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How does the descending neurons (DNS)

convert movement instructions to
actions?

Forward walking
DNp09>CsChr.

b Direct DN targets 32 DNs
of command-like DNs #

A descending neuron (DN) is a type of neuron that transmits motor-related
signals from the brain to downstream motor circuits in the spinal cord (in
vertebrates) or the ventral nerve cord (VNC, in invertebrates).

BIOENG-456 Ramdya



=P Agenda

dBackground

dFrom comDNs to DN populations.
(JComDNs recruit Addition DNs
dBehavioural requirement of DN recruitment
dNetwork size predicts behavioral necessity

dNetwork clusters correlate with behaviour

BIOENG-456 Ramdya



=P Agenda

dBackground

dFrom comDNs to DN populations
dComDNs recruit Addition DNs
dBehavioural requirement of DN recruitment
dNetwork size predicts behavioral necessity

ANetwork clusters correlate with behaviour



=P
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-based
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Control
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Before this paper

Background

This paper

Despite numerous DNs in the fly
brain, activating of pairs of
‘command-like’ DNs (comDNSs)
can drive a complete behavior.

- Activate comDNs to induce forwards
walking, grooming, backwards
walking, escape, egg-laying, and
courtship.

Co-activating multiple DNs is
more effective than a single DN in
triggering actions like take-off.

- Observe widespread DN co-activation
during walking, with 15 DNs
modulating wing beat amplitude and
improving take-off likelihood.

DN control relies on multiple DN

classes working together as a

network.

Act as neuromodulatory units beyond
simple movement control.

Represent individual DNs as single
dimensions of a broader control signal.
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2 Conflict Models

2 Unified Scenarios

Individual

comDN Control

Population-
based DNs

Control

Hyp 1) comDNs may be
privileged in that they can

recruit additional DN
populations to drive complete
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EPFL From comDNSs to DN populations

Individual

comDN

Control

Population
-based
DNs

Control

Small sets of neurons that send
high-level motor commands
directly to motor circuits.

Co-activating multiple DNs s
more effective than a single DN in
triggering actions like take-off.

a Command-like Population
DN control DN control
comDNs Brain popDNs
W( Ventral
nerve cord
High-level Fine-grained
control control




cPrL |
I From comDNSs to DN populations

How do DNs coordinate movement in the Drosophila?
« Optogenetics — Used to stimulate comDNs and trigger behaviors.

« Two-Photon Microscopy — Used to record which DNs were recruited.

Experimental Approach

d Focused laser b command-like c
DNs Neural stimulation
comDN > CsChrimson

Pose estimation

AT Neural recording
* ... popDN > GCaMP6s

Camera B
Ventral
Optogenetic B — Forwards walking GNG DN axons
stimulation . DNp09-spGal4

laser ; — i w

ase Antennal grooming =

7 putt aDN2-spGal4-2 L

Ball-tracking delivery m—— K
- ~— Backwards walking =
oo KRS MDN3-spGal4 Time
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EPFL ComDNSs recruit additional DNs

Experimental Validation: Do comDNSs recruit additional DNs in the GNG?
« Approach: Open-Loop Optogenetic Stimulation.
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EPFL Behind the scenes

Optogenetic Stimulation:

« Permits the Selective Activation of comDNs by Red-Light Stimulation. --
Through CsChrimson usage.

« The neurons can be activated through the emission of red-light.

Optogenetics were used to stimulate three well-characterized comDNSs:
DNpOQ9 — For Forward Walking

ADNZ2 - For Antennal Grooming

MDN — For Backward Walking

O O O

Two-Photon Imaging:

Used to record the activity of DNs in the GNG through a calcium indicator.
-- Fluorescent = Activated

12
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ComDNSs recruit additional DNs

Experimental Validation: Do comDNSs recruit additional DNs in the GNG?

ity

Behaviour Forwards veloci

(mms™)

probability

Y
o

o

—

o

Approach: Open-Loop Optogenetic Stimulation.

IFonNards walking DNs
DNp09 > CsChrimson

g

Antennal grooming DNs
aDN2 > CsChrimson

1

Control with no DNs
> CsChrimson

Backwards walking DNs
MDN > CsChrimson

T

! ¥ L | - Rest
- Forwards
. PR | Kot l m walking
T T v I l/r"-‘ —Backwards
[Optogenic stimulatiorj} I 1 —Xlr?{'::r?m
grooming
— Posterior
grooming
) ' : s 4 - I r " 1 T T = Undefined
: : 3 g 5 : 5 z ndefin
Time (s) Time (s) Time (s) Time (s)
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EPI'L ComDNs recruit additional DNs

Experimental Validation: Do comDNs recruit additional DNs in the GNG?
« Approach: Open-Loop Optogenetic Stimulation.
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2 Circuit Mechanisms

- direct, monosynaptic excitatory connections

- indirectly via local interneurons

Each comDN has direct, monosynaptic connections to other DNs

How do comDNs connect to other DNs?

@ Command-like

Three sets of comDNs
in the female adult fly
brain connectome

Forwards walking DNs

Antennal grooming DNs

Backwards walking DNs

The location and
morphologies of DNs
directly targeted by
comDN:s.

DNs DNp09 aDN2 MDN
2 DNs 2 DNs 4 DNs
A
ﬂ% 3 - "st\ i
direct, monosynaptic
connections between
comDNs & downstream DNs
b Direct DN targets 32 DNs 23 DNs , 14 DNs
of command-like DNs sr &0y
16
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F N
E P.' L How do comDNSs connect to downstream DNs and influence
neural network dynamics?

1. ComDNs probably form 1. Almost all red arrows (excitatory

excitatory connections with connection)

downstream DNSs

€ Command-like DNs
(direct DN conneftions)

2. These connections are 1

predominantly feedforward ~ ® Command-iikqDNs DN in GNG — Excitatory

Downstream OJNs ) = Inhibitory
@® DN in CRG = Glutamatergj

with only sparse feedback d pounsiream of DS
(direct DN connections)

connections

Number of

synapses
Command-like DNs

3. Among downstream DNs, Downstream DNs

there is strong recurrent
J 3. Blue arrows represent the

connectivity, with some recurrent connections.

inhibitory interactions.
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E PF L Which behaviors require DN recruitment? —— Experiment

Method —— Decapitation(Headless) Experiment
- Flies remained alive and exhibited behaviors for hours.

a |
comDNs comDNs
/q\ GNG GNG
DNs DNs
Full behaviour ?
comDN comDN
> CsChnmson n > CsChrimson
: |
GNG DNs recruited ed H GNG DNs silent

L

Time

Activity

Intact

Intact Flies: Headless Flies:
+ comDN activation (green) recruits other
DNs (orange).

* Leads to complete behaviour execution.

+ comDN axons (green) remain active in
the VNC.
» Other DNs (orange) in the brain stay

silent.
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E PI- L Which behaviors require DN recruitment? —— Result

b Forwards walking DNs € Antennal grooming DNs Backwards walking DNsIe Control (no DNs)
DNp09 > CsChrimson aDN2 > CsChrimson MDNS3 > CsChrimson > CsChrimson
— Intact Q] f T
— Headless
* NS NS
=) e Optogenetic 5 z — = —
E stimulation E —~ 51 . 5 5 ~ 5
o R o i o9
° ° e
géo ‘géo- P n—— £ 0 g?léo i
£ S W 5
== NS
g g 1 T " T
52 52 z z
= 8= = =
28 52 3 J5 | At
T O = Q Q o @
52 g S o
E 5 & s s W
uo_ 0 T T E 0 h T T 0- T T O T T
0 5 0 5 0 5 0 5
Time (s) Time (s) Time (s) Time (s)

DNpO09 failed to elicit forwards walking, but MDN activation in headless flies still
induced abdominal contraction drives backwards walking.

aDN2 failed to elicit antennal, but triggered
front leg approach

20
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E P L Behavior requires & does not require DN recruitment

DNp09 ¥ forwards walking

b Forwards walking DNs € Antennal grooming DNs d  Backwards walking DNs € Control (no DNs)
DNp0Q9 > CsChrimson aDN2 > CsChrimson MDN83 > CsChrimson > CsChrimson
— Intact % ? L
— Headless \ (
*x * NS NS
£ I Optogenetic 3 . £ — 2
8 5 stimulation —~ 51 8 _ 5 S _ 5
EM : M o7
» » w »
i : i £
s E 04 E 0-sowvoer T sEo sEo v =
g g vV
w w w
2 = o NS -

2 14 P 14 2 14 1
.- =
sz z iz £
08 X 2] 23
°a Q = Q aca
< 2 g9 g
5 ° ge - W
S o~ o g oA 0

T T T T a8 T T T T

0 5 0 5 0 5 0 5

Time (s) Time (s) Time (s) Time (s)

MDN backwards walking

Backwards walking DNs P Control (no DNs)

MDNS3 > CsChrimson > CsChrimson

b Forwards walking DNs € Antennal grooming DNs
DNp09 > CsChrimson aDN2 > CsChrimson

S v

Optogenetic
stimulation

|
T
8
=3
g

S
1

(S
1

(mm s™)

:

(mm s™)
@

Forwards velocity

probability
probability
Rest

o
i
o
i
Probaiity
b

Forwards walking Forwards velocit
=) N
i |
Anterior grooming Forwards velocity
|
|

Time (s) Time (s) Time (s) Time (s)
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EPFL Even behaviors requiring DN recruitment can still

partially execute upon stimulation
DNp09 abdominal contraction

f Forwards walking DNs Control (no DNs)
DNpQ9 > CsChrimson > CsChrimson
b Forwards walking DNs € Antennal grooming DNs d  Backwards walking DNs € Control (no DNs)
DNp0Q9 > CsChrimson aDN2 > CsChrimson MDN83 > CsChrimson > CsChrimson

N ¢
— Intact
: I::;iless " | z ( . NS R NS -
g s SpigenstcE gl g £
7 - e e _5
g€ £ Se L s — 0 0
s £ 0 E 0 -somoer ™ sEo sEo v ag cC c
H : : =5
g 2 - & E =
o 1 = b 1. = 2 14 = 1 = ’ _8 Q
= = i
£z z sz z Abdominal 0 550 -50
2 = =
) X 28 28 Ve e . { c
8% g £ €3 contraction Q
RS s R & W © T T T T
2 0 T oh — § o — 0 ——

o 5 o 5 @ 0 5 0 5 0 5 0 5

Time (s) Time (s) Time (s) Time (s) Tlme (S) T|me (S)

g Antennal grooming DNs Control (no DNs)
b Forwards walking DNs € Antennal grooming DNs Backwards walking DNs P Control (no DNs) . .
DNp0Q9 > CsChrimson aDN2 > CsChrimson MDNS3 > CsChrimson > CsChrimson aDN2 > CSChrImSOﬂ > CSChrImSOﬂ

N
— Intact K? \ 1/
— Headless - . N NS
£ T Optogenetic Z [ 5 — 2 [
é_rs— stimulation é_rs— é 51 ) &3 __ 100 — —
> > n >R >
e e 4l 2k £
5 Eo, £ 0{mr oo £ of i \ o3
5 5 5 5 Front leg .5 0
* ok NS * =
_ R b i NS ; -~ c

g ! g 1 qd B approach 5 g
T £ ) =z E w5 -100
238 52 2 | e [}
T a = Q Q 4 ] W]
g 2 o9 [ =
£ T a a Q- W T T T T
& o- — g 0 — 0 0

0o 5 0 5 0 5 0 5 0 5

Time (&) Time (s) Time (s) Time (s) Time (s)
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EPFL DN Recruitment is Essential for Specific Behaviors

Key Findings:

« comDNs alone can activate in headless flies.

« Differences in behaviour between intact and headless flies stem from the
inability to recruit additional downstream DNs.

« comDNs require DN recruitment for some behaviours (forwards walking,

antennal grooming) but not others (backwards walking).

Conclusion:

These results suggest multiple modes of DN behavioural control.

23
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Is recruitment necessary?

Design experiments to confirm:

* How is the number of downstream DNs
additional recruitment?

BIOENG-456 Ramdya

comDNs
/N o
DNs

Full behaviour

comDN

W r > CsChnmson
GNG DNs recruited

Intact

correlated with the necessity of

comDNs

GNG
DNs

I

comDN
> CsChrimson

I 1

GNG DNs silent

Experiment design
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cPrL
Experiment Logic:

A. Fact: Recruitment happens in the brain. Once DNs reach the VNC, their
axons mostly terminate on local motor circuits rather than on other DNs.

B. If additional recruitment is needed for DNs to activate certain behavior,
then blocking recruitment will block the behavior.

A+B: If additional recruitment is needed, removing the brain will block the

behavior. a
comDNs comDNs
A GNG ‘ GNG
DNs DNs

Full behaviour ?

comDN comDN
B CsChrlmson > CsChrimson
4
GNG DNs recruited GNG DNs silent
>
©
<

Time Time

-
'y

Activity

Intact

Experiment design .
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Network Size Predicts Behavioral Necessity

Experiment results:

« DNs with many connections lost their function in headless animals (e.g.,
DNpQ09, aDN2).
« DNs with few or no connections retained their function (e.g., MDN, DNg14).

2 f_ Intact DNb02 (SS01600) 9 —ntact DNg14 (SS04158)
comDNs comDNs —Headless DNb02 > CsChrimson — Headless DNg14 > CsChrimson
w = NS
. —_— n=3 E No
GNG GNG 3 500 n=7 E
DNs DNs o S
i Z £ o
Full behaviour ? £ 2
o @
E £
comDN comDN > $ 100 -
E 2 n=9

> CsChrlmson > CsChrimson 0 T T
et 1
Control (no DNs)

Control (no DN
GNG DN recruited H GNG DN silent ontrol (no DNs) > CsChrimson

£ NS

% @ — n=5 =5 —

< g 500 n=>5 = !I

Time e _g- 0
D | i Mo
e - -100 n=5
£ 0 I T 2 n=5
Intact : 0Time (55) OTimE (S?
Experiment design Experiment results
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Network Size Predicts Behavioral Necessity

Experiment results:

* There is a spectrum of DN network
connectivity. DNs with more
connection is more likely to rely
on the recruitment mechanism.

a Broadcaster Standalone
Functional recruitment of DNs
Number of downstream DNs
Requires downstream DNs
Observed:
] ® a
DNp09 aDN2 MDN GF
Predicted: Intact
Subset of/ Versus Same
no behaviour headless @ behaviour
Tested:
o) ° ) ) e (X ]

DNp42 aDN1 DNa0O1 DNb02 DNa02 oviDN DNg11 Mute DNg14

b c
100 4 40 100 - DNp42
m aDNA1
20 [ o m DNa01
2 807 — z 801 m DNb02
o o
3 0 : : 3 m DNa02
*g 60 AllDNs Command- *g 60 4 m oviDN
< like DNs < m DNg11
3 3 B Mute
S 404 | = DNpO09 S 404 m DNg14
2 & m aDN 2 All DNs
E ‘-ir = MDN E
Z 20 ¥& . All DNs Z 20 "
% o o
n;
0 - . 0- S LLLE
0 250 500 750 1,000 1,250 0 250 500 750 1,000 1,250
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How is the DN Network Organized?

Possibilities:
1. Random connection laws
2. Some strange connection laws (If so, which law? Why this law?)

BIOENG-456 Ramdya
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DN Connection iIs NOT Random

DN-DN network |

a g I
o {1
1 “lll Nam =
100 Shuﬁled network
1[)1 II =-.04
i la I

100 Exponential fit

R2 =(0.92
o it

100 ] Power law fit

0.79
1'?:IIIIII||III... - =

20 40 60 80 100
Number of connected DNs

Number of DNs per bin

Degrees of vertices for different networks
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Louvain Method Detects DN Clusters

d e
1{l 1], 2
| - a
i 3 s l60 g
e I o L2g o8
2 6 . g
g 7 " -0 E
= 8 i : --20 2
o 9 [ ; B
11 -60 g
12 = 34 “ g
1234567 89101112 1 34
Postsynaptic cluster Postsynaptic cluster

Clusters found by Louvain Method for DN-DN network (d)

and random network (e)
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Binding DN Clusters to Behaviors

1. We already know the related behavior of some DNs, we can use this
information to label DN clusters.

f g

50 70 1-.- 45 75

26 99 2 15110 o 1.0

51154 3 14191 €

39 84 4 17106 o0
. 1375 _ 5 2 86 £9
2 4 11 2 61 2 13 ‘5o
3 724 37 O 130 79 ¢gs
) 112 O g 0 13 52

37 86 9 16107 O

51 39 10 25 65 L

7 24 114 031 -0

3 25 124 0 28

S S cB5 225 S¢

2 8 2683% 28

X X C® @ X X

5 <C8= 5

Labeling clusters with known DNs
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Connection Laws & Implications

1. Excitatory connections dominate within DN clusters, suggesting that
neurons within a cluster work together to drive specific behaviors.

2. Inhibitory connections dominate between clusters, which likely helps in
behaviour selection by suppressing conflicting movements.

Fllght

6 ' \Walking
.6

N W Take-off

\ “S and landing Excitatory o
s AN, 4— oot Q0
7 - Eg
: - 13 33
yZ ) Anterior 6 B 2
7 . /' grooming - 6 NE
: --13 ®2
. : -_85 g 2
s
™ Inhibitory Z
w2y
- ‘,
\-.‘ _’:.‘: v ,’ \
Steering \“ ) 4 11)
(walking and flight) 18 v
Flight

Connection within and between clusters
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=Pl Main Takeaways

#1 ComDNs do not work alone, they recruit DN networks.

#2: Different DNs have different roles in motor control.

#3. DN networks are behaviorally specialized.

#4. The above findings extend beyond flies.
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