
© 2012 Landes Bioscience.

Do not distribute.

Reduced muscle contraction and a relaxed
posture during sleep-like Lethargus

Juliane Schwarz, Jan-Philipp Spies and Henrik Bringmann*

Max Planck Institute for Biophysical Chemistry; Göttingen, Germany

Keywords: Lethargus, sleep, posture, muscle, calcium, GCaMP

Sleep is characterized by reduced muscle activity resulting in reduced movement and a typical posture compatible with
relaxed muscles. Prior to each molt, C. elegans larvae go through a phase of behavioral quiescence called Lethargus.
Lethargus has sleep-like properties, but a specific posture has not yet been described. Do C. elegans larvae relax their
muscles during sleep and do they assume a typical posture? We measured worm posture and body wall muscle activity
using calcium imaging across the sleep-wake-like cycle. We found that worms were less curved and had less muscle
activity during the sleep-like state. We conclude that during Lethargus, muscle activity is reduced, resulting in a relaxed
body posture typical for a sleep-like state.

Sleep-like states occur in the lives of all animals carefully studied.
Sleep-like states are defined by an increased arousal threshold,
reversibility, homeostasis, reduced movement, and a typical body
posture.1,2 Whereas wake postures are often supported by skeletal
muscle, sleep postures need to be compatible with relaxed body
muscles. Typically, sleep postures fit the substrate the animal is
sleeping on.2 As a result, sleep postures are species-specific and
variable. In mammals, the electromyogram is often used to
measure muscle relaxation during sleep.3 Muscle contraction is
caused by cytosolic calcium and genetically encoded fluorescent
calcium sensors can be used to measure muscle calcium and thus
muscle activity.4 C. elegans larvae proceed through four larval
stages until they reach adulthood. At the end of each stage, worms
molt. Prior to ecdysis, worms display a behavioral quiescence
called Lethargus,5 which has sleep-like properties, such as an
increased arousal threshold, reversibility, and homeostasis.6 How-
ever, a sleep-specific posture or reduced muscle calcium have not
been described. Here we show that C. elegans has reduced muscle
activity during Lethargus and assumes a relaxed posture during
this sleep-like state.

We wanted to know whether C. elegans larvae relax their
muscles and assume a sleep-specific posture during Lethargus. We
generated transgenic worms expressing the calcium sensor
GCaMP3.35 in striated body wall muscles.7,8 We cultured larval
worms inside agarose hydrogel microcompartments from the first
to the second larval stage.9 Every ten minutes, we measured
movement, posture, and muscle calcium. To do this, we first
filmed worms using bright-field imaging to identify the non-
pumping phase. Then, widefield fluorescence images were taken
to record movement, worm shape and calcium sensor intensities

(Fig. 1A). We identified sleep-like states based on feeding
activity and nose speed. During the non-feeding phase, worms
movement was lowered by 79% (Mean nose speed wake-like
state: 12.1 ± 0.6 mm/s, sleep-like state: 2.7 ± 0.3 mm/s, p ,
0.001, n = 15 worms; Figure 1B). C. elegans moves in a sinusoidal
locomotive pattern and typically assumes a curved posture.10 The
curvature of the worm can be quantified by measuring the angle
change between consecutive linear segments fitted along the axis
of the worm.11,13 We found that the angle change was 19.5% less
during the sleep-like state in comparison to the wake-like state
(angle change wake-like state: 0.193 ± 0.005 rad, sleep-like state:
0.165 ± 0.008 rad, p , 0.001, n = 15 worms; Figure 1C).

We then used GCaMP3.35 imaging to measure muscle
activity. A basal GCaMP3.35 signal was always visible in all
body wall muscles. In the wake-like state, some body wall muscle
areas showed a strong increase (about 65%) in GCaMP3.35
intensity. These areas of increased intensity usually occurred at the
contracting side of a body bend. During the sleep-like state, local
GCaMP3.35 increases were rare and the GCaMP3.35 signal
appeared more even along the body wall muscles (Fig. 1A). The
overall GCaMP3.35 signal increased linearly over time along with
the growth of the animal. However, during the sleep-like state,
the GCaMP3.35 signal declined by 9% (GCaMP3.35 intensity
wake-like state: 1090 ± 44, sleep-like state: 991 ± 43, p , 0.001,
n = 15 worms; Figure 1D). Taken together, these results show
that C. elegans larvae relax their body wall muscles during sleep-
like Lethargus resulting in a less curved posture typical for the
sleep-like state. Because a sleep-specific posture is a defining
criterion for sleep-like states2 this result corroborates the idea that
Lethargus is a sleep-like state.
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Experimental Methods

Strains and worm maintenance. C. elegans was maintained on
NGM plates as described.12 The following strain was used:

HBR4: goeIs3[pmyo-3::GCamP3.35::unc-54–3'utr, unc-119(+)]V.

GCaMP3.35 calcium indicator. We used the green fluorescent
protein calcium indicator GCaMP3.35 as described previously.8

Imaging and image analysis. Worms were cultured in hydrogel
agarose microcompartments.9 Imaging was performed on a Nikon
TiE microscope equipped with hardware autofocus (Perfect Focus
System). XY scans were performed with a Prior Scientific Proscan
Stage. For fluorescence microscopy, samples were illuminated
with LED (490nm, CoolLED) and imaged with standard light
filters (Chroma or Semrock). Images were acquired using an iXon
Camera (Andor). Camera and microscope were controlled with
iQ software (Andor). Muscle activity was measured at an interval
of 10 minutes. Measurement consisted of first a brightfield
movie to see pumping. Then 30 pictures at an interval of 200 ms
were taken to measure GCaMP3.35 fluorescence. Nose speed
was measured manually at an interval of one second and was
averaged for each time point. We determined mean intensity of
GCaMP3.35 and angle change at every time point.

Angle change. We used a semiautomatic method for deter-
mination of the midline of the worm from fluorescence images.
Automatic determination of the skeleton: To extract the midline
automatically, the outline of the nematode was determined using
a “Canny-Edge” algorithm.13 We used parameters as follows:

s = 3px, T1 = 0.03; T2 = 0.2. Edge segments shorter than five
pixels or corresponding to the border of the microcompartment
were discarded using a custom written program. We dilated the
obtained outline by a spherical element of 20 pixels diameter and
used a thinning operation to obtain the midline. We manually
checked that the midline was correctly identified. In 26% of the
images the algorithm did not produce a correct result. This mainly
occurred when the worm was touching itself. If the result was not
correct we manually determined the midline: We manually placed
20 to 30 points along the midline of the worm using a custom
written MATLAB routine that recorded the position of mouse
clicks on a fluorescence image. We then identified intermediate
pixel positions linking the clicked points linearly using the
Bresenham’s line algorithm.14 Angle change along the midline of
the nematode was computed using a custom MATLAB routine
that divided the midline into 20 equal segments. Then, the
routine approximated each segment by a line linking its endpoints
to obtain a polygonal chain, and calculated the local angle change
Θi between two consecutive segments as Θi = arc tan((yi+2-yi+1)/
(xi+2-xi+1)) – arc tan((yi+1-yi)/(xi+1-xi)), with xi,yi: pixel values of
beginng of ith line segment. The angle change for one polygonal
chain was defined as the mean value of the local angle change
values Θi: Θ: = mean(Θi).

Statistical tests and data display. For each worm, all data
points during the sleep-like state were averaged and 15 time
points before the sleep-like state were averaged. For all statistical
tests, Wilcoxon Signed Rank Tests were performed using Origin
software. For displaying the micrograph we applied false colors to
the grayscale image with the standard color map “jet” in Matlab.

Figure 1. Reduced movement, body curvature, and muscle activity during sleep-like Lethargus. A Time-lapse images showing the microcompartment
including the entire worm during wake-like state (top) and sleep-like state (bottom). The bright signal is derived from the body wall muscle and reflects
calcium intensities. B Motility is reduced during C. elegans sleep-like state. We measured averaged nose speed. C Reduced curvature during C. elegans
sleep-like state. We measured angle change along the long axis of the worm. D Reduced muscle activity during C. elegans sleep-like state. We measured
GCaMP3.35 intensity. Error bars are SEM n = 15 worms. In the plots, wake-like state is colored red and sleep-like state is colored blue. Individual worms
were aligned by the start of Lethargus as defined by cessation of pumping.
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