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Abstract

The locomotory behavior of the nematode Caenorhabditis elegans is often characterized by two distinct
gaits — swimming when in fluids and crawling when on surfaces. Swimming is characterized by about a
twice greater wavelength and about four time greater frequency of undulatory waves, compared with
the crawling gait. These mechanisms which generate these gaits are not well-understood but have been
suggested to be controlled by two separate neural circuits of central pattern generators. Here we
studied the locomotion of young adult C. elegans in viscous fluids ranging from 0.001-1000 Pa s to
determine whether there is a sharp or continuous transition between swimming and crawling. We
characterized the locomotion by two parameters: the wavelength and the frequency of the undulating
gaits. Our results for both parameters show a smooth transition, which suggests that there is only one
neural circuit controlling forward locomotion which is modulated by the mechanical loading of the

environment.
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Chapter 1

Introduction

1.1 Central Pattern Generators

Many animals travel by means of undulating propulsion. For example, lampreys swim through
water, and snakes crawl or glide on land. For many of these animals, the oscillatory motion is controlled
by neural networks known as central pattern generators (CPGs). CPGs are circuits that endogenously
produce rhythmic outputs. CPGs are not limited to locomotion and are proposed to control a wide
variety of rhythmic behaviors including chewing, swallowing, and breathing [1] [2]. The classic example
is the stomatogastric ganglion of spiny lobsters. The gastric mill motor system drives three internal
teeth to rhythmically move for food mastication [3]. The CPG circuit is shown in Figure 1-1A. The
stomatogastric ganglion is one of the simplest CPGs, and the neurons and the types of synapses within
the circuit have been determined. The extracellular recordings of motor nerves of an isolated
stomatogastric nervous system show the rhythmic bursting output, even without sensory input (See
Figure 1-1B). Although much progress has been made in this system, the circuit dynamics and

neuromodulation are still not yet fully understood.

5 sec

Figure 1-1 From [3] (A) Network connectivity of the stomatogastric ganglion. (B) Extracellular recordings of motor nerves.
LG = lateral gastric motor neuron; MG = medial gastric motor neuron; LPG = lateral posterior gastric motor neurons; DG =
dorsal gastric motor neurons; GM = gastric mill motor neurons; AM = anterior median motor neuron; INT = interneuron;
Synapses: filled circles, chemical inhibitory; filled triangles, chemical excitatory; open triangles, functional excitation;
resistor symbol, electronic coupling



An animal with identified locomotory CPGs is the leech. Leeches can travel through fluids by
swimming and on land by crawling. Their central nervous system (CNS) has been studied, and two CPGs
have been discovered, one for swimming and one for crawling [4] [5]. Besides having rhythmic output,
CPGs are unigue because they can produce an output even without any sensory input [1]. For instance,
in the leech, an isolated nerve cord electrically initiated can produce a crawling motor pattern without
sensory input [4]. Sensory input can however help modulate the rhythmic behaviors for environmental
perturbations, such as adjusting body curvature to go around a reed in a pond in the leech.

While many CPGs have been proposed, besides the leech, there are very few unambiguous
experiments that have identified true CPGs. We still do not have much understanding of the circuitry of

CPGs, how sensory feedback contributes to CPGs, or how CPGs generate behavior [6].

1.2 Caenorhabditis elegans

The nematode Caenorhabditis elegans serves as a model for studying locomotory behavior.
Studying C. elegans has several advantages. First, C. elegans is anatomically one of the simplest
multicellular organisms. The nervous system of C. elegans contains exactly 302 neurons, for which the
full connectivity wiring diagram has been determined [7] [8], and 959 somatic cells, for which the full cell
lineage has been determined [7] [9]. The second advantage is that there are numerous genetic
techniques available for C. elegans. The genome has been completely sequenced, allowing for specific
knockouts, mutagenesis and genetic manipulations. Lastly, C. elegans has stereotyped locomotory gaits.

In fluids, the worms “swim”, as shown in Figure 1-2.



t= 0ms 67 ms 133 ms 200 ms 267 ms
333 ms 400 ms 467 ms 533 ms

Figure 1-2 C. elegans swimming in Nematode Growth Medium (NGM) oo

Dorsal <~ Ventral

Posterior

On agar surfaces or in viscous fluids, the worms “crawl” as shown in Figure 1-3. In swimming
and crawling, the worm moves forward by propagating a wave along the anterior—posterior1
axis in the dorsal-ventral plane. The waveform and frequency of the undulations, however, are
different from each other. Swimming C. elegans have frequencies in the range of 1.5 to 2 Hz
and have normalized wavelengths (wavelength/body length) in the range of 1 to 1.5. Crawling
C. elegans have frequencies in the range of 0.2 to 0.4 Hz and have normalized wavelength in
the range of 0.4 to 0.7. The two forms of locomotion seem to be distinct. No CPG for
locomotion has been identified in C. elegans, but it has been suggested on the basis of genetic
evidence that the two forms of locomotion, swimming and crawling, are controlled by different

CPGs.

! Anterior refers to the head end, posterior refers to the tail end, dorsal is the back, ventral is the belly

9



Figure 1-3 C. elegans crawling in a viscous fluid (3.6% hypromellose in NGM)

Not all rhythmic locomotory behavior is controlled by CPGs. Oscillatory patterns can
also be generated by sensory input, and it is not implausible that C. elegans do not have any
CPGs for forward locomotion. Stretch receptors and other mechanosensory neurons have been
shown to play a significant role in forward locomotion and it has not yet been established
whether these neurons act as modulators in CPGs or are the driving inputs in a pattern-
generating neural circuit (See Chapter 4).

C. elegans move via two dorsal rows and two ventral rows of body wall muscles.
Distinct classes of motor neurons control the dorsal and ventral body muscles. The DA, DB, DD
motor neurons innervate the dorsal muscles, and the VA, VB, and DD neurons innervate the
ventral muscles, as shown in Figure 1-4. The dorsal and ventral body muscles contract out of
phase to produce the sinusoidal pattern of movement. Little is known how the rhythmic
pattern is initiated. In other known CPGs, individual cells that have intrinsic oscillating output
begin the oscillations. No such neurons have been found in C. elegans so far. Little is also
known about how the wave propagates along the body. Adjacent muscle cells or adjacent

motor neurons coupled by electrical gap junctions could promote wave propagation. An
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alternative possibility is that the motor neurons act as stretch receptors such that the body

muscle contractions themselves regulate motor neuron activities [10].

Figure 1-4 The locomotory circuitry of C. elegans from [10].

DA, DB, and DD motor neurons innervate the dorsal muscles. VA, VB, VD motor neurons innervate the ventral muscles. The
interneurons AVB and PVC and B-type motor neurons direct forward locomotion. Backward locomotion is controlled by a
different neural circuit. Only one of each motor neuron class is shown. Motor neurons are situated along the length of the
ventral cord.

To experimentally test whether there are two distinct neural circuits, we studied the
locomotory gaits of C. elegans in fluids with viscosity ranging from 0.001 Pa s to 1000 Pa s. If
there are two circuits, we would expect that at low viscosities, the worms should swim. At
some critical viscosity, a sharp transition to crawling should occur, and at all higher viscosities,
the worms should crawl. Here we analyzed the worms’ movements to characterize the effects

of mechanical load on locomotion.

Chapter 2 Materials and Methods

2.1 Strains and Staging
Caenorhabditis elegans wild-type Bristol N2 were maintained at 20°C using standard methods
[11]. Selected worms were young adult hermaphrodites. Staging was done in either one of two ways.

The first way was by selecting the larval stage L4 (identified by the crescent-shaped immature vulval

11




structure) the night before experiments were conducted. The second way was bleaching the worms 3
days before the day that experiments were conducted. In the bleaching process, only the eggs survive,
insuring that all of the worms are the same age differing at most by several hours. The life cycle of C.

elegans is shown in Figure 2-1. The number of worms from the same generation used in experiments

was at most 3 wormes.

Adult (1110-1150 pm)

t (capable of egg laying)
8 hr
mum

in utero
Young adult eggs laid at Gastrula

First cleavage (40 min) (approximately 30-cell)

(900-940 pm)
a
1.5-fold
A L4 (620-650 um)

2-fold

up to 4 months
8 hr Q
(aoo um)
L3 (490-510 um) \ 3-fold /
Q & / Predauer (L2d) arrest if no food

crowding /
- L1 (250 um)
hr
8 L2 (360-380 um) N

Figure 2-1 The life cycle of C. elegans at 22°C [7]. Staging was done by either picking L4s the night before or bleaching adult
worms with eggs ~3 days before experiments. (Note: The life cycle depends on temperature. Our worms were kept at 20°C
and therefore develops more slowly than shown above. )

(..\n\“j

high temp

12 hr

IntroFigé

2.2 Hypromellose

Stock solutions of viscous fluids were prepared by adding hypromellose (Benecel® by Hercules-
Aqualon [12]) to Nematode Growth Medium (NGM) [13]. Hypromellose (short for hydroxypropyl
methylcellulose, also known as HPMC) is a viscoelastic polymer, used in pharmaceutical and commercial

products. We used a rheometer to determine the viscoelasticity of each of our solutions.
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2.3 Rheology

Rheology is the study of deformation and flow of materials under external forces, and a
rheometer measures the response of a fluid due to applied forces, such as shear strain and shear stress

[14]. When a force Fis applied to a fluid of thickness H, the shear stress t is defined as

Shear Stress =1 = i (1)

where A is the tangential area, and the shear strain y is defined as

D
Shear Strain=y = —, (2)
H
Area, A
Displacement, D
<>
— I N
Force, F
Height, H
il e \%

Figure 2-2 Shear Stress and Strain

where D is the displaced distance (See Figure 2-2) . The rate of shear deformation is called the shear
rate. Viscous fluids are resistant to being deformed by shear stress. Elastic materials deform under
shear stress and return to its original shape when stress is removed. Viscoelastic fluids are materials

that exhibit some of both of these properties.
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[} / [}
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3 =
= =
a a
(S €
< < |
— Strain
g . —Stress
Time Time

Figure 2-3 Left: Perfectly elastic -- strain and stress are in phase Right: Viscoelastic -- strain and stress are out of phase

When a fluid undergoes sinusoidal time-

G#
Stress G” varying stress, the shear strain also responds
sinusoidally, but not necessarily in phase (See Figure
. 2-3). Purely elastic materials are exactly in phase and
Strain & y . .
purely viscous materials are out of phase by 90°.
Figure 2-4 Complex Rigidity Modulus: Viscoelastic , ? : . .
ok ey sionsoidal Sinsevaryiog ¥hress g be Viscoelastic fluids have a phase difference in between
represented by strain and stress components 0° and 90°. By convention, strain and stress are

separated into two components, as in Figure 2-4:

component of stress in phase with strain

- = Storage or Elastic Modulus, (3)
strain

G'(w) =

component of stress in 90° out of phase with strain
strain

= Loss or Viscous Modulus,  (4)

¢"(w) =
where w is the sinusoidal frequency. Together they define the complex rigidity modulus:

G*'(w) = G'(w) + iG"(w) (5)

Complex (dynamic) viscosity is defined as
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Gl
n"(w) = % =7n'—in", (6)

where n’ represents viscosity and n’’ represents elasticity [15] [16] [17].

We used a cone and plate rheometer (AR_G2, TA Instruments, New Castle, DE) to measure the
viscosity and elasticity of our hypromellose solutions. Cone and plate rheometers have an advantage
over other rheometers, such as the rotational cylinder rheometer, since the shear rate y is uniform over
the sample if the cone is shallow (i.e. if the angle between the cone and the sample, q, is very small)
(See Figure 2-5). This can be shown by the following. Linear velocity at radius r is wr. The gap width at

radius r is r tan @. The shear rate at radius r is thus

. wr w w
rtana tana a

Torque (M)

 Angular
- Velocity

@ rads -1

|

T Truncation

?

Figure 2-5 Cone and plate by TA Instruments [18]

Since the shear rate is constant over the sample, the apparatus can directly measure the viscosity and
elasticity by oscillations.
The modulus and dynamic viscosity parameters are shown for our stock solutions as a function

of frequency f = % The percentages correspond to the percentage by mass of hypromellose in the

solution. We find that the solutions are highly non-Newtonian since there is an elastic component, and
the viscoelasticity is not constant as a function of frequency. However, within the frequency regime of
the swimming and crawling of the worms (0.1 Hz to 5 Hz), the viscosity and elasticity do not overlap
from one concentration of hypromellose to another concentration of hypromellose. To test if the non-
Newtonian properties affect the swimming and crawling behavior, we also tested the worms in stock
solutions of dextran (Sigma, St. Louis, MO) in 10mM Hepes (Sigma) buffer (See Appendix). We chose to

use the hypromellose solution over the dextran solution, however, due to the large osmotic changes for
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high concentrations of dextran. High osmolality affects the health of the worms, and the worms shrink

in volume [19] [20], which could affect the worms’ locomotory properties.
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2.4 Video analysis

Worms were prepared for imaging by being rinsed in NGM buffer and placed into the
hypromellose solution sandwiched between two cover slides. The cover slides prevent the worm from
traveling in 3d motions and keep the worm in the focal plane for acquiring images with the camera. The
worm was obliquely illuminated to produce a sharp contrast image of the worm’s body against a dark
background. A CCD camera was used to acquire images at 30 Hz for low viscosities (0% - 1.0%
hypromellose) and 10 Hz for higher viscosities (1.5% - 3.6% hypromellose). See Figure 2-8 and Figure 2-9.

Ring of red LEDs

forillumination
Hypromellose Solution oA P .

e

Figure 2-8 Worm in solution sandwiched
between two cover slides to keep the worm in
the focal plane for the camera.

CCD camera with_(
focus and zoom

Connected to computer

Figure 2-9 Video setup

The frames were analyzed with an algorithm from [21] and a Matlab script written by Dr.
Christopher Fang-Yen. An edge-detection algorithm was used to identify the x-y coordinates for all
points along the dorsal and ventral sides of the worm. The dorsal and ventral edges were least squares
fit with a continuous Bezier spline (degree 5, 12 points, open uniform knot). The center of the worm
was found by taking the bisection of the vector connecting the dorsal side to the near point on the
ventral side. This centerline was fit to a Bezier spline and divided into N = 100 evenly spaced points
from the noise to the tail of the worm to define the worm in coordinates [x;(t), y;(t)], where
i =1to N, for all frames.

The curvature at each point was calculated by using the centerline coordinates. Curvature is
defined as

do

Ee (8)
dl

where @ is the tangential angle and [ is the arc length. The tangential angle in terms of our coordinates

K=

is given by

18



Yi— )’i—l). (9)

—1
Pa=an <xz‘ — Xij-1
To make calculations easier, we define a body coordinate [ along the centerline with the head of the
worm having the coordinate [ = 0 and the tail having the coordinate [ = L, as shown in Figure 2-10.
To determine the properties of the locomotory gait, we analyzed the curvature at each point along the
body of the worm for each frame. As shown in Figure 2-11, we can determine the period (the time from
one undulation to the next) and the wave speed (the rate of propagation of the curvature down the

length of the body). By using the relation, wavelength = period x wave speed, we also determined the

wavelength of the undulation. A minimum of 4 wave cycles per worm was used for calculations.

Contour Plot of Spatiotemporal dynamics

11
T =Peri
- eriod
radius of 9
curvature =
4 Slope =
wave speed
|
2 067
i 6
E 053
=
5 0.40
Figure 2-10 The worm was fit with a Bezier spline. The 027
curvature was calculated at each point (total of 100 points). The 4 -
body coordinate / is defined as 0 for the head and L for the tail.
This worm is in 0.7% hypromellose solution. 3 ¢
2 0.27
0.40
1
053
-0.67
01 02 03 04 05 06 07 0.8 09 1/mm

3ody Coordinate /L
Figure 2-11 The contour plot represents the curvature
along the body of the worm over time. Green indicates
curvature in one direction (i.e. dorsal) and blue indicates
curvature in the other direction (i.e. ventral). From the
slope of each stripe, we can determine the wave speed of
the locomotory undulation. From the distance between
two consecutive same-colored streaks, we can determine
the period or frequency of the undulation. Here we show
the data from I/L = 0.1 to 0.9 to exclude the nose and tail,
which are more flexible than the rest of the body. The
calculations for this plot were for a worm in 1.5%
hypromellose solution.
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Chapter 3

Results

The results for the locomotory gait of wild type N2 C. elegans is shown in Figure 3-2. The two
parameters we present are wavelength (A) and frequency (1/T). The wavelength was normalized to the
worm’s total body length L. For both parameters, we observe a smooth decrease with increasing

concentrations of hypromellose.

Figure 3-1 The worm's wavelength and frequency of undulations
smoothly changes with viscosity.

0% 1.5% 3.6%

As shown previously, solutions with higher concentrations of hypromellose are more viscous.
Thus, wavelength and frequency decrease with higher mechanical load. Here we chose to plot the
parameters against concentration rather than viscosity since our solutions are non-Newtonian fluids,
meaning the viscosity dependent on several factors including the velocity of the worm. Although
swimming and crawling are characterized to be two distinct locomotory behaviors, there does not

appear to be a transition from the swimming gait to the crawling gait.
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Figure 3-2 Top: Wavelength of the undulation vs. concentration of hypromellose solution. The wavelength is normalized by
the length of the worm's body. Bottom: Frequency of the undulation vs concentration of hypromellose solution. The means
(+ s.e.m.) correpond to the data for 7-11 worms. (Note: the errorbars are too small to be visible in the bottom plot).
Both parameters decrease with increasing viscosity.
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Chapter 4

Discussion

Our results show that swimming and crawling are not distinct locomotory behaviors and depend
on the mechanical load of the environment. Because it has been hypothesized that swimming and
crawling are controlled by different circuits, we expected a sharp transition, but our results suggest that
there is at most one neural circuit that is modulated by the environmental mechanical load.

Ultimately we would like to answer how the oscillatory locomotion is controlled in the neural
circuit — is there a CPG and if so, which neurons participate on the network, and how does
mechanosensation provide feedback? Because the anatomy of C. elegans is simple, it is feasible that the
circuitry can be mapped out using a combination of theoretical models, genetic tools, and laser ablation
techniques.

Many theoretical models for crawling have been proposed, but these models only account for
the crawling behavior observed on agar surfaces [22] [23]. One of the difficulties of forming theoretical
models for C. elegans in fluids is due to their size. The forces that act on a body that is immersed in fluid
is characterized by the Reynolds number Ny, the ratio between the inertial forces and the viscous forces
acting on the body [23]:

Lvp
—”—,
where L = physical dimensions of the body, p = density of the liquid, and p = viscosity of the liquid.

Ng = (10)
Because C. elegans are approximately 1 mm in length in 100 uM in diameter, they have a N of order
unity in water, meaning both viscous forces and inertial forces play a significant role in the dynamics of
the worms. For comparison, typical flagellum in water have Ny of order 103, meaning the internal
forces can be ignored, and typical fish in water have Ny of order 10%, meaning viscous forces can be
ignored [23]. Because both viscous and internal forces are important in C. elegans, creating a model that
takes these factors into account is difficult. Thus, theoretical models for the CPG for forward locomotion
have been for worms crawling on surfaces.

Since the connectivity between all neurons has been established, current models use this wiring
diagram in an attempt to find the neural circuitry for the locomotion. For example, Karbowski, et al. [22]
and Niebur and Erdos [23] propose a CPG that is initiated in the head neurons. Bryden and Cohen [24]
showed that it is possible for the locomotory gait to not have a CPG and still be oscillatory. They

propose a subcircuit that integrates sensory information and outputs the undulating locomotion.
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Although this model does not expand to describe swimming behavior, it gives insight on another
possible mechanism for C. elegans locomotion.

From the experimental side, forward genetics has yielded many mutants that are deficient in
locomotion, mechanosensation, or neuromodulation. These worms provide more information for which
neurons play a role in locomotion and sensory feedback (See Appendix). Laser ablation, the killing of a
neuron using a laser [25], for specific target neurons will also provide insight on the neural circuit of
locomotion.

Our results show that mechanical load plays an integral part of C. elegans locomotion. The
worms adapt to their environment by changing the wavelength and the frequency of undulation. Our
analysis provides direction for theoretical models to produce both swimming and crawling behavior, and

provides a paradigm for exploring mutants or laser-ablated worms.

Chapter 5
Appendix

5.1 Dextran solution

To ensure that the non-Newtonian aspect of our hypromellose solution does not affect the
qualitative locomotory behavior, we are currently testing worms in a solution of dextran (Sigma) in
10mM hepes buffer. Solutions with high concentrations of dextran unfortunately have high osmolality.
The worms are typically grown on an agar plate with 21 mM NaCl {200mOsmol). When these worms are
placed in a hyperosmotic solution of 200mM NaCl, their body volume shrinks to 70% of their original
volume within a minute after being placed in the solution. Worms placed in even more hyperosmotic
solutions of 300mM — 500mM NaCl are not able to survive the osmotic shock [19].

To acclimate the worms to high osmolality conditions, worms were grown on agar plate with
200mM NaCl for a few days before exposure to the solutions. Worms grown on high-salt plates adapt
by producing more glycerol and are able to survive in solutions up to 500mM NaCl [19]. To keep the
change in volume constant across all solutions, we balanced our solutions with sorbitol (Sigma), a type
of sugar alcohol, to match the highest osmolality (40% dextran in 10mM hepes buffer, 632 mmoi/kg).

The viscosity measurements are shown in Figure 5-1. Although at low concentrations of dextran,
the viscosity changes as a function of shear rate, at higher concentrations of dextran, the viscosities are

constant. We are currently gathering data of the locomotory behavior of the worms in these solutions.
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Figure 5-1 Viscosity of dextran solution
Except at low percentages, the viscosity stays constant as a function of shear rate.

5.2 Mutants

To further understand the role of sensory feedback, we are in progress of carrying out the assay
in various mutant worms. Currently we are observing 4 mutant worms. The mutant mec-4(d)
(MEChanosensory abnormality), is a worm that in insensitive to gentle mechanical stimuli. The mutant
trp-4 (Transient Receptor Potential channel) is also insensitive to gentle mechanical stimuli and is
believed to have abnormalities in the stretch-receptor-mediated proprioception. The mutant cat-2
(abnormal CATecholamine distribution) (n4517) has abnormalities in dopamine’ levels and is known to
be slow in locomotory response to food. The mutant tph-1 (TryPtophan Hydroxylase) (n46221) worms
have abnormalities in serotonin® biosynthesis and are claimed to have metabolic and behavioral
processes similar to starved worms. Information about mutant worms can be found at WormBase [26].

Preliminary results are shown in Figure 5-2. The means for each mutant are for n =1 to 5 worms.
For comparison, the wildtype N2 from the previous section is also shown. No obvious differences are

observed but more study is needed.

2 e %
Dopamine is a neuromodulator.

3 o= =
Serotonin is a neuromodulator and a neurotransmitter.
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Figure 5-2 Top: Mean normalized wavelength of undulations for mutants. Bottom: Mean frequency of undulations for
mutants.
Error bars are excluded for clarity. Note that this is only preliminary data and n = 1 to 5 worms (except for N2 — same as
previous section).
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