amputee

MDN
LUL130

Feng K, et al. Nature communication. 2020



Command-like DNs mediate steering maneuvers in walking Drosophila
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DNa02 and DNg13 modulate distinct leg gestures for steering

G hyperpolarization H ¥iride longth
A no CsCh B stride length larizati contra o
unilateral CsCh contra ipsi depolarization ipsi .
DNa02 ' DNg13 sl
J ipsi . 0.1 0.04/ :
de}f s fro v, e g2 front ) = ==
H H e 80 nt T '-E_-ﬂ I . = o
rotational velocity EE : legs . o 88 _ eos 3 I
82 e g 01 27 ' '
. /’..-—-“X . . EEE . '-a é%% : g
outside inside geg |.- 5 S ﬂ.ﬁLr 5 oo
| I S5 = [/ ) S s — e mid & ) i | A
| egs hegrt contra | [ E; E. - contra | . 5 2 :fi—
Dnger 5 'D e’r contra IPS‘J' E 0.1 - conira E D044 —— d
. . . ) ipsi ;
strides strides €8 2 : EE,__ 2 :
a} Egg . E 0.1 ] . £ 004
e PE _ - hind © PO EEE . :1md oz e
- “ ] —=
@ &= | SRR
/ ® . ™

input from CC / ipsilateral descending projections / inhibitory outputs
« achieving small-radius turns by shortening the stride length of the inner legs
and reducing forward velocity.

: visual input / contralateral descending projections / excitatory outputs
achieving smooth large-radius turns by lengthening the stride length of the
outer legs and maintaining or even increasing forward velocity.

step phase (°)



BB, FG, and BRK DNs mediate context-specific halting in Drosophila
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Landing command neurons exhibit flight-gated, visual-specific activity
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Distinct gating mechanisms for landing descending neurons
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Octopaminergic modulation for DNpO7 and flight motor circuit feedback for DNp10



Population coding of wingbeat amplitude by DNg02 descending neurons
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ComDNs recruit additional downstream DN populations
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Network connectivity predicts the necessity for downstream DNs to drive behavior
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1.

Take-home message

Specific Drosophila descending neurons (DNs) control distinct behaviors: MDN (backward
walking), DNa02/DNg13 (steering), BB/FG/BRK (context-specific halting), and DNp10 (landing
initiation).

Most DNs elicit single stereotyped behaviors (e.g., MDN solely drives backward walking), though
functional redundancy exists among some DN populations to ensure behavioral robustness.

DNs achieve precise and context-adaptive behavioral control via specialized “input-output”
modes, state-dependent gating, and hierarchical recruitment of downstream DNs.
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How do descending neurons orchestrate complex behavioral sequences?
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How do descending neurons orchestrate complex behavioral sequences?

1.How are complex behaviors divided into modular
units and coordinated into orderly sequences?

2.How do descending neurons control timing, gain, and
integrate internal states to shape actions?

3.Are these organizing principles unique to insects, or
conserved across species?



A descending neuron (DNp03) transforms visual input into escape behavior
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Module-based control and suppression hierarchy in grooming
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Coordination of grooming modules by multiple descending neurons
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Descending control of when to act: timing of escape sequences

100¢

| I

| I

| | °
—r S

g '%i 1 Ew

5
| : e
|

‘wm Control |
— +S5504185

B cennccsrains : 1 - Basins>Chrimson

—_

'
()]
O s rannaane,

9 10 20 30 35
Time (s)
B = Basins>Chrimson
w r Il AI
E L | w— Control ] |
3 E : | m—+5S504185 |
©
E ® ' '
= § 05+ | '
o |
= | |
-g 0 : i i L i L : J
o -5 0 10 20 30 35
Time (s)

E 100

*h* =
50
0 120 118 231Q155

8 Roll @ Crawl EEEHunch ctri SS04185  ctrl SS04185
N Turn 23 Back attp2> Basins> .
s  Chebre Zhu J et al., Elife. 2024

Animal #

Rolling %




15

Peak F/FO

SelN128

ADOc
* SelN128
0 1 2 3
Time of peak F/FO (s)

4

B

D

SelN128 F/FO

A0Oc F/FO

SelN128 F/FO

1

—
—

o

0.04uW/mm? 0.1 0.3uW/mm*
Basins > Chrimson
5 5 5
3 3 3
l(’l' /P
L A LIS AR
| e
-1 -1 -1 -1 -1
50 51015 50 51015 50 51015 50 51015 -5 0 5 1015
Time (s) Time (s) Time (s) Time (s) Time (s)
A0Oc > Chrimson
2 2 2

- L
-1 -1 -1 -1 -1
50 5115 50 561015 50 51015 50 51015 -5 0 5 1015
Time (s) Time (s) Time (s) Time (s) Time (s)
Basins > Chrimson
9 19 19 19 19
9 9 9 9 9
|\

-1 -1 -1 : -1 -1
50 51015 -50 51015 -50 51015 -50 51015 -5 0 5 1015

Zhu J et al., Elife. 2024

Time (s)

Time (s)

Time (s)

Time (s)

Time (s)



Descending control of steering: low- vs. high-gain pathways
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Threshold-based ordering of courtship sequences
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Feeding state biases sensorimotor decisions
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NPF neuron connects to Handle-b NPF activity in different feeding states
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Basal ganglia—spinal cord descending pathway orchestrates locomotor gait asymmetries
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Descending control in mammals: integrating motor and analgesia
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Take-home message

» Modular control: Descending neurons can trigger and coordinate action modules, ensuring

orderly behavioral sequences.

» Integration across dimensions: DNs orchestrate not only sequence and timing, but also

gain control and internal state modulation.

» Conserved principle: From insects to mammals, descending pathways act as “conductors™
that integrate sensory inputs, motor outputs, and internal states to generate flexible and

adaptive behaviors.



Thank you!
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