
 47 

  808 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 13, 2022. ; https://doi.org/10.1101/2022.04.06.487231doi: bioRxiv preprint 



 48 

Figure 8. Cholinergic signaling underlies AVA’s regulation of forward movement   809 

A. Representative curvature kymographs (left), averaged absolute curvature (middle), and 810 

averaged speed (right), during forward movement by animals with blocked synaptic vesicle 811 

fusion (AVA-TeTx), or blocked acetylcholine loading (AVA-cha-1 RNAi) from AVA. Curvature 812 

and speed were reduced in AVA-specific TeTx in both wild-type and twk-40(lf) animals. AVA-813 

cha-1 RNAi had a similar effect on forward movement as AVA-TeTx. n: 23 (Control, wild 814 

type), 18 (AVA-specific TeTx, wild type), 14 (AVA-cha-1 RNAi, wild type), 20 (Control, twk-815 

40(lf)), 14 (AVA-specific TeTx, twk-40Ilf)). * denotes statistical significance. 816 

B. (Left panels) Representative curvature kymographs upon AVA’s constitutive and minimal 817 

stimulation (+ATR) in the presence of TeTx. Animals of the same genotype were treated with 818 

the same treatment but with opsin-activating factor (-ART) served as controls. (Right panels) 819 

Averaged absolute forward curvature. When synaptic vesicle fusion was blocked, stimulation 820 

of AVA (+ATR) resulted in no significant changes in forward movement compared to non-821 

stimulated (-ATR) animals. n: 10 (-ATR), 11 (+ATR). 822 

C. (Left) Example calcium traces of co-imaged AVA and AVB in freely moving AVA-specific TeTx 823 

animals. (Right) Cross-correlation of co-imaged AVA and AVB showed reduced anti-824 

correlation in AVA-specific TeTx animals (n=10) compared to wild-type animals (n=19). 825 

D. AVA functions as a master regulator to modulate forward and backward movement and 826 

coordinate their transitions. (Left side) At a lower activity state, AVA actively shunts reversal 827 

motor neuron A by gap junction-coupling 26. At this state, AVA’s tonic acetylcholine 828 

transmission potentiates AVB to activate the B motor neurons for sustained forward 829 

movement. (Right side) When AVA is at a high activity state, its phasic activation inhibits AVB 830 

while potentiating A motor neurons by transient acetylcholine transmission to initiate 831 

backward movement. Arrows between the low and high AVA states denote continuous 832 

modulations of velocity during transitions between the mutually exclusive motor states. 833 

Dashed and straight lines denote extrasynaptic/indirect and synaptic connectivity, 834 

respectively. Line thickness denotes synaptic strength. 835 
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Figure 8S. Chemical synaptic and cholinergic signaling from AVA positively regulates 840 

overall motor activity 841 

(A) Blocking chemical synaptic transmission from AVA reduces reversal speed. In the wild-type 842 

background, AVA-specific expression of TeTx (n=20 animals) resulted in reduced speed during 843 

reversals, an effect shared by AVA-specific cha-1 RNAi transgene (n=14 animals). Wild type 844 

control: n=18 animals. In twk-40(lf) backward, AVA-specific expression of TeTx also reduced 845 

their reversal speed (n=21 animals). when compared to animals without TeTx expression, twk-846 

40(lf) control: n=14 animals. * denotes statistical significance. 847 

(B) Blocking chemical synaptic transmission from AVA reduces AVB calcium activity. Raster plots 848 

(left) and quantification (right) of AVB calcium activity in freely moving wild type and AVA-849 

specific TeTx animals. Each line represents one animal. In AVA-specific TeTx animals, overall 850 

AVB calcium activity was decreased. n: 20 (wild type), 13 (AVA-specific TeTx).TeTx attenuates 851 

AVA’s constitutive potentiation on forward movement.  852 

(C) Blocking chemical synaptic transmission from AVA disrupts correlations between AVA, AVB, 853 

and velocity. (Left) Mean velocity and calcium traces of co-imaged AVA and AVB in freely-854 

moving AVA-specific TeTx animals. (Right) Cross-correlations between AVA calcium and 855 

velocity, and AVB calcium and velocity in AVA-specific TeTx animals. n: 19 (wild-type), 10 (AVA-856 

specific TeTx). * denotes statistical significance. 857 

858 
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Movie S1. Ablation of PVC or RIM in wild-type animals does not change forward 859 

curvature or disrupt transition between the forward-backward motor states. 860 

Representative movies of freely moving animals with or without ablation of either PVC or RIM 861 

neurons. Non ablated refers to wild-type background animals carrying the respective miniSOG 862 

transgene for PVC or RIM ablation, but without light exposure. Ablation of PVC or RIM led to 863 

increased reversal frequency, but did not change morphological parameters of the forward 864 

movement or motor state transition. 865 

Movie S2. Ablation of PVC or RIM in twk-40(lf) mutant animals does not reduce 866 

forward curvature or transitions between the forward-backward motor states. 867 

Representative movies of freely moving animals with or without ablation of either PVC or RIM 868 

neurons in twk-40(lf) mutants. twk-40(lf); non ablated refers to twk-40(hp834, lf) animals 869 

carrying the respective miniSOG transgene for PVC or RIM ablation, but without light exposure. 870 

Ablation of PVC or RIM did not reduce the extend of forward bending or more frequent motor 871 

state transitions. 872 

873 
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Table 1: Membrane potentials of C. elegans neurons 874 

  875 

Neuron class 
 
Neuron 

 
Approximate ‘Rest’ MP 

Sensory neuron AFD -40 mV99,105, -80 mV93 

Sensory neuron AWA -75 mV93,106 

Sensory neuron PLM -60 mV98 

Sensory neuron ASE -55 mV37 -60mV107 

Sensory neuron ASH -60 mV96 

Interneuron AIY -55 mV93 

Interneuron AIA -80 mV108 

Premotor interneuron AVA -20 to -30 mV39,40,66 

Premotor interneuron AVB -75 to -55 mV (this study) 

Premotor interneuron AVE -35 mV (S. Gao, unpublished) 

sra-11 expressed neuron unsure -20 mV109 

Motor neuron RMD -70 mV and -35 mV40 

Motor neuron RIM -40 mV93 

Enteric motor neuron DVB -60 mV94 

Enteric motor neuron AVL -40 mV94 

Motor neuron VA5 -70 mV41 

Motor neuron VB6 -50 mV41 

Motor neuron VD5 -45 mV41 
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Table 2. Strains and constructs generated and/or used in this study 876 

 877 

Strain  Genotype Constructs Description (see Notes) Figures 
 
Electrophysiology recording (visualization of AVA and AVB) 
ZM11177 hpIs860 pJH4693 [Ptwk-40s-eGFP; *Pmyo-2-wCherry] 1E, F; 1S1A, B;  

3C; 3S2A, B 
ZM11207 

 
twk-40(bln336); 
hpIs860 

 
pJH4693 

twk-40(gf);  
[Ptwk-40s-eGFP; *Pmyo-2-wCherry] 

1E, F; 1S1A, B;  
3C; 3S2A, B 

ZM11208 

 
twk-40(hp834); 
hpIs860 

 
pJH4693 

twk-40(lf);  
[Ptwk-40s-eGFP; *Pmyo-2-wCherry] 

1E, F; 1S1A, B;  
3C; 3S2A, B 

 
twk-40 mutants and locomotion characterization 
ZM8302 twk-40(hp834) CRISPR/ 

Cas9 
twk-40(lf) 2B, C; 2S1C, D 

JIP1514 twk-40(bln336) CRISPR/ 
Cas9 

twk-40(gf) 2B, C 

JIP1368 twk-40(bln282) CRISPR/ 
Cas9 

twk-40::TagRFP::ZF 2S1B, D 

 
ZM10113 

 
twk-40(bln282); 
hpIs727 

 
 
pJH3830 

AVA-specific TWK-40(lf) 
twk-40::TagRFP::ZF;  
[Prig-3-zif-1 sl2 RFP; *Pttx-3-GFP] 

2B, C 

 
ZM10066 

 
hpEx4053 

 
pJH4203 
pJH2673 

AVA- specific TWK-40(gf)  
[Prig-3-LoxP stop LoxP twk-40(gf)::GFP; 
Pnmr-1-Cre] 

2B, C 

 
ZM9662 

 
twk-40(hp834); 
hpEx3905 

 
 
pJH4019 
pJH2673 

AVA-specific TWK-40 rescue 
twk-40(lf);  
[Prig-3 FRT Stop FRT twk-40::GFP;  
Pnmr-1-FLP; *HygR] 

2C 

 
ZM9565 

 
twk-40(bln282); 
hpEx3909 

 
 
pJH3748 

AVA, AVE, AVG-TWK-40(lf) 
twk-40::TagRFP::ZF;  
[Pnmr-1 zif-1 sl2 RFP; *Pttx-3-GFP] 

2S1E 

 
ZM9567 

 
twk-40(bln282); 
hpEx3908 

 
pJH3748 

DVC-TWK-40(lf) 
twk-40::TagRFP::ZF;  
[Pceh-63 zif-1 sl2 RFP; *Pttx-3-GFP] 

2S1E 

 
ZM9568 

 
twk-40(bln282); 
hpEx3912 

 
 
pJH3862 

AVA, RIV-TWK-40(lf) 
twk-40::TagRFP::ZF;  
[Pnpr-4 zif-1 sl2 RFP; *Pttx-3-GFP] 

2S1E 

 
ZM9632 

 
twk-40(bln282); 
hpEx3889 

 
 
pJH3775 

AVA, AVB, AVE, SAB, SIA-TWK-40(lf) 
twk-40::TagRFP::ZF;  
[Pglr-5 zif-1 sl2 RFP; *Pttx-3-GFP] 

2S1E 

 
ZM9633 

 
twk-40(bln282); 
hpEx3890 

 
pJH3747 

A,B-TWK-40(lf) 
twk-40::TagRFP::ZF;  
[Pacr-2(s) zif-1 sl2 RFP; *Pttx-3-GFP] 

2S1E 

 
ZM9635 

 
twk-40(bln282); 
hpEx3891 

 
 
pJH3831 

AVE-TWK-40(lf) 
twk-40::TagRFP::ZF;  
[Popt-3 zif-1 sl2 RFP; *Pttx-3-GFP] 

2S1E 
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ZM9641 

 
twk-40(bln282); 
hpEx3892 

 
 
pJH3982 

TWK-40(lf) all neurons 
twk-40::TagRFP::ZF;  
[Prgef-1 zif-1 sl2 eBFP; *Pttx-3-GFP] 

2S1E 

 
ZM9646 

 
twk-40(bln282); 
hpEx3896 

 
 
pJH4012 

A, SAB-TWK-40(lf) 
twk-40::TagRFP::ZF;  
[Punc-4 zif-1 sl2 RFP; *Pttx-3-GFP] 

2S1E 

 
ZM9645 

 
twk-40(bln282); 
hpEx3897 

 
 
pJH4011 

AVB-TWK-40(lf) 
twk-40::TagRFP::ZF;  
[Plgc-55 zif-1 sl2 RFP; *Pttx-3-GFP] 

2S1E 

 
ZM9983 

 
twk-40(bln282); 
hpEx4034 

 
 
pJH4034 

SIA, SIB-TWK-40(lf) 
twk-40::TagRFP::ZF;  
[Pceh-24 zif-1 sl2 RFP; *Pmyo-2-RFP] 

2S1E 

 
Immunostaining 
ZM10652 twk-40(bln282); 

hpEx4120 
 
pJH1371 

twk-40::TagRFP::ZF;  
[Prgef-1-GPI::YFP] 

1C 

ZM9778 twk-40 (hp834); 
hpIs444 

 
pJH3143 

hp834; 
[twk-40::GFP fosmid] 

2S1D 

 
AVA calcium imaging 

ZM9059 hpIs580 pJH3631 [Prig-3-GCaMP6s::wCherry; *Lin-15] 1S2A, B 
ZM9775 twk-40(hp834); 

hpIs580 
 
pJH3631 

twk-40(lf);  
[Prig-3-GCaMP6s::wCherry; *Lin-15] 

1S2A 

ZM9818 twk-40(bln336); 
hpIs580 

 
pJH3631 

twk-40(gf);  
[Prig-3-GCaMP6s::wCherry; *Lin-15] 

1S2A, B 

 
ZM10044 

 
twk-40(hp834); 
hpIs580; 
hpEx3905 

 
 
pJH3631 
pJH4019 
pJH2673 

with AVA-specific TWK-40 rescue 
twk-40(lf);  
[Prig-3-GCaMP6::wCherry; *Lin-15] 
[Prig-3-FRT stop FRT twk-40;  
Pnmr-1-FLP; *HygR] 

 
1S2A 

 
ZM10283 

 
twk-40(bln282); 
hpIs580; 
hpIs727  

 
 
pJH3631 
pJH3830 

with AVA-specific TWK-40(lf) 
twk-40::TagRFP::ZF;  
[Prig-3-GCaMP6s::wCherry; *Lin-15]  
[Prig-3-zif-1 sl2 RFP] 

 
2S2C 

 
ZM10346 

 
hpIs580; 
hpEx4115 

 
pJH3631 
pJH4316 
pJH4237 

with AVA-specific TWK-40(gf) 
[Prig-3-GCaMP6s::wCherry; *Lin-15] 
[Pflp-18-LoxP twk-40(gf) LoxP;  
Ptwk-40s-Cre] 

 
2S2C 

ZM8970 nca-1 (hp102); 
hpIs580 

 
pJH3631 

nca-1(gf);  
[Prig-3-GCaMP6s::wCherry; *Lin-15] 

1S2B 

ZM10064 nca-1 (hp102);  
twk-40 
(bln336bln282); 
hpIs580 

 
 
 
pJH3631 

nca-1(gf);  
twk-40(gf)::ZF;  
 
[Prig-3-GCaMP6s::wCherry; *Lin-15] 

1S2B 

 
AVA and A co-ablation  
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ZM10344 

 
hpIs371; 
hpEx4114 

 
 
pJH2843 
pJH4315 
pJH4237 

AVA/A miniSOG 
[Punc-4- mito::miniSOG sl2 mCherry]; 
[Pflp-18-LoxP stop LoxP mito::miniSOG 
sl2 mCherry; Ptwk-40s-Cre] 

 
 
2S2A 

ZM11234 twk-40(hp834); 
hpIs371; 
hpEx4114 

 
pJH2843 
pJH4315 
pJH4237 

twk-40(lf);  
[Punc-4-mito::miniSOG sl2 mCherry]; 
[Pflp-18-LoxP stop LoxP mito::miniSOG 
sl2 mCherry; Ptwk-40s-Cre] 

2S2A 

 
PVC ablation 
 
ZM7054 

 
hpIs321 

 
pJH2827 

AVA, AVE, AVD, RIM, PVC mini SOG 
[Pnmr-1-tomm-20::miniSOG sl2 Cherry] 

 
3S1A 

 
RIM ablation  
 
ZM7978 

 
hpIs327 

 
pJH2829 

RIM miniSOG  
[Pcex-1-tomm-20::miniSOG sl2 Cherry] 

 
3S1A 

 
AVA-specific TeTx and cha-1 RNAi  
 
ZM10755 

 
hpIs814 

 
pJH4508 
pJH4237 

AVA-specific TeTx 
[Pflp-18-LoxP Stop LoxP TeTx::cherry; 
Ptwk-40s-Cre] 

 
8A; 8SA-C 

ZM11082 twk-40 (hp834) ; 
hpIs814 

 
pJH4508 
pJH4237 

twk-40(lf);  
[Pflp-18-LoxP Stop LoxP TeTx::cherry; 
Ptwk-40s-Cre] 

8A; 8SA-C 

 
ZM11086 

 
hpEx4362 

 
PCR 
product 

AVA-specific cha-1 RNAi 
[Pflp-18-cha-1(sense); Ptwk-40-cha-1 
(antisense); *Pttx-3-GFP] 

 
8A, 8SA 

 
AVA peptide secretion and synaptic vesicle analyses 
ZM11039 hpEx4351 pJH4677 [Pnpr-4-ins-22::GFP] 7C 
 
ZM11078 

 
hpEx4351; 
hpEx4364  

 
pJH4677 
pJH4506 

with AVA-TeTx 
[Pnpr-4-ins-22::GFP];  
[Pnpr-4-TeTx] 

 
7C 

ZM11084 hpEx4363 pJH4687 [Pnpr-4-ins-22::pHluorin] 7B 
 
ZM11085 

 
hpEx4363; 
hpIs814  

 
pJH4687 
pJH4508 
pJH4237 

with AVA-TeTx 
[Pnpr-4-ins-22::pHluorin]; 
[Pflp-18-LoxP Stop LoxP TeTx::cherry; 
Ptwk-40s-Cre]  

 
7B 

 
ZM10040 
 

 
hpIs721 

 
pJH4169 
pJH2673 

AVA-specific vesicle marker 
[Prig-3 FRT stop FRT SNB-1::GFP;  
Pnmr-1-FLP] 

7A 

 
ZM10786 
 

 
hpIs721; 
 
hpIs811  
 

 
pJH4169 
pJH2673 
pJH4508 
pJH4237 

with AVA-TeTx 
[Prig-3 FRT stop FRT SNB-1::GFP; 
Pnmr-1-FLP]; 
[Pflp-18-LoxP Stop LoxP TeTx::cherry; 
Ptwk-40s-Cre] 

 
7A 
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AVA optogenetic (Chrimson) activation 
ZM10206 hpIs758 pJH4253 

 
pJH4237 

[Prig-3-LoxP Stop LoxP 
Chrimson::Cherry; 
Ptwk-40s-Cre] 

6B 

 
ZM11151 

 
hpIs758;  
 
hpIs814 

 
pJH4253 
pJH4237 
pJH4508 
pJH4237 

with AVA-TeTx 
[Prig-3-LoxP Stop LoxP 
Chrimson::Cherry; Ptwk-40s-Cre]; 
[Pflp-18-LoxP Stop LoxP TeTx::wCherry; 
Ptwk-40s-Cre]   

 
8B 

 
AVA HisCl chemogenetic inactivation 
ZM9354 hpIs636 Ref.32 [Prig-3::HisCl1::SL2::mCherry] 6C, D 
ZM11286 hpIs636; 

hpEx4479 
Ref.32 
pJH4783 

[Prig-3::HisCl1::SL2::mCherry];  
[Pnpr-4-SNB-1::pHluorin] 

6E 

ZM11287 hpEx4479 pJH4783 [Pnpr-4-SNB-1::pHluorin] 6F 
ZM11284 
 

twk-40(bln336); 
hpEx4479 

 
pJH4783 

twk-40(gf);  
[Pnpr-4-snb-1::pHluorin] 

6F 

ZM11285 
 

twk-40 (hp834); 
hpEx4479 

 
pJH4783 

twk-40(lf);  
[Pnpr-4-snb-1::pHluorin] 

6F 

 
AVA optogenetic (GtACR2) inactivation 
ZM10806 hpIs824 pJH4562 

 
pJH4237 

[Pflp-18-LoxPStopLoxP 
gtACR2::wCherry;  
Ptwk-40s-Cre] 

2S2B 

 
ZM10538 
 

 
hpIs774; 
hpEx4081 

 
pJH4293 
pJH4217 
pJH4237 

with AVA/AVB co-calcium imaging  
[Ptwk-40s-GCaMP6s::mNeptune] 
[Prig-3 LoxP Stop LoxPgtACR2::wCherry; 
Ptwk-40s-Cre] 

 
4B, D  
4SB, D 

 
AVB optogenetic (GtACR2) inactivation 
 
ZM10942 

 

 
hpIs774;  
hpEx4292 
 

 
pJH4293 
pJH4609 
pJH4237 

with AVA/AVB co-calcium imaging  
[Ptwk-40s-GCaMP6s::mNeptune]; 
[Ppdf-1 LoxP eBFP LoxP gtACR2::Cherry; 
Ptwk-40s-Cre]  

 
4A, C 
4SA, C 

 
AVB ablation 
 
ZM7297 

 
hpIs331 

 
pJH2890 

AVB miniSOG 
[Plgc-55-mito::miniSOG UrSL wCherry] 

 
3A; 3S1A, B 

 
ZM10327 

 
twk-40(bln282); 
hpIs331; 
hpIs727 

 
 
pJH2890 
pJH3830 

with AVA-specific TWK-40(lf) 
twk-40::TagRFP::ZF; 
[Plgc-55-mito::miniSOG UrSL wCherry]; 
[Prig-3-zif-1 sl2 RFP] 

 
3B 

 
ZM10683 

 
hpIs331; 
hpIs768  

 
pJH2890 
pJH4316 
pJH4237 

with AVA-specific TWK-40(gf) 
[Plgc-55-mito::miniSOG UrSL wCherry]; 
[Pflp-18-LoxP twk-40(gf)::GFP LoxP; 
Ptwk-40-Cre] 

 
3S1B 
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ZM11173 

 
hpIs331; 
hpIs758 

 
pJH2890 
pJH4253 
pJH4237 

with AVA-specific Chrimson 
[Plgc-55-mito::miniSOG UrSL wCherry];  
[Prig-3-LoxPStopLoxP Chrimson::Cherry; 
Ptwk-40s-Cre] 

 
6SA 

 
ZM11172 

 
hpIs331; 
hpIs824 

 
pJH2890 
pJH4562 
pJH4237 

with AVA-specific GtACR2 
[Plgc-55-mito::miniSOG UrSL wCherry]; 
[Pflp-18-LoxP Stop LoxP gtACR2::Cherry; 
Ptwk-40s-Cre] 

 
3S1C 

 
AVA-AVB co-calcium imaging 
ZM10767 hpIs819 pJH4542 [Ptwk-40s-GCaMP T2A nls::mNeptune] 3D; 

5B-D; 5SA-D 
 
ZM11014 

 
twk-40(bln282); 
hpIs819; 
hpEx3904 

 
 
pJH4542 
pJH4018 
pJH2673 

with AVA-specific TWK-40(lf) 
twk-40::TagRFP::ZF;  
[Ptwk-40s-GCaMP T2A nls::mNeptune]; 
[Prig-3 FRT zif-1 sl2 eBFP FRT;  
Pnmr-1-FLP; *HygR] 

3D; 
5B-D; 5SA, B-D 

 
ZM11015 

 
hpIs819; 
hpIs768  

 
pJH4542 
pJH4316 
pJH4237 

with AVA-specific TWK-40(gf) 
[Ptwk-40s-GCaMP T2A nls::mNeptune]; 
[Pflp-18-LoxP twk-40(gf)::GFP LoxP; 
Ptwk-40s-Cre] 

3D;  
5E, F; 5SA, D 

 
ZM11034 

 
hpIs819; 
hpIs810 

 
pJH4542 
pJH4508 
pJH4237 

AVA-specific TeTx 
[Ptwk-40s-GCaMP T2A nls::mNeptune]; 
[Pflp-18-LoxP TeTx::wCherry LoxP;  
Ptwk-40s-Cre] 

8C; 8SA-C 

 
Notes: [ ] integrated or extra-transgenic arrays; * Co-injection markers; Stop: stop codon or 
termination sequence in the let-858 3’ UTR.  

 878 

  879  
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Methods 880 

Constructs and strains 881 

See Supplemental Table for a full list of constructs and stains used in this study. Primers and 882 

sequences are available upon request. All C. elegans strains were cultured on the standard 883 

Nematode Growth Medium (NGM) plates seeded with OP50 and maintained at 22.5 °C unless 884 

specified. The wild-type animal refers to the Bristol N2 strain or animals. The control animal 885 

refers to a transgenic line without explicitly introduced genetic mutations. L4 stage 886 

hermaphrodites were used for the experiments unless specified otherwise. 887 

Isolation, cloning, and generation of twk-40 mutants 888 

The first loss of function allele of twk-40(hp733) was isolated in a genetic screen based on 889 

altered behavior. hp733 was isolated with exaggerated amplitude in both forward and reverse 890 

movement as well as a tendency to form a backward coil. hp733 was mapped to the left arm of 891 

chromosome III past the SNP marker W06F12 at ~-21. Whole genome sequencing was 892 

performed, and a single missense mutation (E36K) was identified in twk-40. Fosmids and 893 

plasmids containing wild-type twk-40 coding sequence fully rescued the behavioral change 894 

in hp733. Subsequently, we generated another loss of function allele in twk-40(hp834) using 895 

CRISPR gene editing. hp834 has a 7bp deletion in between exon 1 and the following intron (at 896 

base 3378-3384 (GTTCGAG) of T28A8.1b), resulting in a frame-shift mutation of twk-40 that 897 

expresses only the first twelve amino acids of the channel. hp834 displayed similar but stronger 898 

behavioral defects than hp733 and was easy to be genotyped. We subsequently used hp834 as 899 

the canonical lf allele for all experiments shown in this study.  900 

Gain of function allele bln336, L181N was engineered by CRISPR/Cas9 editing by mutating the 901 

4298-4299 base of T28A8.1b from CT to AA49. TWK-40 degradation was generated by a 902 

repurposed E3 ligase degradation system51. bln282 (twk-40::TagRFP::ZF) was generated by 903 

CRISPR/Cas9 genome editing to insert an in frame TagRFP::ZF fusion at base pair 5785 at 904 

T28A8.1b (twk-40)101. 905 

AVA-specific TWK-40(lf) was generated by expressing ZIF in AVA using the rig-3 promoter 906 

or nmr-1/rig-3-promoter combination (Prig-3 FRT zif-1 sl2 eBFP FRT; Pnmr-1-FLP) via the FRT-907 

FLP recombination system in bln282 (twk-40::TagRFP::ZF) background. AVA-specific TWK-40(gf) 908 

was generated by expressing TWK-40(L181N)::GFP in AVA by flp-18/twk-40-promoter 909 

combination (Pflp-18-LoxP stop LoxP twk-40(gf)::GFP; Ptwk-40-cre) or via the Cre-LoxP 910 

recombination system in the N2 background, or rig-3/nmr-1 promoter combination (Prig-3-LoxP 911 

stop LoxP twk-40(gf)::GFP; Pnmr-1-Cre) via the FRT-FLP recombination system in N2 912 

background. AVA-specific TWK-40 rescue was generated by expressing TWK-40(WT)::GFP in 913 

AVA by rig-3/nmr-1-promoter combination (Prig-3 FRT Stop FRT twk-40::GFP; Pnmr-1-FLP) via 914 

the Cre-LoxP recombination system in twk-40(lf) background. 915 
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Spontaneous locomotion analyses 916 

A single L4 animal was collected and transferred to an NGM plate with a thin layer of evenly 917 

spread OP50. After 30 seconds, it was recorded on a tracking microscope using an in-house 918 

developed ImageJ plugin26. A 3-minute movie of the animals was recorded at 10 fps. At least 10 919 

animals for each genotype were recorded on the same day using the same condition. The 920 

movies were analyzed as previously described26,58. Briefly, the animal contour was divided into 921 

33 segments by its centerline along the longitudinal axis. Body curvature in radian between 922 

adjacent body segment segments (5-32) was calculated. Velocity was calculated by the 923 

displacement of the centroid. 924 

Electrophysiology 925 

Exogenous TWK-40 channel whole-cell patch recording in HEK293 cells: HEK293 cells were 926 

cultured in the DMEM medium with 10% fetal bovine serum, 1% double antibody at 5% CO2, 927 

and 37°C. TWK-40 expression construct was generated by RT-PCR amplification of cDNA b 928 

isoform and inserting into the BstXI and NheI sites of the pCDNA3.1 vector. After 24 hours of 929 

transfection of the plasmid with the liposome ExFect2000 (Vazyme, China), cells were patched 930 

using 4-6 MΩ-resistant borosilicate pipettes (1B100F-4, World Precision Instruments, USA). 931 

Pipettes were pulled by micropipette puller P-1000 (Sutter, USA), and fire-polished by 932 

microforge MF-830 (Narishige, Japan). Membrane currents and I-V curve were recorded and 933 

plotted in the whole-cell configuration by pulse software with the EPC-9 amplifier (HEKA, 934 

Germany) and processed with the Igor Pro (WaveMetrics, USA) and Clampfit 10 software (Axon 935 

Instruments, Molecular Devices, USA). I-V curve was recorded at a holding potential from –80 936 

mV to 80 mV with 20 mV step voltages. Data were digitized at 10-20 kHz and filtered at 2.6 kHz. 937 

The pipette solution contained (in mM): KCl 140; MgCl2 1; EGTA 10; HEPES 10; Na2ATP 4; pH 7.3 938 

with KOH, ~300 mOsm. The bath solution consisted of (in mM): NaCl 140; KCl 3.6; CaCl2 2.5; 939 

MgCl2 1; pH 7.3 with NaOH, ~310 mOsm. For low intracellular K+ recording, the pipette solution 940 

contained (in mM): KCl 14; CsCl 126; MgCl2 1; EGTA 10; HEPES 10; Na2ATP 4; pH 7.3 with CsOH, 941 

~300 mOsm. Chemicals were obtained from Sigma unless stated otherwise. Experiments were 942 

performed at room temperatures (20-22°C). 943 

in situ whole-cell patch clamp of C. elegans neurons AVA and AVB: Premotor interneuron 944 

whole-cell patch clamp recording was performed using a strain with fluorescent labeling of AVA 945 

and AVB neurons, a configuration as previously described26,39, which was modified from 946 

previous reports40,44,110. Briefly, 1- or 2-day-old hermaphrodite adults were glued (Histoacryl 947 

Blue, Braun) to a sylgard-coated cover glass covered with bath solution (Sylgard 184, 948 

Dowcorning) under a stereoscopic microscope (M50, Leica). After clearing the viscera by 949 

suction through a glass pipette, the cuticle flap was turned and gently glued down using 950 

WORMGLU (GluStitch Inc.) to expose the soma of AVA and AVB neurons. Neurons were 951 

patched using ~20 MΩ-resistant borosilicate pipettes (1B100F-4; World Precision Instruments). 952 

Pipettes were pulled by micropipette puller P-1000 (Sutter) and fire-polished by microforge MF-953 

830 (Narishige). Membrane currents and potentials were collected in the whole-cell 954 
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configuration by pulse software with an EPC9 amplifier (HEKA, Germany). Data were digitized at 955 

10 kHz and filtered at 2.6 kHz. The recording pipette solution consisted of: KCl 25 mM; K-956 

Gluconate 115 mM; CaCl2 0.1 mM; MgCl2 5 mM; BAPTA 1 mM; HEPES 10 mM; Na2ATP 5 mM; 957 

Na2GTP 0.5 mM; cAMP 0.5 mM; cGMP 0.5 mM, pH 7.2 with KOH, ~320 mOsm. cGMP and cAMP 958 

were included to increase the longevity of the preparation39,111. The bath solution consisted of 959 

KCl 5 mM; NaCl 150 mM; CaCl2 5 mM; MgCl2 1 mM; glucose 10 mM; sucrose 5 mM; HEPES 15 960 

mM, pH 7.3 with NaOH, ~330 mOsm. The K+ current was recorded at a holding potential from –961 

60 mV and followed a ramp voltage stimulation from –90 mV to 90 mV. The membrane voltage 962 

recording was performed at 0 pA for at least 30 seconds. The background leak currents were 963 

recorded at –60 mV. Healthy preparations were selected based on the following criteria: whole-964 

cell capacitance (1-1.5 pF), and steady-state leak current (–20-0 pA at –60mV). Experiments 965 

were performed at room temperatures (20-22°C). 966 

Cell ablation by MiniSOG 967 

Strains expressing miniSOG112 in AVB, RIM, AVA, A, or AVA/A were used for ablation by 968 

exposing L2 larvae to blue LED light as described in previous studies25,58,113. Briefly, cells 969 

expressing miniSOG were co-labeled with RFP. animals were treated with 30-40 min LED blue 970 

light using a homemade device and allowed to recover for 1 day. L4 animals were recorded for 971 

behavioral analyses. For PVC ablation, L2-stage transgenic animals that express miniSOG in 972 

multiple premotor interneurons, including but not exclusive to PVC, were anesthetized by 973 

sodium azide and mounted on a 2 percent agarose pad with a coverslip. The tail region was 974 

exposed to a blue laser for 30 min and animals were allowed to recover for 2 days before 975 

recording at the L4 stage. Only healthy animals were recorded and analyzed. The ablation 976 

efficiency was confirmed by the disappearance or distortion of the soma fluorescence and 977 

fragmentation of neurites. 978 

Optogenetic stimulation for behavioral and calcium imaging 979 

Strains: Strains that express AVA-specific Chrimson or GtACR2 strains were used for AVA-980 

specific stimulation and inhibition, respectively. The specificity of AVA-specific GtACR2 was 981 

verified by AVA ablation using Pnmr-1-miniSOG. The AVA-ablated animal no longer exhibited 982 

light-induced inhibition during forward and backward movement. Transgenic animals were 983 

cultured on ATR plates in darkness for two generations. The second-generation L4-stage 984 

animals were analyzed for behavior and calcium activities. Controls were animals of the same 985 

genotypes, cultured and treated similarly, except with no ATR included on culture plates. 986 

Behaviors upon stimulation: an individual L4-stage animal was transferred to an imaging plate 987 

with a thin layer of evenly spread OP50. After 30 seconds, the movement of the animal was 988 

tracked during multiple stimulation cycles: 10s pre-stimulation, 10s stimulation, 10s post-989 

stimulation; or, 30 seconds pre-stimulation, 30 seconds stimulation, and 30 seconds post-990 

stimulation. 488nm and 574nm LED light stimulation were applied to inhibit and activate AVA, 991 

by activating GtACR2 and Chrimson, respectively. 992 
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Constitutive, minimal Chrimson-mediated AVA activation: ATR-supplemented NGM plates were 993 

seeded with regular OP50 supplemented with ATR (1ml OP50/0.5μl 50μm ATR). Animals were 994 

cultured on ATR plates for at least 1 day for behavior recording. Before recording, animals were 995 

conditioned with 544nm green LED light for up to 5min (Zeiss V16), followed by recording at 996 

595nm yellow light (Thorlabs) at low intensity (4 out of 63 A.U.).  997 

Minimal GtACR2-mediated AVA inactivation: Animals were cultured on ATR-supplemented 998 

NGM plates for at least 1 day for behavior recording. During stimulation, animals were exposed 999 

to 470nm blue LED light at low intensity (4 out of 63 A.U.). 1000 

GtACR2-mediated AVB inactivation: L4 stage AVB-specific GtACR2 animals were incubated on 1001 

plates with or without -ATR or +ATR (1ml OP50 /5μl 50μM ATR) plates for 2 hours and then 1002 

subjected to behavior recording with a constant 470nm LED exposure at low intensity (4 out of 1003 

63 A.U.) for 800 seconds. 1004 

Simultaneous calcium recording and optogenetic stimulation: The experiment process was 1005 

previously described113. Briefly, L4 stage animals carrying AVA and AVB calcium reporters and 1006 

either AVA-specific GtACR2 or AVB-specific GtACR2 were incubated on -ATR or +ATR plates for 1007 

2 hours. They were immobilized on dry agarose pads in M9 buffer and subjected to full 1008 

spectrum light illumination for simultaneous calcium imaging and GtACR2-mediated inhibition 1009 

at 10 fps or 20 pfs for 6-20 seconds. 1010 

Behavioral analyses upon chemogenetic manipulation 1011 

Animals of the L4 stage carrying an extrachromosomal array for Prig-3 HisCl::mCherry32 were 1012 

incubated on 0mM, 2mM, 5mM, or 10mM histamine plates with OP50 for 1 hour before being 1013 

individually placed on the behavioral imaging plates for spontaneous behavior recording and 1014 

quantification.  1015 

Immunofluorescent staining and imaging 1016 

Mixed stages of animals with endogenously tagged twk-40 (twk-40::TagRFP::ZF), with or 1017 

without the plasma marker (Prgef-1-GPI::YFP), and animals with an integrated twk-40::GFP 1018 

fosmid were fixed in 2% paraformaldehyde at 4°C for 1 hour and processed as previously 1019 

described114. Primary antibodies against TagRFP (Thermo Fisher Scientific, R10367, rabbit) 1020 

and/or GFP (Roche, mouse) were used at 1:500 and 1:200 dilution, respectively. Secondary 1021 

antibodies of goat-anti-rabbit (Alexa Fluor 488) and/or goat anti-mouse (Alexa Fluor 594) were 1022 

used at 1:5000 dilution. L4 larvae and adults were imaged with a Nikon spinning disk confocal 1023 

microscope with a 63x objective and reconstructed by maximum intensity projection. Single 1024 

layers of acquired images from animals co-expressing TWK-40::TagRFP::ZF and GPI::YFP were 1025 

examined for subcellular colocalization using an ImageJ plugin (JACoP).  1026 

Live fluorescence microscopy of GFP and pHluorin 1027 

Live L4 larvae were immobilized on dry agarose pads in a small drop of M9 buffer. Fluorescence 1028 

signals were captured using Nikon Eclipse 90i confocal microscope and Nikon Eclipse T12 with 1029 
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Yokogawa CSU-X1 spinning disk field scanning confocal system. For pHluorin imaging, all images 1030 

were acquired within 10min after dry pad preparation. All fluorescent images were analyzed by 1031 

the in-house developed puncta analyzer115 or ImageJ intensity analyzer. 1032 

Calcium imaging of premotor interneurons in moving animals 1033 

AVA (L or R) or AVB (L or R) single neuron imaging was performed in L4 larvae as previously 1034 

described73. Briefly, an individual transgenic animal was placed on a 2.5 percent agarose pad to 1035 

ensure its slow movement. The animal was allowed to recover for 3min and then recorded 1036 

using Zeiss Axioskop 2 Plus upright microscope with 40x objective or Nikon spinning disc 1037 

confocal with 20x objective in the wide-field mode. Signal extraction and calcium activity 1038 

(GCaMP/RFP ratio unless stated otherwise) were carried out as previously described113. 1039 

For AVA (L or R) and AVB (L or R) co-imaging, an individual transgenic L4 stage animal 1040 

expressing the GCaMP6s calcium sensor in AVA and AVB (hpIs819) was mounted on a 2 percent 1041 

NGM gel pad with ~1μl M9 buffer so that it could move under a coverslip. Mounted animals 1042 

were allowed to recover for 3min on the pad before recording. The recording was performed 1043 

using a 20x objective on Nikon spinning disk confocal microscope. Animals were centered in the 1044 

field of view by manual tracking. AVB soma was manually kept in focus at the RFP channel 1045 

during recording. The initiation of each epoch of reversal to forward locomotion transition was 1046 

defined by the alignment between velocity and AVA-AVB calcium activity (GCaMP intensity) 1047 

using in-house-developed MATLAB scripts113. 1048 

Cell-specific perturbation of neurotransmission 1049 

 AVA-specific TeTx was achieved by the Cre-LoxP recombination system. AVA-specific cha-1 1050 

RNAi was generated using the combination of Pflp-18 and Ptwk-40 promoter combination to 1051 

drive the sense and anti-sense strands of cha-1 genomic DNA, respectively. The following 1052 

primers and templates were used: (A) Pflp-18: OZM6199 (GATGGATACGCTAACAACTTGG) and 1053 

OZM6200 (CTACAACGGCAGCGTATTCGATCCCGTCTAAC-CCTGAAA) amplified from pJH4631. (B) 1054 

cha-1 exon: OZM6201 (GAATACGCTGCCGTTGTAG) and OZM6240 1055 

(GTCGAGTGCTCTATGCACAACC), amplified from N2 genomic DNA. (C) Ptwk-40s: OZM6199 1056 

(GATGGATACGCTAACAACTTGG) and OZM6253 (GTATGATGCGACTATTCAGCTGT-1057 

GAATATTCATCACTCGATATTCCA) amplified from pJH4608. (D) cha-1 exon: OZM6201 1058 

(GAATACGCTGCCGTTGTAG) and OZM6202 (CAGCTGAATAGTCGCATCATAC), amplified from N2 1059 

genomic DNA. PCR fusion was performed to obtain sense and anti-sense cha-1 by following 1060 

primers: Pflp-18-cha-1(sense): OZM6203 (AGCTTAGCCGGAATAGGGTCA) and OZM6202 1061 

(CAGCTGAATAGTCGCATCATAC), amplified from mixed PCR product (A+B). Ptwk-40-cha-1062 

1(antisense): OZM3543 (AATGCGGCCGCTCTAATCACTATCACGT GGGATCTGGATAA); OZM6254 1063 

(CGTAG-GCCAGAAAGCCTCAC) from mixed PCR product (C+D). Mixed PCR products were 1064 

injected into N2 animals. 1065 
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Modeling 1066 

Our approach is to find the simplest phenomenological model (i.e. a non-mechanistic model 1067 

with as few free parameters as possible) that explains the observed calcium activity patterns of 1068 

AVA and AVB, as opposed to a detailed, more biologically realistic model. A more realistic 1069 

model will have several parameters, the estimation of which will require assumptions or 1070 

experiments to fix. 1071 

We first note that our experiments suggest that the communication between AVB and AVA is 1072 

largely unidirectional, with AVA affecting AVB's activity and very little effect in the opposite 1073 

direction. Consequently, we start with the following equation for the calcium activity of AVB, 1074 

𝑥𝐴𝑉𝐵 1075 

𝑑𝑥𝐴𝑉𝐵

𝑑𝑡
= −

1

𝜏𝐴𝑉𝐵
 ⋅ 𝑥𝐴𝑉𝐵   + 𝜎(𝑤𝐴𝑉𝐴 ⋅ 𝑥𝐴𝑉𝐴 + Σ𝑖𝑤𝑖𝑧𝑖 + 𝑐) 1076 

 1077 

Where 𝑥𝐴𝑉𝐴 is the calcium activity of AVA, 𝑧𝑖 is the activity of all other input neurons of AVB, 𝑤𝑖 1078 

is the synaptic weight of each input, 𝑐 is the bias input, and 𝜎 denotes the activation function 1079 

for the dynapse. Typically, the activation function is a sigmoidal function. However, to simplify 1080 

the model we restrict our attention to the linear case, where 𝜎 is simply the identity function, 1081 

𝜎(𝑥) = 𝑥. 1082 

Next, we make a key simplification to the model above based on our experiments. Our results 1083 

show that AVA forms the dominant input on to AVB. Specifically, AVA-twk-40(gf) animals 1084 

cannot sustain their forward motion (Fig. 2B) and AVB's calcium is significantly reduced in this 1085 

background (Fig. 3D). This suggests that we can ignore the input from other neurons in the 1086 

model. Thus, we set 𝑤𝑖 = 0 for all neurons other than AVA. Giving us the following leaky-1087 

integrator differential equation. 1088 

 1089 

1

𝑤𝐴𝑉𝐴

𝑑𝑥𝐴𝑉𝐵

𝑑𝑡
= −

1

𝜏𝐴𝑉𝐵. 𝑤𝐴𝑉𝐴
⋅ 𝑥𝐴𝑉𝐵 + 𝑥𝐴𝑉𝐴 + 𝑐 1090 

 1091 

As a final simplification, we assume that the direct input from AVA is faster than the kinetics of 1092 

the calcium sensor, such that any activity in AVA is immediately reflected in AVB. Thus, we 1093 

consider the limit 
1

𝑤𝐴𝑉𝐴
→ 0. Giving us the final simplified model as, 1094 

𝑥𝐴𝑉𝐵   = 𝑎 ⋅ 𝑥𝐴𝑉𝐴 + 𝑐 1095 

Where 𝑎 =
1

𝜏𝐴𝑉𝐵.𝑤𝐴𝑉𝐴
 is a dimensionless multiplier. As seen in Fig. 5B, this model with 𝑎 < 0 1096 

(black dotted line) can predict the anticorrelated activity pattern between AVA and AVB during 1097 

a reversal, but is unable to explain AVB's activity after the reversal.  1098 

 1099 
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To capture the slow decay of AVB, we add an additional slower input from AVA to AVB (as 1100 

shown in the schematic in Fig. 5A). Giving us the following system of equations with just three 1101 

free parameters. 1102 

𝑥𝐴𝑉𝐵   = 𝑎 ⋅ 𝑥𝐴𝑉𝐴 + 𝑏 ⋅ 𝑦 1103 
 1104 

𝑑𝑦

𝑑𝑡
= −

1

𝜏
⋅ 𝑦 + 𝑥𝐴𝑉𝐴  1105 

Where, 𝑎 and 𝑏 are the coefficients for the fast and slow inputs respectively, and 𝜏 is the 1106 

integration time-constant for the slow component of AVA. To fit the parameters from calcium 1107 

imaging data, we used procest function from MATLAB’s system identification toolbox, which 1108 

estimates the transfer function for the equation above. Laplace transforming the system of 1109 

equations above results in the following transfer function,  1110 

 1111 
XAVB(s)

XAVA(s)
= [

(a + b ⋅ τ) + (a ⋅ τ) ⋅ s

1 + τ ⋅ s
] 1112 

 1113 

which has one zero and one pole. The number of zeros and poles form the input to procest, 1114 

along with the calcium traces of AVB calcium (set as output signal) and AVA calcium (set as the 1115 

input signal). To get a distribution over model parameters and performances, we do a cross-1116 

validation procedure where the parameters are estimated from a single recording and then 1117 

tested on the remaining recordings. The model R-squared showed in Fig 5C shows the 1118 

distribution from the models thus estimated.  1119 

The same setup was used to model the velocity from AVA’s calcium activity (Fig 5G) using 1120 

procest (i.e. a single pole, single zero transfer function), with AVA’s activity being set as the 1121 

input signal and velocity forming the output signal. 1122 

Statistical analyses 1123 

Electrophysiological analyses: The cumulative distributions for the membrane voltage of AVA 1124 

and AVB were calculated using MATLAB’s ecdf function. To compute the joint histogram (Fig. 1125 

1S1, Fig. 3S2), we first computed the derivative of membrane potential with a finite difference 1126 

(preceded by smoothing with a Gaussian kernel) and then used MATLAB’s bivariate histogram 1127 

histogram2 to perform the histogram estimation. For HEK293 cell recording, the Mann-1128 

Whitney U tests were used. 1129 

Behavior and fluorescent analysis: Mann-Whitney U tests were used to quantify data of box and 1130 

whisker plots unless stated otherwise.  1131 

Calcium imaging: Error bars in Fig. 4 and Fig. 4S were computed as a 95% confidence interval of 1132 

the mean bootstrapped over 1000 resamples.  1133 
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P value less than 0.05 is considered to be statistically significant. *: P < 0.05, **: P < 0.01, ***: P 1134 

<0.001.  1135 
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