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ABSTRACT

An animal’s ability to navigate through its natural environment is critical to
its survival. Navigation can be slow and methodical such as an annual migration,
or purely reactive such as an escape response. How sensory input is translated
into a fast behavioral output to execute goal oriented locomotion remains elusive.
In this dissertation, | aimed to investigate escape response behavior in the
nematode C. elegans. It has been shown that the biogenic amine tyramine is
essential for the escape response. A tyramine-gated chloride channel, LGC-55,
has been revealed to modulate suppression of head oscillations and reversal
behavior in response to touch. Here, | discovered key modulators of the
tyraminergic signaling pathway through forward and reverse genetic screens
using exogenous tyramine drug plates. ser-2, a tyramine activated G protein-
coupled receptor mutant, was partially resistant to the paralytic effects of
exogenous tyramine on body movements, indicating a role in locomotion
behavior. Further analysis revealed that ser-2 is asymmetrically expressed in the
VD GABAergic motor neurons, and that SER-2 inhibits neurotransmitter release
along the ventral nerve cord. Although overall locomotion was normal in ser-2
mutants, they failed to execute omega turns by fully contracting the ventral
musculature. Omega turns allow the animal to reverse and completely change
directions away from a predator during the escape response. Furthermore, my

studies developed an assay to investigate instantaneous velocity changes during
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the escape response using machine based vision. We sought to determine how
an animal accelerates in response to a mechanical stimulus, and subsequently
decelerates to a basal locomotion rate. Mutant analysis using this assay
revealed roles for both dopamine and tyramine signaling. During my doctoral
work, | have further established the importance for tyramine in the nematode, as |
have demonstrated two additional roles for tyramine in modulating escape

response behavior in C. elegans.
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CHAPTER |

INTRODUCTION

On the simplest of levels, this dissertation aims to explore how sensory
input is translated into a behavioral output. For centuries, mankind has asked
the question of how we behave the way that we do. How we sense light, feel
cold, and smell food are all intriguing biological processes, as well has how we
react to these inputs as we squint our eyes, search for shelter, and salivate. With
great advances in science, we have utilized the simple nervous systems of as
well as the more complex nervous systems of mammals to begin to elucidate
how sensory input is received, and how behavior is generated. Decades ago,
the first simple anatomic studies answered the foremost questions behind the
anatomy and physiology of behavior. Today, we are mapping molecular
pathways and precise circuits. My work aims to further investigate how a
behavior such as locomotion is produced and altered by the sensory system in

the nematode, C. elegans.

An animal’s primary goal is to survive and reproduce. To do so, food and

water must be consumed, mates must be found, and predators must be evaded.



Diverse sensory input and locomotion are required for the animal to reach his
survival goal. The field of neuroethology seeks to understand how biological
functions are generated by natural behavior. Simple and complex behavioral
paradigms can be tested in the laboratory setting which attempt to recapture
elements of the wild. Although the environment is artificial, much can be learned
as to how the nematode may react to predators in a native state. My research
seeks to illuminate new pathways for the modulation of locomotion in context of
the nematode escape response, and to investigate the behavioral role of

tyraminergic G protein-coupled receptors.

This introduction aims to layout what is known about escape and
navigational locomotion behavior, as well as how the use of a powerful model
organism, C. elegans, can enable deep understanding of behavioral responses.
Most importantly, | will describe the neuronal and muscular anatomy responsible
for generating locomotion in the nematode, in addition to the molecules which
convey the necessary signals. And finally, since my research investigates a
neurotransmitter (tyramine) which is conserved in mammals, | will describe what

is known about tyramine in a more complex nervous system.

A. Navigation and escape behavior

The innate ability of an animal to sense its environment, and in response,

modulate its course of locomotion, is an evolutionary advantage. Locomotion



enables acquisition of food, detection of suitable mates, and escape from

predators. Movement can be simply reactive, or a complex cognitive process.

1. Navigational behavior tactics in the wild and in the laboratory.

Navigation describes how one’s position and direction of movement are
determined and controlled from one place to another. While random movement
may enable an organism to eventually get to their desired location, navigation to
that location is much more efficient. Methods of navigation amongst animals
vary widely, as their sensory input and locomotory output govern this behavioral
ability. Highly complex mammals, as well as fruit flies and other invertebrates,
can integrate visual, olfactory, and mechanical sensory inputs to determine their
current and desired locations. The mechanism of navigation may utilize innate
responses or learned experiences. There are three main forms of navigation:
beacon, landmark, and path trajectory. Some animals may utilize all three, and

others may favor one or two methods.

Beacon (or taxon) navigation is the simplest means of navigation. Just as
a lighthouse attracts a sailor to shore, an animal may simply follow a single cue
to their desired location.  For example, insects can navigate using phototaxis,
which is seen commonly as a moth approaches a candle flame or a campfire. It
is believed that phototaxis allows the moth to determine the direction of the moon

for navigation, as it is the brightest point in the night sky. Phototactic behavior



has been shown to be dependent on the age of the larva and adult, as well as
the time of night (Gerson and Kelsey, 1997; Castrejon and Rojas, 2010).
Olfactory beacon navigation is also often seen in nature. Sharks can track the
scent of blood for over a mile to find an injured fish as an easy meal. The
mechanisms of this simple navigational behavior are quite complex, as
differences in concentration and bilateral timing of odor sensation may enable
acute tracking of the prey (Johnson and Teeter, 1985; Gardiner and Atema,
2010). Locomotion along a gradient of sensory input is an important way for an

animal to increase its ability to find food, a mate, and a safe place to be.

Using multiple visual (or other sensory) cues to learn where to find a goal
location has been termed landmark, or piloting navigation (O’Keefe and Nadal,
1978). Since gray whale pods stay near the shore while they migrate, it is
hypothesized that they employ landmark navigation as they migrate up and down
the North American coast in the Pacific Ocean. Quite simply, the whale keeps
the continent in view to the left when traveling south, and to the right when
traveling north. To delve deeper into the mechanisms of piloting, laboratory
studies have been done using many behavioral paradigms. For example, the
Morris water maze has been developed to show that visual cues can enable a
swimming rat to find a hidden platform and learn where to find it in the future
(Morris, 1981). These studies determined minimal cue requirements as well as
cognitive function and necessary cortical regions to efficiently navigate to

complete the tested task (Morris et al., 1982; Brandeis et al., 1989).



The third type of navigation is path integration, also known as dead
reckoning. By far the most intriguing and least understood form of navigation, it
is described as an animal’s awareness of its starting location, and the ability to
track its own movement cues (velocity and direction) over its time in locomotion
(Etienne and Jeffery, 2004). The trajectory can be determined using different
cues. Optic flow has been shown to be employed by honeybees to determine
flying velocity as they navigate through wind and enclosed spaces (Srinivasan et
al., 1996). Magnetic fields of the earth are also used as cues for the mole rat, as
the animal navigates subterranean spaces (Kimchi et al., 2004). As landmark
navigation has its down-sides since natural landmarks can be changed as the
day or season progresses, path integration becomes helpful in a novel

environment.

The cortical and subcortical limbic regions of the mammalian brain are
thought to be essential for landmark and dead reckoning navigation, as spatially
responsive neurons have been identified in this region. Specifically, the
hippocampus has been well studied for its role in learning and has been
described as the cognitive map. Subsets of neurons, coined place cells, are
active when the animal is in a specific area of its environment(O’Keefe and
Drostrovsky, 1971; O’Keefe and Nadel, 1978). Upon surgical or drug induced
hippocampal lesions, animals fail to learn visual cues to guide them to the
destination goals (Jarrard, 1978; Morris, 1982; Sutherland et al. 1983). Spatial

learning in the hippocampus may require long term potentiation (LTP), and thus



involve NMDA receptors and glutamatergic signaling (reviewed in Nakazawa et
al., 2004). Additional studies have found that the interpeduncular nucleus (IPN)
is important for some navigational tasks, as rats with lesions in the IPN are
deficient in landmark and path trajectory navigation, but not beacon navigation

(Clark and Taube, 2009).

2. Navigational studies in C. elegans.

Although anatomical studies have been done in vertebrates to study
navigation, the cellular and molecular pathways which regulate navigational
behavior have not been elucidated. In contrast, the nematode has been used to
study the cellular and molecular underpinnings of navigational behavior, as
beacon navigation has been observed using thermotaxis, chemotaxis and
aerotaxis behavioral assays (Ward, 1973; Hedgecock and Russell, 1975;
Dusenbery, 1980; Gray et al., 2004). C. elegans locomotion during chemotaxis
has been described as the pirouette model as they navigate toward a stimulus
(Pierce-Shimomura et al., 1999). This has been characterized by long forward
runs with intermittent periods of reversals and high angled turns, termed
pirouettes or omega turns. A second navigational device employed by C.
elegans is the use of gradual turning during a long forward run, termed the
weathervane strategy, which has been observed during salt chemotaxis (lino and

Yoshida, 2009). Periods of turning increases and decreases based on the



conditions, and changes in body bend depth and curvature may enable the

animal to reach the desired destination more efficiently.

The locomotion behavior of the worm changes depending on the absence
or presence of food. On a food plate, an animal typically is engaged in forward
locomotion, with periods of short reversals and rare omega turns. When an
animal is transferred to a plate without food, the velocity of the animal is 10-fold
faster, periods of turning increase, and reversals are longer (Hills et al., 2004;
Wakabayashi et al. 2004; Gray et al.,, 2005). This change in behavior is
hypothesized to aid the animal to navigate to a food lawn, by attempting to pick
up a cue which would lead back to favorable conditions. This behavioral strategy
changes once again, after approximately 40 minutes in the absence of food, as
the animal initiates long forward runs, possibly “giving up” on the current location,
in search of an outlying food source (Wakabayashi et al., 2004; Gray et al.,
2005). Laser ablation studies, as well as developmental mutant analysis, have
determined which amphid sensory neurons are an integral part of the food
sensing circuit, and which neurons aid in modulating the change between
environmental states. Similarly, downstream interneurons and motor neurons
were ablated to determine the circuit for the navigational output. C. elegans
display a ventral bias in navigational behavior, as omega turns predominantly
occur is initiated with a deep ventral head swing, modulated by the RIV neurons,
which makes synapses only with the ventral (and not the dorsal) neck muscles

(Gray et al., 2005). By carefully characterizing these behavioral states, and the



circuit which modulates the navigation, the ability to investigate the molecular

control of navigation is now promising.

3. Escape responses of vertebrates and invertebrates.

Ethological and neurophysiological studies of predator-prey relationships
have provided key insights into purely reactive behaviors of organisms. Escape
responses are an urgent navigational behavior, as sensory input is integrated
into an immediate locomotory output. Central pattern generator networks
(CPGs) have been described from the sensory level to motor programs that
enable goal-directed movement (reviewed in Grillner, S., 2003; 2006; Grillner et
al., 2008). Sequential activation of neuronal and muscular circuits define CPGs
(Brown, T.G., 1911), and are often required for vertebrate escape responses.
For example, in the goldfish c-start, activation of the Mauthner cell modulates the
deep full spinal and muscular body bend away from a stimulus, engaging in a
predictable behavior as the fish quickly swims away (Korn et al., 1978).
Similarly, invertebrates also utilize CPGs to employ an escape response. The
caridoid reaction, or tail flip, is an escape response used by many crustaceans
including the lobster, crayfish, and shrimp (Wiersma, 1946; Krasne, 1969;
Edwards et al., 1999). Neuronal mechanisms and physiologic requirements have
been studied to further our understanding of how the animal quickly generates

the swift contraction of the tail muscle. Observations of the physiology of prey



escape responses have been well described in natural environments, but utilizing
model organisms such as Drosophila and C. elegans in the laboratory may shed

new light on the genetic and molecular control of these essential behaviors.

As C. elegans moves across the agar plate, forward locomotion is
accompanied by head oscillations (Croll and Smith, 1978). These quick nose
movements are thought to be a way for the animal to sense its environment, as
the anterior tip of the animal contains the dendrites of many sensory neurons
(Ward et al., 1975; Ware et al.,, 1975). Light touch of the animal induces an
escape response. If the touch is applied on the posterior portion of the animal,
the result is accelerated forward locomotion, while still moving the nose from side
to side. If the animal is touched on the nose, forward locomotion ceases, and a
reversal is initiated (Chalfie et al., 1985). Head oscillations also continue during
the reversal. Interestingly, when the animal is gently touched on the anterior
region (near the pharynx), a backward movement is initiated, but exploratory
head oscillations terminate for the length of the reversal (Alkema et al, 2005).
After long reversals, the animal often makes an omega turn to change directions
(Croll, 1975), and then upon reinitiation of forward locomotion, head oscillations
recommence (Figure 1-1). By analyzing this simple circuit, the escape response

of C. elegans has been completely described.

Why has C. elegans developed an escape response? Nematodes are

prey for many organisms including other predacious nematodes, mites, and
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nematophagous fungi (Barron, 1977). Many nematophagous fungi use
constricting rings as trapping devices which are able to catch nematodes that
come in contact, most likely utilizing the worm as a source of nitrogen. These
rings are made up of three cells which extend from the fungal hyphae, and upon
stimulation, the rings swell and close the trap strangling the nematode (Thorn
and Barron, 1984). After trapping its prey, the fungus invades the body of the
nematode with hyphae and devours the animal using proteases (Barron, 1977).
The observation that head oscillations are consistent in C. elegans locomotion
throughout spontaneous forward and backward locomotion, but are suppressed
during the anterior escape response leads to the hypothesis that this behavior is
part of a specific escape response to evade nematophagous fungi. From the
time of stimulating the trap, the closure of the trap is delayed for approximately 5
seconds (Sean Maguire and Mark Alkema, personal communication). By
suppressing head oscillations during a reversal, this may allow for a quicker,
more efficient reversal after anterior touch, leading to a better chance of escape
from the fungal ring. The amazing genetic and molecular tools that are available
for C. elegans research provides a novel aspect to study coevolution of predator-

prey relationships.
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B. Locomotion in C. elegans

C. elegans locomotion is characterized as a sinusoidal wave which can be
propagated in a forward and reverse manner. Over the past three decades, the
anatomy and molecular components that drive this modest behavior have been
analyzed in great detail. After my six years of watching the nematode glide
across the microscope field, | have come to agree with Mahlon Hoagland, that

“simplicity is indeed often the sign of truth and a criterion of beauty”.

1. Anatomy and wiring of the locomotory nervous system.

C. elegans is used as a model system to explore locomotion behavior not
only due to the beautifully simple genetics, availability of mutants, and plethora of
molecular techniques, but also the extremely well defined nervous system and
musculature. In the adult hermaphrodite, the nervous system is relatively robust,
having 302 neurons and 56 glial cells, which together account for over a third of
all somatic cells (White et al., 1986). Heroic work from the “godfathers” of C.
elegans research defined the cell lineage from embryo to adult, as well as the
complete wiring diagram including all chemical and electrical synapses (Sulston
and Horvitz, 1977; Sulston et al., 1983; White et al., 1986). Using their work, we
know the nervous system is laid out with the majority of the cell somas in head
and tail ganglia, with most neurons sending processes into the primitive brain,

termed the nerve ring. Between the head and the tail ganglia resides the ventral
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nerve cord (VNC), which is similar to a spinal cord as it is composed of motor
neurons stretching the length of the nematode’s body, making synaptic
connections with the body wall muscles (White et al., 1986). The ongoing
investigation of how the development, function, and regulation of the head, tail,
and ventral nerve cord neurons involved in C. elegans locomotion, demonstrates

the complexity of genetics and circuitry in a “simple” behavior.

The locomotory circuit of C. elegans is comprised of command neurons
in the head and tail ganglia that are responsible for directionality of the wave
propagation, and the motor neurons located in the ventral nerve cord that are
responsible for contracting and relaxing body wall muscles to generate
movement. PVC and AVB command neurons activate forward locomotion, and
AVA and AVD command neurons activate backward locomotion. These
command neurons can be activated and inhibited via connections to upstream
sensory neurons, which relay input from the external environment including
odors, osmotic change, thermal gradients, and mechanical stress.
Subsequently, the command neurons electrically and chemically synapse on the
cholinergic motor neurons (DA, DB, VA, and VB) leading to a contraction of body
wall muscles. Cholinergic motor neurons in turn modulate the relaxation of body
wall muscles by activating the GABAergic neurons (VD and DD) which may lead
to the characteristic sinusoidal wave pattern (Figure 1-1) (White et al., 1976;

1986; Chalfie and White, 1988; Mclintire et al., 2003) . It is believed that these
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neurons are sufficient to control locomotion, with other neurons enabling

modulation of the nematode’s movement.

In addition to the nervous system required for C. elegans locomotion,
muscles that connect the nervous system to the hypodermis and cuticle are
required to contract and relax to exert enough force for movement. Of the two
primary muscle types in the nematode, non-striated and obliquely striated, the
obliquely striated compose the 95 body wall muscles. These muscles are
organized into 3 distinct regions, where 16 are head muscles, which are
innervated by head motor neurons, 16 are neck muscles, innervated by both
head motor neurons and the ventral nerve cord, leaving 63 body wall muscles
that make connections solely with the ventral nerve cord. Body wall muscles are
grouped into four rows which extend down the length of the animal, making
connections with the nearest motor neuron. These connections are not
stereotypical connections found in most other animals where the neuron sends a
process to the muscle. In C. elegans, muscle arms are formed, which are a
simple branched extension from the muscle to the motor neurons, composing the
neuromuscular junction (NMJ) (Sulston and Horvitz, 1977; Sulston et al., 1983;

White et al., 1986; Dixon and Roy, 2005).
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2. Circuitry and receptors for mechanosensation.

As the nematode navigates through its native soil environment,
mechanical stresses exerted on the animal are translated by mechanosensory
neurons into a behavioral output. In the laboratory environment, the
mechanosensory circuit and receptors have been well defined. There are 30
putative neurons in the hermaphrodite which are hypothesized to sense external
forces, six of which can sense gentle touch. These touch sensory neurons
(ALMR, ALML, AVM, PLMR, PLML, PVM) and the circuit which governs this
sensory input have been carefully defined by Chalfie and colleagues (Chalfie et
al., 1985). Light anterior touch is sensed by the ALM and AVM mechanosensory
neurons, which send processes from the anterior body region into the nerve ring.
The PLM and PVM mechanosensory neurons sense posterior touch, with
processes extending from the tail up through the ventral nerve cord. In turn,
these neurons synapse with the forward and backward command neurons (AVB
and AVA, respectively), which dictate the direction of locomotion (Chalfie et al.,
1985; Kaplan and Horvitz, 1993). Head oscillations are coupled into this circuit
via the RIM motor neurons, which innervates the radial symmetric neck muscles

that responsible for the exploratory movements (White et al., 1986) (Figure 1-2).

Touch sensation signals are transduced using transient receptor potential
(TRP) channels. Gentle touch is sensed by a DEG/ENaC ion channel complex

known as the MEC-4 complex in C. elegans. This complex is composed of four
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channel proteins: two degenerins, MEC-4 and MEC-10, a stomatin-like protein,
MEC-2, and a paraoxonase-like protein, MEC-6 (Chelur et al., 2002; Goodman et
al., 2002; Goodman and Schwartz, 2003). Expression of these channel proteins
is seen in a punctate pattern along mechanosensory processes. Calcium
transient analysis, mechanoreceptor potentials, and mechanoreceptor currents
have been tested during mechanical stresses to verify the necessity of this circuit
and channel complex in touch sensation (Suzuki et al., 2003; O’Hagan et al.,

2005).

3. Neurotransmitters involved in C. elegans locomotion.

Nematodes utilize neurotransmitters conserved across phyla of
invertebrates and vertebrates to modulate behavior. These include classical
neurotransmitters such as glutamate, acetylcholine, GABA, biogenic amines, and
neuropeptides (Mellanby, 1955; del Castillo et al., 1963; Sulston et al., 1975;
Horvitz et al., 1982; Johnson and Stretton, 1987; Guestella et al., 1991; Li et al.,
1999; Sanyal et al.,, 2004, Alkema et al., 2005). The complete genome,
fluorescent reporters, RNAi, mutant analysis, electrophysiology, and laser
ablation experiments have all been used to explore how each signaling molecule

contributes to behaviors in the worm.

Acetylcholine acts as the main excitatory neurotransmitter at the NMJ,

and GABA acts as the primary inhibitory neurotransmitter. Animals which are
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deficient in cholinergic signaling (unc-17 mutants) are highly uncoordinated and
fail to generate a sinusoidal wave (Alfonso et al., 1993). GABA deficient mutants
(unc-25 and unc-47) also have locomotion defects, where the wave is generated
with disjointed movement at a slower velocity (Mclntire et al., 1997; Jin et al.,
1999). This mutant analysis along with the ventral nerve cord wiring and
connectivity diagram suggests that acetylcholine and GABA control the
sinusoidal wave pattern. Acetylcholine is released from DA and DB neurons onto
dorsal body wall muscles, and from the VA and VB neurons onto ventral body
wall muscles. Contralateral excitement of GABAergic VD and DD neurons leads
to the relaxation of the laterally opposite side to the contracted muscles (Figure
1-2) (White et al., 1986; Schuske et al, 2004). Although propagation of the wave
is well described, it is still unclear where the wave originates, whether it is in the

head or the tail.

Although glutamate acts as the major excitatory neurotransmitter at the
Drosophila NMJ (Bate and Broadie, 1995), glutamate receptors are not present
on the body wall muscles post synaptic to the VNC in C. elegans (Richmond and
Jorgensen, 1999). Instead, glutamate mediates the translation of sensory input to
a motor output in the nematode. Spontaneous reversals, nose touch backing
responses, foraging, and avoidance of volatile and hypoosmotic stimuli are
locomotion behaviors in which glutamate has been shown to play a necessary
role (Hart et al., 1995; Maricq et al., 1995; Hart et al., 1999; Zheng et al., 1999;

Mellem et al., 2002; Hills et al., 2004).
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The C. elegans proteome includes over 250 neuropeptides encoded by
113 genes (Li and Kim, 2008). The impact of these signaling peptides has been
gradually revealed as key regulatory agents in many aspects of development and
behavior. With extensive expression in the nervous system, it is not surprising
that neuropeptides are an integral part of locomotion behavior. Neuropeptides
have been shown to be expressed in the ventral nerve cord (Nathoo et al., 2001),
and four neuropeptide mutants are aldicarb resistant, indicating a role in
acetylcholine modulation (Sieburth et al., 2005). As neuropeptide signaling is
further studied in C. elegans, it is highly likely to reveal increasingly important

roles in motor output.

Four biogenic amines are expressed in the worm: dopamine, serotonin,
octopamine, and tyramine (Sulston et al., 1975; Horvitz et al., 1982; Alkema et
al., 2005). Biogenic amine signaling modulates many nematode behaviors such
as egg laying, pharyngeal pumping, defecation, mating, and locomotion.
Analysis of mutants deficient in each of the biogenic amines, as well as
administration of exogenous biogenic amines to wild-type animals have enabled
discovery of many aspects of locomotion behavioral control in the animal (Horvitz
et al., 1982; Schafer and Kenyon, 1995; Sawin et al., 2000; Chase et al., 2004;

Alkema et al., 2005) .

Dopamine affects locomotion behavior by modulating how locomotion

patterns change in response to external stimuli. There are eight neurons that
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synthesize dopamine in the hermaphrodite (Sulston et al., 1975), all of which
form synapses with motor neurons (White et al., 1986) Three dopaminergic G-
protein coupled receptor are expressed in the ventral nerve cord. Exogenous
dopamine inhibits locomotion in wild-type animals, but the dopamine receptor
mutant, dop-3 is resistant to the paralytic effects, indicating a role for dopamine in
modulating locomotion (Chase et al., 2004). cat-2 mutants (dopamine deficient
mutants) fail to slow when encountering a food lawn (Sawin et al., 2000), and are
defective in area restricted search (Hills et al., 2004), which is an important
foraging behavior. Dopamine also modulates C. elegans learning, as it helps the
animal adapt based on previous experiences. Habituation responses are altered
in dopamine deficient mutants, as cat-2 mutants habituate faster than wild-type to
a plate tapping stimulus (Sanyal et al., 2004). Additionally, dopamine plays a
role in swim induced paralysis (SWIP). SWIP assays show that wild-type worms
will remain swimming in a drop of liquid for a 20 minute period. Animals mutant
for the dopamine reuptake transporter (dat-1), which have a chronically elevated
level of dopamine at the synapse, fail to remain swimming, and become
paralyzed after 5 minutes (McDonald et al., 2007). Studies in mammalian
systems also have determined that dopamine plays a major role in regulating
locomotion, as depletion of dopamine leads to the debilitating movement

neuropathy of Parkinson’s disease (Davie, C.A., 2008).

In addition to dopamine, serotonin also plays a major role in relaying the

state of the food environment to the animal, thus affecting locomotion. When a
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starved animal comes in contact with a food source, it will come to an almost
complete stop in locomotion in order to feed. Serotonin deficient animals are
defective in this “enhanced-slowing response”, and application of exogenous
serotonin masks the mutant phenotype (Sawin et al., 2000). Additionally,
serotonin is synthesized in VC4 and VCS5 in the ventral nerve cord (Duerr et al.,
1999), yet these neurons are thought to be primarily part of the egg laying

apparatus (Bany et al., 2003).

Octopamine and tyramine are often considered the invertebrate
counterparts to mammalian norepinephrine and epinephrine, respectively.
Previously, tyramine was only thought of as a precursor to octopamine in the
biosynthetic pathway (Figure 1-3), but upon further analysis in C. elegans, it has
been shown that tyramine and octopamine can modulate distinct behaviors.
Both octopamine and tyramine are found in low levels, determined by HPLC, in
the animal, which may be due to expression in only a few cells. Octopamine is
synthesized in the RIC interneurons and the gonadal sheath, whereas tyramine
is synthesized in the RIM interneurons and the UV1 cells (as well as the
octopaminergic cells) (Alkema et al., 2005). Upon analysis of octopamine
deficient mutants (tbh-1 mutants), defects in locomotion are not apparent, but
may play the antagonistic role to serotonin (Horvitz et al., 1982; Rogers et al.,
2001; Niacaris and Avery, 2003). Recently, the role that tyramine plays in

modulating C. elegans locomotion has become increasingly apparent.
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4. Tyramine modulates distinct behaviors in C. elegans.

The importance of octopamine in modulating invertebrate behavior has
long been established, as it has been implicated in biological roles such as firefly
light emission and learning in fruit flies (Nathanson, 1979; Schwaerzel et al.,
2003). Until recently, the role of tyramine in invertebrate physiology and behavior

was unclear.

C. elegans provides a unique system in order to investigate the role of
tyramine in animal behavior, as it is released from only one set of neurons in the
nerve ring (in addition to octopaminergic neurons). Laser ablation of tyraminergic
neurons, as well as analysis of tyramine deficient mutants, has led to the
discovery of behavioral defects that are independent of octopamine deficient
mutants, revealing a role for tyramine beyond its function as an intermediate in
the biosynthetic pathway. Specifically, tdc-1 mutants are hyperactive in egg
laying, have reversal defects, and fail to suppress head oscillations in response
to touch (Alkema et al., 2005). In wild-type animals, a gentle anterior touch will
induce a long reversal while the animal suppresses its normal head swings used
for foraging (Chalfie et al., 1985; Alkema et al., 2005). In tdc-1 mutants, the
length of the reversal is shorter, and the head swings continue through the
backward locomotion (Alkema et al., 2005). These behavioral defects implicate a

possible role for tyramine in modulating the escape response.
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5. Tyraminergic receptors.

Although distinct tyraminergic neurons have not been identified in insects
or other invertebrates besides C. elegans, tyramine receptors have been found in
other species. G-protein coupled receptors that are activated by tyramine have
been characterized in honeybees, cockroaches, locusts, fruit flies, tobacco
hornworms, and silk moths, but it has yet to be determined if tyramine is acting
as the endogenous ligand in these organisms (Saudou et al., 1990; Blenau et al.,
2000; Onhta et al., 2003; Rotte et al., 2009). In addition to the C. elegans discrete
tyraminergic neurons, tyramine receptors have been identified, enabling a deeper

understanding into the molecular pathways of tyramine signaling.

Currently, there are four known tyramine activated receptors in C.
elegans: LGC-55, SER-2, TYRA-2, and TYRA-3. LGC-55 is a tyramine-gated
chloride channel (Pirri et al., 2009), and SER-2, TYRA-2, and TYRA-3 are
GPCRs (Rex and Komuniecki, 2002; Rex et al., 2005; Wragg et al., 2007). This
battery of tyramine receptors is somewhat similar for the organization of other
biogenic amine receptors in the worm genome, as serotonin and dopamine also
have a dedicated ion channel in addition to multiple GPCRs (Olde and
McCombie, 1997; Hamdan et al., 1999; Ranganathan et al., 2000; Suo et al.,
2002; Hobson et al., 2003; Suo et al., 2003; Ringstad et al., 2009). This may

have a functional role, as the ion channel is fast-acting, and can modulate quick
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sensory inputs, where GPCRs may modulate behaviors which do not have a

strict time requirement.

The ligand-gated cation channel, LGC-55, has been shown to be activated
by tyramine in heterologous system, as well as during in vivo experiments with
tyramine application in an intact animal. Mutant analysis has shown that LGC-
55 regulates specific behaviors in the C. elegans escape response. Upon gentle
anterior touch, lgc-55 mutants fail to suppress head oscillations similar to tdc-1
mutants. Also, LGC-55 modulates the length of the reversal during the escape
response, since Igc-55 mutants make shorter reversals. Expression of this
chloride channel correlates with the observed behavior as expression in the head
muscles is sufficient for suppression of head oscillations, and expression in the
AVB (forward command neuron) modulates the longer reversal (Pirri et al.,
2009). The post-synaptic location of LGC-55 receptors to the RIM tyraminergic
neuron indicates that LGC-55 is a primary target for tyraminergic signaling, and

that tyramine is acting as a genuine neurotransmitter in C. elegans.

Upon in vitro pharmacological characterization using COS-7 cells, SER-2,
TYRA-2, and TYRA-3 display a high affinity for tyramine (Rex and Komuniecki,
2002; Rex et al., 2005; Wragg et al., 2007), suggesting that these GPCRs may
act as tyraminergic receptors in the worm. Sequence analysis has been
conducted in order to predict the coupling of these receptors to the three possible

G protein pathways in C. elegans: Gq, Gin, and Gs (Wragg et al.,, 2007).
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Previously, it has been shown that octopaminergic receptors couple to the Gs
pathways to elevate cAMP, and tyraminergic receptors couple to the G, pathway
to decrease cAMP levels, yet now there is evidence that tyraminergic GPCRs
may have variation in their signal transduction pathways. SER-2 and TYRA-2
are suggested to be Gy, (GOA-1) coupled (Rex and Komuniecki, 2002; Rex et al.,
2005), as pharmacological induced decreases in cellular cAMP levels were seen
in heterologous systems, but interestingly, TYRA-3 is thought to be G4 coupled
by both sequence homology and the lack of a decrease in cellular cAMP levels
(Wragg et al., 2007). This array of receptors provides the potential to study how
a single biogenic amine can modulate behavior by diverse molecular

mechanisms.

Although the gene structure, expression patterns, and in vitro
pharmacological activity have been analyzed for each of the putative
tyraminergic GPCRs, the physiological role for each of the receptors is unknown.
Deletion alleles are available for all three genes, yet in each case, the mutant’s
morphology and overall behavior on normal food plates are grossly normal. ser-
2 mutants have been reported to display a minor defect in serotonin induced
pharyngeal pumping (Rex et al., 2004), but have normal sensory and locomotory
behaviors (Tsalik, et al., 2003). tyra-3 mutants are defective in the tyramine
induced inhibition of the serotonin dependent dilute octanol response (Wragg et
al., 2007), and recently it has been shown that tyra-3 modulates leaving behavior

from food lawns (Bendesky et al., 2011). The expansive expression pattern of
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these tyraminergic GPCRs suggests possible roles in modulation of locomotion

and reproduction, yet the impact on these behaviors has yet to be determined.

C. Tyramine: receptors and disease in mammals

By furthering our knowledge of how tyramine signals in invertebrates, we
may soon be able to understand how tyramine may affect the mammalian
nervous system. Currently, research has found consequences of tyramine
signaling changes, as symptoms and disease occurs when tyramine levels
increase and decrease in humans. It is unclear what the physiological role of

tyramine is in mammals, but the answer is slowly being elucidated.

1. Tyramine is present in mammalian nervous systems and food products.

Unlike classical biogenic amines such as serotonin and dopamine, the role
of trace amines in modulation of mammalian behavior remains unclear. Trace
amines, such as tyramine, octopamine, tryptamine, and B-phenylethyamine, are
heterologously expressed and present in one hundred fold less concentrations
than serotonin and dopamine in the mammalian brain (Boulton and Majer, 1971;
Boulton and Baker, 1975). With such low levels and broad expression, it is
predicted that trace amines may be neuromodulators of other neuroactive

molecules in addition to the possible role as neurotransmitters in their own right.
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Tyramine may be synthesized in the mammalian brain similarly to
invertebrates, and it is unknown if it is being released from synaptic, or if it
passes transiently through axons. However, it is known that tyramine can affect
the mammalian nervous system through ingestion. Many edible plants such as
avocados, raspberries, and spinach contain tyramine, as well as most fermented
foods such as wine, aged cheese, and pickled herring (McCabe et al., 1986;
Brown and Bryant, 1988). Consumed tyramine cannot cross the blood brain
barrier (BBB), so it is thought that tyramine from food could be responsible for
sympathetic nervous system induced changes in blood pressure and heart rate.
Patients taking monoamine oxidase inhibitors (MAOQOIs) are advised to avoid diets
high in tyramine, since MAQOIs breakdown tyramine, resulting in a hypertensive

crisis (Jansen et al., 2003).

Migraines have been reported after high intake of tyramine (Youdim et al.,
1971), but it is still unclear if tyramine is a causative agent for the onset of severe
headaches. Red wine and chocolate have long been regarded as triggers for
migraines, and since both foods contain tyramine, it seems a likely candidate.
The hypothesis that migraines are caused by biochemical irregularities has been
stated since the 1980’s, and recent evidence of dopamine and trace amine
(including tyramine) fluctuations migraine pathology has been established. In
patients with migraine and cluster headaches, there was a marked increase in
circulating dopamine, octopamine, synephrine, and tyramine in the

hypothalamus, amygdala, and dopaminergic systems (Grazzi et al, 2007;



26

D'Andrea et al., 2007). The receptors which are activated by trace amines, and

may play a role in migraine etiology are currently under investigation.

2. Trace amine receptors (TAARS) in mammals.

In 2001, Borowsky and colleagues identified a class of mammalian
GPCRs which were activated by trace amines (Borowsky et al., 2001; Bunzow et
al., 2001). This discovery renewed interest in trace amines as modulators of the
nervous system, and as potential drug targets for numerous neuropathies. The
trace amine receptors (TAARs) were characterized in vitro to determine which
trace amine bound to the receptor with the highest affinity. Interestingly, TAAR-
1 (Human TA1) was most robustly activated by tyramine and B-phenylethylamie.
In situ hybridization studies and RT-PCR detected TA1 in many tissues including
the stomach, kidneys, amygdala, hypothalamus, and the cerebellum. The
expression profile of TA1 and the other trace amine receptors is currently being
investigated, with interesting results of wide expression across organ systems

and brain regions (Borowsky et al., 2001).

Exploration of mouse and rat TAARs has revealed many possible
modulatory roles for trace amines in the central and sympathetic nervous
systems. For example, in vitro studies have shown that there is a reciprocal
expression regulation between the dopamine transporter (DAT) and TAAR1 in

mice (Xie and Miller, 2007; Lindemann et al., 2008). Additionally, due to the
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expression of TAAR1 in the monoaminergic systems like the dorsal raphe
nucleus and ventral tegmental area, it is hypothesized that trace amines may
modulate the release of other neurotransmitters via the TAARs in these
specialized regions (Borowsky et al., 2001). Further in vitro tests have shown a
role for tyramine modulation of dopaminergic, glutamatergic, and GABAergic
activity through TAAR1 (Revel et al., 2011). However, Taarl null mice have no

apparent phenotype in most behavioral and neurological tests.

The endogenous role of TAARs has yet to be fully elucidated. Although
the sequence homology between invertebrate tyramine receptors and
mammalian TAARs is quite weak, we may be able to shed light on possible
physiologic roles of trace amine signaling by investigating tyramine signaling in
C. elegans. Specifically, by delineating how tyramine transmits a signal through

GPCRs, and how cellular activity is modulated.

3. Tyramine signaling dysfunction correlates to numerous neuropathies.

Although trace amines, such as tyramine, are usually viewed as
sympathomimetic in action, the presence of tyramine in the human brain
suggests a role in the central nervous system. Deregulation of trace amines in
the mammalian brain has been implicated in numerous disorders such as
Parkinson’s disease, attention deficit disorder, depression, and schizophrenia

(Davis and Boulton, 1994; Branchek and Blackburn, 2003; Burchett and Hicks,
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2006). Researchers are now attempting to tease apart the role of specific

biogenic amines and their role in the etiology of these diseases.

Studies in humans have shown that trace amine level changes can be
associated with neurological disorders. Patients with decreases in tyramine and
octopamine have a higher occurrence of depression (Sandler et al., 1979). Other
clinical studies have compared urinary and blood trace amine levels in patients
with depression and ADHD (Davis and Boulton, 1994; Kusaga et al., 2002) to
find altered levels compared to control groups. Further characterization of what
these changes in trace amine levels are affecting will further the field of
neuropharamacology and provide new drug targets for treatment of these

disorders.

Current data which indicates a role for tyramine in human neuropathies
has been mostly correlative, and thus incomplete on the possible mechanism of
tyramine in modulating neuronal activity. My studies aim to use C. elegans to
begin to answer how a trace amine can signal in the nervous system, how
deficits in signaling can affect other neurotransmitters, and finally, how these
deficits can affect behavior. By further elucidating these mechanisms, we may
be able determine how invertebrates use tyramine to modulate behavior, and
begin to hypothesize how a trace amine could change neuronal activity in the

human brain.
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Figure 1-1

C. elegans escape behavior in response to gentle anterior touch.

(A)The animal moves forward with exploratory head oscillations. (B) Upon
anterior touch, the animal reverses while suppressing head oscillations. (C)
After longer reversals, of 3 or more body bends, a deep ventral bend is initiated.
(D) An omega turn is executed as the head of the worm slides down the length
of the body. (E) Forward locomotion is reinitiated with head oscillations.
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Figure 1-2

C. elegans senses and reacts to gentle anterior touch through a defined
circuit.

The ALM and AVM mechanosensory neurons synapse with command neurons to
inhibit forward locomotion, and activate backward locomotion. A gap junction
from the AVA activates tyramine release from the RIM interneuron, suppressing
head oscillations.
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Figure 1-3

Cholinergic and GABAergic neurons comprise the ventral nerve cord.

VA and VB cholinergic neurons form NMJs with the ventral body wall muscles,
while DA and DB cholinergic neurons form NMJs with the dorsal body wall
muscles. DD and VD GABAergic neurons relax the dorsal and ventral muscles,
respectively, and receive synaptic input from contralateral cholinergic neurons.
This excitatory and inhibitory neuronal configuration is hypothesized to propagate
the sinusoidal wave that C. elegans uses in locomotion behavior.
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Figure 1-4

The RIM neurons are distinctly tyraminergic.

Tyrosine decarboxylase (TDC-1) converts tyrosine to tyramine. Tyramine [-
hydroxylase converts tyramine to octopamine. The RIM motor neurons do not
express tbh-1 indicating that tyramine is the end product in those neurons. The
RIC interneurons express both tdc-1 and tbh-1, resulting in the production of
octopamine.
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CHAPTER Il

Forward and Reverse Genetic Screens to Identify Tyraminergic Receptors
and Signaling Pathways

This chapter is comprised of work that | commenced during my first
rotation in the Alkema lab, as well as the continuation of identifying mutations
from screens throughout the duration of my thesis work. The dose response of
wild-type animals on exogenous tyramine, as well as the isolation of Igc-55
mutants from an EMS screen, were my contributions to the 2009 publication in
Neuron, “A Tyramine-Gated Chloride Channel Coordinates Distinct Motor
Programs of a Caenorhabditis elegans Escape Response”. The text and figures
were written and constructed by myself, with editorial and content feedback from
Jennifer Pirri and Christopher Clark.
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A. Introduction

Biogenic amines control animal behavior and modulate neuronal activity in
vertebrates and invertebrates. Trace amines, which are a subclass of biogenic
amines, are present in concentrations one hundred fold less in mammalian brain
tissue and are heterogeneously expressed (Boulton and Majer, 1971; Boulton
and Baker, 1975). Not much is known about the role of trace amines, including
tyramine, in the human brain, but deregulation of trace amines in mammals have
been implicated in many neurological disorders including Parkinson’s disease,
obsessive compulsive disorder, attention deficit disorder, and migraine
headaches (Davis and Boulton, 1994; Branchek and Blackburn, 2003; Burchett
and Hicks, 2006; Grazzi et al, 2007; D'Andrea et al., 2007). Most studies have
been done using post-mortem tissues or urine samples from patients with these
disorders, leading to an obvious limitation in discovering the genetic and
molecular pathways of trace amine signal transduction.

C. elegans uses four biogenic amines as for neuronal signaling in their
simple, yet elegant nervous system: serotonin, dopamine, octopamine, and
tyramine (Sulston et al., 1975; Horvitz et al., 1982; Alkema et al., 2005). The
biosynthetic pathway of tyrosine conversion into octopamine suggests that
tyramine is merely an intermediate precursor, but recently, tyramine has been
shown to act as a genuine neurotransmitter in the nematode. The RIM

interneurons are thought to be discretely tyraminergic, expressing a tyrosine
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decarboxylase, tdc-1, the biosynthetic enzyme which converts tyrosine to
tyramine. The RIC interneurons also express tdc-1, but coexpression of a
tyrosine beta-hydroxylase, tbh-1, indicates that tyramine is converted to
octopamine before vesicular release. In addition to understanding the
biosynthetic pathway, tyramine deficient mutants have specific behavioral defects
such as an increase in reversals, slight decrease in locomotion rate, and an

increase in egg laying rate (Alkema et al., 2005).

Using the powerful genetics and molecular tools of C. elegans we sought
to identify how tyramine modulates behavior in the animal. Firstly, we conducted
a forward genetic screen to take an unbiased approach to uncover signaling
components. Secondly, we did a reverse genetic screen by using mutants of
known receptor and signaling genes to examine defined signaling pathways.
These two experiments uncovered tyraminergic receptors and signaling
pathways, in addition to revealing roles for tyramine receptors in modulation of

locomotion and egg laying behavior.

B. Results

1. A forward genetic screen on exogenous tyramine drug plates.

To understand how tyramine could modulate behavior in C. elegans, we

developed a pharmacological assay to apply tyramine to the animal. Previous
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work with dopamine and serotonin has been done (Horvitz et al., 1982; Schafer
and Kenyon, 1995; Sawin et al., 2000; Chase et al., 2004), showing that biogenic
amines can cross the cuticle of the nematode and affect behavior. Similar to
these studies, agar plates with varying concentrations of tyramine hydrochloride
were made to assess the effect of exogenous tyramine on the animal. Well-fed
animals were transferred to the drug plates and behavior was assessed. While
low concentrations of exogenous tyramine slowed the locomotion rate, 30 mM
exogenous tyramine rendered the animal immobilized within 5 minutes (Figure 2-

1, Movie 2-1).

Using this pharmacological assay, we conducted a genetic screen to find
post-synaptic signaling pathways. Adult animals were mutagenized with EMS,
allowed to recover, and then transferred to large NGM plates for serial egg lays
over the next 12 hours. In the F2 generation, plates of worms were screened on
30 mM exogenous tyramine to find mutants which were resistant to the paralytic
effects. Isolates were then allowed to self-reproduce, and retested for resistance
to exogenous tyramine. Three independent EMS screens were conducted,
where 20,000 haploid genomes were screened, and 24 mutant alleles were
isolated. Of these isolates, seven tyramine resistant mutants have been mapped

to genes (Table 2-1).

Two of the tyramine resistant isolates (zf11 and zf53) were highly resistant

to the paralytic effects of exogenous tyramine on head movements. Although the
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body of the animal paralyzed similarly to wild-type, the head of the animals
continued to move for the 20 minute assay (Pirri et al., 2009). zfll and zf53
were mapped to the right arm of chromosome IV by single nucleotide
polymorphism mapping and classical mapping methods. Sequence analysis
found point mutations in the Igc-55 gene. zfl1l was found to be a mutation in the
splice acceptor site of exon 9, resulting in a frame shift which leads to a truncated
protein, while zf53 was a point mutation which changed the first cysteine codon
of the Cys-loop to a tyrosine. The Cys-loop motif forms disulfide bonds between
subunits which are required for receptor assembly and gating of the ion channel.
The tyramine resistant phenotype of our isolated mutants was recapitulated by
an available deletion allele of Igc-55 (tm2913). LGC-55 was further characterized
to be a tyramine-gated chloride channel expressed in head neurons, neck

muscles, and the reproductive system (Pirri et al, 2009).

In addition to the two alleles of Igc-55, another mutant isolate, zf109, was
highly resistant to head immobilization, with a partial resistance to body
immobilization on exogenous tyramine. On food plates, the animal appeared
uncoordinated and disjointed in forward locomotion. | mapped this mutation to
chromosome X, where it was determined to be an allele of unc-9, an innexin
protein. Innexins are transmembrane channel proteins that form invertebrate gap
junctions. UNC-9 and UNC-7 make up the C. elegans gap junctions which are

required for electrical synapse signaling.
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Four isolates from the exogenous tyramine screen were highly resistant to
the paralytic effects exogenous tyramine on body movements. Three of the four
isolates also displayed increased velocity and body bending depths in the
absence of drug, as well as a constitutive egg laying phenotype. zf47 was
mapped to the center of chromosome one by SNP mapping, and sequence
analysis confirmed a mutation in the goa-1 gene, which encodes the G alpha ofi
homolog protein. zf97 and zf98 were SNP mapped to the left arm of
chromosome X. Sequence analysis confirmed two independent mutations of a
diacylglycerol kinase, dgk-1. Isolating alleles of goa-1 and dgk-1 in a screen for
tyramine resistant mutants indicated that tyraminergic signaling is acting through

a G protein-coupled receptor through the GOA-1 pathway.

The fourth isolate which showed full body resistance to exogenous
tyramine, zf51, was first mapped using SNP mapping and classical mapping
methods. These results were unclear due to linkage on both chromosome IV
and X. We then employed the power of deep sequencing to get a sequence read
of all mutations in the genome. After analyzing the SNP mapping and deep
sequencing results, we concluded the tyramine resistance phenotype could be a
compound effect of multiple mutations. Firstly, a mutation in the ptr-5 gene was
analyzed, since the mutation caused an early stop in a cuticle development gene
located on chromosome X. If the animal failed to molt, the result could cause a
difference in drug penetration. Analysis of a deletion mutant of ptr-5 on

exogenous tyramine showed a weak tyramine resistance phenotype not similar
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to zf51 mutants (data not shown). By comparing our SNP mapping and deep
sequencing results, a mutation in a protein tyrosine kinase, yl116a8c.24 on the
right arm of chromosome |V, was also a likely candidate. Mutant alleles were not
readily available, and little is known about the expression or function of this

kinase, therefore we sought to further characterize this gene.

2. Y116A8C.24: An uncharacterized protein tyrosine kinase is resistant to

exogenous tyramine.

Protein kinases are one of the largest and most important protein families
in the nematode, encoded by 438 genes that possibly phosphorylate up to 30%
of the C. elegans genome (Plowman et al., 1999). yll16a8c.24 encodes an
uncharacterized protein tyrosine kinase that has a SH2 motif and an ATP binding
motif. On exogenous tyramine, zf51 mutants are only 30 % immobilized at 10
minutes, while wild-type is 100% immobilized (Figure 2-2). On food plates in the
absence of drug, zf51 mutants display mostly wild-type behavior. To test if zf51
is an allele of yl116a8c.24, a PCR product was amplified from whole worm lysate
including 2kb of the promoter, the predicted genomic sequence, and 500 bp of
the 3’ UTR. The PCR product was injected into zf51 mutants with a coelomocyte
GFP marker. Three transgenic lines partially restored sensitivity to exogenous

tyramine (Figure 2-2), indicating that zf51 may be an allele of y116a8c.24 .
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3. Areverse genetic screen for tyramine signaling mutants.

Our second approach to identify tyraminergic signaling components was
to take a candidate gene approach. In addition to the tyramine-gated chloride
channel, LGC-55, there are three known tyraminergic G-protein coupled
receptors: TYRA-2, TYRA-3, and SER-2 (Rex and Komuniecki, 2002; Rex et al.,
2005; Wragg et al., 2007). Deletion mutants of each of the receptors were tested
on 30 mM exogenous tyramine. Although tyra-2 and tyra-3 mutants were 100%
immobilized after 10 minutes, ser-2 mutants were partially resistant to exogenous
tyramine (Figure 2-3A) for body movements, unlike the head movement
resistance shown by Igc-55 mutants (Pirri et al., 2009). Interestingly, ser-2
mutants begin to paralyze similar to wild-type within the first five minutes of the
assay, but then begin to move on the drug plate for the remainder of the 20
minute assay. Our data indicates that ser-2 may act to modulate body
locomotion, where Igc-55 is playing a separate role to inhibit head movements in

the presence of exogenous tyramine.

. The GOA-1 pathway has been shown to modulate locomotion and egg
laying through the inhibition of the EGL-30 pathway (Mendel et al., 1995; Segelat
et al., 1995; Lackner et al., 1999; Miller et al., 1999). Since our forward genetic
screen on exogenous tyramine identified alleles of G protein signaling
components, known mutants from the GOA-1 pathway were tested on

exogenous tyramine. goa-1, gpb-2, dgk-1, and egl-16 mutants were all resistant
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to immobilization. Furthermore, a gain of function mutation in egl-30, the Ggq
homolog, was also highly resistant to immobilization (Figure 2-3A). These results
indicate that G-protein coupled receptor, SER-2, may be working through the

GOA-1 pathway to inhibit body locomotion on exogenous tyramine.

Wild-type animals fully immobilize on exogenous tyramine between 4-7
minutes. Upon closer examination, tyra-3 mutants immobilized faster than wild-
type, showing 100% paralysis by 3 minutes on 30 mM tyramine, indicating a
hypersensitivity phenotype (Figure 2-3B). To further investigate the dynamics of
tyra-3 immobilization, 10 mM exogenous tyramine assays were conducted.
Whereas wild-type animals remained partially resistant to low levels of
exogenous tyramine, tyra-3 mutants were fully immobilized (Figure 2-3C),

confirming tyra-3 as hypersensitive to exogenous tyramine.

4. Multiple mutant analysis of tyramine receptors.

Double mutant strains were made for all tyramine receptor combinations.
The most mobile strain on 30 mM exogenous tyramine was Igc-55;ser-2 mutants.
When tyra-3 mutants were crossed into either Igc-55 or ser-2 mutants, the
percent of immobilized animals increased. The most immobilized strain, for head
and body movements, were tyra-3 tyra-2 double mutants, indicating that SER-2
and LGC-55 are the key receptors for modulating locomotion on exogenous

tyramine (Figure 2-4A).
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To further uncover the role of LGC-55, SER-2, and TYRA-3 in exogenous
tyramine assays, triple mutant strains were constructed. In each strain, only one
receptor was left in the wild-type form, allowing for analysis of how exogenous
tyramine interacts on each receptor alone. In Igc-55;tyra-2 ser-2 triple mutants,
the population of animals on tyramine continue to move for the entirety of the
assay, indicating that TYRA-3 may act to bind tyramine and induce locomotion.
In Igc-55;tyra-2 tyra-3 triple mutants, the animals are completely immobilized at
10 minutes, showing that SER-2 inhibits locomotion on exogenous tyramine.
When all three of the G protein-coupled receptors are mutant in the tyra-3 tyra-2
ser-2 triple mutant, the population is partially immobilized showing an
intermediate phenotype between ser-2 and tyra-3 mutants, but the head
movements remains completely relaxed and immobilized (data not shown) due to
the wild-type allele of Igc-55. Quadruple mutants, Igc-55;tyra-3 tyra-2 ser-2, are
resistant to exogenous tyramine, but less than the Igc-55;tyra-2 ser-2 strain
(Figure 2-4B). Since immobilization still occurs in some quadruple mutants, this
indicates that either there are one or more tyramine receptors left to be identified,
or the concentration of tyramine is high enough to bind to other biogenic amine
receptors in the nematode which are not activated by tyramine at endogenous

levels.
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5. tyra-3 is expressed in head neurons, spermatheca, distal tip cells, and

tail neurons.

Not much is known about the endogenous function of TYRA-3. Previous
research on TYRA-3 has reported a partial expression pattern of the gene, and
has described TYRA-3 as a modulator of leaving behavior on food (Wragg et al.,
2007; Bendensky et al., 2011). Bendensky and colleagues reported that tyra-3
was expressed in sensory neurons including the ASK, ADL, BAG, and OLQ
sensory neurons (Bendensky et al., 2011). To further identify the expression
pattern of tyra-3 and characterize the possible role of TYRA-3 in tyraminergic
signaling, an mCherry transcriptional reporter was constructed that contained 2kb
of the upstream promoter, and the first exon and intron. From analysis of the
expression pattern, we hoped to determine which neurons were important for the
tyra-3 mutant phenotype on exogenous tyramine, and to identify additional roles

for TYRA-3 in modulating C. elegans behavior.

Similar to previous reports, the transgene was broadly expressed in head
neurons, the spermatheca, distal tips cells, and tail neurons. We sought to
identify the head neurons by using multiple coexpression GFP reporters.
Dopaminergic coexpression was analyzed using a pdat-1::GFP. tyra-3::mCherry
was coexpressed in the four CEP neurons, but not the ADE neurons or the PDE
neurons posterior to the vulva (Figure 2-5A). To determine if the tyra-3

hypersensitivity phenotype was due to modulation of dopaminergic neurons, a
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full length tyra-3 cDNA was injected under the control of the dat-1 promoter to
see if the hypersensitivity phenotype could be rescued. Three independent lines
were tested on 10 mM exogenous tyramine, but the hypersensitivity phenotype
remained (Figure 2-5B), indicating that expression in the CEP neurons is not

responsible for the exogenous tyramine hypersensitivity phenotype.

Additional coexpression and positional analysis was done, which identified
tyra-3 expression in the PVQ tail neurons and the SDQL neuron (data not
shown). A cholinergic reporter, punc-17::GFP, coexpresses with tyra-3::mCherry
in two additional unidentified neurons (data not shown). Coexpression with the
vesicular glutamate transporter GFP reporter, peat-4::GFP, was seen in many
neurons. By combining my expression analysis with published results
(Bendensky et al., 2011), tyra-3 is coexpressed in the OLQ, ASK, AIN,and LAU
glutamatergic neurons (Figure 2-6), indicating a possible modulatory role where
tyra-3 would increase glutamate signaling through the G, pathway upon

activation by tyramine.

C. Materials and Methods

1. Exogenous tyramine assays.

All strains were grown on nematode growth media (NGM) agar plates with

E. coli (OP50) provided as a food source. Behavioral assays were conducted
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with young adult animals (24 hours post L4) at 22°C. Tyramine drug plates were
made by autoclaving 1.7% agar in water, cooling the solution to 55°C, and
adding variable concentrations of tyramine hydrochloride (Sigma), and glacial

acetic acid to a final concentration of 2 mM as a preservative.

Animals were placed on drug plates from food plates with minimal
bacterial transfer. The percentage of immobilized animals was scored every
minute for a 20 minute assay. An animal was deemed immobilized if it lacked
sustained body locomotion for a five second interval. Body locomotion was

defined as forward or backward locomotion regardless of velocity.

2. Genetic screen and mapping.

The wild-type strain (Bristol N2) was mutagenized with 50 mM ethyl
methanesulfonate (EMS) (Brenner, 1974). Young adults of the F2 generation
were tested on 40 mM exogenous tyramine drug plates and assessed for
immobilization. Animals that were resistant to paralysis were picked as isolates
and progeny were retested on 30 mM exogenous tyramine to decrease false
positive isolates. Mutants were backcrossed twice into the wild-type background

and mapped to chromosomal locations.

Classical and single nucleotide polymorphism mapping (SNP mapping)

were employed to identify alleles of Igc-55, goa-1, dgk-1, and unc-9. Tyramine
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mutants were crossed into triple mutant strains, MT3751(dpy-5(1);rol-6(Il);unc-
32(111)) and MT464(unc-5(1V);dpy-11(V);lon-2(X)) to identify the chromosomal
locale of the mutation in classical mapping experiments. SNP mapping was
done following the Jorgensen Lab protocol using the CB4856 Hawaiian strain
(Davis et al.,, 2005). Deep sequencing of zf51 was done by preparing a
concentrated genomic DNA sample using Qiagen’s Puregene Kit. 5ug of DNA

was sent to the Hobert Lab for deep sequencing.

3. Cloning and cell identification of tyra-3.

A ptyra-3::mCherry construct was made by inserting a PCR product that
includes 2kb upstream of the tyra-3 start site, as well as the first intron into the
pPD95.75 mCherry plasmid. Transgenic lines were obtained by microinjection of
plasmid DNA into a lin-15(n765ts) mutant background with a lin-15 rescuing
plasmid as a coinjection marker. Integration of the extrachromosomal array was

done using x-ray radiation.

Cell identification was done using ptyra-3::mCherry overlays with
Nomarski images and with coexpression of cell-specific GFP markers. GFP
strains used for identification crosses were: punc-17::GFP, peat-
4::GFP(adIs1240), pdat-1::GFP, and psra-6::GFP(oylS14). Coexpression was

determined using confocal microscopy (Zeiss) and imaging software (Image J).
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Dopaminergic tyra-3 expression was cloned by inserting the 400 bp dat-1
promoter in front of a tyra-3 cDNA. The pdat-1::TYRA-3 plasmid (20 ng/ul) was
injected into tyra-3 lin-15 double mutants with a lin-15 rescuing plasmid (50
ng/ul). Independent extrachromosomal lines were assayed on 10 mM tyramine

drug plates for rescue of the tyramine hypersensitivity phenotype.

4. y116a8c.24 PCR rescue.

Primers were designed to amplify the 2 kb y116a8c.24 genomic DNA, 2 kb
of promoter, and 500 bp of the 3 UTR (GGAACACCTCATGCTTGTCTG,
CTCTCGCACAGAGCTGAAATT). This 4.5 kb PCR product was gel isolated and
injected (20 ng/ul) into zf51 mutants with a coelomocyte GFP coinjection marker
(pPD98.97 at 50 ng/pl). Three stable transgenic lines were isolated and tested
on 30 mM exogenous tyramine to determine if expression of y116a8c.24 rescued

the tyramine resistance phenotype of zf51 mutants.

D. Discussion
Our two genetic approaches to discover tyramine signaling components
revealed receptors and downstream transduction pathways which affect
locomotion on exogenous tyramine. The unbiased forward genetic screen
resulted in the isolation of many mutants, including seven alleles representing

five different genes. Although gene candidate studies are biased, our reverse
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screen discovered different roles for three of the four tyramine receptors in

modulation of C. elegans locomotion behavior.

LGC-55 modulates head movement on exogenous tyramine, as the body
is paralyzed in lgc-55 mutants, but the neck and head still maintain locomotion.
SER-2 inhibits body locomotion on exogenous tyramine, as ser-2 mutants remain
capable of slow locomotion while wild-type animals are completely immobilized.
Interestingly, tyra-3 mutants were hypersensitive to exogenous tyramine,
indicating that TYRA-3 activates locomotion in the presence of tyramine.
Through detailed double, triple, and quadruple mutant analysis, we have
confirmed distinct behavioral phenotypes for each receptor mutant. Interestingly,
although two alleles of Igc-55 were isolated from the forward genetic screen, we
have yet to isolate a mutant of ser-2. The phenotype of the ser-2 deletion alleles
is quite robust, but possibly EMS point mutations have yet to produce a null

allele.

Previous in vitro work suggests that SER-2 is coupled to the GOA-1
pathway, and TYRA-3 is coupled to the EGL-30 pathway, indicating a possible
role for two tyraminergic GPCRs to function in inhibitory and excitatory signal
transduction pathways. This hypothesis could explain our opposing
pharmacological phenotypes seen between the two mutants. Our analysis of

goa-1 mutants genetically supports the prediction of SER-2 coupling, but we
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have yet to confirm which G protein pathway is utilized by TYRA-3 using our

pharmacological assay.

In addition to the pharmacological assessment of tyramine receptor
mutants, behavioral studies can be conducted to detect the endogenous role of
each tyramine receptor. Further expression analysis of the receptors needs to
be done to help guide behavioral investigations. In Chapter Three of this
dissertation, the expression of ser-2 and the behavior of ser-2 mutants are
explored in detail, but tyra-3 behavioral analysis has yet to yield significant

results.

In addition to a tyramine receptor and GPCR signaling mutants, an
innexin, UNC-9 was identified. The discovery of the involvement of unc-9
regulating locomotion on tyramine drug plates is perplexing, as we assumed
post-synaptic activation of tyramine receptors and the immediate downstream
signaling cascade would be sufficient to inhibit locomotion. Gap junctions may
be necessary to transduce the signal provided by tyramine receptors to
downstream neurons in the locomotion circuit. Another possibility of how UNC-9
may modulate locomotion on drug plates is that of an unidentified role for the
innexin. It has been shown that unc-9 mutants are resistant to GABA and
ivermectin, an anthelmintic (Boswell et al., 1990). Further experiments are

critical to detect correct neuronal circuitry, excitability, and receptor localization.
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Lastly, an allele of a protein tyrosine kinase, yl116a8c.24, was isolated
from the exogenous tyramine screen. Specificity to the effects of tyramine can
be analyzed by conducting exogenous drug assays using other biogenic amines
to determine if zf51 mutants are also resistant to immobilization. Future analysis
of deletion mutants and identifying the expression pattern will shed light on the

role that this kinase plays in modulating locomotion in C. elegans.

Only a small percentage of the isolated mutants from EMS screen were
mapped to chromosome locations and subsequently identified as alleles of
specific genes. This was due to the surprisingly difficult mapping on exogenous
tyramine drug plates. We found that during SNP mapping, the Hawaiian strain
was less sensitive to exogenous tyramine, resulting in picking false positive
mutants during the crosses. With heterogeneous mixtures of Bristol and
Hawaiian C. elegans DNA, the single nucleotide polymorphisms did not project a
clear location for the mutation. Only the mutants which had a strong phenotype
on exogenous tyramine were successfully mapped to completion, leaving a
freezer full of interesting, partially resistant, tyramine signaling mutants.
Hopefully in the future, more careful, detailed analysis will be conducted to
identify these genes, which may elucidate additional tyramine signaling

pathways.
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Table 2-1
allele gene known function
Zf11 lgc-55 tyramine-gated chloride channel
zf47 L , .
goa-1 heterotrimeric G protein alpha subunit
51 yl16a8c.24 tyrosine protein kinase
ptr-5 SSD protein
2153 lgc-55 tyramine-gated chloride channel
2197 dgk-1 diacylglycerol kinase
2198 dgk-1 diacylglycerol kinase
zf109 , .
unc-9 innexin

Isolates from tyramine resistance EMS screen.

Seven alleles were mapped to chromosomal locations by SNP or classical
mapping methods, and confirmed by sequence analysis.
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Figure 2-2

10 minutes on 30 mM tyramine
100-

% immobilized (body)

zf51 is an allele of y116a8c.24, a protein tyrosine kinase.

zf51 mutants are resistant to the paralytic effects of exogenous tyramine. Three
independent transgenic lines, where a full genomic PCR product of y116a8c.24
was injected, show restoration of wild-type paralysis on 30 mM exogenous
tyramine. Error bars depict S.E.M. Statistical difference relative to wild-type;
Student’s t test *p<0.05, ***p<0.001.



Figure 2-3

Tyramine receptor and G protein signaling mutants on exogenous
tyramine. (A) After 10 minutes on 30 mM exogenous tyramine, ser-2
mutants and GOA-1 pathway signaling mutants are resistant to exogenous
tyramine. (B) Time course tyramine assays show that ser-2 mutants are
resistant to 30 mM tyramine, and tyra-3 mutants are hypersensitive to
exogenous tyramine. (C) Hypersensitivity phenotype of tyra-3 mutants on
exogenous tyramine is more apparent at 10 mM concentration. Error bars
depict S.E.M. Statistical difference relative to wild-type; Student’s t test
*p<0.05, ***p<0.001.
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Figure 2-5

tyra-3 is expressed in dopaminergic neurons.

(A) A tyra-3 mCherry transcriptional reporter is expressed in many head neurons.
(B) pdat-1::GFP is expressed in 6 dopaminergic neurons in the head, and two in
the body. (C) Merged image shows coexpression in CEP neurons, but not the
ADE neurons. (D) Cell-specific expression of tyra-3 cDNA in dopaminergic
neurons, under the dat-1 promoter, does not rescue tyra-3 mutant
hypersensitivity to exogenous tyramine (10 mM). Error bars depict S.E.M.
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Figure 2-6

tyra-3 is expressed in glutamatergic neurons.

(A-B) ptyra-3::mCherry is expressed in head and tail neurons (C-D) peat-4::GFP
(vesicular glutamate transporter reporter) is expressed in identified head and tail
neurons. (E-F) ptyra-3::mCherry is coexpressed with the glutamate reporter peat-
4::GFP. Coexpression is seen in OLQ, ASK, and LUA neurons.



58

Movie 2-1
Wild-type animals on 30 mM tyramine.

A population of wild-type animals were transferred to a 30 mM exogenous
tyramine plate in a drop of water. Water is removed with a Kimwipe after
transfer. Over the next five minutes, the animals go through a period of long
reversals and straightening of the head. By five minutes, the population of
animals were immobilized. Movie is shown at five times normal speed.
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CHAPTER Il

Biogenic Amine Receptors Control Navigation in C. elegans

This chapter represents the majority of my dissertation work, identifying a
role for SER-2 in C. elegans behavior. The final version of “Biogenic amine
receptors control navigation in C. elegans” will be submitted to Neuron in Fall of
2011. The strain building, tyramine assays, aldicarb assays, DD
channelrhodopsin bending index, and omega turning behavior experiments were
conducted by me. The VD and DD ablation experiments were done by
Christopher Clark, the electrophysiology was done by Marian Haburcak and
Michael Francis, head movement analysis was done by Jennifer Pirri, and the
worm imaging of DD activation and inhibition was done by Andrew Leifer. The
text was written by Mark Alkema and me, with feedback from Christopher Clark
and Jennifer Pirri.



60

A. Introduction

Escape responses are important mechanisms for survival spanning phyla
from microscopic organisms through complex mammals. These responses vary
in their intricacy, yet all require sensory input, signal integration, and locomotory
behavioral output to allow for evasion of predators. Animals have adapted to
efficiently orchestrate a series of movements to best distance themselves from
various aversive sensory inputs including visual, odor, and mechanical
stimulation. The nematode C. elegans displays a unique behavioral paradigm in
response to touch. Upon gentle anterior touch, the nematode discontinues
forward locomotion, suppresses head movements, reverses the sinusoidal wave,

and often executes an omega turn to change directions.

Animal behavior is modulated by biogenic amines. In C. elegans, tyramine
has been shown to function as a neurotransmitter that coordinates distinct motor
programs in escape behavior (Alkema et al., 2005). Upon gentle anterior
mechanical stimulation, a single pair of tyraminergic RIM motor neurons release
tyramine through the activation of the ALM and AVM mechanosensory neurons
(Chalfie et al, 1985). We have previously shown that the biogenic amine
tyramine acts through a fast acting ligand-gated ion channel, LGC-55 (Pirri et al,
2009). Here, we have uncovered another layer of complexity to how this amine
further coordinates the escape response through a metabotropic, slow acting G

protein-coupled receptor (GPCR).
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Amine activated GPCRs can act as highly sensitive modulators of animal
behavior. A class of GPCRs that are activated by trace amines, like tyramine,
has been identified in the mammalian brain. The defining member of this trace-
amine associated receptor family, TAAR-1, is broadly expressed in the mouse
brain and has a high affinity for tyramine, yet its endogenous role remains elusive
(Borowsky et al., 2001). C. elegans also has three known GPCRs that bind
tyramine: TYRA-2, TYRA-3, and SER-2 (Rex et al., 2002; Rex et al., 2005;
Wragg et al., 2007). Phylogenic comparisons and in vitro cAMP assays suggest
SER-2 is Ga, (GOA-1) coupled (Rex et al., 2002). Furthermore, the neuronal
and muscle expression pattern of ser-2:.gfp reporters (Tsalik et al., 2003)
suggest a possible role in nematode locomotion, egg laying and feeding,

however ser-2 mutants display grossly normal behavior.

Our analysis reveals a new role for SER-2 in C. elegans escape response
behavior. After tyramine release quickly suppresses head oscillations and
enables a long reversal, mediated by LGC-55, we propose that SER-2 is
asymmetrically positioned in the ventral nerve cord to modulate the execution of
an efficient omega turn, leading to a smooth “get-away”. Our model suggests
that tyramine orchestrates this fixed action pattern through postsynaptic fast
acting channels, and slow acting metabotropic GPCRs. The sequence of the
nematode’s escape response provides insight on how a simple nervous system
can utilize a single neurotransmitter to navigate through its environment and

evade predators.
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B. Results

1. ser-2 mutants are resistant to exogenous tyramine.

C. elegans immobilizes on plates containing exogenous tyramine in a
dose dependent manner (Figure 3-1A, 3-S1, Pirri et al.,, 2009). To determine
whether effects of exogenous tyramine are mediated by GPCRs that are
activated by tyramine, we examined locomotion of ser-2 (pk1357 and ok2103),
tyra-2(tm1815) and tyra-3(0k325) deletion mutants on agar plates containing
exogenous tyramine. Wild-type, tyra-2, and tyra-3 mutant animals completely
immobilized on 30 mM tyramine within 5 minutes (Figure 3-1, 3-S2A, and Movie
3-1). However 42% of ser-2 mutant animals sustained movement on plates
containing exogenous tyramine (Figure 3-1, 3-S1, and Movie 3-2). Sensitivity to
exogenous tyramine is restored back to wild-type levels in ser-2 mutants
containing a ser-2 genomic transgene (Figure 3-1B-C, and 3-S2B). This suggests
that exogenous tyramine mediates its paralytic effects through the

hyperactivation of endogenous tyramine signaling pathways.

Head movements and body movements are controlled independently by
distinct groups of muscles and motor neurons (White et al., 1986; Alkema et al.,
2005). We have previously shown that activation a tyramine-gated chloride
channel, LGC-55, inhibits head movements and forward locomotion (Pirri et al.,
2009). On exogenous tyramine Igc-55 mutants body movements are inhibited but

head movements continue. Exogenous tyramine initially induced reversals and
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inhibited head movements in ser-2 mutants similar to wild-type, but after 5
minutes ser-2 mutants resumed forward locomotion and head movements
(Figure 3-1C). To dissect the effect exogenous tyramine on head and body
movements, we analyzed head movements in an unc-3 mutant background.
unc-3 encodes a transcription factor required for ventral nerve cord development
(Prasad et al., 1998). unc-3 mutants display few body movements but head
movements are unaffected. Like in unc-3 mutants, head movements of ser-2
unc-3 double mutants are inhibited on exogenous tyramine. However,
approximately 35% of ser-2 mutants do reinitiate head movement after prolonged
exposure on exogenous tyramine. lgc-55;unc-3 mutants displayed sustained
head movements on exogenous tyramine (Figure 3-1D). This indicates that
exogenous tyramine induces immobilization of head movements mainly through
hyper-activation of ionotropic tyramine receptor LGC-55, and immobilization of
body movements through the hyper-activation of the metabotropic tyramine

receptor, SER-2.

2. SER-2 acts through the Ga, signaling pathway.

To identify additional genes involved in tyramine signaling, we performed
a genetic screen for mutants that are resistant to the immobilizing effects
exogenous tyramine on body movements. Three isolates from this screen, zf47,

zf97 and zf98, continued movement on plates containing 30 mM tyramine.
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Genetic mapping, complementation tests and sequence analysis showed that
zf47 was an allele of goa-1. goa-1 encodes the C. elegans orthologue of the
neural G protein-alpha subunit of the Gay, class. zf97 and zf98 were alleles of
dgk-1, which encodes the C. elegans orthologue of the vertebrate brain
diacylglycerol kinase theta (Houssa et al., 1997; Nurrish et al., 1999) and likely is
a downstream effector of GOA-1/ Gay,. Previously characterized null mutants for
goa-1 and dgk-1 were resistant to the paralytic effect of tyramine on both head
and body movements (Figure 3-1B). Unlike goa-1 and dgk-1 mutants, which
exhibit hyperactive locomotion and egg laying behavior, ser-2 mutants did not
have obvious behavioral defects. GOA-1/Gay, is expressed throughout the
nervous system and is thought to negatively regulate synaptic transmission
through the inhibition of EGL-30, the C. elegans orthologue Ga, (Lackner et al.,
1999; Miller et al., 1999). We found that egl-30/Gaq gain-of-function mutants and
mutants for eat-16, which encodes an RGS protein that inhibits EGL-30 (Hajdu-
Cronin et al., 1999), are resistant to exogenous tyramine (Figure 3-1B).
Therefore, mutations that reduce GOA-1/ Gay, signaling or increase EGL-30/Gaq
signaling confer resistance to exogenous tyramine. Our observations indicate

that SER-2 signals through GOA-1/ Ga;,, to modulate locomotion.
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3. ser-2 is expressed in GABAergic neurons.

Where does SER-2 act to confer resistance to exogenous
tyramine? A ser-2 transgene which includes a 2 kb promoter and the genomic
sequence restored sensitivity of ser-2 mutants to exogenous tyramine indicating
that it is expressed in cells that modulate locomotion. We found that pser-
2::mCherry reporter (11 kb promoter with the first intron) was expressed in head
muscles, as well as neurons in the head and ventral cord (Figure 3-2A). Whereas
the Igc-55 reporter is expressed in neck muscles (third and fourth row of muscle
cells), the ser-2 reporter is expressed in head muscles (first and second row of
muscle cells) (Figure 3-S3). ser-2 mutants did suppress head movements in
response to touch, indicating that only LGC-55 is required for tyramine induced
head relaxation. The ser-2 reporter is not expressed in command interneurons
that control locomotion, as expression did not overlap with glr-1::GFP and Igc-
55::GFP reporters (data not shown). ser-2 reporter expression was observed in
13 cells in the ventral cord. The ventral cord is composed of cholinergic and
GABAergic motor neurons that innervate body wall muscles and control
locomotion. Acetylcholine (ACh) is the major excitatory neurotransmitter, and
GABA is the major inhibitory neurotransmitter of the neuromuscular junction in C.
elegans. Coexpression analysis with GFP reporters that specifically label
cholinergic or GABAergic neurons showed that pser-2:mCherry were highly
expressed in a subset GABAergic motor neurons (Figure 3-2B-D). GABAergic

ventral nerve cord neurons are subdivided into 13 VD motor neurons that
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synapse onto the ventral body wall muscles, and 6 DD motor neurons that
synapse onto the dorsal body wall muscles. The cells that highly express the ser-
2 reporter do not co-label with a pflp-13::GFP reporter (data not shown), which is
expressed in the DD motor neurons (Kim and Li, 2004). This indicates SER-2 is

specifically expressed in the GABAergic VD motor neurons.

Since GABAergic motor neurons are required for normal locomotion, we
tested if SER-2 acts in these cells to mediate the inhibitory effects of tyramine on
movement. Expression of ser-2 cDNA in GABAergic neurons (punc-47::SER-2)
restored sensitivity of ser-2 mutants to exogenous tyramine similar to the wild-
type (Figure 3-3A). To determine if GABA signaling affects tyramine sensitivity
GABA deficient mutants for were tested on exogenous tyramine. We found that
unc-25 mutants, which lack glutamate decarboxylase required for GABA
synthesis (Jin et al., 1999), were hypersensitive to the immobilizing effects of
exogenous tyramine (Figure 3-3A). This indicates that reduced GABA signaling
increases the sensitivity to exogenous tyramine. GABA deficiency did suppress
the resistance phenotype of ser-2 mutants, as unc-25;ser-2 double mutants were
equally sensitive to tyramine as unc-25 single mutants (Figure 3A). These
epistasis experiments show that SER-2 acts upstream or in parallel to
GABAergic signaling. Our data are consistent with the hypothesis that SER-2

acts in GABAergic neurons to control locomotion.
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4. SER-2 inhibits GABA release.

To determine if SER-2 can modulate neurotransmitter release in from
ventral cord motor neurons, we analyzed mutants for their sensitivity to the
acetylcholinesterase inhibitor aldicarb. Aldicarb increases ACh concentrations at
the neuromuscular junction, causing muscle contraction and eventual paralysis
(Nonet et al., 1998). Mutants with impaired ACh release are resistant to aldicarb-
induced paralysis (Nguyen et al., 1995). egl-30/Gaq mutants are resistant to
aldicarb, whereas goa-1 mutants are hypersensitive to aldicarb-induced paralysis
indicating that EGL-30/Ga, stimulates and GOA-1/Gay, inhibits ACh release from
motor neurons. Since body wall muscles also receive inhibitory GABA inputs,
hypersensitivity to aldicarb can also be caused by a decrease in GABA release at
the NMJ (Loria et al. 2004, Jiang et al., 2005, Vashlishan 2008). The time course
of paralysis of ser-2 mutants induced by aldicarb was similar to the wild-type
(Figure 3-3B). This may be due to the restricted expression of ser-2 in a subset
of GABAergic neurons. We therefore generated transgenic lines that over
expressed ser-2 in all cholinergic (pacr-2::SER-2) or GABAergic (punc-47::SER-
2) motor neurons and analyzed the rate of aldicarb induced paralysis. The time
course of paralysis of transgenic animals that express SER-2 in cholinergic or
GABAergic VNC motor neurons was similar to the wild-type (Figure 3-3B). Since
there might be insufficient endogenous tyramine signaling to modulate
neurotransmitter release under regular assay conditions, we examined paralysis

on plates that contained both aldicarb and tyramine. On plates that contained
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both aldicarb and 30 mM tyramine, animals that over expressed ser-2 in
cholinergic neurons (pacr-2::SER-2) were more resistant to the paralytic effects
of aldicarb than the wild-type. Conversely, animals that over expressed ser-2 in
all GABAergic neurons (punc-47::SER-2) were hypersensitive to paralysis
(Figure 3-3C) on plates containing aldicarb and tyramine. These data are
consistent with the hypothesis that SER-2 couples to the GOA-1/Gaj, pathway to

inhibit neurotransmitter release.

5. Tyramine-mediated reduction in GABA synaptic release requires SER-2.

The GABAergic VD motor neurons that express ser-2 make synaptic
contacts onto ventral musculature. Therefore, to directly evaluate whether
tyramine modulates synaptic release of GABA from motor neurons, we measured
the frequency of endogenous inhibitory post-synaptic currents (IPSCs) in whole-
cell recordings from ventral body wall muscle cells. To isolate GABA currents,
recording were made from ventral muscles of unc-29;acr-16 double mutants that
lack excitatory neurotransmission at the NMJ (Francis and Maricq, 2006;
Touroutine et al.,, 2005). In these animals, we observed high levels of
endogenous IPSC activity (~13 events/s) that gradually declined over the time
course of the recording period (~10 minutes) (Figure 3-4A). This basal level of
inhibitory activity is consistent with previous reports that have used other, non-

genetic approaches to isolate IPSCs. After an initial period of recording basal
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activity (~ 60 s) we switched to a bath solution containing tyramine. Within 30 s of
tyramine exposure we noted a rapid decrease in the rate of IPSCs to
approximately 66% of the rate prior to tyramine exposure (Figure 3-4A and C).
This reduction was not reversible within the time course of our recordings. These
results suggest that tyramine can modulate GABA-mediated inhibitory
transmission at the NMJ, potentially acting through a pathway with high tyramine
affinity. To test whether the reduction in IPSC frequency involved SER-2, we
examined the effects of tyramine exposure in recordings from unc-29;acr-16;ser-
2 triple mutants (Figure 3-4B). We found that the basal IPSC frequency was not
changed significantly by deletion of ser-2; however, the tyramine-mediated
reduction in GABA release was significantly attenuated in these animals (17%
reduction, versus 34% in animals wt for the ser-2 locus) (Figure 3-4D-E),
suggesting the tyramine effects on inhibitory transmission are predominantly
mediated by SER-2. It should be noted that the residual (SER-2 independent)
effects of tyramine we observed in part reflect a decline in the activity of the
preparation over time as we noted a decrease in IPSC frequency in untreated
animals over the same time course. The amplitude of endogenous GABA IPSCs
were not significantly different in +/+ animals and ser-2 mutants (+/+: 29.5 + 1.4
pA, ser-2: 31.9 £ 3.9 pA), indicating that clustering and function of postsynaptic
GABA receptors are normal in ser-2 mutants (Figure 3-4F). Similarly, the
amplitude of GABA IPSCs was not significantly affected by tyramine exposure for

either strain (+/+: 26.9 £ 1.2 pA, ser-2: 30.7 £ 4.4 pA).
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6. Asymmetric activation or inhibition of GABAergic motor neurons

induces bending.

C. elegans moves on its side by propagating a sinusoidal wave of muscle
contractions and relaxations along the length of its body. The sinusoidal wave is
propagated by GABA mediated relaxations and acetylcholine mediated
contractions of body wall muscles. GABAergic motor neurons receive synaptic
inputs from VA/VB and DA/DB cholinergic motor neurons, and form synapses on
body wall muscles (Figure 3-5A) (Mclntire, et al., 1993). This arrangement
suggests GABA mediated inhibition of body wall muscles occurs contralateral to
acetylcholine mediated contractions, allowing for serial flexures of a sinusoidal
wave. How VD and DD motor neurons could mediate navigation and
directionality of the wave is unknown, therefore we laser ablated the VD and DD
motor neurons subsets separately. Following laser ablation of the VD neurons,
animals moved with a ventral bias. Conversely, animals with ablated DD
neurons moved with a dorsal bias (Figure 3-5B-C, and Movies 3-3 and 3-4).
Laser ablated animals still propagated a wave along the anterior-posterior axis,
but with deeper dorsal or ventral flexures. The ablation of the GABAergic
neurons suggests that insufficient relaxation of the body wall muscles results in a
directional bias in locomotion. DD ablated animals crawled in tighter circles than
VD ablated animals. It is not clear if this is due to a difference of quantity or
strength of synapses between subsets of the D motor neurons, or the number of

neurons ablated in each animal. unc-25 animals that lack GABA signaling in
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both VD and DD motor neurons made shallow body bends, but showed no
direction bias in their locomotion pattern (Figure 3-5C). Could SER-2 play a role
in navigation of forward locomotion by inhibiting GABA release along the ventral
body wall muscles? To test this, we also tracked ser-2 mutants to evaluate their
navigational direction and saw that there was no difference from wild-type (Figure

3-5C).

Our laser ablation studies indicate that asymmetric relaxation of ventral or
dorsal muscle bending can lead to a navigational bias for the animal. To
determine if acute asymmetric activation or inhibition of GABA signaling could
also lead to dorsal or ventral bending we used optogenetics. We expressed
channelrhodopsin-2 (ChR2) and halorhodopsin (NpHR) in six DD motor neurons
using the flp-13 promoter. Using the Colbert worm tracking system (Leifer,
2011), which allows for restricted temporal and spatial exposure to UV light, we
exposed the ventral nerve cord to periods of light while recording turning
behavior. Our transgenic animals behaved as remote control worms upon blue
and green light exposure. Blue light activation of channelrhodopsin in DD motor
neurons activates GABA release on the dorsal body wall muscles, leading to a
relaxation of the dorsal side of the worm, resulting in a ventral turn. In contrast,
when the animal was exposed to green light, halorhodopsin inhibits GABA
release on the dorsal body wall muscles, and subsequently results in a dorsal
turn (Figure 3-6A and Movie 3-5). To quantify our observations of our remote

control worm with multiple blue and green light exposures we calculated a
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bending index. We found that animals expressing channelrhodopsin and
halorhodopsin have a dorsal bending bias when exposed to green light, and a
ventral bending bias when exposed to blue light (Figure 3-6B). A bending index
of zero indicates no directional bias. These effects were not seen when the
transgene was not present, or retinal was not fed to the animals prior to the
experiment. Our results show that not only can a chronic disruption of
GABAergic signaling lead to a navigational defect in C. elegans, but acute
activation and inhibition of GABA release can also lead to directional changes of

locomotion.

7. ser-2 is required for the execution of omega turns.

Could SER-2 play a role in C. elegans turning behavior? We have shown
that tyramine plays a crucial role in the coordination of backing response and the
suppression of head oscillations in the escape response through the activation of
a novel tyramine gated chloride channel, Igc-55 (Pirri et al., 2009). Reversals are
usually coupled to an omega turn, which allows the animal to reinitiate forward
locomotion approximately 180° from the stimulus leading to an escape (Croll,
1975; Gray et al. 2005). After a reversal, the omega turn is initiated by a steep
ventral bend of the head, and typically makes contact with the body anterior to
the vulva, sliding along the ventral side of the body, before reinitiating forward

locomotion. We found that the likelihood that an animal initiates an omega turn
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in response to anterior touch correlates with the length of the reversal (Figure 3-
7A). These results are consistent with data from spontaneous reversals (Gray et
al., 2005), where omega turns tend to occur 60% of the time when a reversal is

longer than three body bends (Figure 3-7A).

Since tyramine inhibits GABA release on the ventral side, and SER-2 is
expressed in neurons that innervate the ventral body wall muscle, we decided to
investigate the role SER-2 plays in omega turns. Like the wild-type, upon
anterior touch, ser-2 mutants suppressed head oscillations and reversed
directions with body bend lengths similar to wild-type animals (Figure 3-S4).
Furthermore, ser-2 mutants initiated an omega turn at the same frequency as the
wild-type (Figure3-7A) by making a steep ventral head bend and changing
direction by greater than 90°. However, once ser-2 mutants have initiated the
omega turn they contract less tight during the turn. Whereas most wild-type
animal’s head touch the body anterior to the vulva 85% of the time, ser-2 mutant
animals fail fully close the omega turn and touch the head to the body at a lower
frequency of 27% (Figure 3-7B-C, Movies 3-6 and 3-7). To further analyze the
omega turn defect, the angle of closure (omega angle) was measured from the
deepest most contracted region of the body to the closest or touching points in
the head and tail (Figure 3-7B and D). Wild-type worms typically closed their
omega turns, while ser-2 mutants often conducted an open omega turn,
averaging an omega angle of 24°. Our genomic ser-2 rescue lines regained the

ability to close the omega turn (Figure 3-7C-D).
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Since anterior touch with an eyebrow hair has some inherent variability,
we also induced reversals by blue light. When exposed to blue light, pmec-
4::ChR2 worms conduct backward runs similar to runs stimulated by touch
(Nagel et al., 2005, Leifer et al. 2011). We analyzed omega turns of pmec-
4::ChR2 transgenic animals in both wild-type and ser-2 mutant backgrounds and
found that ser-2 mutants have a lower frequency of closing omega turns and a
higher omega turning angle than the wild-type, showing a similar defect in omega

turns as with reversals induced by touch (Figure 3-7C-D).

We also conducted touch assays with DD and VD ablated animals. The
wild-type and mock ablated animals executed closed omega turns in response to
gentle anterior touch with typical nose to tail touch. However, animals in which
the DD neurons were ablated initiated omega turns, but could not turn ventrally
deep enough to execute a closed omega. Conversely, animals with VD ablated
neurons were not deficient for closing omega turns and were prone to
hypercontract the ventral turn, leading a nose and tail crossover while the head
and body were in contact during the turn (Figure 3-S5). As a result of a shallow
omega turn, the escape angle, a change in direction in response to touch, was
changed in ser-2 mutants. Wild-type worms averaged an escape angle of 179°.
ser-2 mutants made a more shallow escape angle, changing their direction from
the point of stimulus by approximately 150° (Figure 3-7E-F). SER-2 may enable
the animal to escape efficiently from a stimulus, by causing a complete omega

turn, allowing the animal to turn around and head in the opposite direction. Our
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results support a model of the C. elegans escape response (Figure 3-8), where
gentle anterior touch induces tyramine release from the RIM neurons, leading to
a suppression of head oscillations and reversal by synaptic activation of LGC-55,
followed by an omega turn mediated by the asymmetric inhibition of GABA by the

extrasynaptic activation of SER-2.

C. Discussion

1. SER-2 modulates neural circuit output in C. elegans.

We identified an endogenous function for SER-2, a tyraminergic G protein-
coupled receptor. Previous in vitro analysis of SER-2 in COS-7 cells
demonstrated that SER-2 can bind tyramine. Upon tyramine application, cAMP
levels in the cell decrease, suggesting that tyramine may act as the natural
ligand, and that SER-2 is most likely an inhibitory GPCR (Rex et al., 2002). In
this study, our genetic screen for mutants resistant to the paralytic effects of
exogenous tyramine unveiled a role for the Ga, signaling pathway in C. elegans
locomotion. Our candidate gene approach showed that ser-2 mutants were quite
resistant to exogenous tyramine, while mutants of the other two known tyramine
activated GPCRs, tyra-2 and tyra-3 displayed wild-type-like or hypersensitive
phenotypes. Furthermore, from our detailed expression analysis and epistasis
analysis experiments for ser-2, we discovered that ser-2 asymmetrically inhibits

GABA in the ventral nerve cord.
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The Gay, (GOA-1) pathway in C. elegans has been extensively studied as
it modulates many aspects of locomotion and egg laying behavior. This inhibitory
pathway is present in all 302 neurons, and is believed to dampen
neurotransmitter release by inhibiting the EGL-30 (Gyq) pathway (Miller et al.,
1999). Mutants of goa-1 have hyperactive locomotion rates, deep body bends,
and constitutively lay eggs (Ségalat et al., 1995; Mendel et al., 1995). However,
many strains with mutations in different GPCRs do not have as obvious
behavioral defects, demonstrating that the fine manipulation of biogenic amine
behavioral control is at the receptor level, and not the downstream signaling
components. Biogenic amine signaling works through many receptor types,

allowing for highly regulated, cell-specific control of behavior.

Tyramine has been shown to act as a genuine neurotransmitter in the
nematode through the ligand-gated ion channel, LGC-55. From our genetic and
behavioral analysis, we have uncovered an added level of complexity to the
tyraminergic circuit, connecting tyramine release to the extrasynaptic activation of
a G protein-coupled receptor. Interestingly, expression of Igc-55 and ser-2 do
not overlap, with the exception of the SDQ neuron (Pirri et al., 2005; Tsalik et al.,
2003). Behavioral defects in mutants of Igc-55 and ser-2 are also different. Igc-
55 mutants move their head on exogenous tyramine, fail to suppress head
oscillations in response to anterior touch, and have shorter reversals, while ser-2
mutants can move their body on exogenous tyramine and suppress head

oscillations. Although the suppression of head oscillations in ser-2 mutants is
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similar to wild-type, reinitiation of head oscillations may commence before
forward locomotion is reinitiated (unpublished observation), which suggests a
role for ser-2 in head muscles. LGC-55 is expressed in the neck muscles, AVB,
RMD, and SMD neurons ; cells and tissues that are post-synaptic to the
tyraminergic RIM neurons. SER-2 expression in the ventral nerve cord is
extrasynaptic to the RIM, suggesting humoral activation of a GPCR by tyramine.
Other biogenic amines have been shown to act in a similar manner, for example
dopamine activated GPCRs in C. elegans are also extrasynaptic to dopaminergic
neurons (Chase et al., 2004), indicating a conserved genetic strategy for fine

modulation of motor output.

2. Tyramine orchestrates a multi-stepped escape response.

The C. elegans escape response is a series of locomotory behaviors.
Upon anterior touch, the animal stops moving forward, initiates backward
locomotion while suppressing head oscillations, and then either chooses to
reinitiate forward locomotion, or perform an omega turn in order to continue
forward locomotion in the opposite direction (Figure 3-8A). The dual level of
tyraminergic signaling control, using the fast-acting chloride channel and a slow-
acting metabotrophic GPCR, together coordinate this complex behavior.
Tyramine is released by the RIM neurons after mechanical stimulation, activating

the fast acting inhibitory chloride channel, LGC-55, the AVB cease forward
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locomotion in the neck muscles to suppress head oscillations (Pirri et al., 2009).
Subsequently, after a reversal of three or more body bends, the animal initiates
an omega turn with a deep ventral bend of the head. SER-2 is then activated in
the ventral GABAergic motor neurons (VDs) where GABA is inhibited to allow full
contraction of the ventral body wall muscles (Figure 3-8B), enabling the worm to
fully fold and slide down the length of the body and continue forward locomotion
and head oscillations. We have shown that this asymmetrical inhibition of GABA
leads to a closed and efficient omega turn where the nematode can completely

change directions.

Tyramine is a known behavioral modulator in invertebrates with
demonstrated roles at the neuromuscular junction (Kutsukake et al., 2000) and
the Malpighian tube (Blumenthal et al., 2003) of Drosophila. In mammals,
application of tyramine and other trace can cause a decrease in GABAergic
inhibition in rat brain slices (Berretta et al., 2005). While not much is known
about the role for trace amines, other biogenic amines are known modulators of
escape behavior. For example, serotonin can act as an excitatory and inhibitory
neurotransmitter in the swimming escape response of the gastropod Tritonia
(McClellan et al., 1994) as well as a modulator of the lateral giant escape
command neurons of crayfish (Glanzman et al., 1983; Teshiba et al., 2001).
Asymmetry is important for escape responses to activate one set of muscles to
quickly move away from the perceived threat. In goldfish, the C-start, which is

characterized by a unilateral bending away from the stimulus, is critical for the
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fish’s survival (Zottoli et al., 1977). An animal’s ability to quickly contract and
relax a set of muscles on one side of its body is a conserved mechanism for a
quick reaction to a predator. Our study of SER-2 demonstrates this conserved
behavior, and illustrates a molecular mechanism of asymmetrical GABA
inhibition, which allows for a consistently efficient ventral bend that is important

for an effective escape response.

D. Materials and Methods

1. Strains

The wild-type strain used in assays was Bristol N2. All worm cultures
were grown at room temperature (22°C) on nematode growth media (NGM) agar
plates with OP50 E. coli as a food source (Brenner, 1974). G-protein coupled
receptor and signaling component mutants used in this study are as follows: ser-
2(pk1357), ser-2(0k2103), lgc-55(tm2913), tyra-2(tm1815), tyra-3(0k325), goa-

1(sa734), dgk-1(sa748), eat-16 (sa609), gpb-2 (sa603), egl-30(tg26).

Transgenic strains were microinjected into the germ line of lin-15(n765ts)
with pL15EK and integrated by x-ray. A pser-2::SER-2::GFP rescue construct
was made by cloning 10.2 kb of genomic sequence including 2.2 kb upstream of
the first translational start site into the pPD95.70 vector. The genomic rescue

constructs used for exogenous tyramine and omega turn assays were injected



80

between 10-20 ng/ul. A pser-2::mCherry mini-gene reporter was constructed by
inserting an 11.8kb sequence that included three start sites, first intron, and part
of exon 2 into the pDM1247 mCherry vector. The GABAergic and cholinergic
cell-specific rescue lines were cloned using ser-2 cDNA behind the unc-47 (1.2
kb) and acr-2 (3.4 kb) promoters, respectively (Eastman et al., 1999; Hallam et

al., 2000).

A pmec-4::ChR2 plasmid (Nagel et al., 2005) was injected at 80 ng/ul.
The integrated strain was crossed into two ser-2 mutant allele backgrounds.
pflp-13::ChR2::YFP; pflp-13::NpHR::CFP was cloned by inserting a 2kb promoter
from pflp-13::GFP (Kim and Li, 2004) into ChR2 and NpHR vectors (Nagel et al.,
2005; Zhang et al., 2007). Strains carrying channelrhodopsin or halorhodopsin
transgenes were cultured on NGM agar plates containing OP50 E. coli
supplemented with 1.3 mM all-trans retinal for one generation. L4 animals were
staged to retinal plates 24 hours before behavioral assays.

ser-2 ventral nerve cord expression analysis was performed using pser-
2::mCherry(zfls8), punc-47::GFP(osls12) and punc-17::GFP(vsis48). Head
muscle analysis was done using promlser-2::GFP(otls107) and plgc-
55::mCherry(zfls4). Images were taken using confocal microscopy (Zeiss and

Pascal imaging software) and formatted using ImageJ software.
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2. Behavioral assays

Drug assays were conducted using young adult animals grown at room
temperature (22°C) 24 hours post-L4. Exogenous tyramine assays were done
on agar plates containing 30 mM tyramine hydrochloride (Sigma) and 2 mM
acetic acid. Approximately 10 animals were transferred to assay plates and
scored for locomotion every minute for a 20 minute period. Animals were scored
as immobilized if there was no sustained forward or backward locomotion in a 5
second interval. Aldicarb drug assays were performed using NGM agar plates
supplemented with 0.5 mM aldicarb (Sigma) with or without 30 mM tyramine. A
relatively high concentration of tyramine (30 mM) was used in plates containing
aldicarb because aldicarb assays are conducted using NGM agar instead of agar
which is used in exogenous tyramine assays. Animals do not paralyze on plates
with 30 mM tyramine dissolved in NGM (data not shown). Animals were scored

as paralyzed when they did not move when prodded with a platinum wire.

Optogenetic blue and green light induced bending assays were performed
with pflp-13::ChR2;pflp-13::NpHR transgenic animals in a lite-l mutant
background. Bending behavior movies, worm track traces and kymographs were
generated using the Colbert worm tracking system as previously described
(Leifer et al., 2011). This system allowed for restricted illumination of the ventral
nerve cord. For bending bias quantification assays, young adult animals were

transferred to NGM plates without food for 45 minutes. A ring of 4M fructose was
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used to prevent animals from leaving the plate. Starvation induced long forward
runs necessary for observing ventral or dorsal bending. The full body of the
animal was exposed to blue or green light, using GFP and RFP filters at 20 x and
40 x respectively for 3 seconds. A dorsal or ventral bend was determined to be a
turn of 45 degrees or more. The bending index was calculated as the fraction of
dorsally bending worms minus the fraction of ventrally bending worms. A
positive fraction indicates a dorsal bias, a negative fraction indicated a ventral
bias, and a zero value represents no directional bias or no response to light

exposures.

Omega turns were analyzed on NGM agar plates two days post pouring to
control for assay plate humidity. Assay plates (60 mm diameter) were seeded
with 40 pl OP50 E. coli and grown overnight at 37°C to produce a thin bacterial
lawn. Young adult worms were transferred to an omega assay plate and allowed
to acclimate for at least 10 minutes. Omega turns were then induced by gentle
anterior touch while recording using a firewire camera and Astro [IDC software.
For pmec-4::ChR2 induced omega turns, blue light from a GFP filter was turned
on at 100x magnification for 5 seconds to induce a reversal. Video was reviewed,
still images were exported, and angles were measured using Image J software.
An omega turn was classified as a deep turn over 90° from reversal direction,
resulting after a reversal of 3 or more body bends. An omega angle was
measured by using the deepest part of the bend as the apex with vectors

extending to the closest points along the body. Angles larger than 60° were not



83

scored as omega turns. The escape angle was measured as the difference
between the reversal direction and the direction of reinitiation of forward

locomotion.

3. Laser Ablations

Animals were mounted on agar pads and anesthetized with 20 mM
sodium azide. Laser ablations were done using standard methods (Bargmann et
al., 2005). DD and VD motor neurons were identified in pflp-13::GFP (NY2037)
L2 animals and pser-2::GFP (OH2246) L3-L4 animals respectively. One to three
days recovery post ablations, locomotion and omega turn assays were
conducted on young adult animals. Locomotion patterns of animals that
exhibited coordinated long runs were recorded at 7.5 fps. Video analysis was
done using MATLAB and the MATLAB Image Acquisition Toolbox (Ramot et al.,
2008). To determine directionality for each locomotion trace, the slope of
instantaneous direction over time was measured for individual 360 degree
turning events. Laser ablation of motor neurons was confirmed by lack of GFP

expression in the cell body following behavioral experiments in adult animals.
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4. Electrophysioloqy

Adult C. elegans held at drop of bath solution were glued down to the
sylgard coated glass coverslip with cyanoacrylate tissue adhesive (Skinstitch
Corp.) applied along the dorsal side of the body. A longitudinal incision was
made by sharp glass electrode tip in dorsolateral area, intestine and gonad
removed, and the cuticle flap along the incision was glued down in order to
expose the ventral medial body wall muscles along the ventral nerve cord.
Preparation was then washed briefly for ~20 s with a solution of collagenase type
IV from Clostridium hystolyticum (Sigma-Aldrich) in extracellular bath solution (at
a concentration of 1mg/ml) in order to remove the basement membrane overlying

the muscles.

Intracellular pipette solution contained (in mM): 15 K-Gluconate, 125 KCI,
50 HEPES, 0.1 CaCl,, 1 BAPTA-4K, 5 Mg,ATP, 0.5 NaGTP, 0.5 cAMP, 0.5
cGMP, adjusted by 10 mM sucrose ~ 340 mOsm, pH 7.35 with KOH.
Extracellular bath solutions consisted of (in mM): 150 NaCl, 5 KCI, 4 MgCly, 1
CaCly, 15 HEPES, 10 glucose, and was adjusted by 10 mM sucrose to ~345

Osm, and pH 7.35 with NaOH.

Whole-cell voltage clamp recordings from C. elegans body wall muscle
cells (group of ventral medial muscles 9, 11, 13) from +/+ and ser-2 strains were
performed as previously described (Francis et al., 2005) using an EPC-10

amplifier (HEKA). Data acquisition and voltage protocols were controlled by
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HEKA Patchmaster software. Patch-clamp electrodes were pulled from
borosilicate glass with filament (Sutter Instrument), fire-polished to a resistance
of 4-6 MQ and filled with an internal solution. 1M KCI electrode with agarose
bridge served as reference electrode. Leak currents and liquid junction
potentials were not compensated, though pipette offset was zeroed immediately
before getting a gigaohm seal. The membrane potential was clamped at -60 mV.
Data were digitized at 6.67 kHz and low pass filtered at 3.3 kHz. Membrane
capacitance and the series resistance (at least 20%, up to 60%) were
compensated, and only recordings in which the series resistance was stable
throughout the course of the recording were included. Endogenous synaptic
activity data were collected in continuous mode (saved as 30 s recording
sweeps). Typically, 60-90 s of control endogenous was recorded followed by 90
s bath of tyramine (100 uM) application, and subsequent tyramine wash-out
(occasional). C. elegans preparation was continuously perfused by extracellular
solution with or without tyramine by gravity flow at a perfusion rate 2 ml/min.
Cells were excluded from analysis if a leak current > 300 pA was observed. Only
recordings with series resistance Rs < 15 MQ were included to analysis. All

electrophysiology experiments were carried out at room temperature.

Data analysis and graphing were performed using Excel (Microsoft), Igor
Pro (WaveMetrics Inc.) and GraphPrism (GraphPad Software). Moreover, Mini
Analysis software (Synaptosoft Inc.) was used to detect and analyze the

endogenous events off-line. Parameters for detection of event were set as
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follows: amplitude threshold 12 pA, period to search local minimum 80 ms, time
before a peak for baseline 20 ms, period to search a decay time 30 ms, fraction
of peak to find a decay time 0.37, period to average a baseline 10 ms, area
threshold 10, number of points to average for peak 3. In addition, following
automatic detection of endogenous postsynaptic currents, traces were visually
inspected, and all events were manually verified and accepted/rejected or
recalculated, if necessary. 60 s of continuous data were used in analysis.
Segment of 60 s recording prior to tyramine application served as control.
Tyramine effect was evaluated in last 60 s of 90 s perfusion i.e. initial 30 s of
recording with tyramine in bath solution were eliminated from analysis in order to
allow enough time for adequate tyramine perfusion and stabilization effect. Data
from each group were averaged, and statistical significance between the strains
was determined by two-tailed unpaired Student’s t-test. Data are presented as

mean = S.E.M. All chemical were purchased from Sigma-Aldrich.



Figure 3-1

87



88

Figure 3-1
ser-2 mutants are partially resistant to the paralytic effects of tyramine.

(A) Dose response curves measuring immobilization induced by varying
concentrations of exogenous tyramine. Tyramine induces immobilization in a
dose dependent manner. (B) Body immobilization after 10 minutes on 30 mM
exogenous tyramine. Each bar represents the mean percentage of animals
immobilized + SEM for at least 4 trials, totaling a minimum of 40 animals. ser-2
mutants and GOA-1 pathway G-protein signaling mutants are similarly resistant
to immobilization by exogenous tyramine. (C,D) Quantification of sustained body
(C) or head (D) movements on 30 mM tyramine plates. Each data point
represents the mean percentage of animals immobilized + standard error of the
mean (SEM) for at least 6 trials, totaling a minimum of 60 animals. ser-2 mutants
are partially resistant to body immobilization, and Igc-55 mutants are partially
resistant to head immobilization. Igc-55;ser-2 double mutants are resistant to
both body and head immobilization. Statistical significance to wild-type; ***p<
0.0001, two-tailed Student’s t test.
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Figure 3-2

ser-2 is expressed in VD motor neurons.

(A) Adult animal showing expression of pser-2::mCherry(zfls8) in head muscles,
head neurons, and the ventral nerve cord. (B-D) Higher magnification of the
ventral nerve cord. (B) pser-2::mCherry expression in a subset of ventral nerve
cord neurons. (C) punc-47::GFP expression in all GABAergic neurons. (d)
Strong coexpression the VD subset of GABAergic neurons. Weak to no
coexpression in DD neurons. Scale bar, 20 ym.
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Figure 3-3
SER-2 inhibits GABA release.

(A) Quantification of sustained body movement on 30 mM exogenous tyramine.
GABA deficient mutants (unc-25) are not resistant to exogenous tyramine, and
unc-25;ser-2 (pk1357) double mutants show a suppression of the tyramine
resistant phenotype of ser-2 mutants. Cell-specific rescue of SER-2 in all
GABAergic neurons (punc-47::SER-2) also rescues the ser-2 mutant phenotype.
(B) Time course of paralysis on 0.5 mM aldicarb supplemented NGM plates. All
strains paralyze at the same rate. (C) Time course of paralysis on 0.5 mM
aldicarb and 30 mM tyramine supplemented NGM plates. Cell-specific
expression of SER-2 in motor neuron subsets shifts paralysis curves displaying
an inhibition of GABA and acetylcholine.
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Figure 3-4
Tyramine-mediated reduction in GABA synaptic release requires SER-2.

(A-B)Sample of frequency of endogenous inhibitory post-synaptic currents
(IPSCs) in whole-cell recordings from ventral body wall muscle. +/+ is unc-
29;acr-16 double mutants that lack excitatory neurotransmission at the NMJ.
ser-2 is in double mutant background. (C-D)Tyramine application decreased the
rate of IPSCs in +/+, but not ser-2 mutants. Arrow depicts tyramine application
time point. (E) Average relative frequency of IPSCs after tyramine application.
(F) Relative amplitude of IPSCs after tyramine release. Error bars depict S.E.M.
Statistical differences calculated from +/+; *p < 0.05, two-tailed Student’s t test.
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Figure 3-5
VD and DD motor neurons modulate C. elegans navigation.

(A) Schematic of D-motor neuron wiring. VD motor neurons receive input from
DB cholinergic neurons, and release GABA on ventral bodywall muscles. DD
motor neurons receive input from VB motor neurons and release GABA on dorsal
bodywall muscles. Figure adapted from wormatlas.org. (B) Chronic disruption of
GABA signaling by laser ablation of subsets of GABAergic motor induces
navigational biases. DD ablated animals navigate with a dorsal bias while VD
ablated animals navigate with a ventral bias. Traces of locomotion and turning
angle were generated by worm tracking software. (C) VD and DD ablated
animals showed navigational biases. Mock ablated animals, GABA deficient
mutants (unc-25), and ser-2 mutants did not show navigational biases. Turning
angle was calculated using worm tracking software.
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Figure 3-6

Remote control worm demonstrates navigational changes with acute GABA
activation and inhibition.

(a) Acute disruption of GABA signaling using DD expressed channelrhodopsin
and halorhodopsin (pflp-13::ChR2::YFP;pflp-13-NpHr::CFP) affects turning
behavior with green and blue light exposure. Activation of GABA release
induced by blue light causes a ventral turn, while inhibition of GABA release
induced by green light causes a dorsal turn. Worm track traces signify the time
course of blue and green light exposure. Kymographs display change in
sinusoidal wave amplitude before, during, and after light exposure. Still images
were taken at * location on worm track. Yellow triangle depicts vulva. (c)
Quantification of bending behavior with green and blue light exposure. Bending
bias was calculated as fraction of dorsal turns — fraction of ventral turns after blue
or green light exposure. Controls were done without retinal feeding and without
transgene. Statistical significance to controls; **p<0.001 and ***p< 0.0001, two-
tailed Student’s t test.
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Figure 3-7

ser-2 mutants make defective omega turns and escape less efficiently.

(A) Percent of reversal lengths that conclude with an omega turn. Wild-type and
ser-2 mutants both initiate omega turns at the same rate. (B) Omega angle
measured from deepest ventral bend to closest or touching points anterior and
posterior of the animal. Images were traced from exported video frames to
represent real animals at the most ventrally contracted state of the escape
response. (C) Percent of omega turns which touch nose to tail, resulting in a
closed omega turn. ser-2 mutants touch nose to tail less frequently than wild-
type in omega turns induced by both touch and UV light in a pmec-4::ChR2
background. Genomic rescue lines rescue mutant turning phenotype. (D) ser-2
mutants make a wider omega turn than wild-type. Genomic rescue lines make
turns similar to wild-type. E) Escape angles were measured from the direction of
the reversal (induced by gentle anterior touch) to the direction of reinitiation of
forward locomotion. (F) Wild-type animals escape in the opposite direction from
the touch stimulus, where ser-2 mutants make a shallower escape angle. Error
bars depict SEM. Statistical differences calculated from wild-type; *p < 0.05, **p
< 0.01, **p < 0.001, two-tailed Student’s t test.
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Figure 3-8

Model: Tyramine modulates the C. elegans escape response during an
omega turn.

(A) Silhouettes of C. elegans during an escape response. Still images were
extracted from a movie of an animal escaping a touch stimulus. (B) C. elegans
sinusoidal locomotion is propagated by alternatively contracting and relaxing
opposing ventral and dorsal body wall muscles of the animal using cholinergic
and GABAergic motor neurons. Not all motor neurons are represented. Upon
tyramine release from the RIM, and omega turn is induced, activating SER-2 in
the VD motor neurons, which decreases GABA release on the ventral side,
allowing for a fully contracted, closed omega turn.
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Figure 3-S1

Exogenous tyramine body immobilization is dose dependent.

(A) Wild-type immobilizes completely within 5 minutes on 30 mM tyramine. (B)
ser-2 mutants are resistant to body immobilization compared to wild-type, but

become immobilized by 60 mM tyramine.
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Figure 3-S2

Body immobilization on 30 mM exogenous tyramine.

(A) tyra-2 and tyra-3 mutants are not resistant to paralysis. (B) Two additional
SER-2 rescue strains (10 ng/ul injection) also rescue the body immobilization
resistance phenotype of ser-2 mutants.
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Figure 3-S3

Coexpression analysis of ser-2 and Igc-55.

Coexpression of (A) promlser-2::GFP and (B) plgc-55::mCherry. (C) Head
muscle expression of promlser-2::GFP does not overlap with neck muscle
expression of plcg-55::mCherry.



103

Figure 3-S4
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Reversal length after gentle anterior touch.

Wild-type and ser-2 mutants have similar reversal lengths after a gentle anterior
touch. n =250 animals per genotype.
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Figure 3-S5
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DD GABAergic neurons modulate closed omega turns.

DD ablated animals fail to close omega turns compared to wild-type. VD ablated
animals show a slight increase in closure percentage compared to wild-type.
Statistical differences calculated from wild-type; ***p < 0.0001, two-tailed
Student’s t test.
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Movie 3-1

Immobilized wild-type animal on 30 mM exogenous tyramine.

Young adult animals were placed on exogenous 30 mM exogenous tyramine
plates. Movie depicts animal after 7 minutes on drug plate. Head and neck are
relaxed and straight, while body and head are immobilized.
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Movie 3-2

Resistant ser-2 mutant animal on 30 mM exogenous tyramine.

Young adult animals were placed on exogenous 30 mM exogenous tyramine
plates. Movie depicts animal after 7 minutes on drug plate. Animal is able to
move in a sinusoidal wave, albeit slower than on a plate without drugs.
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Movie 3-3

VD ablated animal.

After VD motor neuron ablations during the L2 larval stage, the animal
progresses into an adult. Movie depicts ventral biased navigation. Vulva is
oriented toward the inside of the concentric worm track circles (ventral facing in).
Movie is shown at 5x speed.
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Movie 3-4
DD ablated animal.

After DD motor neuron ablations during the L2 larval stage, the animal
progresses into an adult. Movie depicts dorsal biased navigation. Vulva is
oriented toward the outside of the concentric worm track circles (dorsal side
facing in). Movie is shown at 5x speed.
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Movie 3-5

Acute activation and inhibition of DD motor neurons using light-gated
proteins.

Animal expressing integrated pflp-13::ChR2;pflp-13::NpHR transgene is
suspended in dextran solution. Upon blue light activation of channelrhodopsin in
the DD motor neurons, the dorsal muscles relax, and a deep ventral bend is
executed. In the same animal, upon green light exposure, halorhodopsin inhibits
GABA release on the dorsal side, inducing a dorsal contraction. Light exposure
is restricted to the ventral nerve cord by using the Colbert system, thus by
eliminating activation and inhibition of head neurons expressing pflp-
13::ChR2;pflp-13::NpHR.
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Movie 3-6

Wild-type omega turn after gentle anterior touch.

Adult animal is on an NGM plate with a thin lawn of E. coli (OP50). Upon gentle
anterior touch with a thin hair, the animal reverses, suppresses head oscillations,
and executes a deep ventral turn, touching nose to body, and sliding down the
length of the worm.
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Movie 3-7
ser-2 omega turn after gentle anterior touch.

Adult animal is on an NGM plate with a thin lawn of E. coli (OP50). Upon gentle
anterior touch with a thin hair, the animal reverses, suppressed head oscillations,
and begins to execute a deep ventral turn, but fails to touch nose to body before
reinitiating forward locomotion.
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CHAPTER IV

A Novel Approach to Study Instantaneous Velocity During the C. elegans
Escape Response

This chapter is comprised of preliminary findings using a worm tracking system to
carefully examine velocity changes during the escape response. The
experiments were carried out by me, with critical help from Andrew Leifer, who
wrote the velocity analysis software. | composed the following text and figures
with editorial and content feedback from Mark Alkema and Christopher Clark.
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A. INTRODUCTION

As the nematode moves through its environment, navigation is modulated
by different states of locomotion. The frequency of the sinusoidal wave of
movement can accelerate or decelerate, come to a halt, reverse, increase or
decrease the body bending amplitude, or even leave its typical two-dimensional
rhythm using head lifts off the agar plate. With the recent invention of worm
tracking, behavioral analysis has been conducted with a greater level of detail,
with the potential for high throughput assays. Here, we have developed an
assay using a worm tracker to analyze the detailed changes in velocity during the

C. elegans escape response.

Velocity of the nematode changes based on many environmental factors
including viscosity of substrate, presence or absence of food, and temperature.
By acclimating to external cues, changing locomotion rates increases the
animal’s ability to survive. Mechanical stimuli also can change the velocity of the
animal. It has been shown that posterior touch causes acceleration in the
forward direction, nose and anterior touch cause a reversal and acceleration in
the backward direction (Chalfie et al., 1985). The mechanism for sensing
mechanical stimuli is well defined from the mechanosensory circuit down to the
touch receptors and signal transduction pathways (Chalfie et al., 1985; Chalfie
and Au, 1989; Goodman et al., 2002; Goodman and Schwarz, 2003) . However,

it is not well understood how changes in velocity of the sinusoidal wave occur.
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Worm tracking allows for the production of high resolution video by using a
motorized stage and software to keep the animal in frame. The movies can then
be used for behavioral analysis, either with additional programs, or by eye.
Previous studies have investigated egg laying and various aspects of locomotion
behavior (Hardaker et al., 2001; Baek et al., 2002; Huang et al., 2006). Analysis
has included using channelrhodopsin to stimulate neurons and mutant analysis
to elucidate signaling pathways (Huang et al., 2006; Leifer et al., 2011; Stirman
et al.,, 2011). These amazing technological advances in C. elegans research
tools have increased our ability to further our understanding of fine modulation of

motor output.

Biogenic amines modulate many aspects of locomotion behavior in C.
elegans. Serotonin, dopamine, and octopamine act to relay the information on
the availability of food to adjust to different states of locomotion such as the basal
slowing response, enhanced slowing response, and area restricted search
(Sawin et al., 2000; Hills et al., 2004). Dopamine can also control locomotion
based on previous experiences (Sanyal et al., 2004). In addition, tyramine has
been shown to play a key role in modulating escape response locomotion

(Alkema et al., 2005; Pirri et al., 2009).

The C. elegans escape response has been well defined from behavior to
circuitry to receptors. In each step of the escape response, there are several key

aspects of locomotory behavior. Upon gentle anterior touch, forward locomotion
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ceases, followed by a reversal and suppression of foraging head oscillations.
After a long reversal, a high angled turn or omega turn is often executed by the
animal to change direction, as forward locomotion is reinitiated (Chalfie et al.,
1985; Alkema et al., 2005; Chapter 3). It has been shown that tyramine
modulates reversal behavior, the suppression of head oscillations after anterior
touch, and omega turns (Alkema et al., 2005; Pirri et al., 2009;Chapter 3). How
other biogenic amines may modulate similar aspects of escape response
locomotion behavior has not been investigated. Here we examine the velocity of
the escape response, and how biogenic amines may modulate this evolutionarily

important behavior.

B. RESULTS

1. Wild-type animals increase velocity during the escape response.

In order to assess the instantaneous velocity during an escape response,
we developed an assay using machine vision tracking and algorithmic analysis.
For analysis, a single young adult was transferred from a growth plate to an NGM
plate with a thin, new lawn of bacteria. The animal was allowed to recover from
the touch stimulus during transfer, and acclimate to the new plate for 10 minutes.
Using the worm tracker described by the Schafer Lab (Worm Tracker 2.0)
(Huang et al., 2006), a high resolution movie was made. For the first minute, the

basal velocity of the animal was recorded, followed by a brief vibration of the
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plate, followed by two additional minutes of recording to monitor the escape
velocity (Figure 4-1). The recordings were then analyzed using a MATLAB
based program to extract the instantaneous velocity from each frame of the
movie. This approach allowed for detailed instantaneous velocity analysis

compared to previous reports which tracked average velocities.

When wild-type animals are stimulated with vibrations, a reversal ensues
the majority of the time, and accelerated forward locomotion in the remaining
trials (Chiba and Rankin, 1990). We saw a similar trend during our experiment
(data not shown), and chose to quantify only the trials in which a reversal was
induced after the vibration stimulus. To quantify different parameters for each
tracking, a program was used to outline and virtually divide the animal into 100
segments, each of which would be used to extract location changes, and body
bending details. From this, instantaneous velocity could be calculated and
analyzed. The velocity was normalized to the length of the worm; hence the
speed was presented as wormlengths per second. A representative worm
tracking trace displays the complete conglomerate of steps in the escape
response, from basal rate, stimulus, reversal, and reinitiation of forward
locomotion (Figure 4-2A-B, Movie 4-1). As the trace crosses the x-axis with a
velocity of zero, a change of direction occurs. Also shown in the kymograph, a
change of direction is visualized as a change of slope in the red and blue bands.
Wild-type animals average a basal forward velocity of approximately 0.4

wormlengths/second on a thin bacterial lawn (Figure 4-4F). After a vibration
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pulse, a reversal is induced, reaching a maximum velocity of approximately 2
wormlengths/second (Figure 4-2E). Typically, an omega turn occurs, and
reinitiation of forward locomotion ensues at an elevated velocity (0.87
wormlengths/second) (Figure 4-2F) compared to the basal rate. By detailed data
extraction from a multi-stepped behavior, we can begin to decipher each phase,

examining how the animal executes the escape response.

2. Spontaneous and induced omega turns are conducted at different

velocities.

C. elegans locomotion across an agar plate is characterized by long
forward runs with intermittent reversals, some of which result in an omega turn.
It has been shown that longer reversals, both spontaneous and induced, can
result in an omega turn (Gray et al, 2005; Chapter 3). Here, we ask the question:
are these omega turns the same? Is the animal behaving the same way before,
during, and after the deep turn? To answer these questions, both instantaneous
velocities during spontaneous and induced omega turns were compared (Figure
4-2). Unlike an induced omega turn, the reversal velocity directly preceding the
omega turn was not increased from the basal velocity rate (Figure 4-2E). Upon
reinitiation of forward locomotion after the spontaneous reversal, the velocity rate
was similar to the basal level, and not accelerated as it was in the induced

reversal experiment (Figure 4-2F). These data show that the escape response is
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a distinct behavioral sequence, different from a spontaneous reversal and omega

turn.

3. Touch induced escape recapitulates the vibration induced velocity

increases

Since direct touch of the nematode can induce different behavioral
responses depending on location of the stimulus (Chalfie et al., 1985), and a
vibration stimulus affects the whole animal, we sought to determine if the type of
stimulus affected the escape response. To determine if there is a difference in
behavior dependent on the type of mechanical induced escape response, we
conducted a similar experiment. Due to the worm tracking apparatus, a touch
induced reversal could not be tracked using machine-based vision, and thus not
be analyzed with the same precision as the vibration reversal paradigm.
Therefore, a low-tech assessment of velocity was conducted upon touch induced

escape responses.

Similar to the machine based paradigm, the animals were transferred to
NGM plates with thin, newly seeded lawns of bacteria and allowed to acclimate
for 10 minutes. To analyze the basal rate of locomotion, body bends were
counted over a 30 second interval. Subsequently, a thin hair was used to gently
touch the anterior region of the animal, to induce a reversal. After forward

locomotion was reinitiated, body bends were counted over the following 30
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seconds. In each trial, the rate of locomotion increased for each animal (Figure
4-3A). The average basal velocity was 10 body bends in 30 seconds, and the
velocity increased to an average of 18 body bends in 30 seconds (Figure 4-3B).
Even at this low level of resolution, the increase in velocity after an induced
escape response can be visualized. These experiments lead us to believe that
the same circuitry is being utilized in the well-defined touch circuit, as well as in

our vibration escape paradigm.

4. Biogenic amines modulate escape velocity

To determine which signaling molecules modulate the velocity changes,
and the decay in velocity back to baseline, we did a mutant analysis of animals
deficient in each of the four biogenic amines: dopamine, serotonin, octopamine,
and tyramine. Biogenic amine mutants, as well as a mutant of the dopamine
transporter (dat-1) were tested alongside the wild-type to investigate velocity
differences in each stage of the escape response. Select traces are shown for
each biogenic amine mutant (tdc-1, tbh-1, cat-2, tph-1, and dat-1) in the vibration
induced escape response paradigm (Figure 4-4A-E). Basal velocity before
induction of a reversal was not significantly different for any of the biogenic amine
mutants, although there was a noted decrease in the velocity of tdc-1 mutants
(Figure 4-4F). After stimulation, the reversal velocity was scored as the highest

rate of instantaneous velocity in the reverse direction. Serotonin deficient
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mutants (tph-1) displayed a significant decrease in reversal velocity, albeit was
still an accelerated rate compared to basal forward locomotion (Figure 4-4G).
Since the escape response induces an increase in velocity following stimulation,
the velocity was assessed upon reinitiation of forward locomotion. We saw that
dopamine deficient mutants (cat-2) were significantly faster during this initial
phase, and serotonin deficient mutants (tph-1) were slower compared to the wild-
type (Figure 4-4H). Furthermore, the decay rate of velocity was calculated to
determine if biogenic amines modulate the return to basal locomotion (Table 4-
1). tdc-1 and cat-2 mutants showed a significant increase in decay rate for
instantaneous velocity, indicating that tyramine and dopamine may be

modulating the state of elevated velocity during the escape response.

C. Methods and Materials

1. Strains and growing conditions

All strains were maintained on NGM agar plates supplemented with E. coli
(strain OP50) as a food source and grown at room temperature (22°C). The
strains used were wild-type (N2 bristol), tdc-1(n3420), cat-2(tm2261), tbh-

1(n3247), tph-1(n4622), and dat-1(ok157).
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2. Escape response behavioral experiments

Freshly prepared NGM agar plates (24-48 hours old) were seeded with
40 ul E. coli (OP50) and grown overnight at 37°C. A single young adult animal
(24 hours post L4) was gently placed on a plate, and allowed to acclimate for 10
minutes undisturbed. The plate was then turned up-side down on the worm
tracker stage. High contrast between background and the animal, as well as a 30
frames/second recording rate were necessary for a quality experiment. A one
minute movie was recorded to determine the basal velocity. To induce an
escape response, a vibration was applied to the exterior of the plate for one
second with an electric toothbrush (Sonicare). An additional 90 seconds were
recorded. For each genotype, n=212. Spontaneous omega turns were analyzed
by recording long periods of unstimulated locomotion on the worm tracker, and

subsequent review of movies to identify spontaneous turning behavior.

3. Worm tracking data extraction and analysis

Each movie recorded with the worm tracker was converted from bright
field into a reverse image (white worm on black background) and changed to size
using VirtualDub software. In each movie, the worm was skeletonized and
segmented for analysis using software written by Andrew Leifer (Leifer et al.,
2011). A MATLAB file was generated for analysis, which could then be used to
extract instantaneous velocity for each frame of the recording. The matrix of

velocity points was exported to Excel (Microsoft) where values were plotted,
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maximum velocities were extracted, and decay rates were calculated. Basal
rates were determined as the average of a 2 binned interval (60 data points) prior
to stimulus, ignoring negative values. The decay rate was taken as the slope
from the maximum velocity to 15 seconds post maximum. Maximum values were

extracted from the matrix during each behavioral step of the escape response.

D. Discussion

Our novel approach to precisely define the velocity of an escape response
is the first attempt to use a worm tracker for an extended analysis of locomotion
behavior. Here, we have shown that the escape response consists of changes
in velocity that are not observed during non-stimulated turning behavior, and that
a state of accelerated velocity is extended post omega turn. The ability to
evaluate a behavior with great detail may aid in detecting more subtle
phenotypes that may have previously been over-looked. Biogenic amine
signaling is known to affect locomotion on many different levels, therefore it was
hypothesized that one or more of the four amines may modulate velocity during

the escape response.

Upon initial observations, there are differences amongst biogenic amine
mutants in the instantaneous velocity of the escape response. Serotonin
mutants (tph-1) have a defect in maximizing the reversal velocity and during the

reinitiation of forward locomotion. This defect could be further analyzed using
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serotonin receptor mutants, including mod-1, which has been reported to be
expressed in the ventral nerve cord (Ranganathan et al., 2000). mod-1 mutants
have been reported to have grossly normal behavior. By utilizing a worm tracker
to analyze behavior in more detail, the role for this serotonin-gated chloride
channel may be elucidated. Since tph-1 mutants are slightly egg-laying
defective, these experiments should be repeated using L4 larva to rule out
velocity deficiencies based on mechanical restrictions due to an accumulation of

eggs in the uterus.

Interestingly, tyramine mutants show a difference in the decay of velocity
after the escape response. Tyramine has already been determined to be a key
regulator in the initial stages of the escape response during the reversal,
suppression of head oscillations, and the omega turn (Alkema et al., 2005; Pirri
et al., 2009; Chapter 3). Now, with a fourth role in elevating velocity for an
extended period of time post escape, the importance of tyramine in this
behavioral pattern has been re-established. Two of the four tyramine receptors,
LGC-55 and SER-2 (Pirri et al., 2009; Rex et al., 2002), have been shown to
modulate the escape response, but the roles (if any) of TYRA-2 and TYRA-3
(Rex et al., 2005; Wragg et al., 2007) in modulating escape behavior have yet to
be uncovered. tyra-2 and tyra-3 mutants reverse, suppress head oscillations,
and perform normal omega turns in response to anterior touch (data not shown),

yet velocity during and after the escape response has not been assessed.
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Previous studies may not have been able to detect the subtleties that a machine-

based tracker can now analyze.

Dopamine has been described as the “attention” molecule. In our
instantaneous velocity escape paradigm, cat-2 mutants fail to maintain an
elevated speed post omega turn. This may demonstrate a disconnect between
the rapid reversal and rapid forward movement away from the stimulus.
Dopamine activated GPCRs are expressed in the ventral nerve cord (Chase et
al., 2004), indicating a possible site of action in modulating velocity changes.
Additional experiments could shed light on how dopamine signals in the animal to
aid the escape, by being at a heightened state of attention after an encounter
with a predator. Interestingly, the converse role of excess dopamine at the
synapse in dat-1 mutants does not show the opposing phenotype, with a longer
lasting acceleration in velocity. Similarly, dat-1 mutants do not show behavioral
phenotypes in basal slowing response assays or area restricted search assays,
indicating that the presence of dopamine signaling is critical for the animal’'s

behavior, but the effects of a surplus is unknown.

Our preliminary findings provide a unique behavioral paradigm to
investigate locomotion changes during the escape response. The outlook for
future experiments is promising, since differences were observed in three of the
four biogenic amine mutants. Upon further analysis of receptor mutants and

utilization of additional technologies such as neuronal subset specific
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channelrhodopsin, the complete circuit and signal transduction pathways of the

C. elegans escape response may be uncovered.



Figure 4-1

Worm tracking experimental procedure

A single animal was transferred to a plate seeded with a thin lawn of bacteria.
After transfer, ten minutes were allowed for the animal to acclimate to the new
plate. The plate was placed face down on the worm tracker. One minute of
video was recorded, and then the plate was stimulated with a 1 second pulse
vibration. Two more minutes of video was recorded as the worm velocity
decayed to baseline.
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Figure 4-2

Analysis of wild-type instantaneous velocity during spontaneous and
escape response behavior.

(A) Wild-type time course of instantaneous velocity during an escape response
experiment. Arrow depicts vibration. Positive values represent forward
locomotion, and negative values represent backward locomotion. (B)
Kymograph of escape response experiment. Color depicts body bending depth,
thickness of bands depict velocity. Change of slope of bands indicates a
direction change. (C) Time course of spontaneous locomotion. * indicates
initiation of reversal ending in an omega turn. (D) Kymograph of spontaneous
locomotion. (E) Wild-type animals reverse at a faster velocity during an escape
response versus a spontaneous reversal. (F) Velocity of forward locomotion
immediately following an omega turn. An escape response has an elevated
velocity. Statistical difference compared using Student’s two-tailed t test; ***p
value < 0.001.
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Figure 4-3
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Touch induced escape responses result in an increase in velocity.

(A) Paired observations of basal and post-omega velocities after touch induced
reversals. (B) Average basal and post-omega velocities. Velocity increases
after a gentle anterior touch induced escape response. Statistical difference
compared using Student’s two-tailed paired t test; ***p value < 0.001.
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Figure 4-4
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Figure 4-4

Biogenic amine signaling modulates velocity during an escape response.

(A-E) Representative instantaneous velocity traces of biogenic amine mutants
during vibration induced escape response. (F) Basal velocities of biogenic amine
mutants were not significantly different from wild-type. (G) Maximum reversal
velocity during the escape response. tph-1 mutants reversed at a slower rate.
(H) Maximum forward reinitiation velocity after omega turn during the escape
response. cat-2 mutants reinitiated at an increased velocity compared to wild-
type, and tph-1 mutants reinitiated at a slower rate compared to wild-type.
Statistical difference compared to wild-type; Student’s t test *p<0.05, **p<0.005,
***n<0.001.
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Table 4-1
strain slope of decay SEM p value
wild-type -0.0041 +0.0010 |

tdc-1 -0.0132 +0.005 *
tbh-1 -0.0060 +0.005 n.s.
cat-2 -0.0124 +0.003 **
tph-1 -0.0007 +0.001 n.s.
dat-1 -0.0040 +0.005 n.s.

Decay of velocity after reinitiation of forward locomotion

Instantaneous velocity decreased back to basal levels over time after reversal
and omega turn during the escape response. Slope of decay was determined by
linear regression over a 15 second time interval. Average slope of decay was
calculated and SEM was determined. Statistical difference was compared to
wild-type; Student’s two-tailed t test, *p< 0.05, **p<0.005.
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Movie 4-1
C. elegans escape response during a vibrational stimulus.

Wild-type animal locomotion behavior is recorded to analyze basal instantaneous
velocity. At 15 seconds, a vibration pulse is applied to the plate, inducing an
escape response. Reversal and reinitiation velocity is subsequently analyzed
post escape. Movie has been converted from bright field to format necessary for
velocity analysis.
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CHAPTER V

Final Thoughts

A. General Discussion

This thesis has aimed to investigate how the C. elegans escape response
is modulated by tyramine. To uncover the mechanisms that control this multi-
stepped behavior, detailed analysis and quantifications were done to describe

the neuronal circuitry and elucidate the key molecular players.

In Chapter Il, we sought to find new tyraminergic signaling pathways
through forward and reverse genetic screens. Similar strategies have long been
used to produce new mutations with a desired phenotype. By isolating a library
of exogenous tyramine resistant mutants, we have determined that tyramine
signaling is used in the animal’s locomotory behavior. Specifically, the most
interesting mutants that were isolated were alleles of Igc-55, a tyramine-gated
chloride channel. Subsequently, Jennifer Pirri fully analyzed the behavior of
these mutants and conducted electrophysiology to characterize the channel (Pirri

et al.,, 2009). This discovery has led to the establishment of tyramine as a
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genuine neurotransmitter in C. elegans, as it is expressed directly post-synaptic

to the RIM tyraminergic neurons.

Since G protein signaling component mutants were also isolated from the
EMS screen, this led to the majority of my dissertation research on the
tyraminergic receptor, SER-2. As Igc-55 mutants were shown to be resistant to
exogenous tyramine for head movements (Pirri et al.,2009; Chapter 3), ser-2
mutants were resistant to body paralysis on 30 mM tyramine drug plates. By
carefully analyzing the first five minutes of the exogenous tyramine assay, we
saw that these two receptors were playing very distinct roles in the kinetics of
immobilization of the animal. Igc-55 mutants were slower to immobilize body
movements than wild-type, and ser-2 mutants initially began to immobilize in the
first few minutes, but recovered and remained mobile for the remainder of the 20
minute assay. This may be a visualization of the effects of a fast-acting chloride

channel, versus a slow-acting metabotropic receptor.

In addition to evaluating the kinetics of tyramine receptors in
pharmacological assays, a behavioral impact of ser-2 was uncovered. Previous
work had yet to determine a physiological role for the receptor and reported an
overall normal locomotion phenotype, but here we have shed light on an
essential function for this receptor in the correct navigation of the animal during
the escape response. What led to this discovery was the unique expression

pattern seen in the ventral nerve cord. Expression patterns of ser-2 have already
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been published, showing differential expression based on three variable
promoters of the receptor (Tsalik, 2003). One promoter (proml) was reported as
having robust expression in the head muscles, head neurons, and the ventral
nerve cord. Since our pharmacological data supported a role for SER-2 in
locomotion, the first neurons we sought to identify were those of the ventral nerve
cord. Not only did we find that ser-2 expression was GABAergic, but it was
strikingly restricted to a subset of GABA neurons that innervate the ventral
musculature. This led us to ask the question: what behaviors in the animal have
a ventral bias? | began to investigate the C. elegans omega turn, which is almost

always executed as a deep ventral bend.

In Chapter lll, | provide data showing that a behavioral role for SER-2 is to
inhibit GABA release on the ventral body wall muscles to allow the nematode to
effectively contract into a complete omega turn. Here, we show by
electrophysiology, done my Michael Francis, that SER-2 activation by tyramine
inhibits GABA release. This is the first recording in C.elegans that shows the
effect of a GPCR in modulating neurotransmitter release events. Other biogenic
amine receptors have also been shown to modulate locomotion such as the
dopaminergic GPCRs, DOP-1 and DOP-3 in the basal slowing response (Chase
et al., 2004), and the serotonin-gated chloride channel, MOD-1, in the enhanced
slowing response (Ranganathan et al., 2000; Sawin et al., 2000). By showing

that SER-2 modulates navigation by asymmetric expression in VD neurons, we
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began to further investigate how the VD and DD GABAergic motor neurons

control locomotion.

The approach to study VD and DD roles in navigation incorporated two
methods: chronic disruption by laser ablation of each subset of GABAergic
neurons, and acute activation and inhibition of the DD subset using light
activated proteins. This multi-faceted investigation determined that activation
and inhibition of ventral or dorsal GABA neurons, resulting in differential release
of GABA, changed navigation behavior. Interestingly, ablated and light induced
changes of GABA release led to an animal that could still propagate a sinusoidal
wave of movement, unlike changes in cholinergic neurotransmission. Because
of this remainder of normal locomotion with changes in directionality, we have
effectively made the first “remote controlled worm”, opening new avenues into
studying how activation and inhibition of control and motor neurons can guide an

animal to a desired location.

After the activation of LGC-55 and SER-2 to execute the escape, how
does locomotion recommence? Chapter IV yields a new assay to evaluate
instantaneous velocity during the escape response. Previous experiments have
analyzed the frequency of spontaneous omega turns of wild-type and signaling
mutants using a worm tracker (Huang et al., 2006). Our approach uses machine
vision tracking of single worms to do a detailed analysis of behavior from pre-

stimulus, through the escape, and after the omega turn. As we have diagramed
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the different phases of the escape response (Figure 1-1), we now can describe
the characteristics of the final step, as reinitiation of forward locomotion involves
an elevated velocity. Although it is not surprising that an animal would “flee” from
a stimulus (or a predator in the wild), we have begun to investigate when these
changes in velocity occur and which biogenic amines are responsible for the
effects. Our preliminary results indicate that tyramine and dopamine signaling
are modulating the velocity after the induced omega turn, showing that tyramine
and dopamine deficient mutants do not maintain an elevated rate of velocity

compared to wild-type.

In invertebrates, octopamine has been well studied and determined to play
a role in escape responses of the giant squid, crayfish and cockroach (Glanzman
and Krasne, 1983; Reale et al., 1986; Goldstein and Camhi, 1999; Araki and
Nagayama, 2005; Araki et al.,, 2005). Now, with the characterization of two
tyramine receptors and their roles in the C. elegans escape response, we have
established tyramine as a key player in the survival mechanism of the nematode.
By enabling the nematode to translate a mechanical sensory stimulus into a
predicted reversal, suppression of head oscillations, tight omega bend to turn
around, and an increase in speed upon reinitiation of forward locomotion,
tyramine holds the key to a smooth get-away (Figure 5-1). May this be from the
constricting rings of nematophagous fungi, or from another predator, this
compilation of locomotory output has been conserved across nematode species

(Sean Maguire and Mark Alkema, personal communication).
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B. Future Directions

To further our understanding of tyramine signaling in C. elegans,
additional characterization of isolated mutants from our EMS screen could be
done. As most of the mapping of exogenous tyramine mutants was done using
SNP mapping techniques (Davis et al., 2005), which may have interfered with
correctly identifying homozygous mutants, classical mapping techniques are
advised. Many of the isolated mutants displayed a more subtle phenotype, which
may indicate that these mutants are partial losses of function in signaling genes,
or more interestingly, they may not be disrupting a ubiquitous signaling pathway

but are tyramine signaling specific.

The Alkema lab has now behaviorally characterized two tyramine receptor
mutants, but two are left: tyra-2 and tyra-3. By further dissecting the expression
pattern, we may be able to predict possible behaviors that these tyraminergic
GPCRs modulate. tyra-3 mutants are hypersensitive to exogenous tyramine
(Figure 2-3), indicating a potential role in modulation of locomotion. Initial
observations show typical overall locomotion and a normal escape response, but
a detailed analysis of the instantaneous velocity of these mutants has yet to be

done.

Now that we have characterized the escape response as a multi-stepped

process (Figure 1-1), we can further investigate each phase of the behavior.
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LGC-55 modulates the reversal and suppression of head oscillations, and SER-2
works to execute an efficient omega turn. What are the signaling pathways that
initiate omega turns, since ser-2 mutants are still able to initiate a ventral bend?
Previous research has reported that the RIV motor neurons are required to
initiate spontaneous omegas (Gray et al., 2005). We have yet to investigate if
SER-2 plays a role in instantaneous omega turns. Through laser ablation and
channelrhodopsin experiments, we will be able to determine if the same circuitry
and receptors that are required to execute the escape response are also used in

spontaneous reversals and turning behavior.

There still remain questions as to the mechanism of extrasynaptic
activation of SER-2. Our model hypothesizes release of tyramine from the RIM
neurons in the nerve ring upon activation through the mechanosensory circuit.
After tyramine is released in the head region, how does the molecule reach the
receptors located down the length of the nematode’s body? LSD binding assays
have determined that SER-2 has the highest affinity for tyramine, compared to
other biogenic amines in C. elegans, with a pKi of 7.10£0.1. There is an
approximate 30-fold increase in affinity over octopamine when comparing the K;
in a competition experiment between endogenous signaling molecules (Rex et
al., 2004). This indicates that tyramine may act as the endogenous ligand, but
also shows that other biogenic amines may have the ability to activate SER-2 at
high enough concentrations. Similar specificity has been noted for the DOP-2 G

protein-coupled receptor in competition experiments with dopamine (Suo et al.,
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2003). If our model is correct, then tyramine would be released from the RIM
neurons and diffuse throughout the body of the nematode, along the ventral

nerve cord, binding to SER-2 at theoretically low concentrations.

Tyramine diffusion throughout the body would rely on several key
elements. First, tyramine in concentrations high enough to activate the SER-2
receptors would depend on its lack of degradation. In mammals, biogenic
amines are typically broken down by monoamine oxidases. Currently, there are
no known monoamine oxidases in C. elegans, indicating that tyramine may be a
long lasting signaling molecule in the nematode. Second, biogenic amines can
also be transported back into neurons. Although there is a known dopamine
transporter in C. elegans that is expressed in all dopaminergic neurons (Jayanthi
et al.,, 1998; Nass et al., 2002), tyramine does not have a known transporter,
suggesting that once tyramine is released, extrasynaptic flow is possible. Lastly,
in order for tyramine to modulate neurons in the distal region of the animal, the
pseudocoelom must be an environment capable of diffusion. This cavity contains
fluid that bathes all systems and tissues in the animal (Bird and Bird, 1991). The
pseudocoelomic system has been hypothesized to be the mechanism of nutrient
and small molecule transport. Small bacteria, GFP, india ink, and other foreign
materials have been tested for their ability to move through the body cavity and
be endocytosed by the coelomocytes (Fares and Greenwald, 2001; Zhang et al.,
2001; Fares and Grant, 2002), indicating the possibility for tyramine to be

transported as well. Additionally, injection of fluorescently labeled antibodies into
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the pseudocoelom displays a graded diffusion throughout the body, reaching all
areas from nose to tail (Gottschalk and Schafer, 2006), demonstrating that
although the RIM is in the head, there is a system in place which could transport

a small molecule like tyramine along the VNC.

To test if tyramine is acting extrasynaptically by diffusion through the
pseudocoelom, we could examine a variety of checkpoints. First, since the
coelomocytes indiscriminately endocytose cavity fluid to survey for the presence
of viruses and bacteria, we could isolate coelomocytic cells and conduct HPLC to
detect intracellular tyramine. The presence of tyramine in coelomocytes would
indicate that tyramine has breached the confines of synaptic localization.
Secondly, the pseudocoelom could be disturbed by disruption of the excretory
system. It has been shown that ablation of excretory cells or CAN neurons, or
mutations in egl-15 (FGF-like receptor tyrosine kinase) and clr-1 (receptor
tyrosine phosphatase) lead to a clear phenotype in the worm, indicative of fluid
homeostasis interference (Huang and Stern, 2004). If our model of precise
timing of tyramine diffusion and activation of SER-2 during the escape response
is correct, then fluid dynamics changes may affect omega turning behavior.
Lastly, to test if extrasynaptic activation of SER-2 in the VNC is required for
omega turning behavior, we could conduct promoter bashing experiments, or use
a restricted promoter previously defined (Tsalik et al., 2003) to determine if an
animal only mutant for SER-2 in the VNC makes loose omega turns similar to a

completely null animal (Chapter 3). Our data, combined with these additional
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analyses would further support the hypothesis that tyramine release from the
RIM neurons in the anterior region could extrasynaptically modulate behavior

through a GPCR located along the body of the nematode.

Although the RIMs are the only neuronal source of tyramine, tdc-1 is also
expressed in the UV1 cells that wrap around the vulva (Sherwood and Sternberg,
2003; Alkema et al., 2005). The UV1 cells are neuroendocrine cells that express
stretch receptors (Jose et al., 2007), which may be induced to secrete molecules
as an egg passes through during egg laying episodes. This mechanism and
circuitry of the egg laying neurons and muscles could enable a feedback loop in
the egg laying circuit (Zhang et al., 2010). Tyramine could potentially be
released upon activation of the stretch receptors, providing a signal to the HSN
(hermaphrodite specific neuron) which is essential for egg laying. LGC-55 is
expressed in the HSN, and has been shown to modulate egg laying behavior in
the presence of exogenous tyramine (Pirri et al., 2009). In addition to egg laying,
there is the possibility that the contraction of an omega turn could also stimulate
release of tyramine from the UV1 cells, and the tyramine released from the RIM
post mechanical stimulation is unnecessary. To test this hypothesis, omega turn
assays could be performed using L4 stage animals instead of adults. The UV1
cells do not develop until late stage L4, allowing for a simple determination if
these cells are necessary for the execution of a closed omega turn. Additionally,

laser ablation experiments could also be conducted to confirm these results. If
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the absence of the UV1 cells does not affect omega turning behavior, then our

current model will remain supported (Figure 3-8).

In Chapter IV, | have begun to investigate the final phase of the escape
response: the initiation of forward locomotion. Initial observations indicate that
our machine vision based assay will be able to extract subtle, but significant
differences in instantaneous velocity. Further experiments should be conducted
to test if vibration induced escape responses are using the same circuitry as
touch induced escape responses. Calcium imaging of neurons in live, freely
moving animals will enable us to compare the activated neurons upon different
stimulations. Additionally, since we have identified tyramine and dopamine
signaling as possible modulators of velocity after the escape response, the next
step would be to identify which tyramine and dopamine receptors are important
for velocity behavior. After receptor mutant analysis, expression patterns of
receptors may lead us to investigate the circuit, where we will be able to answer

the question: how does a worm accelerate and decelerate?

My doctoral work has broadened the role of the biogenic amine tyramine
as an important neuromodulator in C. elegans behavior. Upon characterizing the
signaling pathway of a tyramine activated GPCR, | have shed light on how trace
amines may act to modulate neuronal function in invertebrates as well as higher
organisms. By fully analyzing the multi-faceted escape response, subtle

behavioral features can be illuminated from molecular signaling pathways to
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neuronal circuits, revealing the complete cascade of biogenic amine signaling in

nematode navigational behavior.
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Appendix I:

Glossary of Genes

acr-2 Non-alpha type nicotinic acetylcholine receptor

cat-2 Dopamine biosynthetic enzyme, tyrosine hydroxylase
dat-1 Dopamine reuptake transporter

dgk-1 Diacylglycerol kinase theta

eat-16 RGS protein which regulates G protein signaling

eat-4 Vesicular glutamate transporter

egl-30 Heterotrimeric G protein a subunit of the G class

flp-13 FMRF-like peptide

goa-1 Heterotrimeric G protein a subunit of the G, class

gpb-2 Heterotrimeric G protein B subunit

Igc-55 Tyramine-gated chloride channel

mec-4 Sodium channel required for sensing gentle mechanical stiumuli
ptr-5 Sterol sensing domain protein involved in molting

ser-2 Tyramine activated G protein-coupled receptor

tbh-1 Octopamine biosynthetic enzyme, tyramine B-hydroxylase
tdc-1 Tyramine biosynthetic enzyme, tyrosine decarboxylase
tph-1 Serotonin biosynthetic enzyme, tryptophan hydroxylase
tyra-2 Tyramine activated G protein-coupled receptor

tyra-3 Tyramine activated G protein-coupled receptor

unc-17 Vesicle acetylcholine transporter (VAchT)

unc-25 GABA biosynthetic enzyme, glutamic acid decarboxylase (GAD)
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unc-47 GABA vesicular transporter

unc-9 Integral transmembrane channel protein (innexin) component of gap
junctions

y116a8c.24 Protein tyrosine kinase
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