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Significance

Adaptive locomotion of animals 
requires proprioception to 
provide real-time information on 
body position and locomotory 
dynamics. While many studies 
have successfully identified and 
described various proprioceptive 
components or mechanisms in 
different animals, a relatively 
complete neuronal circuit of 
locomotor control remains 
unclear in any organism. With an 
integrative approach, we show 
that Caenorhabditis elegans 
adapts its locomotor amplitude 
to gait perturbations in a 
homeostatic manner by using a 
proprioceptive feedback circuit 
through dopamine and 
neuropeptide signaling. Our work 
sets a circuit-level substrate for a 
deeper understanding of the 
neural basis of animal locomotor 
control in natural environments 
and will be of interest to 
researchers studying motor 
circuitry and behavior.
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An animal adapts its motor behavior to navigate the external environment. This 
adaptation depends on proprioception, which provides feedback on an animal’s body 
postures. How proprioception mechanisms interact with motor circuits and con-
tribute to locomotor adaptation remains unclear. Here, we describe and characterize 
proprioception-mediated homeostatic control of undulatory movement in the round-
worm Caenorhabditis elegans. We found that the worm responds to optogenetically or 
mechanically induced decreases in midbody bending amplitude by increasing its anterior 
amplitude. Conversely, it responds to increased midbody amplitude by decreasing the 
anterior amplitude. Using genetics, microfluidic and optogenetic perturbation response 
analyses, and optical neurophysiology, we elucidated the neural circuit underlying this 
compensatory postural response. The dopaminergic PDE neurons proprioceptively sense 
midbody bending and signal to AVK interneurons via the D2-like dopamine receptor 
DOP-3. The FMRFamide-like neuropeptide FLP-1, released by AVK, regulates SMB 
head motor neurons to modulate anterior bending. We propose that this homeostatic 
behavioral control optimizes locomotor efficiency. Our findings demonstrate a mech-
anism in which proprioception works with dopamine and neuropeptide signaling to 
mediate motor control, a motif that may be conserved in other animals.

C. elegans | dopamine | locomotion | proprioception

Animal navigation in complex natural environments requires flexible locomotor behavior 
(1). During locomotion, an animal needs to adapt its body posture and motor output to 
its surrounding context and the inevitable perturbations resulting from obstacles and 
irregularities (2). Kinematic and electromyographic studies in legged animals revealed 
phasic compensatory reactions in their central nervous systems, characterized by rapid 
corrective movements adapted to the perturbation (3, 4). In undulatory animals such as 
fish and nematodes, motor circuits also contextually tune motor behaviors to external 
conditions (5–7). The observations of these adaptive movements in various conditions 
highlight the behavioral flexibility of motor systems across species.

In many animals, adaptive locomotory movements involve interactions between neural 
circuits called central pattern generators (CPGs) capable of generating primary locomotor 
rhythms (8–11) and sensory feedback that modulates locomotion (2, 12–14). In particular, 
proprioception provides rapid feedback on body position for locomotor control during 
movements (15–17). In mammals, proprioceptive inputs from multiple sensory organs 
are continuously processed within spinal cord circuits to adapt motor behavior (18). In 
lamprey and other undulatory animals, locomotion also relies on proprioceptive feedback 
to adjust the locomotor pattern to changes in the physical environment (19–21).

The mechanisms by which the nervous system controls adaptive locomotion are complex 
and poorly understood. In vertebrates, corrective locomotor control involves multiple circuits 
in the spinal cord, brainstem, and forebrain that process sensory feedback and generate 
appropriate motor commands (22–25). Recent advances in genetic techniques have improved 
the ability to study the function of CPGs and their constituent neurons in fine motor control 
(12, 26). For example, in mice, many spinal interneurons have been identified as critical 
components of the corrective locomotor control system (27). However, it is still unclear how 
these neurons contribute to locomotor movements, partly due to the lack of in vivo methods 
for acutely perturbing their activity (2). Furthermore, our understanding of how proprio-
ceptive input is integrated and transmitted to control movement and posture and which 
circuit components are responsible for relaying these signals remains limited (28).

Here, we use the roundworm Caenorhabditis elegans to examine how corrective loco-
motor control is executed by the nervous system. C. elegans has a relatively small and 
well-characterized nervous system with fully identified cell types and mapped synaptic 
connectivity (29, 30). A wealth of methods for assaying and manipulating C. elegans 
(31–33) offers the unique opportunity for an integrative dissection of locomotor control 
at the systems, circuit, cellular, and molecular genetic levels.
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C. elegans moves forward by propagating dorso-ventral bending 
waves from anterior to posterior. These undulatory movements are 
generated by body wall muscles arranged in dorsal and ventral rows 
along the worm’s body (34). The alternating activity of antagonistic 
muscles is driven by motor neurons located in the head ganglia and 
the ventral nerve cord (35). A set of premotor interneurons is 
responsible for coordinating forward and reverse locomotion (36).

While motor neurons and premotor interneurons generate the 
worm’s sinusoidal bending (30, 37), adaptive locomotion in natural 
contexts requires motor control of the head and involves sublateral 
motor neurons that modulate posture (38–40). Optimal motor con-
trol is context dependent and subject to feedback input from a large 
number of interneurons and sensory neurons (41–45). Biogenic 
amine and neuropeptide neuromodulators are also involved in var-
ious long-term and short-term locomotor states (46–51).

Proprioception plays a critical role in the motor behavior of 
C. elegans. Several classes of neurons have been identified as pro-
prioceptors important for the worm’s locomotor patterns. The 
B-type motor neurons facilitate proprioceptive coupling from 
anterior to posterior bending to propagate undulatory waves 
along the body (52). The head motor neurons SMDD regulate 
head steering movement during locomotion (40) and have been 
proposed as proprioceptors and candidate locomotor CPG ele-
ments (39). In addition, the DVA and PVD interneurons are 
also involved in regulating the worm’s body bend movement 
through proprioceptive mechanisms. DVA acts as a propriocep-
tor by relying on the mechanosensitive channel TRP-4 to regu-
late the body bend amplitude (43). PVD releases the NLP-12 
neuropeptide from its dendrites when it is proprioceptively 
triggered by local body bending, which is thought to regulate 
the amplitude of body movements (45).

In this study, we used physical and optical perturbations to 
further investigate how the C. elegans motor system controls its 
bending amplitude during locomotion. Using targeted optoge-
netic manipulation in freely moving animals, we found that 
C. elegans uses a posterior-to-anterior proprioceptive feedback 
loop to adapt its locomotor amplitude to perturbations. We dis-
sected the underlying neuronal pathway, showing that dopamin-
ergic PDE neurons proprioceptively respond to midbody curvature 
and drive AVK interneuron activity via the D2-like dopamine 
receptor DOP-3. The neuron AVK, in turn, releases the FLP-1 
FMRFamide-like neuropeptide, which regulates downstream 
SMB head motor neurons to modulate anterior bending. Our 
findings reveal a circuit for adaptive movement control by 
C. elegans from sensory input to motor output. We discuss how 
this feedback control mechanism might help optimize locomotor 
efficiency and foraging behavior.

Results

C. elegans Bidirectionally Modulates Anterior Bending Amplitude 
in Response to Optogenetic Perturbation of Midbody Curvature. 
To measure locomotor behavior, we calculate curvature along 
the worm body centerline (6) (Fig.  1A). With this metric, we 
quantified undulatory movements of freely moving C. elegans via 
the time-varying normalized curvature from head to tail (Fig. 1 
C and F).

In previous studies, we perturbed the muscular or neural activ-
ity in different body regions and analyzed the resulting undulatory 
dynamics during forward locomotion (19). Using a laser targeting 
system (33, 53), we applied green laser illumination (532 nm 
wavelength) to selected body regions of animals expressing the 
inhibitory opsin NpHR in body wall muscles (via the Pmyo-3 
promoter).

Transient optogenetic inhibition (0.1 or 0.5 s duration) of mus-
cles at the head region (0.05 to 0.25 body length) or neck region 
(0.2 to 0.4 body length) both caused rapid straightening of the 
anterior region followed by a mild amplitude decline in the sub-
sequent body bends propagating from head to tail (SI Appendix, 
Fig. S1 A, B, E, and F and Movie S1), consistent with previous 
findings (19).

When we inhibited muscles at the midbody (0.4 to 0.6 body 
length), in addition to observing a paralytic effect propagating 
from midbody to tail, we found that worms exhibited exaggerated 
undulations at the anterior region (0.1 to 0.3 body length; Fig. 1 
C and D, SI Appendix, Fig. S1G, and Movie S1). Worms returned 
to the baseline undulatory amplitude within about one undulatory 
cycle after the inhibition (SI Appendix, Fig. S1 I and J).

We hypothesized that the increase in head bending amplitude 
represents a homeostatic response to the decrease in midbody 
curvature. To test this idea, we asked how the animal would react 
to an optogenetically induced increase in midbody amplitude. 
We stimulated midbody muscles on the dorsal or ventral side by 
exposing the corresponding region of animals expressing the 
excitatory opsin ChR2 in the body wall muscles to blue laser 
illumination (473 nm wavelength). Stimulating one side of the 
midbody muscles led to exaggerated midbody bending but a 
decreased anterior bending response (Fig. 1 E–G, SI Appendix, 
Fig. S1 K and L, and Movie S2). These data show that changes 
in anterior amplitude occur in the opposite direction to changes 
in midbody amplitude.

We also tested worm locomotion perturbed by brief muscle 
inhibition (0.1 s duration) at the posterior region (0.6 to 0.8 body 
coordinate). Posterior bending amplitude rapidly decreased upon 
illumination, but the bending amplitude of the anterior half did 
not increase (SI Appendix, Fig. S1 D and H and Movie S1). This 
result suggests that the anterior body bending responds to pertur-
bations in the midbody but not the posterior region.

We compared the sensitivity of the anterior bending curvature 
in response to stimulation versus inhibition in the midbody mus-
cles. We applied laser pulses to the midbody with varied pulse 
duration and irradiance to change the degree of muscle stimulation 
or inhibition (Materials and Methods). With varying light dosage, 
changes in the anterior amplitude varied continuously in response 
to the induced changes in the midbody amplitude (Fig. 1H).

These observations indicate a mechanism that mediates anterior 
bending curvature in response to changes in midbody curvature. 
Because the anterior curvature can be thought of as compensating 
for changes in midbody curvature, we will henceforth refer to this 
effect as compensatory curvature response (CCR).

Physical Constraint of Midbody Causes an Increase in Anterior 
Bending Amplitude. We hypothesized that CCR requires 
proprioceptive sensing of midbody curvature. In our optogenetic 
experiments, curvature change was induced by muscle activity 
manipulation, leaving open the possibility that CCR arises from 
nonproprioceptive signaling within muscles or from muscles to 
neurons.

To test the involvement of proprioception in CCR, we designed 
a straight-channel microfluidic device that mechanically reduces 
midbody bending amplitude by partially constraining this region 
(Fig. 2A and SI Appendix, Fig. S2A). In this manner, we manipulated 
body curvature without directly perturbing muscle activity and com-
pared the perturbed behavior with normal locomotion (Fig. 2B).

During physical constraint, animals exhibited reduced bending 
amplitude in the constrained middle region and increased amplitude 
in the anterior region (Fig. 2C, SI Appendix, Fig. S2B, and Movie 
S3), which is comparable to the bending amplitude changes 

http://www.pnas.org/lookup/doi/10.1073/pnas.2219341120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2219341120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2219341120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2219341120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2219341120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2219341120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2219341120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2219341120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2219341120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2219341120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2219341120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2219341120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2219341120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2219341120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2219341120#supplementary-materials


PNAS  2023  Vol. 120  No. 20  e2219341120� https://doi.org/10.1073/pnas.2219341120   3 of 11

observed during optogenetic muscle inhibition of the midbody. 
These results suggest that CCR is reliant on proprioception.

In C. elegans, electrical synapses composed of the innexin 
UNC-9 connect adjacent body wall muscle cells (54). To examine 
whether these connections are involved in CCR, we assessed the 
role of UNC-9 in this process. UNC-9 is expressed in both the 
body wall muscles and the nervous system. Using the microfluidic 
device, we assayed transgenic animals that lacked functional 
UNC-9 in muscle cells but had normal UNC-9 expression in the 
nervous system (54). These animals exhibited normal CCR 
(SI Appendix, Fig. S3B), suggesting that direct intermuscular cou-
pling is not required for CCR.

CCR Requires Functional Dopamine Signaling by PDE Neurons. 
To understand the mechanisms underlying CCR, we conducted 
a candidate gene screen using the straight-channel microfluidic 
device. For each candidate gene, we evaluated the anterior bending 
amplitude of corresponding mutants constrained by the straight 
channel in the midbody and compared it with the amplitude during 
free locomotion. To quantify the extent of CCR, we computed a 
CCR index equal to the difference between the anterior bending 
amplitudes during constrained and free locomotion divided by 
the amplitude during free locomotion (see Materials and Methods 
for details).

To determine which neurotransmitter systems might be 
required for CCR, we analyzed mutant strains with deficiencies 
in the biosynthesis of biogenic amines, including dopamine, ser-
otonin, tyramine, octopamine, and gamma-aminobutyric acid 
(GABA).

Mutants for tph-1(n4622) (defective in serotonin synthesis) and 
tdc-1(n3421) (defective in both tyramine and octopamine syn-
theses) displayed largely intact CCR during midbody constraint 
(SI Appendix, Fig. S3B), suggesting that serotonin, tyramine, and 
octopamine are not required for CCR. Mutants unc-25(e156) 
(defective in GABA synthesis) displayed uncoordinated loopy 
locomotion when moving freely and a compromised CCR 
(SI Appendix, Fig. S3B). By contrast, dopamine-deficient 
cat-2(e1112) mutants showed normal locomotion but greatly 
impaired CCR (Fig. 3 A–C). The deficiency in cat-2 CCR was 
fully restored by the addition of exogenous dopamine (Fig. 3C), 
implying that the defect in CCR in cat-2 mutants is due to the 
lack of dopamine.

In the experiments described above, the worm’s midbody cur-
vature change was induced by either optogenetic manipulation or 
microfluidic constraint. While both procedures modify the ani-
mal’s midbody curvature, it is possible that the resulting changes 
in anterior curvature are due to distinct mechanisms. To investi-
gate whether the mechanism for CCR is the same in response to 
these two manipulations, we induced midbody curvature changes 
using optogenetic manipulations in cat-2 mutant animals that are 
defective in CCR in the microfluidic device. We crossed the trans-
genic animals expressing Muscle::NpHR or Muscle::ChR2 into a 
cat-2 mutant background and performed the optogenetic muscle 
perturbation experiments as described above. Mutant animals 
cat-2 exhibited impaired CCR to midbody curvature manipula-
tion by optogenetic muscle inhibition or stimulation (Fig. 3 D–F), 
indicating that dopamine signaling is required for CCR in 
response to both midbody curvature decrease and increase. These 
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Fig. 1. C. elegans bidirectionally modulates anterior bending amplitude in response to optogenetic perturbation of midbody curvature. (A) Quantification of 
worm locomotion using time-varying curvature. Body coordinate s is denoted by the distance along the centerline normalized by the body length L (head = 0, 
tail = 1). Normalized curvature K  is the product of the body length and the reciprocal local radius of body curvature R(s) , with positive and negative values 
representing ventral and dorsal bending, respectively. (B) Optogenetic muscle inhibition in the midbody during forward locomotion. Green region indicates the 
laser illumination. a: anterior, p: posterior, d: dorsal, v: ventral. (C) Curvature of the worm locomotion shown in B. Green box indicates a 0.5-s laser illumination 
starting at t = 0 applied to the midbody. (D) Mean absolute curvature around 0.1 s inhibitions (green box). n = 1,160 midbody illuminations from 206 worms. 
(E) Optogenetic muscle stimulation in the dorsal midbody during forward locomotion. Blue region indicates the laser illumination. (F) Curvature of the worm 
locomotion shown in E. Blue box indicates a 0.5-s laser illumination starting at t = 0 applied to the dorsal midbody. (G) Mean absolute curvature around 0.1 s 
stimulations (blue box). n = 693 dorsal midbody illuminations from 122 worms. (H) Relationship between the mean normalized curvature change in the anterior 
vs. midbody regions. Each point represents mean ± SEM of the corresponding normalized value of the first post-illumination curvature peak. Green and 
blue points denote data induced by optogenetic midbody muscle inhibition (both sides) and stimulation (dorsal or ventral side), respectively. n = 110 to 150 
illuminations from 10 to 20 animals per group.
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findings suggest that CCR reflects the same mechanism as observed 
in the microfluidic device and optogenetic experiments.

Since dopaminergic neuromodulation has been shown to play a 
role in C. elegans locomotion under food-related conditions (50), 
we examined whether CCR depends on food presence. Using the 
microfluidic device, we compared CCR of wild-type animals under 
no food or two concentrations of food bacteria. We found that CCR 
did not depend on the amount of food (SI Appendix, Fig. S2C).

Dopamine regulates a variety of behaviors in C. elegans, including 
locomotion (55), touch sensation (56), egg-laying (41), and gait 
transitions (51). The C. elegans hermaphrodite has 8 dopaminergic 
neurons consisting of 4 CEPs, 2 ADEs, and 2 PDEs (57). To inves-
tigate which neurons are required for CCR, we ablated specific 
subsets of dopaminergic neurons in L3 larvae and examined their 
responses to physical midbody constraints at the adult stage.

We first ablated ADEs and CEPs using transgenic animals 
expressing the human caspase interleukin-1β-converting enzyme 
(ICE) in dopaminergic neurons under the dat-1 promoter (48). 
After crossing the Pdat-1::ICE strain with a transgene expressing 
mCherry in all dopaminergic neurons, we confirmed the cell death 
of ADEs and CEPs and noted the survival of PDEs by imaging 
the resulting RFP expression (Materials and Methods). Next, we 
ablated only PDE somas or the vicinity region of PDEs using a 
focused infrared laser beam (58) (Materials and Methods). 
Transgenic worms with ADEs and CEPs killed or PDE vicinity 
region damaged exhibited normal CCR, while worms lacking only 
PDEs were defective in CCR, and CCR could not be restored by 
exogenous dopamine (Fig. 3 G and H). These results show that 
PDEs are the only dopaminergic neurons necessary for CCR.

Next, we investigated double-mutant animals cat-2(e1112);dat- 
1(ok157), deficient in both dopamine biosynthesis and reuptake, 
and transgenic animals with dopaminergic neurons expressing 

tetanus toxin light chain (Pdat-1::TeTx), which blocks synaptic trans-
mission (59). We observed compromised CCR in both strains, and 
supplementation with exogenous dopamine failed to restore their 
mutant phenotypes (Fig. 3 C and H). Our findings suggest that local, 
timely release of dopamine from PDE is necessary for CCR, as res-
toration of CCR was only observed in dopamine synthesis-deficient 
cat-2 mutants in exogenous dopamine environments but not in 
animals with deficits in dopamine reuptake, PDE elimination, or 
TeTx-expressing dopaminergic neurons.

To further investigate the role of PDE in CCR, we conducted 
optogenetic manipulations of PDE in transgenic animals express-
ing the excitatory opsin GtACR2 or the inhibitory opsin CoChR 
(41) in all dopaminergic neurons (via the Pdat-1 promoter). To 
target only PDE and avoid ADE and CEP, which are located in 
the head, we illuminated transgenic animals in the posterior region 
(0.4 to 0.8 body region). Optogenetically inhibiting or stimulating 
PDE in freely behaving animals resulted in increases or decreases 
in anterior curvature, respectively (SI Appendix, Fig. S4).

Taken together, our findings suggest that functional dopamine 
release from PDE, but not from ADE or CEP, is necessary for 
CCR. The increase or decrease of anterior curvature amplitude 
during CCR may be linked to the deactivation or activation of 
PDE neurons, respectively.

The Dopaminergic PDE Neurons Respond to Midbody Curvature. 
The PDE neuron pair is the sole dopaminergic neuron type in 
C.  elegans with neurites that extend across the midbody (30), 
which is the area where the curvature perturbation was applied. 
This fact and our discovery that PDE neurons are required for 
CCR prompted us to ask whether PDEs might function as 
proprioceptors for midbody curvature. A previous study revealed 
that PDE calcium activity in wild-type animals is synchronized 
with their bending waves during roaming (41); however, whether 
PDEs respond to body movements or function as proprioceptors 
remain unknown.

As a first step toward establishing a proprioceptive function for 
PDE, we monitored the spontaneous calcium transients of PDEs 
in freely crawling animals expressing the genetically encoded cal-
cium indicators GCaMP in PDEs via the Pdat-1 promoter (41) 
(Fig. 4A and Materials and Methods). We observed robust oscil-
lating calcium dynamics in the PDE somas during C. elegans for-
ward movement (Fig. 4B). We also noticed that the calcium 
activity in PDE somas was correlated with the animal’s body cur-
vature (Fig. 4E). These correlations between PDE fluorescence 
and body posture were not observed in transgenic animals express-
ing GFP in PDEs (SI Appendix, Fig. S5). Our calcium imaging 
experiments indicate that the native neuronal activity of PDEs 
correlates with body posture during free locomotion of an intact 
wild-type animal, as previously reported (41).

While the finding that PDE calcium activity is correlated with 
body bending is suggestive of a proprioceptive role for PDE, it 
does not definitively establish such a function. Other neurons or 
muscles may influence PDE activity in a manner related to, but 
not caused by, body bending. To investigate whether PDE activity 
is caused by body bending, we sought to examine PDE activity 
in a worm with externally induced bending and defective muscle 
contraction. Specifically, we monitored PDE calcium dynamics 
in unc-54(e1092) myosin heavy chain mutants, which are pro-
foundly impaired in muscle contraction. To induce body bending, 
we developed a sinusoidal-channel microfluidic device and con-
strained the worms within the channel (Fig. 4C). We then manip-
ulated the worm’s position through the channel by modulating 
fluid flow to produce different curvature values in the body seg-
ments (see Materials and Methods for details).

A

B Free locomotion

Constrained locomotion
0.5 s 1 s 1.5 s

0.5 s 1 s 1.5 s

0 s
a pc

0 s

a p

250 μm

C

Anterior Middle Posterior

-0.5

0

0.5

1

N
or

m
al

iz
ed

 b
en

di
ng

am
pl

itu
de

 c
ha

ng
e

***

*** ***

Fig. 2. Physical constraint of midbody causes an increase in anterior bending 
amplitude. (A) A wild-type animal showing constrained locomotion with its 
midbody confined by a straight-channel microfluidic device. a: anterior region, 
p: posterior region, c: constrained middle region of a worm. (B) A wild-type 
animal during free locomotion in the wide region of the channel. (C) Effects 
of midbody constraint during forward locomotion on the undulatory bending 
amplitude of the anterior, middle, and posterior regions, measured as the 
normalized curvature change of the corresponding regions. n = 19 wild-type 
animals, mean ± SEM. ***P < 0.001 compared with zero curvature change 
(gray line).
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As we displaced the paralyzed worms in the channel, we 
observed fluctuations in PDE calcium dynamics in response to 
the induced body posture changes (Fig. 4D). Notably, despite the 
muscle paralysis of the mutant animals, we observed a strong 
correlation between PDE fluorescence and the bending curvature 
of different body segments (Fig. 4E), indicating that body bending 
alone is sufficient to trigger the neural activity of PDE. We also 
noticed that the curvature-neuronal activity correlation profiles 
under paralyzed and freely moving conditions coincided solely in 
the midbody region (Fig. 4E), suggesting that the midbody might 
represent the spatial receptive field of the proprioceptive response 
in PDE neurons. Moreover, our analysis of the relationship 
between PDE activity and midbody curvature revealed that PDE 
calcium levels increased as midbody curvature shifted from a dorsal 
bend to a ventral bend (Fig. 4F), regardless of whether the move-
ment was due to muscle contractions in freely moving worms or 
external forces from the sinusoidal channels.

Our experiments provide evidence that PDE is capable of pro-
prioceptively responding to midbody curvature. To explore the 
receptor proteins involved in this process, we screened a 

comprehensive list of candidate mechanosensitive or propriocep-
tive receptor genes with expressions in PDE as well as several other 
mechanosensory receptor genes (SI Appendix, Fig. S3) (60, 61). 
We then asked whether these channels are necessary for CCR. We 
found that of the mutants tested, only the TRP-2 channel mutant 
trp-2(sy691) displayed a significantly lower CCR than wild-type 
animals (SI Appendix, Fig. S3A). Further investigation, such as 
conducting PDE-specific rescue of the TRP-2 channel for calcium 
imaging of PDE and behavioral assays, will be necessary to deter-
mine the specific function of the TRP-2 channel in PDE with 
regard to midbody bending.

CCR Requires the D2-Like Dopamine Receptor DOP-3 in AVK 
Neurons. We next sought to determine what other cellular and 
molecular components are responsible for CCR downstream of 
dopamine signaling from PDE neurons.

First, we asked which dopamine receptor(s) was required for 
CCR. Using the straight microfluidic channel to constrain the 
midbody of worms, we examined CCR behavior in mutant strains, 
each lacking a single type of dopamine receptor (DOP-1 through 
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Fig. 3. Compensatory curvature response requires functional dopamine signaling by PDE neurons. (A and B) A wild-type animal (A) and a cat-2(e1112) (B) 
mutant with midbody confined by a straight-channel microfluidic device, exhibiting undulations with normal and defective CCR, respectively. a: anterior region, 
p: posterior region, c: constrained middle region of a worm. (C) CCR indices for wild-type animals, mutant cat-2(e1112), and double-mutant cat-2(1112); dat-
1(ok157) in either the absence or presence of exogenous 50 mM dopamine. n ≥ 10 animals per group. Error bars show mean ± SEM. ***P < 0.001 compared with 
wildtype; ###P < 0.001 compared with cat-2 mutants without exogenous dopamine; ns: not significant, compared with cat-2; dop-3 mutants without exogenous 
dopamine, Tukey–Kramer multiple comparison tests. (D and E) Mean absolute curvature around 0.1 s illuminations (dashed box) for cat-2 mutants expressing 
Muscle::NpHR (n = 133 midbody illuminations from 33 worms) or Muscle::ChR2 (n = 112 dorsal midbody illuminations from 24 worms). (F) Normalized anterior 
curvature change of the first postillumination curvature peak for wild-type and cat-2 animals expressing Muscle::NpHR (green) or Muscle::ChR2 (blue), mean ± 
SEM. ***P < 0.001, Student’s t test. (G) CCR indices for animals with genetic ablation of ADEs and CEPs (Pdat-1::ICE, PDE survival confirmed by co-expression of 
Pdat-1::RFP), laser ablation of PDE vicinity regions, and laser ablation of PDEs, compared with a mock-ablation group. n ≥ 10 animals per condition, mean ± SEM. 
***P < 0.001, ns: not significant, Dunnett’s multiple comparison tests. (H) CCR indices for PDE-ablated worms and transgenic animals expressing tetanus toxin 
light chain in all dopaminergic neurons (Pdat-1::TeTx), in the absence and presence of exogenous 50 mM dopamine, respectively. n ≥ 10 animals per condition. 
Error bars show mean ± SEM. ns: not significant, Student’s t test.
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DOP-4; Fig. 5A) and combinations of the DOP-1, DOP-2, and 
DOP-3 receptors (Fig. 5B). The dop-3 mutation had a significant 
negative effect on CCR in all cases tested, and the addition of 
exogenous dopamine did not restore CCR in dop-3 mutants. 
Conversely, dopamine receptor mutants without the dop-3 muta-
tion displayed normal CCR. We examined the effect of the dop-3 
mutation on CCR induced by optogenetic perturbation and 
found that dop-3 mutants again displayed notable defects in CCR 
induced by midbody muscle inhibition or stimulation (Fig. 5 
C–E). These results show that the D2-like dopamine receptor 
DOP-3 is required for CCR.

We next aimed to identify the cell types expressing DOP-3 
required for CCR. In wild-type animals, DOP-3 is expressed in 
several cell types, including GABAergic neurons, cholinergic motor 
neurons, PVD mechanosensory neurons, AVK interneurons, and 
body wall muscles (55, 62). Using various promoters (SI Appendix, 
Table S2), we expressed DOP-3 in these cell types (coexpressed 
with fluorescent marker on GABAergic neurons via Punc-47::GFP) 
in a dop-3 mutant background and tested the ability of the trans-
genes to rescue CCR (Fig. 5F). Restoring DOP-3 expression in 
GABAergic neurons, PVDs, or body wall muscles failed to rescue 
the dop-3 defect (see Materials and Methods for rescue criteria). We 
also examined dma-1(tm5159) mutants that lacked the “menorah” 
structures in PVD dendrites, which are necessary for mechanosen-
sory function (45). This mutant displayed normal CCR 
(SI Appendix, Fig. S3B), suggesting that PVD does not contribute 
to CCR. However, when we reintroduced DOP-3 expression in 

AVK neurons (62), CCR was fully restored to a wild-type level 
(Fig. 5F). A partial rescue of CCR was observed in dop-3 mutants 
with DOP-3 expression in cholinergic or B-type motor neurons 
(Fig. 5F). Our rescue experiments indicate that DOP-3 receptors 
in AVK and potentially some cholinergic motor neurons mediate 
the proprioception-triggered dopamine signals from upstream PDE 
neurons that regulate CCR behavior (Fig. 5G).

We further evaluated CCR in mutants that disrupt the down-
stream G protein signaling of DOP-3 and DOP-1 (SI Appendix, 
Fig. S3C). Animals with mutations that interfere with the activa-
tion of the G�o pathway (linked to DOP-3) exhibited defective 
CCR, whereas mutants with deficiencies in proteins associated 
with the G�q pathway (linked to DOP-1) exhibited normal CCR 
(SI Appendix, Fig. S3C and SI Appendix). DOP-3 and DOP-1 
elicit opposing effects on locomotion by signaling through these 
two antagonistic G protein pathways, respectively (55). Our data 
are consistent with the previously proposed model that DOP-3 
affects locomotion by activating the G�o signaling pathway (55) 
(SI Appendix, Fig. S3D) since DOP-3 receptors, but not DOP-1 
receptors, were necessary for CCR (Fig. 5 A and B).

These results suggest that CCR requires dopamine signaling 
through DOP-3 receptors in AVK neurons via G�o pathways.

The FMRFamide-Like Neuropeptide FLP-1, Released by AVK, 
Regulates SMB Motor Neurons via Receptor NPR-6 to Modulate 
Anterior Bending Amplitude. We have demonstrated that PDE 
neurons respond to midbody curvature and that the dopamine/
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Fig. 4. The dopaminergic PDE neurons respond to midbody curvature. (A and C) Overlay of a bright field and fluorescence image of the PDE neurons (via 
transgenic expression Pdat-1::GcaMP6m) in a freely moving wild-type animal on an agar surface (A) and a muscularly paralyzed mutant unc-54(e1092) within 
a 60-µm-wide sinusoidal channel (C). a: anterior, p: posterior, d: dorsal, v: ventral, L: worm body length. (B and D) GCaMP dynamics of PDE (Upper) and the 
corresponding curvature dynamics from head to tail (Lower) for freely moving worms (B) and muscularly paralyzed worms restrained within sinusoidal channels 
(D). (E) Cross-correlation between intracellular calcium dynamics of PDE and curvatures of different body regions from head to tail for freely moving worms 
(orange, n = 12 animals) and channel-restrained worms (purple, n = 20 animals). (F) Average PDE calcium activity at different values of midbody curvature for 
freely moving worms (orange) and channel-restrained worms (purple). Curves were obtained via a moving average along the x-axis (window size 2), and the 
filled area represents a 95% CI.
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DOP-3 signaling pathway from PDE to AVK is required for 
CCR. The interneuron AVK mediates FLP-1 FMRFamide-like 
neuropeptide signaling via the release of dense core vesicles to 
modulate locomotion in response to diverse sensory inputs (42, 
62). Deletion of the flp-1 gene results in loopy undulation with 
an exaggerated sinusoidal waveform in both agar surface (63) and 
liquid environments (Movie S4).

We conducted a series of experiments to investigate whether AVK 
and FLP-1 neuropeptide signaling are necessary for CCR. First, we 
eliminated AVK neurons by laser ablation (Materials and Methods 
and SI Appendix) and used transgenic animals with AVK-expressing 
tetanus toxin (Pflp-1::TeTx) that blocks synaptic vesicle release (62). 
Both strains showed superficially wild-type locomotion but strongly 
compromised CCR (Fig. 6A and Movie S5). Next, we tested 

flp-1(yn4) and flp-1(sy1599) mutants, which lack the FLP-1 
neuropeptide, as well as unc-31(e169) mutants, which lack the 
calcium-activated protein for secretion (CAPS) required for neu-
ropeptide release. We observed significant CCR defects in these 
mutant animals (Fig. 6B). Transgenic expression of FLP-1 in AVK 
in flp-1(yn4) mutants (62) restored the mutant phenotype (Fig. 6B). 
These findings demonstrate that FLP-1 neuropeptide signaling 
from AVK neurons is required for normal CCR.

The AVK interneurons do not directly innervate muscles to 
drive body bending. To further probe the circuit underlying 
CCR, we asked what downstream cells directly affect the ante-
rior bending amplitude while being regulated by FLP-1 sign-
aling from AVK. Previous studies prompted us to speculate 
that SMB, a class of head motor neurons, might be such a 
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Fig. 5. Compensatory curvature response requires the D2-like dopamine receptor DOP-3 in AVK neurons. (A) CCR indices for wild-type and dopamine receptor 
knockout single mutants dop-1(vs101), dop-2(vs105), dop-3(vs106), and dop-4(tm1392) under indicated conditions. n ≥ 10 animals per group. Errors bars indicate 
mean ± SEM. ***P < 0.001 compared with wildtype, Dunnett’s multiple comparison tests; ns: not significant when comparing dop-3 mutants in the absence 
and presence of exogenous 50 mM dopamine, Student’s t test. (B) CCR indices for dop-1 dop-2, dop-1 dop-3, and dop-2 dop-3 double mutants and dop-1 dop-2 
dop-3 triple mutants, compared with wild-type animals. n ≥ 10 animals per indicated condition, mean ± SEM. ***P < 0.001, Dunnett’s multiple comparison tests.  
(C and D) Mean absolute curvature around 0.1 s illuminations (dashed box) for dop-3 mutants expressing Muscle::NpHR (C, n = 183 midbody illuminations from 
31 worms) or Muscle::ChR2 (D, n = 213 dorsal midbody illuminations from 33 worms). (E) Normalized anterior curvature change of the first post-illumination 
curvature peak for wild-type and dop-3 animals expressing Muscle::NpHR (green) or Muscle::ChR2 (blue), mean ± SEM. ***P < 0.001, Student’s t test. (F) CCR indices 
for dop-3 mutants with DOP-3 function rescued by transgenic expression in AVK neurons (Pflp-1(trc)::DOP-3), cholinergic neurons (Pacr-2::DOP-3), B-type motor 
neurons (Pacr-5::DOP-3), GABAergic neurons (Punc-47::DOP-3), PVD neurons (Pser-2-prom3::DOP-3), and body wall muscle cells (Pmyo-3::DOP-3), compared 
with wild-type and dop-3(vs106) mutants. n ≥ 10 animals per condition, mean ± SEM. ***P < 0.001 compared with wildtype; ns: not significant, ###P < 0.001,  
##P < 0.01 compared with dop-3 mutants, Tukey–Kramer multiple comparison tests. See Methods for rescue criteria. (G) A model showing midbody proprioception 
regulates CCR through DOP-3-dependent dopamine signaling from PDE to AVK neurons.
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candidate: AVK has both electrical and chemical synapses onto 
SMB (42), and ablation studies have shown that SMB regulates 
head and neck muscles and sets the overall amplitude of sinu-
soidal forward movement (38). Moreover, SMB activity is reg-
ulated by AVK-released FLP-1 signaling through the inhibitory 
receptor NPR-6 (62).

We investigated the role of SMB and its peptide-regulated activ-
ity in mediating anterior bending amplitude during CCR. 
Through the expression of a caspase (62), we ablated SMB neu-
rons, which, in previous studies, led to a significant increase in 
body bending amplitude (38) (Movie S6). Worms lacking SMBs 
showed a severely impaired CCR (Fig. 6B). We then examined 
npr-6(tm1497) mutants with and without a transgene that restores 
the NPR-6 receptor in SMBs (62) and observed restored and 
defective CCR, respectively (Fig. 6B). These experiments support 
the idea that the SMB motor neurons modulate anterior bending 
amplitude under the regulation of AVK-released FLP-1 neuro-
peptide signaling via the NPR-6 receptor.

Our results, together with the previously reported inhibitory 
effects of dopamine on AVK and FLP-1 on SMB (42, 62), support 
the following model for CCR: (1) An increase in midbody bending 
amplitude promotes dopamine release from PDE, which inhibits 
FLP-1 release from AVK via the DOP-3 receptor, leading to SMB 
disinhibition via the NPR-6 receptor and resulting in a decrease 

in anterior bending amplitude (Fig. 6D); (2) a decreased midbody 
bending amplitude suppresses dopamine release from PDE, which 
disinhibits FLP-1 release from AVK and causes SMB inhibition, 
leading to an increase in anterior bending amplitude (Fig. 6E). 
This model is also consistent with the observed changes in anterior 
curvature in response to optogenetic manipulation of PDE neu-
rons (SI Appendix, Fig. S4).

CCR Facilitates Efficient Power Expenditure for Locomotion. 
We hypothesized that CCR may help C. elegans set its bending 
amplitude at an optimal level for locomotion in a given 
environment. C.  elegans adapts the amplitude, wavelength, and 
frequency of undulatory movements to environments with a wide 
range of mechanical loads (5, 6). We recorded animals’ locomotion 
in viscous fluids and conducted biomechanical analyses for several 
strains studied for CCR (Materials and Methods). We observed that 
strains with defective CCR tended to exhibit a larger curvature 
amplitude compared to strains with normal CCR (Fig. 7A and 
SI Appendix, Fig. S6A).

Based on direct measurements of locomotion, we defined and 
quantified the power efficiency of undulatory movements as the 
ratio of the propulsive speed (Fig. 7B) to the total power required 
during locomotion (Fig. 7C) (see SI Appendix for details). Our 
results show that compared with the wild-type group, strains with 
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Fig. 6. The FMRFamide-like neuropeptide FLP-1, released by AVK, regulates SMB motor neurons via receptor NPR-6 to modulate anterior bending amplitude. 
(A) CCR indices for animals with laser ablation of AVK and transgenic animals expressing tetanus toxin in AVK (Pflp-1::TeTx), compared with the mock ablation 
control group. n ≥ 11 animals per condition. Errors bars indicate mean ± SEM. ***P < 0.001, Dunnett’s multiple comparison tests. (B) CCR indices for wild-type, 
unc-31(e169), flp-1(yn4), flp-1(sy1599), flp-1 mutants with FLP-1 function rescued in AVK, npr-6(tm1497)npr-6 mutants with NPR-6 function rescued in SMB, and 
animals lacking SMB (ablation by caspase). n ≥ 12 animals per condition, mean ± SEM. ***P < 0.001, ns: not significant, compared with wildtype; ###P < 0.001 
compared with flp-1 mutants; $$$P < 0.001 compared with npr-6 mutants, Tukey–Kramer multiple comparison tests. (C–F) Models for the mechanisms underlying 
CCR. (C, Upper) Diagram of PDE (green), AVK (orange), and SMB neurons (red) and their somas/processes within a worm body. (Lower) Model for CCR. Dopaminergic 
neurons PDE transduce the proprioceptive input from the midbody curvature and signal to AVK neurons via dopamine signaling through DOP-3 receptors. In the 
anterior region, the AVK neurons signal via FLP-1 neuropeptides to negatively regulate the head-bending-suppressing motor neurons SMB via NPR-6 receptors. 
Since PDE negatively regulates AVK via dopamine, AVK negatively regulates SMB via FLP-1 peptides, and SMB negatively regulates head bending, perturbation 
to the midbody bending leads to a net negative regulatory effect on the anterior bending, as illustrated in two scenarios (D and E). Red and blue indicate excited 
and inhibited neuronal states, respectively.
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either small or large curvature amplitude displayed lower power 
efficiency (Fig. 7D).

By examining power efficiency as a function of curvature ampli-
tude in strains with normal CCR, we found that the maximal 
efficiency was achieved at an intermediate curvature amplitude 
range consistent with the peak of the curvature amplitude distri-
bution (Fig. 7E and SI Appendix, Fig. S6 B–E). By contrast, in 
CCR-deficient strains, the peak of the curvature amplitude dis-
tribution was not within the optimal amplitude range for power 
efficiency (SI Appendix, Fig. S6 F–J).

These results suggest that CCR may provide feedback for 
optimizing the amplitude of body bending to minimize power 
usage during forward propulsion. Animals bearing defects in 
CCR fail to effectively modulate the undulatory amplitude, 
leading to higher curvature amplitude and reduced locomotor 
efficiency.

Discussion

In this study, we have described and characterized a propriocep-
tion-mediated compensatory mechanism of locomotor control in 
C. elegans. We demonstrate that, during forward locomotion, the 
anterior body bending amplitude compensates for the change in 
midbody bending amplitude by an opposing homeostatic response 
(Fig. 1H). On the circuit level, we analyzed the sensory and mod-
ulatory neuronal components and the signaling molecules required 
for regulating body posture and undulatory dynamics during the 
compensatory response to perturbations (Fig. 6C). Our findings 
provide insights into the neural mechanisms underlying the mod-
ulation of undulatory movements in response to proprioceptive 

cues and highlight the importance of homeostatic control in loco-
motor behavior.

Our calcium imaging experiments suggest that PDE dopamin-
ergic neurons might function as proprioceptors (Fig. 4). However, 
further studies are necessary to verify their role in directly detecting 
midbody movements. Our behavioral analysis indicates that the 
TRP-2 channel may be responsible for the observed proprioceptive 
responses in PDE (SI Appendix, Fig. S3A) and future in vivo cal-
cium imaging of PDE in a trp-2 mutant background could help 
confirm this role. Additionally, investigating the expression of 
TRP-2 gene may help localize the proprioceptive components in 
PDE.

To clarify the neurotransmitter systems involved in CCR, we 
tested dopamine-deficient mutants and their response to exoge-
nous dopamine. Previous studies have used exogenous dopamine 
to restore other C. elegans dopamine-related behaviors, such as 
basal slowing response (50), area-restricted search (48), and grav-
itaxis (64), but without distinguishing between the roles of dopa-
mine during behavioral assays or development. Unlike these 
behaviors, CCR in cat-2 mutants was restored only by exogenous 
dopamine administered shortly before the assay (about 3 min), 
indicating an active role for dopamine in CCR competence. In 
addition, the failure of added dopamine to rescue CCR in animals 
lacking or with defective synaptic transmission in PDEs (Fig. 3H) 
suggests that CCR requires phasic dopamine transmission, specif-
ically from PDE.

Our experiments show that DOP-3 is required for CCR, and 
the restoration of CCR by genetic DOP-3 expression in AVK neu-
rons confirms their role in mediating the dopamine effect on CCR. 
Partial restoration was observed from genetic DOP-3 expression in 
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Fig. 7. Curvature control promotes efficient power expenditure. (A) Locomotory amplitude, wavelength (scaled by worm body length L), and frequency in viscous 
solutions (120 mPa·s viscosity), measured in selected strains tested for CCR. Blue and red panels denote strain groups with normal and defective CCR, respectively. 
Each box’s bottom, mid-line, and top represent the data's 25th, 50th, and 75th percentiles. The whiskers go from the end of the interquartile range (between 
the bottom and top of the box) to the 1.5 times that range away from the bottom or top of the box. n = 100 to 190 forward moving bouts (10 s duration) from 
10 to 20 animals per group. (B) Propulsive speed and curvature amplitude (mean ± SEM), measured from wild-type animals and other strains tested for CCR. 
Blue and red indicate strains with and without curvature compensation, respectively. (C) Peak muscle power and curvature amplitude (mean ± SEM). (D) Power 
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the X axis (window size 1.5), and the filled area represents a 95% CI within the bin.
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cholinergic or B-type motor neurons. The reason for these partial 
rescues is currently unclear, but it may result from a potential AVK 
expression under these promoters, as indicated by gene expression 
dataset (60). Alternatively, these motor neurons might constitute a 
parallel circuit acting redundantly to mediate CCR.

Downstream of the PDE dopamine signaling, the CCR circuit 
comprises the FLP-1 FMRFamide-like neuropeptide signaling 
from AVK to the head motor neurons SMB that regulate the sinu-
soidal amplitude (38). This circuit overlaps with the one for a 
food-induced behavior (62), where PDE functions as a mechano-
receptor for food presence, and SMB integrates signals from AVK 
and DVA that antagonistically affect locomotion. AVK is involved 
in multiple sensory modules, including food detection (62), oxygen 
sensation (42), chemotaxis (65), and proprioception (this work). 
Understanding how these sensory cues are integrated into the 
PDE-AVK-SMB neuronal module would shed light on the neural 
network controlling behaviors induced by distinct sensations and 
the complexity within individual neurons and circuits (66).

Proprioceptive feedback is essential for sustaining normal loco-
motion in C. elegans (19), directly transmitting rhythmic bending 
activity from anterior to posterior segments during forward locomo-
tion (52). However, the proprioceptive information necessary for 
CCR is not required for normal locomotion, as most animals with 
defective CCR can still perform regular locomotion, although the 
anterior curvature amplitude may differ across strains (SI Appendix, 
Fig. S6A). To investigate the effect of CCR on locomotion in viscous 
fluids, we conducted biomechanical measurements to estimate the 
energy expenditure during forward locomotion, and our analysis 
indicates that CCR dynamically regulates bending amplitude within 
an optimal range for efficient locomotion.

The optimal locomotor efficiency observed under our off-food 
conditions could be important for C. elegans exploratory foraging 
behavior. While on food bacteria, it exhibits dwelling behavior 
characterized by slow forward movements and frequent reversals 
(50). In contrast, when deprived of food, it switches to roaming 
behavior, which includes long forward runs and infrequent reori-
entations (38, 48, 59). CCR could thus minimize energy expend-
iture during food search.

Our study uncovers the ability of C. elegans to modulate and 
maintain the ongoing locomotion based on local bending ampli-
tude. Such a form of locomotor homeostasis highlights the 
behavioral plasticity of its compact nervous system. A recent 
study in adult zebrafish reported a similar motor control mech-
anism, where inhibitory feedback signals modulate locomotor 
movements based on local mechanical tension (20), indicating 

a potential conservation of this behavior across species. The 
identified neuronal and genetic pathways in C. elegans may serve 
as a guide for future studies of motor control in other organis-
mal systems.

Materials and Methods

Strains, Cultivation, and Ablation Methods. C. elegans were grown at 20 °C 
on nematode growth media (NGM) plates with OP50 Escherichia coli using stand-
ard methods (67). For optogenetic experiments, animals were raised in the dark 
on OP50-ATR (all-trans retinal) plates, made by mixing 2 µm of 100 mM ATR in 
ethanol into a 250 µL suspension of OP50 in an LB medium and seeded onto 
6 cm NGM plates. All experiments were performed with 1-d-old adult hermaph-
rodites synchronized by hypochlorite bleaching. The strains used and the proce-
dure for constructing plasmid and generating transgenic strains are described in 
SI Appendix. Laser ablation was performed using a previously described thermal 
laser ablation system (58); for details see SI Appendix.

Behavioral Assays. Optogenetic manipulation experiments employed a 
laser targeting system adapted from previous methods (19, 53). Microfluidic 
experiments were conducted using straight and sinusoidal-channel microflu-
idic devices for CCR assay and calcium imaging of PDE neurons, respectively, 
on custom high-resolution imaging stages. Kinematic and ethological analyses 
of animal locomotion followed previous studies (6, 33). Details are available in 
SI Appendix for apparatus configurations, media preparation, data quantification, 
biomechanical analyses, and statistical analysis.

Calcium Imaging. Calcium imaging adapted previously described protocols for 
measuring the activity of the PDE neurons (41). Imaging optics and procedures 
for preparing and manipulating animals are described in SI  Appendix. Data 
analysis was performed using custom software written in MATLAB (MathWorks) 
and Python.

Data, Materials, and Software Availability. Source data have been deposited 
in Dryad (68).
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