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Abstract

Muscle strength is a functional measure of quality of life in humans. Declines in muscle strength
are manifested in diseases as well as during inactivity, aging, and space travel. With conserved
muscle biology, the simple genetic model C. elegans is a high throughput platform in which to
identify molecular mechanisms causing muscle strength loss and to develop interventions based on
diet, exercise, and drugs. In the clinic, standardized strength measures are essential to quantitate
changes in patients; however, analogous standards have not been recapitulated in the C. elegans
model since force generation fluctuates based on animal behavior and locomotion. Here, we report
a microfluidics-based system for strength measurement that we call “NemaFlex’, based on pillar
deflection as the nematode crawls through a forest of pillars. We have optimized the micropillar
forest design and identified robust measurement conditions that yield a measure of strength that is
independent of behavior and gait. Validation studies using a muscle contracting agent and mutants
confirm that NemaFlex can reliably score muscular strength in C. elegans. Additionally, we report
a scaling factor to account for animal size that is consistent with a biomechanics model and
enables comparative strength studies of mutants. Taken together, our findings anchor NemaFlex
for applications in genetic and drug screens, for defining molecular and cellular circuits of
neuromuscular function, and for dissection of degenerative processes in disuse, aging, and disease.
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MemaFlex measures muscle strength of C. elegans

l. Introduction

Skeletal muscle provides the contractile system critical for animal locomotion across phyla.
The conserved biology of muscle includes sarcomere composition and organization, the
calcium-initiated contractile mechanism, and the ATP-driven translocation of actin and
myosin for force generation: 2. A powerful indicator of muscle health is strength —a
measure of maximum force that can be voluntarily exerted for a given task. Diagnosis of
muscle degenerative disorders such as muscular dystrophy relies on strength and physical
performance tests in the clinic® 4. Similar diagnostic evaluation is crucial for, sarcopenia and
dynapenia, the age-related progressive loss of muscle mass and muscle strength,
respectively® 8. Additionally, muscle atrophy and strength declines are a major impediment
for manned deep space exploration’.

Given conservation of basic muscle biology, simple genetic models such as Drosophila
melanogaster® and the 959-celled Caenorhabditis elegans® 1° constitute attractive platforms
with which to decipher the molecular mechanisms of age-10-11, disease-12, or
microgravity-13 associated muscle decline. For example, studies in C. efegans have led to
important new insights into the assembly, maintenance, and regulation of striated

muscle!0. 14-16 with the loss-of-function mutants in sarcomeric proteins showing reduced
capacity to swim or crawl1’19, These model organisms also offer a powerful means with
which to investigate how diet, exercise protocols, and drug interventions may combat muscle
dysfunction. Still, the notion of muscle strength and its measurement in these simple models
has remained elusive.

A technical challenge in reporting muscle strength in invertebrate models is that its
definition crucially depends on system geometry and measurement protocol. As a result,
even though forces on the order of microNewtons have been reported to be exerted by C.
elegans?%-25; the approaches used yield different values of forces due to worm locomotion,
body posture, and behavior. Without a measurement protocol that is reproducible and system
geometry that is validated, fluctuating forces cannot be used to extract a meaningful metric
for strength. Additionally, the influence of animal size on force production has not been
established, even though it is well recognized that animals from the same culture as well as
mutants can have different body sizes. Thus, force measures that reveal muscular strength
independent of animal behavior and approaches to compensate forces for variations in
animal size, have not been established in the C. e/egans model.

In humans, precisely defined strength metrics such as maximum voluntary force (MVF) and
one repetition maximum (1RM) are absolutely essential to quantitate and compare subjects,
which constitutes the clinical basis of muscle physiology investigations?’ (Fig. 1a). Here,
MVF is defined as the peak force recorded for a particular set of muscle (leg extensor, elbow
extensor etc.) during one trial?8 29 and 1RM is defined as the maximum weight that a
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person can lift for one repetition0. It is imperative to recapitulate analogous metrics and
standardize them in the C. elegans model for the field to move forward with genetic studies
on problems ranging from Duchenne muscular dystrophy to muscle wasting due to aging to
metabolic disorders.

Here we define a microfluidics-based system for strength measurement in nematodes by
pillar deflection that we call “NemaFlex” (Fig. 1b-d). We study the effects of micropillar
forest design and animal behavior to identify robust measurement conditions that define
maximum exertable force (MEF) as a measure that is reproducible and insensitive to animal
locomotion and behavior. Our force-velocity analysis in animals experiencing different
confinements and validation studies using a muscle contracting agent mutants indeed show
that MEF is analogous to MVVF measured in humans. We also report a scaling factor to
correct MEF for animal size, thus establishing NemaFlex as a quantitative and reproducible
system for measurement of muscle strength among individual worms, mutants, and/or
prospectively in an individual worm with age or experimental intervention. Our findings
establish the means to exploit drug, genetic, and experiential outcomes that may define
molecular and cellular circuits of muscle use and maintenance, which in turn might inspire
therapies for extended muscle healthspan.

Il. Experimental

Strains and worm preparation

C. elegans were maintained on £. coli OP50 bacterial lawns using standard protocol3L. Wild-
type (WT) animals were Bristol isolate (N2). Other strains used in this study were
unc-52(e669), unc-112(r367ts)V, unc-17(e245), and lon-2(e678)X. Age synchronized, well-
fed young adult animals were used for all force measurement experiments unless otherwise
indicated. Age synchronized populations were obtained using a standard protocol.
Approximately 20 gravid adult animals were transferred to a NGM plate (previously seeded
with bacteria £. col/i OP50) by hand picking and allowed to lay eggs on the bacteria lawn for
3 hours. After 3 hours, gravid adults were removed from the plate. Hatched worms were
cultured at 20°C. The age of animals whose strength was evaluated is mentioned in either
the main text or figure captions and is given as the time from hatching.

Microfluidic device fabrication

The micropillar-based NemaFlex force measurement device, shown in Fig. 1b, was
fabricated using soft lithography32. Two master molds were used in this study. The first is a
composite arena design that contains three concentric circular regions (A1, A2, and A3) with
varying pillar diameters and spacing. This mold was used to optimize arena geometry for
evaluation of maximum exertable forces produced by a crawling worm. The measured
dimensions of the pillars in the Al, A2, and A3 regions are provided in Table 1. The second
mold referred to as “NemaFlex” in Table 1 is an arena containing pillar matrix with
geometrical dimensions very similar to region A3. We used this mold in all the post-
optimization studies.
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All the master molds used in this study were fabricated using the following procedure. A
two-layer mold was fabricated in SU-8 2050 negative photoresist (Microchem) on a 3"
silicon wafer as substrate (University Wafer)22. First, a 25-um-tall, oval-shaped flat layer
was fabricated, which forms the boundary of the arena. On top of this layer, a second layer
of 75-um height was fabricated with cylindrical holes that form the micropillars. This two-
layer approach provides a total chamber depth of approximately 100 pm and creates
dangling (deformable) pillars of height 75 um (Fig. 1c,d).

Polydimethylsiloxane (PDMS) devices were casted (Sylgard 184 Part A (base) and Part B
(curing agent) 10:1 by weight; Dow Corning) over the SU-8 mold by curing for ~2 hours at
75°C. The PDMS replica was then treated in an air-plasma cleaner (Harrick Plasma, Ithaca,
NY) for 1 minute and bonded to a 1x3" glass slide. Bonding was done ensuring the pillars
did not collapse or deform. Inlet and outlet holes were cored with a Zmm hole puncher
(Accuderm) before bonding.

Device preparation and worm loading into the device

Bonded and cleaned microfluidic pillar arenas were prepared by surface treating with 5 wt%
Pluronic F127 solution. Pluronic solution was loaded into the device through one of the
inlets and incubated for 30 minutes, followed by washing with M9 buffer. The pluronic
treatment minimizes protein/bacterial fouling and also helps to reduce bubble formation
during worm loading?33.

Immediately before each strength experiment, plates were flooded with 3-4 mL of M9
solution (approximately 100 animals/mL). For individual worm loading, the worm solution
from the M9-flooded culture plate was diluted to 10X (approximately 10 animals/mL).
Single animals were loaded into the device by using a syringe connected to tubing.
Individual loading can also be done by hand picking a single worm. Experiments involving
the composite arena, levamisole drug treatment, and body size effects were carried out with
individuals. Muscle strength of mutants was evaluated at a population level, in which case
the identity of the worm is not preserved during imaging. For population studies,
approximately 25-30 animals were gently injected into the NemaFlex using a 1 mL syringe.
While retaining animals between pillar obstacles, residual bacteria were removed from the
device by flow of M9 buffer. In both the individual and population experiments, animals
were allowed to habituate in the arena for approximately 5 minutes before imaging in the
food-free environment.

Image acquisition

The imaging was conducted on two sets of microscopes and camera combinations. Most of
the initial trials and strength measurement of mutants were performed on an inverted
microscope (IX71, Olympus, Center Valley, PA) with image acquisition from a CCD camera
(ImageEM, Hamamatsu, Japan). The magnification used was 6.4X with an image resolution
of 2.52 um/pixel. Imaging for experiments dealing with arena design optimization, forced
contraction assay with levamisole, and influence of body size on strength were carried out
using another microscope (1X70, Olympus, Center Valley, PA) instrumented with a CCD
camera (Retiga R6, QImaging, Canada). The magnification used was 6X with an image
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resolution of 0.7 pm/pixel. Images were acquired at 5 fps for a duration of 30-120 s of one
single worm with a field of view of 1880x1540 um2. All imaging was conducted at a
temperature of 20 + 1°C.

Image processing for quantitation of pillar displacements

Movies were processed offline using custom routines written in MATLAB (Mathworks,
R2014b). Worm diameters were measured manually using ImageJ 1.48v. Below, we outline
the key steps in the procedure for quantitating pillar displacement from the original images
of a crawling worm in the pillar arena (Fig. 2a). Pillar tracking algorithm and image
processing steps are described in detail in Supplementary Note 1.

A median filter is applied to each image (Fig. 2a) to eliminate the outlier pixels. The
maximum pixel value (i.e. brightest) at each pixel location across all frames provides the
background image. Likewise, the minimum pixel value (i.e. darkest) at each pixel location
yields the foreground image. As shown in Fig. 2b, these operations make the worm’s entire
trajectory visible in the foreground image and absent from the background image. The
background contains mostly pillars (see Fig. 2¢) and extraneous objects not part of the
worm’s trajectory.

A “mask” is created from the foreground, which contains the worm trajectory with
contiguous pillars only (Fig. 2b). The mask (Fig. 2d) is then applied to the background
image to identify the candidate pillar (Fig. 2f) and candidate frames for tracking. In parallel,
the background image (Fig. 2c) is used to identify pillars and their base locations (Fig. 2e)
by using circular Hough-transform (CHT). A grid connecting the pillar locations (Fig. 2g) is
used to eliminate spurious pillars due to dirt, air bubble etc. Verified candidate pillars are
then subject to refined CHT, each one at a time (Fig. 2h-j), and displacements of the pillars
are calculated from their base locations. Supplementary Movie 1 shows the output of our
pillar tracking algorithm.

Experimental error in the measurement of forces

The error in measurement of forces results from uncertainties associated with quantifying
the pillar deflection. Uncertainty in determining pillar deflection can result from several
sources including improper fitting of the boundaries of the pillar (e.g. due to day-to-day
variations in light intensity), minor heterogeneity in the size distribution of pillars during
microfabrication, and mechanical drift in the microscope stage. To account for these
different sources of error cumulatively, we tracked a single undeflected pillar from twenty
different movies (of duration ~ 30s) acquired during the study and binned the putative forces
to produce a probability distribution (Fig. 3). This maximal force distribution has a mean at
0.9 uN, a standard deviation of 0.8 LN, and the force corresponding to 95% cumulative
probability, fg5value, of 2.2 uN (see inset of Fig. 3). Given that the force values due to the
stationary pillar can reach as high as 2.2 uN, we use £ 2.5 pN as a conservative estimate of
the error in our force measurement. This error is less than 10% of the population-averaged
strength of 60-hour-old wild-type animals, as shown in the inset of Fig. 3. There is also zero
overlap between the two force distributions, allowing clear distinction between true forces
and errors.
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Additional bias in strength measurement could be potentially introduced when the worm
body diameter is larger than the pillar spacing, as in the region A3 in the composite arena
where the worm confinement O/s=1.16 (Table 1). Here Dis the worm body diameter at
mid-length and s is the edge-to-edge pillar spacing. In this case, a default force will be
registered even when the worms are not active. These default forces are smaller than the
maximal forces exerted by the worm. Since our strength calculation analysis only selects the
maximal forces, the measured value is not affected by these default weak forces induced by
higher confinement of the worm body in the pillar arena.

To estimate the magnitude of the default force, we choose hypothetical worm body
diameters that produce confinement above 1 and calculate the corresponding passive
deflections (4) and forces (F). As shown in Supplementary Table 1, for all the cases
considered, 4< 5 um and £< 12 uUN. These values are smaller than the maximal deflections
and forces experimentally observed for a wild-type animal of similar body size that is
actively pushing the pillars (see for example, Supplementary Movie 2 which shows the large
pillar deflections for a worm with confinement level of 1.07). Moreover, we observe that
when the worm pushes the pillars on one side of the body, sufficient gap is created and
therefore pillars on the other side of the body do not experience any push. Thus small forces
due to passive deflections occur rarely in an actively crawling worm.

Animal velocity and gait analysis

To calculate the crawling speed of C. efegans, the displacement of the midpoint of the body
skeleton was tracked in time. For force-velocity correlation, instantaneous velocity from two
consecutive frames was calculated, and the correlation was plotted using the maximal force
in the later frame. For characterizing the mean crawling speed, the entire episode was used,
and displacements of the midpoint were measured in time. Gait analysis included measuring
the wavelength and amplitude of the undulatory forward motion by determining the distance
between two peaks in the body wave and the peak height, respectively. Data from ten
animals was measured and averaged.

Muscle contraction (levamisole) assay

20-30 animals were loaded into the micropillar chambers housing individual worms. Since
the loading process can take 15-20 min, bacteria suspension of 100 mg £. coli OP50/mL of
S-complete was added to each chamber after worm loading so that the individuals did not
suffer from food deprivation. Imaging of each animal before exposure to levamisole was
carried out after removing food with S-complete and allowing the animal to habituate for 5
minutes in the food-free environment. The muscle contraction experiment was carried out
with 1 mM levamisole solution in S-complete. The levamisole solution was added to the
individual chambers using a 1 mL syringe after the first round of imaging. Muscle
contraction induced by levamisole (worm body length contraction) was captured 30 seconds
after addition of levamisole solution and continued for 3 minutes or until the worm was
paralyzed. ImageJ 1.48v was used to measure the length of the worm before and after the
levamisole exposure.
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Force characterization during long-time variation in behavior

Individual wild-type young adult worms were loaded into the pillar chambers. The first set
of images was captured 2 minutes after loading, which is denoted as t = 0 hr. Food (100 mg
E. coli OP50/mL of S-complete) was added at the 1-hour mark to avoid food limitation. The
food was then removed at the 2-hour time point, and then 2 minutes after food removal the
worm was imaged to obtain strength data at t = 2 hr and 2.5 hr time points.

Data analysis

All the data analysis was conducted in MATLAB (Mathworks, R2014b). Cumulative
probability distributions were generated using Kernel Density Estimate (KDE). The bin size
is estimated using the built-in asymptotic approximation. The force value at a cumulative
probability of 95% (7y5) is taken as the strength of the animal. A two-sample t-test was used
to determine significance of data from muscle contraction assays. The Wilcoxon rank-sum
test (WRST) was used to compare genetic mutants.

[ll. Results and Discussion

Basic principle of NemaFlex and force analysis

At the core of the NemaFlex technology is a liquid-filled microfluidic chamber containing
elastic micropillars dangling from the chamber roof that can be deformed by a nematode
push (Fig. 1c, d). As C. elegans threads through the pillars, the individual pillar deflections 4
are quantified using a microscope-camera system and image analysis (see Supplementary
Movie 2). The force F causing the observed pillar deflection is calculated using the
Timoshenko theory for an elastic rod?2: 34,

F== 2 = 2 (1)
Lo a Ul =D
3EI JET 2ET

In Eqgn. (1), & A, and /are the diameter, height, and moment of inertia of the cylindrical
pillar respectively. £and y are the elastic modulus and Poisson’s ratio of the
polydimethylsiloxane (PDMS) pillar respectively. The point of contact of the worm with the
pillar edge is denoted by / =/ - (D-¢)/2, which is calculated knowing the worm diameter D
at mid-length and the clearance ¢ between the pillar edge and the bottom surface of the
chamber. The values used for the different parameters in Eqn. (1) as well as its validity for
force measurement are discussed in Supplementary Note 2.

In general, we find that the magnitude of the pillar forces depends on the contact point along
the nematode body, body configuration, and behavioral characteristics of C. elegans. Given
this probabilistic nature of pillar forces exerted by the worm, we sought to establish a robust
and reproducible procedure for quantifying animal strength. Fig. 4a-d shows this procedure
in which we typically record a 30 second behavioral episode per animal. In every image of
the acquired video, we identify the pillar with the maximal deflection (labeled red in Fig. 4a
among all the candidate pillars), allowing us to extract an instantaneous maximal force value
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from each frame (Fig. 4b). We bin all the instantaneous maximal force values and generate a
cumulative force distribution curve that defines a probability for exerting a maximal force
lower than or equal to a given value (Fig. 4c). From this distribution, we define the maximal
force corresponding to 95% cumulative probability, fg5 as the maximum exertable force
(MEF) of C. elegans (Fig. 4d). Our error in force detection, measured from pillars that are
not in animal contact, is markedly lower than the maximal forces exerted by the nematode
(Fig. 4b), with a cumulative measurement error of 2.5 UN in the fg5value (c.f. Fig. 3).

Our approach allows defining the MEF at the level of an individual or a population,
depending on whether the data constitute maximal forces from a single worm or a collection
of worms. The cumulative force distribution curve for individuals typically consists of 200
data points, and for a population at least 2000. Fig. 4c shows the cumulative force
distribution curve for wild-type (WT, age = 60 hrs) individuals. We find variability in the 75
values between individuals suggesting that some animals are naturally stronger than others,
even though their body diameters are very similar (5% variation of mean body diameter).

Resistance to locomotion in the pillar arena determines maximal forces

The purpose of our study is to establish a reliable measure for C. elegans strength that is
equivalent to maximum voluntary force in humans. To achieve this, we sought to identify
micropillar forest designs that create high mechanical resistance to locomotion. Analogous
to human strength evaluation where strong forces are registered when resistance to motion is
high (c.f. Fig. 1a), we expect that animals in tight pillar arenas experience strong resistance
to locomotion and produce large forces. Below we show results supporting that animals
produce strong forces in highly resistive arenas and discuss the existence of different
regimes of resistance to locomotion based on the size of nematode relative to gap between
pillars.

Highly resistive pillar environment is characterized by low velocity and strong
forces—To identify an arena geometry that induces high resistance to locomotion and
makes C. elegans produce maximal forces frequently we fabricated a composite arena (Fig.
5a) that contained three regions (A1, A2, and A3) with distinct pillar diameters (in the range
of a ~ 40 — 60 um) and gap between pillars (s ~ 100 — 60 pum) (Supplementary Note 3).
Regions Al, A2 and A3 produced confinement levels of O/s~ 0.67, 0.85, and 1.16 for wild
type adults respectively (Fig. 5b). The composite arena is unique as it allowed us to
investigate the dependence of force-velocity correlation and gait parameters on animal
confinement.

Pooling data from individuals (WT, age = 84 hrs), in Fig. 5c-e we show the maximal pillar
force (from each image) versus the instantaneous animal velocity in the three arenas. We
observe that in the moderately confined Al arena, animals move at velocities as large as 600
pum/s and rarely exert forces more than 80 UN (Fig. 5¢). In contrast, animals in the strongly
confining A3 arena move at much slower velocities and often exert forces > 80 uN (Fig. 5e).
Such large forces occur less frequently in arena A2 (Fig. 5d). Scoring the forward crawling
locomotion, we find that between Al and A3 arenas, the body wavelength reduces by 12%
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and amplitude varies by 3%, suggesting that in the moderate-strong confinement regime the
force-velocity correlation is much more strongly affected than the forward crawling gait.

Frequent exertion of maximal forces in A3 arena can be understood from the high
mechanical resistance to locomotion provided by this tight pillar arena where the nematode
muscles push against the pillar, but its body cannot adjust its position in response to reaction
forces due to the body being constrained simultaneously by multiple pillars. Evidence for
the strong mechanical resistance is exemplified by the high frequency of turns and reversals
in the highly resistive A3 and A2 arenas compared to Al (Fig. 6).

Identification of different regimes of resistance to locomotion—Our experimental
results thus far and previous work in pillar environments22-24. 35-38 (see Supplementary
Table 2 for description of pillar geometries used in prior works), paint the following general
picture; depending on the body size and pillar forest geometry, C. elegans locomotion
between microfluidic pillars can be classified as non-resistive, moderately resistive or highly
resistive. The existence of such regimes has been previously unrecognized.

In the non-resistive regime, the submerged nematode is typically in contact with one or two
pillars (Fig. 7a). The forces would be low here because the nematode translates and rotates
in response to a body contact with a pillar, exhibiting swimming-like behavior. An example
of this regime was shown by Majmudar et a/., where for O/s=0.17, nematode swim
trajectories were observed to be diverted by mechanical interactions with the pillars38.

In the moderately resistive regime, frequent contacts with more than two pillars occur (Fig.
7b) and the body wave conveniently fits into the space between pillars; the velocity is high
because pillars provide transverse resistance enabling efficient forward locomotion. Forces
are moderate because the nematode can fit in the available space with only minor adjustment
of body posture. This picture is consistent with our results in Al arena and further supported
by the work of Ryu and coworkers3¢ who showed that when D/s~ 0.35 - 0.5 C. elegans
swimming speed is enhanced.

In the highly-resistive regime which corresponds to our arenas A2 and A3, frequent contacts
with multiple pillars occur (Fig. 7c). Animal velocity is low and forces are high because of
the incompatibility between nematode gait and pillar configuration. Our observations are in
agreement with the work by Johari et a/. and Khare et al., who used arenas with D/s=0.86
-1.6 and showed that animals exert strong forces23: 24,

The existence of these regimes indicates that NemaFlex device needs to operate in the highly
resistive regime to score MEF. However, even in this highly resistive regime, individual
pillar forces fluctuate from low to high as evidenced by our cumulative force distribution
curves, thus requiring robust measurement and data analysis protocols for standardized
strength measurement. Previous works have been unable to establish behavior- and gait-
independent measures of strength that are indicative of MVF in C. elegans.
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Maximum exertable force fgs is a reliable measure to score muscle strength in C. elegans

In this section, we show that MEF, our proposed metric of C. elegans strength, yields
consistent values in highly resistive pillar arenas and that it is independent of gait and
behavior. By using a drug that contracts muscles we confirm that MEF due to induced
muscle contractions is the same as that calculated from force distribution due to voluntary
muscle action. Finally, we demonstrate that MEF can be used to reliably score
neuromuscular weakness in mutants.

Optimized pillar arena produces consistent readout of MEF—Given that even in
the highly resistive pillar environments forces fluctuate, we asked whether MEF for the same
individual changes due to different degrees of confinement in A1, A2, and A3 arenas. Our
hypothesis was that if MEF is truly indicative of the maximum voluntary force then in the
highly resistive arenas A2 and A3 we should obtain the same values for MEF. In Fig. 8a, we
show the results for individual wild-type animals and find that the MEF in arenas A2 and A3

show a near-perfect correlation ( f42 = f42, calculated slope = 1.01 + 0.05) while MEF is

lower in Al arena with a slope = 0.46 + 0.07 shown in Fig. 8b. Thus fy5is consistent
between the highly resistive A2 and A3 arenas.

We also tested unc-112, a mutant that is weaker due to muscle defects?® and /on-2, a mutant
that grows approximately 1.5 times longer than wild type. For unc-112, we find that the
correlation of MEF values in arenas Al and A3 is off from unity (slope = 0.81 + 0.07), but
in A2 and A3 we again observe a near-perfect correlation with slope 0.99 + 0.04 (Fig. 8c, d).
We find similar results for /on-2which shows a correlation with slope 0.98 + 0.05 in arenas
A2 and A3 (Fig. 8e, ). Thus, in WT, unc-112and /on-2we obtain consistent fysin the
highly resistive A2 and A3 arenas. Previously Johari et a/23 and Khare et a/2* computed the
time-average of the pillar forces 7,4 to characterize C. elegans muscle force. We checked to
see how well this measure correlates from the force data of individuals in A1, A2 and A3
arenas. We find that 7, from different arenas are inconsistent in WT animals and unc-112
mutant (see Supplementary Note 4), suggesting that fgs is a much more reliable metric of
strength.

Thus, our results from the composite arena provide compelling evidence that both the highly
resistive arenas A2 and A3 maximize force exertion, and our strength metric 7gsis invariant
for a given individual as long as animals are confined to 0.85 < D/s< 1.16. We settled on
using A3 arena for the NemaFlex device since maximal forces are more frequent in this
arena than A2 arena (Fig. 5d,e) and smaller body-sized animals fit better in A3. The actual
dimensions of the NemaFlex device are: a=38.3 um + 0.4 um, s=61.7 um £ 2.9 um, /
=71.8 = 2.9 um, with the pillars arranged in a square lattice within a ~ 1 cm? oval shaped
arena (Fig. 1b).

It is possible that the limits of validity of confinement that we have established here to obtain
consistent MEF readout may vary, for example for C. elegans of different sizes or mutants.
In such cases, the composite-arena approach with individuals that we have demonstrated
here is a useful means to identify the optimal confinement range for maximum force
exertion.
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MEF is independent of locomotory gait—To address whether the locomotory gait
impacts MEF in the NemaFlex device we isolated episodes from our videos where the
animal (WT, age = 60 hrs) was making a forward crawl or omega turn or reversal (Fig. 9a-
d). We note that the forward crawl involved either a long-wave or a short-wave body posture
with the short-wave being less frequent (Fig. 9a,b). The cumulative probability force
distributions corresponding to each of these locomotory modes is shown in Fig. 9e. We find
that the omega turns and reversals produce larger average force; however, the MEF estimates
are very similar: 795 (long wave) = 20.98 uN, fys (short wave) = 21.04 pN, fys (reversal) =
22.38 UN, and 7g5 (omega) = 21.32 pN. Thus, the strength measure MEF provided by
NemaFlex is not strongly dependent on animal gait.

MEF is insensitive to time-variation of behavior—Next, we evaluated whether MEF
is sensitive to time variation of behavior by recording behavioral episodes of individuals. In
a 30-second behavioral episode we typically observed forward crawls, omega turns, and
reversals (c.f. Fig. 6). We analyzed contiguous images of 30-second duration with a random
starting point in the video. In complementary sampling, we scored non-repeating, discrete
images randomly (totaling 30-second duration) from the full behavioral episode. The g5 of
individuals calculated either from contiguous or random sampling of the behavior is shown
in Fig. 10a,b. We find that in both contiguous and discrete sampling 7g5 typically varied by
less than 10% of the mean value. This less than 10% variation is commensurate with the
error in force measurement shown in Fig. 3 indicating therefore that MEF is insensitive to
short-time variation in behavior.

We also sampled the behavior of an individual after a long time interval (0, 2, 2.5 hrs), and
in this case the 7g5values change by less than 10% between the three time points (Fig. 10c).
Thus, the MEF is also unaffected by long-time variation in behavior. Together, these results
suggest that sampling a 30-second behavioral episode is sufficient to determine the MEF of
C. elegans and does not rely strongly on the details of behavior. We note that for some
mutants it is possible that longer behavioral episodes may need to be tracked to achieve a
statistically invariant MEF.

MEF before and after drug-induced muscle contractions is the same—As an
important test to assess whether MEF measure corresponds to the maximum muscular
strength, we induced muscle contractions by exposing each animal to the cholinergic agonist
levamisole and comparing its fg5scores before and after drug treatment (Fig. 11a).
Levamisole is known to bind to acetylcholine receptors in the body wall muscle of C.
elegans, causing prolonged excitation of the muscles, shortening of body length, and
eventually paralysis3®. As shown in Fig. 11b, we indeed observe appreciable reduction in
body length due to levamisole exposure (Supplementary Movie 4a & b).

In Fig. 11c, we show the force data for individual animals of three different ages (60, 76, and
84 hours) and find that the 75 value after levamisole treatment shows an excellent linear
correlation with the fy5score of untreated crawling worms, i.e. f55€V* = £o5/¢~ (slope for 60
hrs =0.89 + 0.19, slope for 76 hrs = 0.85 £ 0.13, and slope for 84 hrs = 1.08 + 0.16),
supporting that MEF quantitates the maximum muscular strength of C. elegans. It is
remarkable that even though some animals are weak or strong to begin with due to
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differences in age or individual variability, the fgsafter drug exposure correlates well for
both the weak and strong animals, highlighting the robustness of our strength measure.

MEF detects muscle strength weakness in mutants—Given that NemaFlex
measures the maximum strength of C. elegans, we tested its capability to detect strength
changes due to genetic defects in body wall muscles and neuromuscular signaling. We
measured strength in the muscle mutants unc-112and unc-52, which have impaired
production of the sarcomere proteins kindlin and perlecan respectively® 40 41 We also
tested the mutant unc-17, which has decreased levels of acetylcholine, one of the major
neurotransmitters responsible for muscle contractions3®: 42, In all three mutants, we found
that force production decreased compared to wild-type animals (fg5=11.92, 16.61, 22.74
UN, and 28.43 pN for unc-112, unc-52, unc-17, and wild-type respectively; Fig. 11d),
confirming that the NemaFlex method can reveal neuromuscular weakness.

Influence of body size on muscular strength in C. elegans

Harnessing the full capability of NemaFlex for applications ranging from dissecting
developmental biology to understanding neuromuscular disorders and aging requires
evaluation of how C. elegans’ body size affects its muscular strength. For example,
individuals from a synchronized culture of WT animals have differences in body size
(Supplementary Figure 5), raising the question of whether some animals appear stronger
simply because of their larger size. A similar question arises during mutant screenings in
which some mutants may be smaller than WT or might develop more slowly than WT and
therefore might be smaller at the time of comparison. In aging studies, it is also essential to
decouple the strength changes due to frailty from those that might be attributed to animal
size, which can change during adult life*3.

Muscular strength depends strongly on body diameter but not length—To
address the influence of body size, we measured the mid-body diameter, length, and strength
of at least 80 age-matched individuals of WT and /on-2 mutants, which are longer than wild
type (Fig. 12a-d). We find that even though the mean length of /on-2mutants is ~1.3 times
that of wild-type animals (Fig. 12a, b), the muscular strength of these two populations is not
statistically different (Fig. 12c), suggesting that the worm body length does not significantly
influence the muscle strength recorded by NemaFlex. In striking contrast, we observe a
strong increase of muscle strength with the worm body diameter (Fig. 12d). The data fit to
the scaling relationship 795 ~ D, with m = 3.32 + 0.48 and 3.04 + 0.30 for WT and /on-2
animals respectively.

To understand the relationship between worm body diameter and muscular strength, we
consider active bending of the worm body that produces pillar forces whose vector sum is
nearly zero (Fig. 12e, i). These pillar forces are produced by C. elegans due to changes in
body curvature induced by contraction or relaxation of its muscles. For the example shown
in Fig. 12e, the curvature increase is induced by tension in the dorsal contracting muscle
(Fig. 12e, ii), and it is decreased during dorsal relaxation (Fig. 12e, iii). The reason why
thick animals exert higher forces is analogous to why thick elastic rods require more force to
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bend than thin rods. This qualitative argument may explain the influence of body diameter
on C. elegans’ maximal muscle strength measures.

A biomechanics model explains D3 scaling—To develop a simple model that
incorporates the effect of body diameter, we consider the bending moment (M) induced in
the muscles of a human arm that is lifting a weight (F), 7.e. M = FXL, where L is the lever
arm (Fig. 12f). Applying this analogy to the bending moment introduced in the worm
muscles while pushing against pillars, we get M = FxL ~ TxD, where T is the muscle
tension in the worm body (Fig. 12g). Assuming the muscle tension is proportional to the
cross-sectional area of the muscle (A,) and the lever arm is equivalent to pillar spacing, we
have F ~ A,;xD/s. Since A, is proportional to the worm body cross-section, i.e. A, ~ D?,
we finally have

F~D’ls (2)

Eqn. (2) suggests that 795 should scale as the cube of worm body diameter and is inversely
proportional to the pillar spacing.

We tested the relation F ~ D by considering wild-type animals of different age and three
mutants (Table 2). We find that the data agrees reasonably well with the predicted cubic
dependence on worm body diameter in all the tested cases. Interestingly, we observe that
even in animals (WT, age = 48, 55 hrs) that have confinement less than our optimal range of
0.85 - 1.16, the exponent is close to 3. Furthermore, the fact that the 7g5values of
individuals were lower in arena A1, which has larger pillar spacing than arenas A2 and A3 is
consistent with Eqgn. (2). Indeed, we find that the ratios of fgsin A3 and Al are
approximately inversely proportional to the pillar spacing in the respective arena sections,
supporting our simple scaling analysis.

Our data set shows that fo5~ D% and it is possible that deviations from the D scaling may
occur in some mutants or older animals. In such cases deviations from D7 scaling can be
potentially corrected by knowing the detailed anatomy of the muscle cross-sectional area. If
deviations still exist then it might indicate intrinsic differences in the tension of the muscle
fibers in the nematode. Investigation of such differences resulting from genetic defects or
age is one of the main motivations for the development of the NemaFlex system.

V. Conclusions and Outlook

C. elegans is a powerful genetic model with conserved muscle biology, and over the last few
decades new insights have been gained into the assembly, maintenance, and regulation of
striated muscle that are usually applicable to all animals. Kinematic measures, for example
swim frequency or crawling speed, derived from locomotory assays have been typically used
to assess neuromuscular function in C. elegans**. More recently, propulsive forces have been
determined by tracking velocity fields and body kinematics during swimming?® by
challenging worms to swim up inclined surfaces*® and by measuring drag coefficients of
crawling animals®’.
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In a parallel effort, building on advances in microfluidics*8, important attempts for
measuring forces generated by moving C. elegans have been made using piezoresistance
sensors20 and deformable pillars22-26, However, these prior efforts reported forces that vary
depending on pillar arena geometry, worm velocity, and body posture;thus, none of these
yields a maximum force that is independent of animal behavior and accounts for variations
in animal size. Without a behavior- and size-independent strength measurement, it is
difficult to standardize muscle force investigations in C. elegans.

Here we have optimized the micropillar forest design, defined the measurement conditions,
and fine-tuned the workflow analysis so that NemaFlex can reliably score the maximum
exertable force in C. elegans. To confirm that NemaFlex indeed reports behavior-
independent strength, we evaluated different pillar spacings and duration of behavioral
episodes and showed that animals push as hard as they can once they reach a certain level of
confinement; a behavioral episode as low as 30 seconds is sufficient to capture a statistically
invariant MEF for young adults. The force measures before and after levamisole-induced full
muscle contractions were found to be similar, which supports our metric of maximum force.
Indeed, the levamisole experiment shows that C. elegans MEF is similar to human MVF - a
critical advance for the ability to compare experimental data across muscle studies.

Recognizing that animals from the same culture might have different body sizes or that
mutations may cause variation in body size, we investigated the influence of body size on
MEF. We showed that MEF is independent of the body length, but it strongly depends on
body diameter. Importantly, we uncovered a relationship of strength with C. elegans
diameter that is consistent with a scaling analysis in which bending moments due to
maximum external force and internal muscle tension balance each other. Thus, we have
produced a compensation factor for body size that enables animals of different age, genetic
makeup, or experience to be fairly compared.

In humans, relative strength is a compelling indicator of muscle homeostasis, physical
training, and disease. As we model these conditions in invertebrates, there is a critical need
to establish standardized measures of strength that have relevance in human muscle
physiology. The NemaFlex technology addresses this gap by providing a robust analog of
MVF in vertebrates. With current throughput of strength evaluation being ~10 min/worm
(loading, imaging, image analysis, and validation), the NemaFlex system is well equipped
for targeted investigations on disease conditions that can be modeled in C. elegans. High
throughput genetic and drug screens are also possible with NemaFlex, although this would
require further microfluidic automation and parallelized analysis. At a more fundamental
level, NemaFlex may help in defining molecular and cellular circuits of neuromuscular
function?®.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Muscle strength measurement in humans and the NemaFlex system for force
measurement in C. elegans

(a) Human muscle function is measured in terms of maximum voluntary force (MVF)
during a standardized knee extensor test, where the peak force exerted by the quadriceps
muscle is recorded using a force sensor. An equivalent measure of maximum exertable force
in C. elegansis currently unavailable. (b) Image of the NemaFlex device filled with green
food dye for highlighting the arena and the ports. Scale bar, 1 cm. (c) Schematic showing the
C. elegans strength measurement apparatus including the chamber for housing worms,
deformable pillar arrays, microscope objective for visualizing pillar deflection, and crawling
nematode. Scanning electron microscope (SEM) picture of the pillars (inset). Scale bar, 100
um. (d) Schematic showing interaction with a pillar by the worm body (exaggerated view).
The pillar is deflected due to the action of the body wall muscles (shown in red and green).
Parameters defined in Eqgn. (1) are shown with actual values being a=38.3+ 0.4, /=718
+29,¢c=27.6+29and D=50-70 um (for WT, age = 60 — 84 hrs).
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Figure 2. lllustration of the steps in image processing to quantify pillar displacements
(a) Original images of a crawling worm. (b) Foreground image and (c) background image

from a stack of images in the preprocessing step. (d) Mask generation from the foreground.
(e) Identification of all pillars by applying circular Hough transform. (f) Identification of the
candidate pillar for tracking using the mask. (g) Grid verification and validation of pillar
location. (h) A candidate pillar selected from a frame (see red arrows) for illustration of
deflection measurement. (i) Determination of pillar base location and radius when the worm
is not touching the pillar. (j) Measurement of pillar displacement.
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Figure 3. Estimation of error in force measurement
False positive force detections in the system were determined by tracking a single

undeflected pillar from twenty movies of wild-type worms (age = 60 hrs). The error
distribution has a mean at 0.9 uN, a standard deviation of 0.8 N, and an fgs value of 2.2 uN.
Inset compares error distribution relative to the strength of the population. The fgs value of
the error distribution is less than 10% of the fg5 value for the worm population. There is also
zero overlap between the two force distributions, allowing clear distinction between true
forces and errors.
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Figure 4. Data analysis workflow for NemaFlex strength measurement

(a) Stack of images showing the worm interacting with different pillars during a locomotory
episode. The deflected pillars are circled in blue, and the red circle denotes the pillar that
experiences the maximum force. Scale bar, 200 pm. (b) Variation of maximal force over
time due to a worm interacting with pillars (in red). The black curve shows force variation
from the pillars that are not in contact with the worm — giving an estimate of error in our
force measurement. (¢) Cumulative probability distribution curves of maximal forces for
different worms (age = 60 hrs) showing the variability between individuals (n = 14). The red
trace represents the cumulative force distribution curve for the population. (d) From the
cumulative force distribution curve, the maximum exertable force, 7gs, is defined as the
maximal force at 95% cumulative probability.
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Figure 5. Resistance to locomotion determines maximal forces
(a) A composite micropillar arena containing sections A1, A2, and A3 with different pillar

spacings to investigate the influence of animal confinement on force generation. Scale bar, 5
mm. (b) The same nematode shown in the three different arenas. The level of confinement
(DIs) increases as the worm crawls from arena Al to A3. Scale bar, 100 pm. The force-
velocity data for animals in (c) A1, (d) A2, and (e) A3 arenas. The lines indicate force-
velocity cut-offs of 80 uUN and 600 um/s. The data correspond to 17 WT individuals of age
84 hours.
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Figure 6. Behavioral phenotyping of C. elegans in pillar arenas with different confinements
The frequency of reversals and turns is higher under tighter confinement due to strong

mechanical resistance of the pillar environment. The data correspond to 17 WT individuals
of age 84 hours.
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Figure 7. Schematic illustrating the effect of animal confinement on mechanical resistance and
force generation in pillar environments

The nematode experiences increasing confinement (0/s) from left to right due to increasing
density of pillars. (a) Weak resistance, D/s= 0.2, (b) moderate resistance, O/s= 0.6, and (c)
strong resistance, O/s = 1.0. Large forces are expected under strong confinement due to
enhanced mechanical resistance and constrained body shapes. The operating confinement
regime of our NemaFlex system is highlighted.
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Figure 8. Highly resistive pillar arenas produce consistent maximum exertable force
A comparison between maximum exertable force fg5measured for WT individuals in (a)

section A2 and section A3 (n = 14, slope = 1.01 + 0.05, r2 = 0.65) and (b) in section A1 and
section A3 (n=13, slope = 0.46 + 0.07, r2 = -0.55). A similar comparison is shown for
unc-112animals (n=13 individuals) in (c) A2 and A3 (n = 12, slope 0.99 + 0.04, r2 = 0.67)
and (d) Al and A3 (n= 10, slope = 0.81 + 0.07, r2 = -0.25). Comparison for /on-2animals
(n=10 individuals) in (e) A2 and A3 (n=9, slope=0.98+ 0.05, r2 = 0.72) and (f) Al and A3
(n=8, slope = 0.75 + 0.07, r2 = 0.67). The red line is the best-fit curve to the data, and the
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dashed black line has a slope of unity and passes through origin. The blue lines demarcate
the 95% confidence interval region.

Lab Chip. Author manuscript; available in PMC 2019 July 24.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Rahman et al.

Page 26

a
forward, long wave forward, short wave

"B " BT BT
D 00 000000(© O009Q9 O OO0
D (o Jo) o o dlo A 28 o
i =jo &/o o0 0 0 o
p O O O O

P _("}('\("\ ~ T e

omega reversal

b O O O
D O O
b OO O
b O O O
p O O
b

long wave

0.6+
short wave
reversal
0.4 omega

cumulative probability

o
N

20 25 30 35 40
force (uN)

Figure 9. NemaFlex quantitates maximum exertable force independent of C. elegans gait
(a) Images showing the different gaits exhibited by crawling WT C. elegans in the pillar

arena of the NemaFlex device. The arrows show direction of the animal motion. (b) The
cumulative force distribution for the different gaits shown in (a). The horizontal dashed line
indicates 95% probability, and the vertical bar highlights that the 795 values for each gait are
very similar. Animal age = 60 hrs and O/s=0.87 — 0.98.
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Figure 10. Maximum exertable force is independent of C. elegans behavior in the NemaFlex
pillar arena

(a) MEF of WT individuals obtained from analyzing contiguous frames of 30-second
duration with a randomly sampled starting point in the movie (movie length is 85 — 120
seconds). Data is shown as mean + SD from N = 5 sampling trials. 17 individuals showed
SD < 10%, while three showed SD between 10 - 16%. (b) MEF values obtained from non-
repeating randomly sampled discrete frames. The movie sets are the same as in (a). Data is
shown as mean + SD from N = 5 trials. In this case all 20 individuals showed SD < 10%. (c)
MEF of individuals evaluated at three time points: 0, 2, and 2.5 hours. Here a 2-minute
episode was captured for each worm and a contiguous 30-second episode was analyzed to
obtain MEF. Animal age = 60 hrs and D/s=0.85 - 0.95.
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Figure 11. NemaFlex quantitates maximum muscular strength in C. elegans
(a) A brief protocol for imaging and inducing muscle contraction on individual wild-type C.

elegans with 1 mM levamisole. A 60-second episode is captured for each animal before
levamisole treatment, and capturing continues for 60 to 200 seconds after the induction. (b)
Levamisole treatment-induced muscle contraction causes the body length to decrease by
10.4 £ 3.2%. (age = 60 — 84 hrs, n=51, p < 0.0005). (c) Maximum strength of individual
animals before and after the levamisole treatment for three different age groups — 60 hrs (n =
15), 76 hrs (n = 14) and 84 hrs (n = 20). The red line is a linear best fit of the pooled data:
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slope =1.09 +/- 0.06, intercept = -0.006, and r? =0.89. Dashed blue lines show the 95% level
confidence interval (n =49). The dashed black line represents fy9®V* = fo52V" (slope of 1 and
intercept at origin). A two sample t-test confirms that NemaFlex is measuring the maximum
muscular strength of the animal (p =0.24). For this data set, D/s = 0.95 - 1.02. (d)
Comparison of population-level force distribution for wild type (n=20, N=3,475 data points)
and three C. elegans muscular or neuromuscular mutants unc-52 (n=12, N=14,883 data
points), unc-112 (n=5, N=2,992 data points), and unc-17(n=20, N=6,997 data points).
Wilcoxon rank-sum test confirms that NemaFlex is measuring neuromuscular weakness (p >
0.005). For this data set, D/s = 0.85 - 0.92.
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Figure 12. Influence of body size on C. elegans muscle strength
(a) Influence of the body length was evaluated by comparing the force production of wild

type (top image) and a /on-2 mutant (bottom image). Scale bar, 200 um. (b) Distribution of
the body lengths of wild type (n = 89) and /on-2 (n = 37) at a single time point (48 hours) for
similar diameter worms. The /on-2worms are ~ 1.3 times longer than wild type. (c) The
strength distributions of wild-type and /on-2worms are statistically similar. Animal
populations are the same as in (b). (d) Both wild type (n = 94) and /on-2 (n = 84) show
approximately a cubic dependency of strength on body diameter. MEF data for each
population was binned using bin widths of 2.5 pm. Data shown is mean + SD. (e) Active
bending of worm body curvature produces pillar forces. The vector sum of the pillar forces
(red arrows) is zero in (i). The nematode pushes pillars when trying to (ii) increase or (iii)

decrease its curvature. Increase of the curvature is induced by tension from contracting
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muscles (red in (ii), green shows relaxing muscle). Similarly, decrease of the curvature is
initiated by transferring the tension to the other pair of muscles (red in (iii)) by initiating
contraction in the relaxed muscle section. Scale bar, 200 um. (f) Bending moment analysis in
the human muscle arm that is lifting a weight. See main text for description of the symbols.
(9) A schematic of the worm body segment under active bending where muscles are shown
as (i) springs resembling the contraction and relaxation of muscles. 7 is the muscle tension

in the worm, D s the body diameter, ~is the pillar force and sis the pillar spacing. (ii)

Animals with larger diameters have more muscle cross-sectional area and therefore produce

more force.
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