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What is Locomotion?

A beetle larva performing a rectilinear locomotion.

• Any of a variety of methods that animals use to move 

from one place to another.

• Including self-propelled locomotion, e.g., running, 

swimming, jumping, and passive locomotion, e.g., 

sailing (some jelly fish), rolling (some beetles and 

spiders)

• There are some reasons for animal to move, such as 

to find food, a mate, a suitable environment, or to 

evade predators.
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General Overview &

The Locomotion Circuits



Parameters

A Female Drosophila’s:

• Maximum walking speed is 4.2cm/s

• Continuous straight walking speed is about 1.5cm/s

• Duration of single step ranges from 60ms to 150ms in 

continuous straight walks

• Step rate is from 6.7 to 16.5 step/s in continuous straight 

walks

(Strauss R, Heisenberg M,  1990)



Tripod Gait

Two  examples of  leg coordination during straight 

walk obtained from the same individual.

(Strauss R, Heisenberg M,  1990)
Alternating tripod gait of walking desert ants.



Mushroom body 

for locomotion

Head of (B) a CS male and (D) a CS male with 

MB ablated by HU (hydroxyurea, 硫酸羟脲)

(Serway CN, Kaufman RR, 2009)



Buridan’s Paradigm

Single flies with clipped wings were confined to an elevated circular 

disk (8.5 cm in diameter) surrounded by a water-filled moat between 

two opposing and inaccessible landmarks

(Serway CN, Kaufman RR, 2009)



MB Ablation by HU

Head of (A) a Berlin male and (C) a Berlin male with MB 

ablated by HU (hydroxyurea, 硫酸羟脲), (B)(D) is same 

as (A)(C) but is from CS.

Brain structure volume from brain of HU ablated fly and control.

(de Belle JS, Heisenberg M. 1994)

(Serway CN, Kaufman RR, 2009)



Anatomy and Orientation 

are Not Influenced by HU ablation

External anatomy was not influenced by 

genotype or HU treatment. 

All groups of flies demonstrated comparable patterns of landmark orientation 

(Serway CN, Kaufman RR, 2009)



…But Activity is Damaged

(Serway CN, Kaufman RR, 2009)

Mean percent of time flies were actively walking 

during 15 minutes in Buridan’s paradigm.



Larva Circuit

in locomotion

(Carreira-Rosario A, Zarin AA, Clark MQ, et al., 2018)



After a screening of 75 sparse expressing Gal4 lines, 

TrpA1 activationof R53F07 induces backward crawling. 

(Clark MQ, McCumsey SJ, Lopez-Darwin S, 

Heckscher ES, Doe CQ, 2016)

Refinery of backward crawling neuron

3 lines that induce backward crawling once activated 

are identified by cross section.

(Carreira-Rosario A, Zarin AA, Clark MQ, et al., 2018)



Stochastic Refinery of MDN by heatshock

(Carreira-Rosario A, Zarin AA, Clark MQ, et al., 2018)



Annotation of MDN by TEM Reconstruction

and find its Descending Neurons

(Carreira-Rosario A, Zarin AA, Clark MQ, et al., 2018)



MDN induces backward crawling via 

Descending Neurons



Central Complex

in locomotion (Robie AA, Hirokawa J, Edwards AW, et al., 2017)



Behavior video data Collection, Tracking

and Quantification of Behavior 

A frame of collected video. Each video consisted of 

~30,000 1024x1024 pixel frames of ~10 male and 

~10 female flies.

An example of automatic behavior classification results.

Color indicates that the classifier predicted that the 

behavior was occurring.

(Robie AA, Hirokawa J, Edwards AW, et al., 2017)



Table of behavioral effects of neural activation for 

all 2,205 GAL4 lines assayed. Table of anatomical expression for all  GAL4 lines assayed 

(Robie AA, Hirokawa J, Edwards AW, et al., 2017)

Behavioral Effects of neural activation 

and Anatomical Expression of Gal4 lines 



Central Complex activation 

is walk-increasing 

(Robie AA, Hirokawa J, Edwards AW, et al., 2017)

Cross-section of the walk-increasing  regions all points to ring neurons.



…Some other behavior

(Robie AA, Hirokawa J, Edwards AW, et al., 2017)



Ventral Nerve Cord

in locomotion （Phelps JS, Hildebrand DGC, Graham BJ, et al.， 2021）



Gridtape

The high-throughput serial-section transmission electron microscopy (TEM) pipeline built around GridTape. 

（Phelps JS, Hildebrand DGC, Graham BJ, et al.， 2021）



Reconstruction of motor neuron(A) and sensory 

neurons(B).

Reconstruction of VNC

and Classification of neurons

Reconstruction of all front leg motor neurons.

（Phelps JS, Hildebrand DGC, Graham BJ, et al.， 2021）



Connection between bCS and MN bundles,

fast tibia flexor MN is a major target

（Phelps JS, Hildebrand DGC, Graham BJ, et al.， 2021）



The Locomotion Inducers



Metabolism influences 
locomotor behaviors:

gut microbial
factor

starvation

High-fat diet,
HFD

High-sucrose diet,
HSD

disease model
short-term various

stimuli, SVS

temperature



2018



conventional; Conv

axenic; Ax,无菌的

L.b, Lactobacillus brevis ：短乳酸菌
L.P, Lactobacillus plantarum：胚芽乳酸菌



CFS: cell-free supernatant (CFS) collected from bacterial cultures 

HK: heat-killed bacteria

xylose isomerase 

(Xi) 







Starvation induces hyperactivity of adult flies 

Food Cues Suppress Starvation-Induced Hyperactivity. 



Neuronal AKHR is required for starvation-induced hyperactivity but not food consumption.



AKHR+ neurons are required for starvation-induced hyperactivity 

silencing of 

AKHR+neurons 
facilitating the activation of of 

AKHR+neurons 



HFD promotes starvation-induced hyperactivity in adult Drosophila. 



AKHR protein levels were upregulated by HFD feeding.

AKHR+neurons are more sensitive to AKH upon HFD feeding. 



HFD suppressed autophagy via activating AMPK-TOR signaling 

How feeding exert effect on the AKHR+ neurons?

AKHR accumulation is induced by the suppression of autophagy 

( lysosome-dependent protein degradation pathway

LpR1 is required for HFD-strengthened 

hyperactivity under starvation. 

AKHR+ neurons



working model:





HSD extended morning activity but not evening activity. 

HSD, high sucrose diet:

30% sucrose

High-temperature augmented this effect. 



Extended M activity after the startle response was more prominent in the 16L:8D 



Neuropeptide DTk and the DTk receptor TkR86C were required for M activity extension in HSD. 

DTk levels were increased in DTk neurons in flies fed a HSD. 



DTk neurons and DN1Ps were anatomically and functionally connected. 



Subsets of DN1ps were TkR86C-positive and were required for M activity extension in HSD.





Increase then depression of locomotor activity after high temperature experience.



Depressed locomotor activity is not due to fatigue and is a general phenomenon.



The role of octopamine / Tyramine and serotonin in changes of locomotor activity 

following high temperature exposure. 





Drosophila melanogaster increases speed at increasing temperature following a 

model based on enzyme-catalyzed temperature performance.



Gr28b(D) gene, encoding a peripheral thermosensor

Intact central thermal sensing is necessary for flies to increase speed according to temperature 

changes. 





short-term variable 

stress 

provoke stress-induced phenotypes in Drosophila 

SVS protocol induces hyperlocomotion and centrophilia in adult flies. 



地西泮（安定） 氟西汀（百忧解）



Metabolism influences 
locomotor behaviors:

gut microbial
factor

starvation

High-fat diet,
HFD

High-sucrose diet,
HSD

disease model
short-term various

stimuli, SVS

temperature



The Locomotion Transmitters
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The locomotion neurotransmitters of Drosophila melanogaster



Neurotransmitter

• What is transmitter？

神经递质（neurotransmitter）是神经元之间或神经元与效应器细胞之间传递信
息的化学物质。



Classification：胆碱类、单胺类、氨基酸类和神经肽类等。

Development,growth, feeding, metabolism, 

reproduction, homeostasis, and longevity, as well as 

neuromodulation in learning and memory, olfaction and 

locomotor control. 

Neurotransmitter

Function

：



The locomotion neurotransmitters of Drosophila melanogaster



The locomotion neurotransmitters of Drosophila melanogaster

How many neurotransmitters are there in Drosophila?

Dick R. Nassel, et al., 2010, Prog Neurobiol



Drosophila life cycle





The role of octopamine and tyramine in Drosophila larval locomotion

Tyramine is a biosynthetic precursor of octopamine



Octopaminergic/tyraminergic neurons within the ventral nerve cord are necessary for larval locomotion





OA and TA Adjust Drosophila Larval Locomotion to Nutritional State



TDC2 Neurons Contact MNs in Central Ventral Nerve Cord Neuropils



Summary

• OA and TA are important for Drosophila Larval Locomotion 



The locomotion neurotransmitters of adult Drosophila melanogaster



Dimorphism is regulated by dilp2 in Drosophila

Belgacem YH, et al., 2002, PNAS Belgacem YH, et al., 2006, J Neurobiol



Octopamine mediates starvation-induced hyperactivity

Zhe Yang, et al., 2015, PNAS



AKH mediates starvation-induced hyperactivity

Yu Y, et al., 2016, Elife



Insulin signaling suppresses starvation-induced hyperactivity via AKHR+neurons

Yu Y, et al., 2016, Elife



Octopamine signaling mediates the effect of AKHR+ neurons on starvation-induced hyperactivity

Yu Y, et al., 2016, Elife



Summary

• OA and TA are important for Drosophila Larval Locomotion

• Octopamine signaling mediates the effect of AKHR+ neurons on 
starvation-induced hyperactivity 



Activation of VNC Serotonergic Neurons Slows Walking Speed

Howard CE, et al., 2019, Curr Biol



VNC Serotonergic Neurons regulate Walking Speed

Howard CE, et al., 2019, Curr Biol



HSD extended morning activity but not evening activity

Lee SH, et al., 2019, Commun Biol



HSD extended much morning activity in 16L:8D condition

Lee SH, et al., 2019, Commun Biol



Neuropeptide tachykinin was required for M activity extension in flies on a HSD

Lee SH, et al., 2019, Commun Biol



Summary

• OA and TA are important for Drosophila larval locomotion

• Octopamine signaling mediates the effect of AKHR+ neurons on 
starvation-induced hyperactivity for Drosophila adult locomotion

• VNC Serotonergic Neurons regulate Walking Speed

• Neuropeptide tachykinin was required for M activity extension in flies on a HSD



Thanks！


