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PREFACE

You have made your way from worm to man,

and much within you is still worm

---- F. Nietzsche, Thus Spoke Zarathustra, Prologue ----
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CHAPTER 1 INTRODUCTION
A brief history of neuroscience

In the ancient Indian Vedic texts, the human mind is described to be the source of
consciousness necessary to assess ‘self’ in response to the environment. The arguments
postulated in the second of the four Vedas, known as the Rigveda, were pioneering work
in human civilization that philosophically described the existence of our mind controlling
our body through five senses (in the following order): touch, vision, hearing, smell, and
taste (Campbell, 2002; Chandler, 2011; Kak, 1997). The philosophical concept of
consciousness or mindfulness gave birth to meditation, a technique developed to
coordinate our mind and body, and became a feature of many civilizations over the history
of humanity, even though the biological basis of consciousness was unknown (Chandler,
2011).

Centuries later in the Hellenistic era around 5" Century BC, highlighted for its
contribution to medicine and philosophy, the Hippocratic texts described the ancient link
between our mind and body. They were the first to coin the term “neuron”, meaning tendon
or sinew that tied our body together. About 2500 years later, after persistent efforts and
differing views of numerous philosophers and scientists and with the advancement of
technology, it is now known that the human brain makes conscious choices, about which
we deliberate every day. These choices depend on the neuronal circuitry of the brain; and
for each response we derive, there is a circuit of neurons behind it (Cajal, 1906; Crick and
Koch, 1990; Crick and Koch, 1998). Since antiquity, the search for insights into our mind
and the dissection of our brain has been a quest for many civilizations. Hence, it is crucial
to understand the reason for which this pursuit enjoys scientific attention and the present
perspective on how the experiments on animal consciousness, physiology and behavior

are combined to gain insight into our minds.



At the crossroad of consciousness

One of the most challenging questions that has intrigued many scientists is how
we make a conscious choice. Since the brain controls our choices, contemporary
neuroscience has focused on dissecting the circuits required to produce specific behaviors
(Crick and Koch, 1990; Crick and Koch, 1998). This is because of the general premise
that our voluntary and involuntary behaviors are the reflection of the neural connections
and their activities in our brain. Therefore, behavior becomes a good read-out of the
conscious mind that modulates our physiology (Edelman et al., 2011;
National_Research_Council, 1989).

For instance, visual consciousness, which is described as the ability to pay
attention to visual cues and adjust to the environment, is a classic example that shows
how multiple inputs culminate to form a pattern of behavior (Crick and Koch, 1995; Crick
and Koch, 1998). Let us suppose, we want to avoid a puddle on the street. The information
from the primary and accessory visual cortices will be processed in the limbic system and
communicated to the motor cortex. Finally, through the activities of our peripheral nerves,
muscles and bones, we will avoid the puddle. Similarly, if we want to ignore the puddle,
then another set of reflexes will allow us to walk through the puddle. Therefore, Hamlet's
‘to be or not to be’ is a reflex question, evaluating a choice that involves neural circuit
activities and communication between neurons and the rest of the body.

The next question is whether other animals also have consciousness. ‘The
problem of other minds’ (Crick and Koch, 1990; Crick and Koch, 1998; De Sousa, 2013)
is a highly debated topic because animal consciousness differs from human
consciousness in many different ways. This debate arises because without the human
mind as a reference, it is difficult to ascertain animal consciousness. If we account for
human consciousness as a reference point of comparison for animal consciousness, then

consciousness becomes a subjective matter (Crick and Koch, 1990; Crick and Koch,



1998; De Sousa, 2013; Edelman et al., 2011; Koch et al., 2016). Nonetheless, one cannot
deny that a behavioral response to food or adverse environment is a reflection of what an
animal is thinking at a specific time and context and not subject to human bias (Koch et
al., 2016; Seth et al., 2008). Since behavior is an output of conscious thoughts established
by specific neurons that communicate with each other to pass a chain of commands to the
rest of the body, it is safe to assume that there is a circuit of neurons behind animal
consciousness (Crick and Koch, 1998). Therefore, any behaviors and consequent
physiological changes undertaken by animals to adapt to the given environment is a result
of conscious choice directed by neurons.

As studies with humans, non-human primates and rodents have already
elaborated on conscious behavioral choices (Boly et al., 2017; Edelman et al., 2011; Koch
et al., 2016; Rees et al., 2002; Tiengo, 2003; Tononi and Koch, 2008), | consider insects,
worms and elephants for further illustrations of animal consciousness. Dragonflies use
their exquisite sense of selective attention to navigate themselves precisely through
diverse environments in search of food as a flock (Frye, 2013). However, honey bees,
despite being social creatures, lack empathic understanding while collecting flower
nectars for storage in their hives (Tie, 1997). Therefore, the different types of food-seeking
techniques adopted by dragonflies and honey bees are conscious choices of behavior
(Frye, 2013; Tie, 1997; Tononi and Koch, 2008; Wiederman and O'Carroll, 2013).

Another display of conscious choice in invertebrates is learning to avoid the food
that makes the worm C. elegansill (Zhang et al., 2005) or adopting a different physiological
state when the worm faces adverse conditions (Cassada and Russell, 1975; Golden and
Riddle, 1984). For instance, in response to decreasing food and increasing population
density or high temperatures, C. elegans becomes a dauer, a growth-arrested form that
represents a resilient physiological state (Cassada and Russell, 1975; Golden and Riddle,

1984). When environments improve, dauers become adults to resume their reproductive



physiological form. This set of decisions, which is only undertaken by a major subset, but
not all, of C. elegans under a given environment, is a model of objective requirement, i.e.,
survival during stress, and is again independent of human bias.

In experiments that explore animal consciousness from a psychological
perspective, elephants showed self-awareness in front of mirrors, because their behavior
primarily focused on impersonating themselves or the creature they saw in the mirror
(Plotnik et al., 2010; Plotnik et al., 2006). This also holds true for cats and dogs (Cazzolla
Gatti, 2016). Therefore, animal consciousness can be measured by behavioral outputs,
which are a culmination of psychological, molecular and physiological changes within the
animals (Bickle, 2007; Hameroff, 1994).

Many animals exhibit conscious behaviors, but not all animals can appropriately
evaluate all aspects of conscious choices. It is advantageous to study the psychological
basis of consciousness in humans, but it is also very difficult to explore its molecular basis
in us. Non-human primates are highly informative in understanding the psychological basis
of social or collective conscious decisions in adverse situations, but again the cellular and
molecular circuits for such conscious decisions are easier to explore in simpler animals,
like flies and worms. Due to the ease of its culture conditions, largely mapped nervous
system, the similarity to other animals of its neural communication processes and the
existence of an excellent genetic toolkit, | chose the worm C. elegans to understand how
an animal consciously decides to become a dauer and exit from dauer (Fig. 1.1).

Dauers

The nematode C. elegans develops through four successive larval stages to
become an adult, which will lay eggs that will continue through the life cycle of the animal
(Fig. 1.1). However, when the worms face adverse environmental situations during
development, they decide to become dauers (Cassada and Russell, 1975). The conscious

choice of being a dauer largely occurs in the first larval stage, L1, and depends on



environmental stress cues, such as a combination of food scarcity and increased
population density or high temperatures (Cassada and Russell, 1975; Golden and Riddle,
1984). The harsh environmental cues are interpreted by sensory neurons that direct the
L1s to molt into pre-dauers and dauers (Bargmann and Horvitz, 1991; Riddle et al., 1981).
However, it should be noted that not all L1s choose to become dauers. About seventy
percent of the L1 population enters the dauer program, whereas the rest starve and arrest
as L1 or continue development to L2 (Golden and Riddle, 1984; Riddle et al., 1981). Since
not all L1s switch into the dauer program under adverse conditions, it is safe to assume
that L1s exhibit a conscious choice of molting into a dauer versus staying as a non-dauer
larva (Fig 1.1).

Dauer pheromone, which is a mixture of ascarosides and other glycosidic
molecules, is secreted throughout an animal’s life and indicates the density of the
population (Butcher et al., 2007; Jeong et al., 2005; Riddle et al., 1981). When the ratio of
dauer pheromone to food increases, L1s make the choice to develop into dauers and
retain this arrested physiology until conditions again improve (Golden and Riddle, 1984).
When food becomes abundant and the level of dauer pheromone decreases or
temperature becomes optimal, dauers molt into the last larval stage, L4, which will develop
further into adulthood. The L1 transition into dauer and dauer transition into L4 are
developmental choices that reflect the perception of changing environmental cues that
influence physiology.

Dauers are distinct in many different ways from their developmental counterpart,
L3 (Fig. 1.1), since dauers need to endure stressful environments. Dauers have a mouth
that remains plugged, which means they do not eat; dauers are also radially constricted
and thinner than L3 (Cassada and Russell, 1975). Since dauer mouths are plugged, their
pharynges are remodeled and inactive, and thus do not pump to grind any bacterial food

that would normally have been delivered to the intestine (Cassada and Russell, 1975;



Riddle et al., 1981). In addition, dauers develop a special cuticle structure called alae,
which are secreted from epithelial tissues (Johnstone, 2000; Singh and Sulston, 1978).
The alar ridges run longitudinally and span the entire length of the worm and are believed
to help the worms move faster in harsh environments (Cassada and Russell, 1975). Dauer
metabolism is also different from L3s: dauers have a higher rate of the glyoxalate cycle,
which utilizes lipid sources to provide energy during quiescence, whereas L3s and older
animals have higher rates of aerobic respiration and TCA cycle (Wadsworth and Riddle,
1989). Therefore, it is not surprising to find that dauers are radially constricted, because
lipid stores in dauers provide energy for survival, which likely leads to the leanness of
dauers versus non-dauers. However, it is interesting to note that despite the radial
shrinkage of the dauer body, there is no shrinkage in the volume of the nervous system in
dauers as compared to those in non-stressed larval stages or adults
(http.www.wormatlas/dauer.org). Finally, dauers are also reported to have a global
reduction in transcription, which highlights the importance of efficient use of already
existing MRNAs in these animals in the effort to conserve energy for survival (Dalley and
Golomb, 1992; Snutch and Baillie, 1983). Thus, all these transformations indicate that

dauers are very different from the other larval stages or adult worms.
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Fig. 1.1: C. elegans development. C. elegans develops through four larval
stages—L1 to L4—to become a reproductive adult. Under stress, such as low food

or overcrowding,

L1s undergo an alternative developmental pathway—the

formation of stress-resistant dauers, instead of L3s. Dauers have an altered
metabolism that uses less energy, allowing it to survive until conditions improve.
The return of ideal conditions causes dauers to exit to L4s and resume reproductive
development (Burnell et al., 2005; Erkut and Kurzchalia, 2015; Feller, 1999; Golden
and Riddle, 1984; Wang et al., 2009).

Nerve ring

Sensory pore

Promotes

dauer entry Inhibits dauer entry

Promotes both dauer entry and exit

Fig. 1.2: A schema of
the C. elegans head. (A) The
small circles are cell bodies
of amphid neurons. Open
circles do not participate in
the dauer paradigm. Blue
neurons inhibit, red neurons
promote dauer entry. ASJ is
a neuron that has two
opposing  functions, by
stimulating dauer entry and
exit. The band-like structure
has the axons that represent
the nerve ring, while the
dendrites are exposed to the
environment through the
sensory pore, also known as
the nose. (B) Cartoon of a
transverse section of the
worm head. The electron
micrographs of the nerve ring
(NR) are reported through
this angle (White et al, 1986).
(C) The longitudinal section
shown in this figure should
yield transverse sections of
the NR, which can depict the
gaps between the axonal
trajectories and the patterns
of the axonal tracts.



If dauers have an altered state of physiology, then do dauers have an altered mind
to counter stressful environments? Yes, indeed. The mind of a worm, which encompasses
the amphid sensilla and the nerve ring, has been extensively investigated for structural
changes; and electron microscopy reveals that the amphid sensilla change in structure
when the animals are in dauer (Albert et al., 1981; Albert and Riddle, 1983; White et al.,
1986). However, the mapping of the structure of the dauer nerve ring has yet to be
completed. Therefore, to understand the structural and molecular bases of the stress-
altered worm mind and their implications in the decision to recover from stress has been
the aim of my thesis research.

The nervous system of C. elegans

C. elegans have two sexes: males and hermaphrodites. The hermaphrodite
nervous system has 302 neurons and 56 glial cells, which are connected through chemical
and electrical synapses (Shaham, 2006; Ward et al., 1975; White et al., 1986). Males have
a larger nervous system with an additional 79 neurons and 36 glial cells, raising their total
to 381 neurons and 92 glial cells (Shaham, 2006; Ward et al., 1975; White et al., 1986).
The larger nervous system in males provide sensory connections to the male-mating
apparatus and to the posterior part of the body. However, most of the neurons in the head
region remain similar for both sexes. Out of 302 neurons in hermaphrodites and 381
neurons in males, only eight neurons are hermaphrodite-specific, namely the HSN pair
and the VC1-VC6 neurons, and only four neurons are male-specific, namely the head
CEM neurons (Albert and Riddle, 1983; Chen et al., 2006; Ward et al., 1975; White et al.,
1986).

Amphid sensillum

To achieve complex behavioral outputs from a simple nervous system, C. elegans
has developed several small sensilla, which include a pair of amphid sensilla, whose

neuronal somas are situated adjacent and posterior to the nerve ring [NR; Fig. 1.2; (Ware



et al., 1975; White et al., 1986)]. The amphid somas have dendrites and axons and are
thus bipolar in nature [Fig. 1.2A; (Ware et al., 1975; White et al., 1986)]. The amphid
somas send (i) axons to the NR, where the axons synapse with other axons, and (ii)
dendrites to the amphid pore, where the cilia at the dendritic tips sense the environment
near the mouth of the worm [Fig. 1.2A;(White et al., 1978; White et al., 1986)]. The amphid
ganglion, situated juxta-posterior to the NR, refers to the group of amphid neuronal cell
bodies that have a scant number of synapses, but which remain sheathed in a pouch-like
basal lamina of the hypodermis, consistent with the definition of a neural ganglion (Albert
and Riddle, 1983; Ward et al., 1975; Ware et al., 1975; White et al., 1986).

The amphid ganglion forms the largest chemosensory organ of the worm. It is
comprised of 12 sets of bilaterally symmetrical sensory neurons belonging to at least three
different classes of sensory modalities: gustation (ADF, ADL, ASE, ASG, ASI, ASJ and
ASK neurons), olfaction (AWA, AWB and AWC neurons), thermosensation (the neuron
AFD and, to a minor extent, AWC) and nociception [ASH neurons; (Ware et al., 1975;
White et al., 1986)]. These amphid neurons participate in controlling a multitude of
physiological pathways, such as the decision to form dauers or avoid harmful odors or
food that make the worms sick (Bargmann and Horvitz, 1991; Chalasani et al., 2007).

Interestingly, not all amphid neurons have been shown to participate in different
physiological processes, such as the dauer program, longevity or olfactory learning (Fig.
1.2A) (Alcedo and Kenyon, 2004; Bargmann and Horvitz, 1991; Chalasani et al., 2007;
Chen et al., 2013). However, multiple amphid neurons can be grouped together based on
their functions to form a ‘neural code’. For instance, dauer formation and dauer exit require
different sets of amphid neurons. Through the systematic ablations of amphid neurons,
ASI, ADF and ASG were shown to inhibit entry into the dauer stage, whereas ASJ and
ASK promote dauer entry (Bargmann and Horvitz, 1991; Schackwitz et al., 1996). Since

ablation of the ASJ neuron also prevents dauers from exiting, this means that ASJ
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promotes exit from dauers (Bargmann and Horvitz, 1991). Besides dauer formation,
amphid neurons also participate in other physiological processes. The ablation of ASI,
ASG, ASJ and ASK can impact worm longevity (Alcedo and Kenyon, 2004). Loss of ASI
or ASG increases survival, whereas loss of ASJ or ASK can decrease survival (Alcedo
and Kenyon, 2004). In addition to inhibiting longevity, the amphid neurons AWA and AWC
participate in olfaction (Alcedo and Kenyon, 2004; Chalasani et al., 2007). Therefore, there
are specific neurons designed to perform specific functions at any given period of time. In
other words, the ‘neural code’ that controls physiological responses is a possibility,
because one particular amphid neuron can perform multiple functions during the lifetime
of a worm. This is nicely exemplified by ASJ, which promotes longevity in well-fed adults
at 20°C, but it inhibits longevity in food-deprived adults at lower temperatures (Alcedo and
Kenyon, 2004; Artan et al., 2016). Moreover, ASJ promotes dauer entry at the L1 decision
stage (Golden and Riddle, 1984), but ASJ again changes its function in dauers, when it
steers dauers to exit to post-dauer L4s during improved environments [Fig. 1.2A;
(Bargmann and Horvitz, 1991; Cornils et al., 2011; Schackwitz et al., 1996)].

The nerve ring

As multicellular organisms evolved, the need to communicate between cells
increased. Therefore, specialized cells called neurons have evolved. These neurons and
their dendritic and axonal processes are capable of converting chemical signals into
electrical signals and vice versa. The first and basic evidence of the nervous system
begins with the cnidarians, e.g., the jelly fish, which have a simple nerve net that spans
the entire body of the animal (Bosch et al., 2017). In nematodes, the centralization of the
nervous system transformed the nerve net into a nerve ring, whereas in flies, mice,
monkeys and humans, this centralization led to brain development (Arendt et al., 2016;

Burkhardt and Sprecher, 2017; Clark et al., 2019).
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The nerve ring of C. elegans contains about 180 axons that pass through a ring-
like structure, where they form en passant synapses with each other [Fig. 1.2A; (Albert
and Riddle, 1983; Chen et al., 2006; Ward et al., 1975; Ware et al., 1975; White et al.,
1986)]. Because the NR is situated centrally in the head of the worm, is surrounded by
several ganglia, like the amphid neurons, and possesses a high number of chemical and
electrical synapses, the NR can be considered a primitive brain (Arendt et al., 2016;
Burkhardt and Sprecher, 2017; Clark et al., 2019). Yet, the NR is unlike the vertebrate
brain as the NR only contains axons, which are from approximately 60% of the neurons in
the worm nervous system. Nonetheless, the absence of dendrites in the NR bundle
provides an excellent window to understand axonal communication between neurons in
the animal brain during stressful and non-stressful conditions.

Although C. elegans lacks two basic senses, vision and audition, and thus
considered to have an over-simplified nervous system, the general principles of neural
communication in C. elegans is well conserved and can be compared to the human brain.
Therefore, the C. elegans NR provides a basic anatomical structure that consists of many
neural circuits that can be used to understand the concepts underlying animal
consciousness, which can then be extrapolated across species.

Stress resets the senses

The dendrites of amphid neurons sense the environment and signal to the cell
bodies, which process and further relay the signals to the NR axon bundle that
subsequently transmits the information to the rest of the body (Ware et al., 1975; White et
al., 1986). As the animal encounters and adapts to environmental stressors, the dauer
nervous system undergoes remodeling compared to that of L3 or the adult (Albert and
Riddle, 1983). For instance, the gustatory ASI neuronal dendrite is shortened and loses
contact with the environment (Ward et al., 1975). In contrast, together with their glias, the

olfactory AWC pair of neuronal dendrites expands and fuses together just below the
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plugged mouth (Procko et al., 2011). Meanwhile, the gustatory ASJ neuron neither
shortens nor expands its dendrite (Ward et al., 1975), despite being a key neuron that
performs dual and paradoxical functions during the dauer program (Bargmann and
Horvitz, 1991; Cornils et al., 2011; Schackwitz et al., 1996).

At first glance, the NR of dauers looks similar to that of non-dauers when a worm
is transversely sectioned. However, reconstruction of the serial electron micrographs
appears to show that the dauer NR has a greater volume than the NR of its developmental
counterpart L3 (Ward et al., 1975; White et al., 1986). Under higher magnification of the
electron micrographs, sections of individual dauer NR axons (Fig. 1.2B) show that they
are broader with little or no space between adjacent axons, unlike non-dauer axons (Ward
etal., 1975; White et al., 1986). However, it remains unclear if these differences arise from
the angle of the sections (Fig. 1.2B) or from damage incurred during sample preparation
for electron microscopy or whether these differences are also visible in the live dauer NR
versus the non-dauer NR from all angles (Fig. 1.2 B-C).

As dauers are developmentally arrested counterparts of L3s, one might expect that
the dauer nervous system will also be quiescent, but that is not the case. A magnified
image of a dauer NR cross-section shows that the dauer NR is full of synaptic vesicles
and gap junctions can be found in this link:

[(https://www.wormatlas.org/dauer/neuroanatomy/Images/dneurofig8leg.htm;

(Albert and Riddle, 1983; Ward et al., 1975)]. Therefore, this image informs us that dauer
NR retains the ability to communicate through synapses and gap junctions to endure and
recover from stress when situations permit. Together the above data suggest that dauers

do have an altered nervous system that is capable of functioning under adverse situations.
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How does the amphid ganglia ‘neural code’ maintain physiological
plasticity?

Since neurons are the means through which the environment influences
physiology, the next question is how these neurons communicate to the rest of the body
during adverse environments. How do they steer the animal’s entire physiology into
survival mode, e.g., dauer arrest? How do dauers understand when they should exit to
L4s? Environmental insults can stimulate neurons to release substances, such as
neuropeptides, which will modulate synaptic strength and plasticity and achieve the
optimal physiological response (Ailion et al., 1999).

What are neuropeptides?

Neuropeptides are peptides secreted by neurons from dense core vesicles (Li et
al., 1999). The total number of neuropeptide genes in C. elegans are beyond one
hundred, a feature similar to mammalian systems (Bargmann, 1998). These
neuropeptides belong to three key classes: the FMRF-amide (Phe-Met-Arg-Phe-NH>)-
like peptides (FLPs), the insulin-like peptides (ILPs), and the neuropeptides that belong
neither to the FLPs nor to the ILPs are termed neuropeptide-like peptides (NLPs) (Li et
al., 1999; Li et al., 2003; Pierce et al., 2001). Of the three neuropeptide families, the ILP
family has been established as a major regulator of the dauer program, since mutations
in the ILP genes have led to altered dauer entry and exit rates (Cornils et al., 2011; Kimura
et al., 1997; Li et al., 2003; Pierce et al., 2001).

ILPs and DAF-2/Insulin Receptor

At least some of the ILPs are ligands of the worm insulin receptor DAF-2 (Kimura
et al., 1997; Li et al., 2003; Pierce et al., 2001), which is expressed in many different cells,
such as neurons, intestinal cells, germ cells and epidermal cells [reviewed in (Kenyon,
2005)]. The neuronal DAF-2 receptor acts nonautonomously on non-neuronal cells to

modulate physiology, where a decrease in DAF-2 activity increases dauer formation or
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modulates dauer exit, similar to the phenotypes observed when certain combinations of
amphid neurons have been ablated (Apfeld and Kenyon, 1998; Bargmann and Horvitz,
1991; Kenyon, 2005). Activation of the DAF-2 receptor leads to activation of the
phosphoinositide-3 (PI-3) kinase, which produces phosphatidylinositol 3,4,5-
trisphosphate (PIP3) from phosphatidylinositol (4,5)-bisphosphate (PIP2) (Mukhopadhyay
et al., 2006; Murphy, 2013). PIP3 recruits the serine/threonine kinases PDK-1, AKT-1,

AKT-2 and SGK-1 to the plasma membrane, where PDK-1 phosphorylates and activates
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Fig. 1.3: Schematics of the insulin-like peptide processing machinery and the
subcellular compartments that participate in processing the ILP peptides. ILPs are
translated as pre-propeptides, which are converted to propeptides by the signal
peptidase in the endoplasmic reticulum. Propeptides get processed further through
proprotein convertases and carboxypeptidases, which occur in the Golgi bodies.
Therefore, both endoplasmic reticulum and Golgi bodies are required to give rise to
mature peptides. ILPs also form intramolecular and intermolecular disulfide bridges.
These ILPs are packaged into dense core vesicles and are transported towards the
peripheries of the neurons.
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AKT-1, AKT-2 and SGK-1, which consequently phosphorylate DAF-16, a member of the
forkhead (FOXO) transcription factor family (Mukhopadhyay et al., 2006; Murphy, 2013).
Phosphorylated DAF-16 is sequestered in the cytosol, which would inhibit DAF-16-
dependent gene expression (Mukhopadhyay et al., 2006). When ILP agonists are absent
or act as antagonists of the DAF-2 receptor, AKT-1/AKT-2-dependent phosphorylation of
DAF-16 does not occur, permitting DAF-16 nuclear translocation and the expression of a

myriad of target genes (Mukhopadhyay et al., 2006; Murphy, 2013).

Like other neuropeptide families in mammals and C. elegans, ILPs are transcribed
and translated as pre-proinsulins, which are cleaved by signal peptidases to form
proinsulins in the endoplasmic reticulum [ER; Fig. 1.3; (Husson et al., 2006; Steiner,
1998)]. Due to (i) sequence similarities between C. elegans ILPs and the insulin, insulin-
like growth factors (IGFs) and relaxins of humans and other animals and (ii) the conserved
processing machineries, it is considered that the general principles of ILP processing
remain fairly similar across species (Bedarkar et al., 1977; Brown et al., 1955; Kimura et
al., 1997; Li et al., 2003; Pierce et al., 2001; Rinderknecht and Humbel, 1978). Thus, the
40 C. elegans ILPs are predicted to be further cleaved by proprotein convertases and
carboxypeptidases and stabilized by a set of disulfide bonds to form the mature peptides
[Fig. 1.3; (Jacob and Kaplan, 2003)]. Based on their cysteine residues, the different ILPs
in the C. elegans genome are expected to undergo extensive processing to give rise to
different peptides with different combinations of disulfide bridges (Duret et al., 1998;
Fernandes de Abreu et al., 2014; Pierce et al., 2001; Rinderknecht and Humbel, 1978).
However, some of the ILPs are proposed to resemble closely the known structures of
human insulin, i.e., they contain B and A peptides of variable lengths, which form
intermolecular and intramolecular disulfide bridges [Fig. 1.3; (Pierce et al., 2001)]. The

processing of the worm ILPs, which should begin in the ER, is believed to continue in the
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Golgi bodies (referred to as Golgi hereafter) until they are packaged into dense core
vesicles prior to secretion [Fig. 1.3; (Eskridge and Shields, 1983; Quinault et al., 2018; Xia
et al., 2009)].

ILPs are proposed to act as modulators of neural DAF-2 signaling in the worm
brain in response to stress (Cornils et al., 2011; Fernandes de Abreu et al., 2014). Similar
to DAF-2, ILPs from different cells, which include the amphid neurons, modulate the entry
into and exit from the dauer program (Ailion and Thomas, 2000; Chen et al., 2013; Cornils
et al., 2011; Li et al., 2003; Pierce et al., 2001). Indeed, our laboratory has shown that a
combination of ILPs regulate the switches between dauer and non-dauer programs,
based on the individual and combined phenotypes of three ILP deletion mutants, daf-28,
ins-1, and ins-6 (Cornils et al., 2011). For instance, the ILP daf-28 plays a major inhibitory
role in dauer entry, but only weakly stimulates dauer exit (Chen et al., 2013; Cornils et al.,
2011; Fernandes de Abreu et al., 2014). In contrast, the ILP ins-6 has a minor inhibitory
role in dauer entry, but a major stimulatory role in dauer exit (Cornils et al., 2011;
Fernandes de Abreu et al., 2014), whereas ins-1 ensures dauer arrest by promoting dauer
entry and inhibiting dauer exit (Cornils et al., 2011).

Since the C. elegans ILPs do act combinatorially to regulate physiology (Cornils et
al., 2011; Fernandes de Abreu et al., 2014), this prompts the next question on how they
act together to regulate the choice between the dauer and non-dauer states.

The inter-ILP network

An ILP combinatorial code controls dauer entry and exit, where the subset of ILPs
required to control dauer entry is different from the subset of ILPs that regulate dauer exit
(Cornils et al., 2011; Fernandes de Abreu et al., 2014). Because the ILPs present in the
same subset are not defined by a consensus sequence or by chromosomal clustering,
quantitative reverse transcriptase PCR (qPCR) of all 40 ILPs in individual ILP deletion

mutants were performed(Fernandes de Abreu et al., 2014). Analysis of the subsequent
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data indicates that the 40 ILPs communicate among themselves through a network, known
as the inter-ILP network [Fig. 1.4; (Fernandes de Abreu et al., 2014)]. Genetic analyses
further suggest that this ILP network can be divided into subnetworks that regulate diverse
processes, such as the dauer program, aversive olfactory learning, longevity or even
thermotolerance (Chen et al., 2013; Cornils et al., 2011; Fernandes de Abreu et al., 2014).
Therefore, distinct ILPs have distinct effects on specific processes and the ILP network
provides the mechanism to implement the ILP combinatorial coding strategy to regulate
these processes (Chen et al., 2013; Cornils et al., 2011; Fernandes de Abreu et al., 2014).

Interestingly, the ILP family exists as a large family not only in C. elegans, but also
in many other animals (Bathgate et al., 2013). While C. elegans has 40 ILPs, Drosophila
has 8, mammals have 10 and humans have 10 [including the relaxins; (Swanson and
Riddle, 1981)]. This raises the possibility that the combinatorial ILP coding strategy
implemented by an ILP network to coordinate diverse physiological processes is also

ins=27

conserved across species.

ins=31 inst11

Since this network

ins=17

organization is important for ins=36  ins-32

survival, the question then is

ins-16_

ins=12=————" ins-39

Fig. 1.4: An illustration of the inter-ILP network [modified from (Fernandes de
Abreu et al., 2014)]. This is a free-edge network of ILP gene expression simulated on
a spring-embedded model. Each node represents an ILP family member. The size of
the node represents the number of connections each ILP makes with other individual
ILPs, which means that those individual ILPs can regulate each other. Purple and red
connections indicate stimulatory and inhibitory regulation between ILPs, respectively.
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Scope of this thesis

Interestingly, the ILP ins-6 forms a major relay node in this inter-ILP network (Fig.
1.4). ins-6 expression is modulated by the expression of many other individual ILPs, while
ins-6 itself also affects other individual ILPs (Fernandes de Abreu et al., 2014). ins-6
expression is tightly regulated in only two pairs of sensory neurons during the larval
stages: ASI, a dauer entry-inhibiting neuron, and ASJ, a dauer entry-promoting and dauer
exit-promoting neuron [Fig. 1.2; (Bargmann and Horvitz, 1991; Schackwitz et al., 1996)].
ins-6 expression in ASI during the dauer entry decision stage, mid-L1, and to a minor
extent in early L2 (Golden and Riddle, 1984) presumably functions to inhibit dauer entry,
whereas ins-6 from the dauer ASJ sensory neuron promotes exit (Cornils et al., 2011).
These data indicate that the ins-6 expression in these two neurons is important for the
dauer program.

Because ins-6 is a critical node in the inter-ILP network (Fig. 1.4) (Chen et al.,
2013; Cornils et al., 2011; Fernandes de Abreu et al., 2014), | hypothesized that
identifying the ins-6 regulators should also identify the regulators of the inter-ILP
network. Therefore, by conducting an unbiased and forward mutagenesis screen focused
on altered ins-6 expression, | should also isolate the regulators that will alter the dynamics
of the entire inter-ILP network. | postulate that these ins-6 regulators, and thus of the inter-
ILP network, are the decisive factors that modulate physiology during adverse conditions,

by bridging the mind of a worm to its body through the inter-ILP network.
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CHAPTER 2 MATERIALS AND METHODS

Experimental model

Wild-type (N2) or mutant C. elegans hermaphrodites of different developmental
stages were grown on E. coli OP50 at 20°C or 25°C, as specified, using standard protocols
(see Chapter 3; Brenner, 1974). Wild-type and mutant dauer larvae were induced through
starvation and overcrowding, with the exception of daf-2 mutants, which formed
constitutive dauers at 25°C (Gems et al., 1998). Wild-type and mutant post-dauer larvae
were induced by transferring dauers to plates with abundant food, with the exception of
daf-2(e1368) mutants, which exited after a few days at 25°C (Gems et al., 1998). The
different mutants used in this thesis were also specified in the Chapters 3 to 6.
Fluorescence in situ hybridization

See the main and supplemental Materials and Methods sections of Chapter 3.
Forward genetic screen for ins-6 regulators

To isolate the regulators of ins-6, and thus, the inter-ILP network, we performed
an unbiased screen. drcSi68 ins-6p::mCherry-expressing hermaphrodites were
synchronized by picking ~1000 L1s within two hours. The L1s were then incubated at 20°C
to let the L1s develop to the mid-L4 stage on the NGM plates (Brenner, 1974). After three
washes with M9 buffer (86 mM NaCl, 42 mM Na;HPO47H20, 22 mM KH2POs) in 15 mL
tubes, the worms were resuspended in 50 mM ethyl methanesulfonate (EMS) in M9 buffer
for four hours. The EMS solution was later aspirated after the worms were pelleted at 700
g for three minutes (Brenner, 1974). We performed five fifteen-minute washes with M9
before plating the L4s. To perform an F2 non-clonal screen of dauers, we distributed 50
EMS-treated L4s on twenty-five 6-cm plates and transferred the subsequent fertile EMS-
treated adults (Po) after two days to fresh plates. After a day, we again transferred the

EMS-treated Py adults to fresh plates to collect as many F1s as possible. The resulting
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F1s produced enough F2 progeny to overcrowd the plates and increased the chances of
finding F2 non-clonal dauers. After four days of noting the first F2 dauer on each plate, we
screened the plates for dauers that exhibited aberrant ins-6 expression. Through this
method, we screened ~2700 dauers in a span of 48 hours and isolated 30 dauers that
showed anomalous ins-6 expression. We clonally amplified these 30 F2 mutant dauers
and prioritized them based on lethality, sterility, penetrance and dauer-specific anomalous
ins-6 expression. Of the 30 mutants, only five viable strains had healthy brood sizes and
dauer-specific aberrant ins-6 expression.
Reverse genetic screen for ins-6 regulators

Because dauers have axonal ins-6 mRNA, we performed a candidate-based
search of molecular motors using the GO-Term tool of WormMine (powered by WormBase
and Intermine) and AmiGO 1.8 (Consortium, 2004). The constraints used in both searches
were “kinesin complex” or “dynein complex” in C. elegans (secondary constraint), while
the third constraint “neural” further streamlined the search (Aerts et al., 2006; Consortium,
2004; Tiffin et al., 2005). The resulting list was manually curated for the availability of
strains and simultaneously subjected to NCBI's modified Basic Local Alignment Tool
(BLAST): Constrained-based BLAST (COBALT), to find the species-specific changes in
the nucleotide alignment; multiple-alignment tool, to find sequence similarity between
multiple species; and smartBLAST, to find the similarity in protein structure through
nucleotide alignment (Aerts et al., 2006). The alignments allowed us to prioritize the
kinesins and the dyneins that were tested for axonal ins-6 mRNA localization. Mutant
availability and the evidence of severe phenotypes (such as lethality, sterility or defective
locomotion) further tapered the list of prioritized candidates.
Whole genome sequencing (WGS)

To remove at least 98% of the background mutations that had no effect on the

dauer-specific ins-6 mis-expression, the jx29 mutants were backcrossed to their parent
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strain drcSi68, which was repeated for a total of six times (Zuryn et al., 2010). Isolated
DNA from the cleaned jx29 and drcSi68 were sent for library preparation and lllumina
Sequencing (to obtain a sequencing depth of 50-150) at the Michigan State University
(Schneeberger, 2014; Zuryn et al., 2010). Using a locally installed GALAXY platform (FTP
server), we compared the changes in the genome of N2 (wild type), drcSi68 (the parent
strain), and jx29 [the EMS-mutagenized strain; (Doitsidou et al., 2016; Minevich et al.,
2012)]. The first step of the pipeline was to clean the sequence reads by using the FASTQ
groomer tool. Next, adapter sequences were removed from the paired-ends; and the jx29
and drcSi68 sequence reads were then sorted and indexed against the N2 reference
genome, using the BWA-mem tool to generate SAM reads (Sequence Alignment/Map
reads).

Because the generated dataset was large, we converted the SAM files into binary
sAM (BAM reads). The variant calling of the BAM files were done in two steps: first, the
aligned sequences were sorted based on inconsistencies/polymorphisms against the
genomes of N2 and drcSi68; second, the inconsistent nucleotides were called “variant”
(polymorphic). We filtered the variants or single-nucleotide polymorphisms (SNPs), using
the GATK suit/Picard tools, and annotated the SNPs, using SNPEff and snpSift. We
scored our variants based on the error rates for variant-calling by setting our quality score
> 30. This setting maintained a genome-wide probability of true variant calling by = 97%.
We also set the depth calling (DP) values to 30-50 to filter our variants. Depth calling is
the number of times a base is called a variant in that position among the aligned reads.
We used an upper limit (30-50) to restrict any variable number tandem repeats or false
positives (Smith and Yun, 2017).
mRNA structure analyses

To predict the role of UTRs in the structure of ins-6, daf-28 and ins-1 mRNA, we

used the Zuker's mFold predictions provided by the Vienna RNA package (known as
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RNAfold WebServer) to distinguish structural differences due to the lack of UTRs from the
individual ILP mRNAs (Lee and Ambros, 2001; Zuker, 2003). To achieve accuracy, the
minimum free energy (MFE) change and the partition function of base-pairing probabilities
were determined at 20°C. Twenty different probabilities were analyzed to create one
consensus RNA structure for each sequence analyzed.
Agarose pads and live-imaging of worms

To understand the NR morphology in dauers without any anesthetic agent, | used
10% low-melt agarose pads to increase the friction, because higher friction makes
movement difficult and sluggish (Fang-Yen et al., 2009). The pads were kept at ~30°C (to
maintain softness) and dried for 5 minutes to further increase the friction, before dauers
were mounted on the pads and covered with a coverslip, while avoiding any bubble
formation. The dauers slowed after ~20 minutes on the pad, which is when they were
imaged. For all fluorescence-based live-imaging, | used 1% agarose pads to reduce the
diffraction of fluorescent light through the agarose and increase accuracy. | also added
either anesthetic agent, 9 mM sodium azide or 6 mM (-)-tetramisole hydrochloride (Sigma,
Cat # L9756-5G) to the 1% agarose pads. Well-fed animals that were non-dauers were
exposed to 3 mM (an effective dose for L1 and L2) or 5 mM (an effective dose for L3, L4
and adults) sodium azide. Otherwise, | used 3 mM (an effective dose for L1 and L2) or 5
mM (an effective dose for L3, L4, and adults) (—)-tetramisole hydrochloride. Depending on
the experiment, the concentration of sodium azide or (-)-tetramisole hydrochloride were
kept constant and specified.
Microscopy and imaging analyses and statistical analyses

See the main and supplemental Materials and Methods sections of Chapter 3.
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CHAPTER 3 AXONAL TRANSPORT OF AN INSULIN-LIKE PEPTIDE MRNA
PROMOTES STRESS RECOVERY IN C. ELEGANS

Abstract

Aberrations in insulin or insulin-like peptide (ILP) signaling in the brain causes
many neurological diseases. Here we report that mMRNAs of specific ILPs are surprisingly
mobilized to the axons of C. elegans during stress. Transport of the ILP ins-6 mRNA to
axons facilitates recovery from stress, whereas loss of axonal mMRNA delays recovery. In
addition, the axonal traffic of ins-6 mRNA is regulated by at least two opposing signals:
one that depends on the insulin receptor DAF-2 and a kinesin-2 motor; and a second
signal that is independent of DAF-2, but involves a kinesin-3 motor. While Golgi bodies
that package nascent peptides, like ILPs, have not been previously found in C. elegans
axons, we show that axons of stressed C. elegans have increased Golgi ready to package
peptides for secretion. Thus, our findings present a mechanism that facilitates an animal’s
rapid recovery from stress through axonal ILP mRNA mobilization.

Keywords: axonal neuropeptide mRNA, axonal Golgi, insulin signalling, stress recovery

Significance statement

Stress transports mRNAs of specific insulin-like peptides (ILPs) to neuronal axons.
This axonal mMRNA transport is needed for rapid recovery from stress and beneficial for
survival. Stress also increases axonal transport of Golgi bodies that can locally package
newly synthesized peptides that will be secreted from the axons. Thus, we show how
insulin signaling from a stressed nervous system improves recovery from stress.
Introduction

The inability to recover from stress predisposes us to many neurological
dysfunctions, such as post-traumatic brain injuries and neurodegeneration [reviewed in
(Blazquez et al., 2014; Esch et al., 2002; Frey, 2013; Zeng et al., 2016)]. Here we use the

worm C. elegans to elucidate the mechanisms of stress adaptation and recovery, since
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the worm can switch its developmental state in response to stress [reviewed in (Riddle
and Albert, 1997)]. Like in humans [(Marcovecchio and Chiarelli, 2012); reviewed in
(Blazquez et al., 2014; Frey, 2013; Zeng et al., 2016)], insulin-like peptides (ILPs) and
their receptor enable worms to endure and recover from stress (Kimura et al., 1997; Riddle
and Albert, 1997).

In C. elegans, environmental stressors, like food scarcity and high population
density, cause the first larval (L1) stage of reproductive growth to form dauers, the stress-
induced arrested alternative to the third-stage larva (L3) of the growth program (Golden
and Riddle, 1984). Compared to L3, a dauer is more stress-resistant (Riddle and Albert,
1997). When dauers sense the return of favorable environments, they exit into the last
larval (L4) stage and become a reproductive adult (Golden and Riddle, 1984; Riddle et al.,
1981). These developmental switches are controlled by the combinatorial activities of
specific ILPs from specific neurons (Bargmann and Horvitz, 1991; Cornils et al., 2011;
Fernandes de Abreu et al., 2014; Li et al., 2003; Pierce et al., 2001; Schackwitz et al.,
1996).

The C. elegans ILPs exist as a large family of peptides with 40 members (Li et al.,
2003; Pierce et al., 2001), which are organized into a network where one ILP regulates
the expression of other ILPs (Fernandes de Abreu et al., 2014). This inter-ILP network
coordinates distinct subsets of ILPs that either regulate entry into or exit from dauer arrest
(Cornils et al., 2011; Fernandes de Abreu et al., 2014). A major node of the network is the
ILP ins-6, because ins-6 expression is affected by the highest number of ILPs and ins-6
in turn affects the expression of many other ILPs (Fernandes de Abreu et al., 2014). This
is consistent with the highly pleiotropic phenotype of ins-6, which is also a major regulator
of stress recovery (Chen et al., 2013; Cornils et al., 2011; Fernandes de Abreu et al.,

2014).
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ins-6 acts from ASJ sensory neurons to promote dauer exit (Cornils et al., 2011),
a readout for stress recovery. Here we have surprisingly discovered that ins-6 mRNA is
transported to ASJ axons upon dauer arrest. Because we observe axonal ins-6 mRNA
only in dauers, we have investigated the significance and mechanism of axonal ILP mRNA
transport in response to stress. We show that axonal mRNA transport is specific to the
dauer exit-promoting ILPs, where axonal ins-6 mRNA promotes rapid dauer recovery. This
is further supported by our finding that dauers also have enhanced axonal mobilization of
Golgi bodies that can locally package ILP mRNA products for prompt secretion from
axonal compartments.

Insulin signaling is conserved between worms and humans [reviewed in (Alcedo
and Zhang, 2013)]. Stress also influences insulin, insulin growth factor and ILP relaxin
MRNAs that are expressed in the human brain [reviewed in (Blazquez et al., 2014;
Fernandez and Torres-Aleman, 2012; Wilkinson et al., 2005)]. Thus, our study raises the
possibility that stress-induced axonal transport of ILP mRNAs and Golgi bodies in worms
is also present in humans to facilitate stress recovery.

Results

The insulin-like peptide ins-6 mRNA is trafficked to dauer axons

The decision between reproductive growth and stress-induced dauer arrest is
regulated by specific sensory neurons, many of which are in the amphids [Fig.S3.1A;
(White et al., 1986)]. The amphid sensory neurons ASI and ADF act redundantly to inhibit
dauer entry under non-stress environments (Bargmann and Horvitz, 1991), whereas the
amphid sensory neuron ASJ has two opposing functions. ASJ promotes dauer entry in
response to stress, but promotes dauer exit under improved environments (Bargmann and
Horvitz, 1991; Schackwitz et al., 1996). These neurons send their axons to the nerve ring

(NR) bundle (Fig. S3.1A), where axons synapse to each other (White et al., 1986).
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Amphid neurons express ILPs that regulate the switches between reproductive
growth and dauer arrest (Cornils et al., 2011; Fernandes de Abreu et al., 2014; Li et al.,
2003; Pierce et al., 2001). These include the ILP ins-6, which inhibits dauer entry and
facilitates exit from dauer after environments improve (Cornils et al., 2011; Fernandes de
Abreu et al., 2014). We found through fluorescence in situ hybridization (FISH) that during
the L1 dauer entry decision stage, endogenous ins-6 mRNA was in the ASI neuronal
soma, where it remained expressed in later stages (Fig. 3.1 A-E; Fig. S3.1 B-H). In a few
second-stage larvae (L2s), ins-6 also started to be expressed in the neuronal soma of ASJ
(Fig. 3.1 B and E; Fig. S3.1H), where ins-6 persisted in L3 and L4 (Fig. 3.1 C-E; Fig. S3.1
D-H).

In dauers induced by high population density and starvation, ins-6 mRNA was lost
in ASI, but found in the ASJ soma and intriguingly in the NR axon bundle (Fig. 3.1 F, F’,
G, G’ and J; Fig. S3.2A). To confirm that the NR signal was specific to ins-6 mRNA, we
performed FISH on ins-6 deletion mutant dauers and found that the ins-6 NR signal was
reduced to background in the mutants (Fig. 3.1 H, H and J; Fig. S3.2A). The ins-6 mRNA
in the NR was transported from the ASJ soma, since dauers with genetically-ablated ASJ
neurons also had background levels of ins-6 mRNA in the NR (Fig. 3.1 |, I’ and J; Fig.
S3.2A). Moreover, ins-6 mRNA was observed in the occasional unbroken ASJ axon (Fig.
3.1 KandL).

While the NR signal of ins-6 mRNA was diffuse and broader than expected (Fig.
3.1 F, F’, G and G’), this signal resembled the broad NR-spanning signal, after the FISH
protocol, of a GFP protein (Fig. 3.1 M and N) that is expressed in only two pairs of axons
(Li et al., 2003). We found that paraformaldehyde fixation and treatment with the
hybridization buffer damaged the NR axons (Fig. 3.1N; Fig. S3.2 B and C), which caused
the scattering of the GFP protein or the fluorescent-labeled mRNAs from the axonal

sources to the neighboring axons of the NR bundle.
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Fig. 3.1. Dauers traffic ins-6 mRNA to the nerve ring (NR) axon bundle from ASJ.
(A-D) show ins-6 mRNA in somas of ASI and/or ASJ of L1-L4 at 20°C. In this figure and
later figures, anterior is to the left of each panel. Lateral views are shown, unless indicated.
(E) Mean fluorescence (+ SEM) of ins-6 mRNA in ASI versus ASJ from 2 trials. (F-/) show
ins-6 MRNA in ASJ soma and/or NR of 5-day old dauers at 20°C; (F’-I’) are corresponding
DIC images of F-I. (F-G and F-G’) are two classes of wild-type (wt) dauers based on ins-
6 mMRNA levels in axons and somas. ins-6 mMRNA is reduced to background in an ins-
6(tm2416) deletion mutant (H and H’) and a dauer with ASJ-killed neurons (/ and /I’). (J)
Mean fluorescence (+ SEM) of ins-6 mRNA in ASJ soma (grey bar) and NR (black bar)
from 3 trials. (K-L) ins-6 mRNA in wild-type (K, lateral view) and ins-6-overexpressing (L,
ventrolateral view) 5-day old dauers at 20°C. Insets are magnified from dotted boxes in
main panels. Yellow arrowheads in insets point to mRNA signal in ASJ axons. (M-P) A 5-
day old dauer at 20°C that expresses GFP in two neuron pairs, ASI and ASJ: (M),
corresponding DIC image of N-P; (N), NR-spanning GFP protein image after fixation and
treatment with hybridization buffer; (O), gfo mMRNA in ASI and ASJ somas; and (P), merged
image of gfo mRNA from O (red) and protein from N (green). White arrowheads in F-/, F-
I’ and K-P point to NR and/or its boundaries. Statistical significance in all figures are
determined by two-way ANOVA and Bonferroni correction. *, P < 0.05; **, P < 0.01; ****,
P < 0.0001; ns, not significant; AU, arbitrary units. Scale bar, 10 ym.
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Fig. S3.1. ins-6 mRNA is expressed in the larval ASI and/or ASJ sensory neurons
during reproductive growth. (A) Diagram of the 12 sensory neurons in the C. elegans
amphid sensory organ (White et al., 1986). The ASI and ASJ sensory neurons are
highlighted in red and NR indicates the nerve ring axon bundle. (B-F) An overlay of ins-6
mRNA (red), GFP protein (green), and its respective DIC image in the same z-plane at
20°Cin L1 (B),L2(C), L3 (D-E) and L4 (F). Yellow represents colocalization of ins-6 mRNA
and the GFP protein expressed specifically in ASI and ASJ [daf-28p::gfp; (Li et al., 2003)].
In this figure and later figures, the anterior of each animal is to the left of each panel.
Lateral views are shown, unless otherwise indicated. Scale bar is 10 ym. (G) Mean
fluorescence intensities (£ SEM) of ins-6 mRNA in ASI versus ASJ are shown from 2 trials
for larval stages L1-L4 and post-dauer L4 (PDL4) in daf-28p::gfp animals (Li et al., 2003).
The following indicates: a.u., arbitrary units; ****, P < 0.0001. (H) Distribution of larvae that
express ins-6 mRNA in ASI and/or ASJ in daf-28p::gfp or wild-type (wt) animals from 2
trials.
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Fig. S$3.2. ins-6 mRNA is trafficked to the NR axon bundle in starvation-induced
dauers, but not in response to starvation alone. (A) Distribution of wild-type (wt) or mutant
dauers that express ins-6 mRNA in ASI or ASJ soma or NR and mean total intensities (+
SEM) of ins-6 mRNA from 3 trials. (B) Image of a live, untreated 5-day old dauer that
expresses GFP protein from the ASJ neuron pair. (C) Ventral view of a fixed and
hybridization buffer-treated dauer that expresses GFP from the ASJ neuron pair, similar
to B. Note the diffuse and broader GFP protein fluorescence in the NR in this panel
compared to the NR fluorescence in B. (D-G) Representative fluorescent images of ins-6
mRNA in starved wild-type L1 (D), L2 (E), L3 (F) and L4 (G) at 20°C. Animals were starved
for about 5 days. Scale bar, 10 um.
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Wild-type dauers can be divided into two classes: class A dauers have higher ins-6
mRNA in the soma, whereas class B dauers have higher ins-6 in the axons (Fig. 3.1 F, G
and J; Fig. S3.2A). This mRNA transport displayed specificity, since dauers that express
GFP in ASJ and ASI neurons show no gfo mRNA in axons (Fig. 3.1 O and P; see also
Fig. S3.4F). However, because starvation-induced dauers had ins-6 mRNA in the NR, we
tested if starvation alone was sufficient to traffic ins-6 mRNA. While starvation reduced
endogenous ins-6 MRNA in AS| and ASJ neurons, no starved larvae had any ins-6 mRNA
in the NR (Fig. S3.2 D-G). Thus, the switch to dauer is needed to traffic ins-6 mMRNA to
axons. Once dauers exit to the last larval stage [post-dauer (PD) L4s], ins-6 mRNA was
also lost in the NR, but found in the ASJ soma of all animals and in the ASI soma of some
animals (Fig. S3.1 G and H). Together our data suggest that axonal ins-6 mRNA transport
occurs only under certain stressed conditions, such as dauers.

Dauer-exit promoting ILP mRNAs are in axons
Next, we asked whether other dauer-regulating ILP mRNAs are trafficked to the NR
(Cornils et al., 2011; Fernandes de Abreu et al., 2014). Like ins-6, the ILP daf-28 inhibits
dauer entry and promotes dauer recovery (Cornils et al., 2011; Fernandes de Abreu et al.,
2014; Kao et al., 2007; Li et al., 2003). Similar to ins-6, we found that daf-28 mRNA was
in wild-type dauer axons (Fig. 3.2 B and B’) and absent in daf-28 deletion mutant dauers
(Fig. 3.2 C and C’). Wild-type dauers can again be divided into different classes based on
daf-28 mRNA subcellular localization. Class A dauers had more daf-28 mRNA in ASI and
ASJ neuronal somas (Fig. 3.2 A and A’); class B dauers had more daf-28 mRNA in the
NR (Fig. 3.2 B and B’). However, daf-28 and ins-6 mRNAs are trafficked to the dauer NR
at different times (Fig. 3.2 D and E), which suggest different temporal requirements for the

mMRNAs.



34

jop  odfypim

0€ESZ 0F 82
o K pjo Bunok

1op

adAj pjim

sZ9Z 92 vz
pioc BunoAk eby

o A

plo BunoA pIo Bunok

8Z-jep

pPlo Bunok eby

veas

9€=U Qf=u 0f=u gZ=u

p-suy 9-suy

Jsse|d ]

asse;d @

9Z=u pZ=u
8z-jep

vsse)D i

o
-—

o
™~
(nv ‘0001 X)

r 0

adsuadsaionyy
YN uUealy

3

VYNyw gz-Jep

Z B4 e 3@ eipueyn



35

Fig. 3.2. Exit-promoting ILP mRNAs are trafficked to dauer axons. (A-C) daf-28
mRNA in ASI and ASJ somas or NR. (A-C’) Corresponding DIC images at 20°C of 2-day
old wild-type (WT; A-B) or daf-28(tm2308) deletion mutant (C) dauers. Arrowheads in A-
C and A-C’ point to NR and/or its boundaries. Scale bar, 10 ym. (D) Mean distribution (+
SEM) of 3 classes of young (y; 2-day old) or old (o; 5-day old) WT dauers from at least 2
trials at 20°C, based on ILP mRNA levels in somas or NR. Class A dauers have more ILP
mRNA in somas; class B, more ILP mRNA in NR; and class C, no expression in somas
and NR. (E) Mean NR signals (£ SEM) of daf-28 or ins-6 mRNA in WT (from D) or the
corresponding ILP deletion mutant dauers, from at least 2 trials. AU, arbitrary units. *, P <
0.05; **, P< 0.01; ***, P <0.001; ****, P < 0.0001.

Unlike the NR of young wild-type dauers, older dauer NR also had less daf-28 or
ins-6 mRNA (Fig. 3.2E). In older wild-type animals, we observed a third class of dauers:
the class C dauers that lack daf-28 mRNA (Fig. 3.2 D and E), which indicates that some
ILP mRNAs are progressively lost in older dauers. Yet, the longer perdurance of ins-6
MRNA than daf-28 mRNA in the dauer NR (Fig. 3.2E) highlights a more significant role for
ins-6 mRNA than daf-28 in these axons. Since ins-6 has a more important role than daf-
28 in dauer exit (Cornils et al., 2011), this suggests that axonal transport of ins-6 and
daf-28 mRNAs must be to promote dauer exit.

In support of this hypothesis, the mRNA of an ILP that does not promote dauer exit
was not in the NR [Fig. 3.2D; Fig. S3.3; (Cornils et al., 2011)]. The mRNA of ILP ins-1,
which inhibits dauer exit (Cornils et al., 2011), was either in the somas of multiple neurons
(Class A1; Fig. S3.3C) or in the soma of a single neuron in wild-type dauers (Class A2;
Fig. S3.3D). While the number of neuronal somas that express ins-1 decreased in older
dauers (Fig. S3.3A), we did not see ins-1 mRNA in any dauer NR (Fig. 3.2D; Fig S3.3 B-
E). Due to the lack of non-exit promoting mMRNAs in the NR, like ins-1 and gfp (Fig. 3.1P;
Figs. S3.3 and S3.4F), versus the presence of dauer-exit promoting ins-6 and daf-28

MRNAs in these axons, this suggests that dauer recovery depends on axonal transport of

specific mMRNAs.
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Axonal ins-6 mRNA transport depends on insulin signaling and specific
kinesins

Next, we asked how axonal trafficking of ins-6 mRNA is regulated, which would
allow us to manipulate axonal ins-6 mRNA levels and test our hypothesis above. The ILP
receptor DAF-2 promotes dauer exit: at 25°C, the daf-2(e1368) mutation leads to transient
dauer arrest, while the daf-2(e1370) mutation is a stronger allele that causes constitutive
arrest (Gems et al., 1998). We analyzed the axonal ins-6 mRNA levels of 3-day old dauers
at 25°C, since wild type at this age and temperature showed a comparable distribution of
class A and class B ins-6-expressing dauers as 5-day old wild type at 20°C (Fig. 3.3).
Unlike wild type, we found that daf-2 mutant dauers had much fewer class B dauers (Fig.
3.3A; Fig. S3.4A). The lack of exit in daf-2(e1370) dauers at 25°C (Gems et al., 1998) is
likely due to loss of ins-6 mRNA in some animals, because of the emergence of class C
dauers that lost all ins-6 expression (Fig. 3.3A). Thus, wild-type DAF-2 receptor stimulates

ins-6 mMRNA transport to the NR to induce dauer recovery.
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Fig. S3.3. The ILP ins-1 mRNA is not trafficked to the dauer NR axon bundle. (A)
The mean distribution (+ SEM) of two classes of young (2-day old; n = 30) or old (5-day
old; n = 36) wild-type dauers at 20°C, based on the number of neuronal somas that
express ins-1 mRNA. Class A1 dauers express ins-1 mRNA in more neurons; class A2
dauers express ins-1 mRNA in only one neuron. Values represent data from 4 trials. (B)
The mean nerve ring (NR) signals (£ SEM) of ins-1 mRNA in wild-type (from panel A) or
ins-1(nr2091) deletion mutant dauers. Number of ins-1 deletion mutant dauers assayed
for ins-1 mRNA are 31 (young) and 29 (old) from 3 trials. AU, arbitrary units. (C-E)
Fluorescent images of ins-1 mRNA of old wild-type (C-D) and ins-1 deletion mutant
dauers at 20°C. Arrowheads indicate the neuronal somas that express ins-7 mRNA in
wild-type dauers. (A-E) ins-1 mRNA is assayed using probes that are specific to
sequences deleted in the ins-1(nr2091) mutant. The NR shows similar background signals
in both wild-type and ins-1 deletion mutant dauers. Scale bar, 10 um.

Axonal transport requires kinesin motors that carry cargo along the microtubules
of an axon [reviewed in (Scholey, 2013; Siddiqui, 2002)]. C. elegans has multiple neuronal
kinesins (Scholey, 2013; Siddiqui, 2002). Two kinesins represent members of the kinesin-
1 and kinesin-2 families that have been implicated in transporting mRNAs to different
subcellular compartments in other animals (Kanai et al., 2004; Messitt et al., 2008). In C.
elegans, unc-116 is a kinesin-1 motor, osm-3 is a kinesin-2 motor, and both kinesins are

in ASJ (Sakamoto et al., 2005b; Scholey, 2013; Tabish et al., 1995). In unc-116 or osm-3
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loss-of-function mutants, class B ins-6-expressing dauers are lost (Fig. 3.3B; Fig. S3.4B),
which indicates that wild-type unc-176 and osm-3 are needed to transport ins-6 mMRNA to
dauer axons. The rescue of osm-3 in ASJ alone, jxEx194 and jxEx195, also rescued the
class A and class B distributions of ins-6-expressing dauers, which shows that OSM-3
kinesin acts in ASJ to mobilize ins-6 mRNA axonally (Fig. 3.3C; Fig. S3.4C).

Do neuronal kinesins absent in ASJ, like the kip-6 kinesin-3 motor (Peden and
Barr, 2005), have a similar effect on ins-6 mRNA? Interestingly, a partial kip-6 loss of
function (Peden and Barr, 2005) enriched the class B ins-6-expressing dauers (Fig. 3.3B;
Fig. S3.4B), which suggests that wild-type kip-6 inhibits ins-6 mRNA transport. Since KLP-
6 is not in ASJ (Peden and Barr, 2005), this suggests that kip-6-dependent regulation of
axonal ins-6 mRNA involves a signal from kip-6-expressing cells. The daf-2-dependence
of ins-6 mRNA transport (Fig. 3.3A; Fig. S3.4A) suggests that the signal might be an ILP
that binds DAF-2.

Yet, epistasis between daf-2 and kip-6 implies involvement of more than one signal
(Fig. 3.3D; Fig. S3.4D). At 25°C and unlike wild-type or daf-2 single mutant dauers, kip-6

single mutants again had more class B ins-6-expressing



39

Chandra et al Fig 3

M ClassA M classB O classC

A e ows s
" [ T e B
g | B
© ) ' ]
E ] ] ]
8 - " -
3 ' ' '
* id S
widtype  e1368  ef370 t';lpe unc-116 osm-3 kip-6 ;‘pe osm-3 JXEx194 jxEx195
daf-2 osm-3
D
2 1
3w
L
a0
wild type daf-2 osm- osm-3 JXEx194  jxEx195
daf-2 daf-2; osm-3
E M Class A M classB [ classC -
» 1) . g
o
B - |
' -~
£ : g
e ' < ;
o 1 . % 3
wildtype jxEx18  jxEx196 jxEx197  jxEx27  jxEx28 - £ g
ins-6 del *
- daf-2; jxEx18
H | J ~ JXxEx18
f-2;
— daf2 < jxEx194 | 9%
% 1.0 4 <o daf-2 unc-116 — daf-2 J -« JxEx195
T 0.8+ — daf-2; osm-3 — daf-2 kip-6
2 0.6 . 1
S
o 0.4 P J
« 0.2 . §
[
[ o T T T T T
g 0 4 8 12 0 4 8 12 0 2 4 6 8 10

day of exit day of exit day of exit



40

Fig. 3.3. Insulin signaling, specific kinesins and UTRs modulate axonal ins-6
mMRNA that facilitates dauer recovery. (A-E) Mean distribution (+ SEM) of 3 classes of wild-
type or mutant dauers. Class A dauers have more ins-6 mRNA in ASJ soma; class B,
more ins-6 MRNA in NR; and class C, no ins-6 expression in somas and NR. (A) Wild-
type versus daf-2 mutant 3-day old dauers at 25°C. (B) Wild-type versus kinesin [unc-
116(e2310), osm-3(p802), and kip-6(sy511] mutant 5-day old dauers at 20°C. (C) ASJ-
specific rescue of osm-3 (jxEx194 or jxEx195) in 5-day old dauers at 20°C. (D) daf-
2(e1368) mutant 3-day old dauers at 25°C with or without the indicated kinesin mutations.
(E) Wild-type or ins-6 mutant 5-day old dauers that carry the indicated transgenes at 20°C:
JXEx18, the ofm-1::gfp coinjection marker in all transgenic worms has no effect on dauer
class distributions; jxEx27 and jxEx28 introduce the full ins-6 genomic locus, while jxEx196
or jxEx197 introduce the UTR-less ins-6 into ins-6 deletion tm2416. Number of dauers
assayed were 20-30 per strain. Statistical comparisons within each strain of animals are
shown. See Fig. S4 for statistical comparisons across different strains. *, P < 0.05; ****, P
< 0.0001. (F-G) gfp mRNA (red, F) and merged (G) mRNA (red) and protein (green)
fluorescence at 20°C of GFP in a 5-day old dauer that expresses the gfp-ins-6 UTR mRNA
hybrid in ASJ. Scale bar, 10 ym. (H-J) Dauer exit rates at 25°C of daf-2(e1368) mutants
carrying the kinesin mutation unc-116(e2310), osm-3(p802) or kip-6(sy511) or the osm-3-
rescuing transgenes. Statistical comparisons between the dauer exit phenotypes of
different animals are in Table S1.
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Fig. S3.4. Insulin signaling and specific kinesins regulate trafficking of ins-6 mMRNA
to dauer axons. (A-D) Statistical comparisons across different strains from the
corresponding panels in Fig. 3 A-D. Statistical analyses are determined by two-way
ANOVA and Bonferroni correction. Values represent data from at least 2 trials. (E)
Diagrams of transgenes used in studying the role of ins-6 UTRs in axonal mRNA transport.
JXEx27 or jxEx28 is an ins-6 rescuing transgene with the full ins-6 genomic locus (Cornils
et al., 2011); jxEx196 or jxEx197, the ins-6 rescuing transgene lacking UTRs. jxEx790 is
a GFP cDNA flanked by the ins-6 UTRs and specifically expressed in ASJ. jxEx187 is an
ASJ-expressed GFP construct that lacks the ins-6 UTRs. The dotted box in GFP denotes
its greater length than the ins-6 ORF. The dotted lines of the ins-6 or trx-1 promoter or ins-
6 3’ cis regulatory region indicate that they are not drawn to scale. (F-G) gfp mRNA (red,
F) and merged (G) mRNA (red) and protein (green) fluorescence at 20°C of GFP in a 5-
day old dauer that carries jxEx187 at 20°C. Yellow indicates colocalization of red and
green fluorescence. Scale bar, 10 um.

Table S1. Kinesins that modulate axonal ins-6 mRNA levels also modulate dauer exit

No. of animals No. of Pvs P vs.
Strain obseryedltotal trials daf-2(e1368) daf-2(e:1368);
animals osm-3; jxEx18

Kinesins that promote axonal ins-6 mRNA

daf-2(e1368) 481/604 5 - na
daf-2(e1368) unc-116 329/483 3 < 0.0001 na
daf-2(e1368); osm-3 52/588 3 < 0.0001 na

Kinesin that inhibit axonal ins-6 mRNA

daf-2(e1368) 258/347 3 - na

daf-2(e1368) kip-6 312/381 3 < 0.0001 na

ASJ-specific rescue of osm-3 kinesin

daf-2(e1368); jxEx18 193/229 2 na < 0.0001
daf-2(e1368); osm-3; jxEx18 20/220 2 < 0.0001

daf-2(e1368); osm-3 10/114 2 < 0.0001 ns
daf-2(e1368); osm-3; jxEx194 64/135 2 ns < 0.0001
daf-2(e1368); osm-3; jxEx195 82/163 2 ns < 0.0001

Table S3.1. Statistical analyses are shown for the cumulative experiments in Fig.3
H-J of the dauer exit rates of daf 2(e1368) mutants in the presence or absence of specific
kinesins at 25°C. The presence of the coinjection marker ofm-1.::gfp, jxEx18, has little or
no effect on dauer exit, according to the statistical comparison between daf-2; osm-3;
JXEx18 and daf-2; osm-3. Many of the daf-2; osm-3 double mutants, with or without the
coinjection marker, crawl off the plates during the assay. However, the ASJ-specific
rescue of osm-3 partly rescues this “crawl-off” phenotype. To determine the statistical
significance of the differences between groups, the logrank test is used. The following
indicate: na, not applicable; ns, not significant, since P > 0.05.
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dauers (Fig. 3.3D; Fig. S3.4D). However, daf-2 kip-6 double mutants showed the wild-type
dauer distribution phenotype, which is an intermediate phenotype between those of daf-2
and kip-6 single mutants (Fig. 3.3D; Fig. S3.4D). This implicates a second signal that acts
parallel to the DAF-2 ligand in the kip-6-dependent inhibition of axonal ins-6 mMRNA
transport.

In contrast, kinesin OSM-3 likely functions downstream of DAF-2. As at 20°C,
severe osm-3 single mutants again lost class B ins-6-expressing dauers at 25°C, which
resembled daf-2 single mutants (Fig. 3.3D; Fig. S3.4D). Similar to stronger daf-2(e1370)
single mutants (Fig. 3.3A; Fig. S3.4A), the daf-2(e1368); osm-3 double mutants produced
class C dauers that had no ins-6 expression (Fig. 3.3D; Fig. S3.4D). Because ASJ-specific
rescue of osm-3 in daf-2(e1368); osm-3 double mutants restored the wild-type class A
and class B distributions of ins-6-expressing dauers (Fig. 3.3D; Fig. S3.4D), this suggests
that OSM-3 activity in ASJ is downstream of DAF-2 to promote axonal ins-6 mRNA
transport in dauers.

The signals or motors might regulate axonal traffic of ins-6 mRNA through its
untranslated regions (UTRs; Fig. S3.4E), since UTRs can control the subcellular
localization of other mMRNAs (Bertrand et al., 1998; Gunkel et al., 1998; Thio et al., 2000).
While the full ins-6 genomic locus, jxEx27 or jxEx28 (Fig. S3.4E), rescued the ins-6
deletion phenotype back to wild type (Fig. 3.3E), the UTR-less constructs, jxEx196 or
JxEx197 (Fig. S3.4E), only partly rescued the ins-6 mutant phenotype (Fig. 3.3E). The
remaining class C dauers in the UTR-less worms (Fig. 3.3E) indicate that UTRs partly
modulate ins-6 mMRNA levels. Since the UTR-less animals did exhibit class B dauers, but
significantly fewer than the full-rescue ins-6 lines (Fig. 3.3E), the UTRs are also only partly
necessary for axonal ins-6 MRNA. The absence in dauer axons of gfo mMRNA (Figs. 3.10
and 3.3F; Fig S3.4F) that has or does not have the ins-6 UTRs (Fig. S3.4E) further

indicated that ins-6 UTRs are insufficient for axonal mRNA transport.
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Axonal ins-6 mRNA modulates dauer recovery

Does dauer recovery depend on axonal ins-6 mRNA levels? Since daf-2(e1368)
mutant dauers exit after a few days (Gems et al., 1998), we tested how the presence or
absence of the kinesins above modulate the dauer recovery of daf-2(e1368). Mutations in
kinesins osm-3 and unc-116 that failed to transport ins-6 mRNA axonally (Fig. 3.3 B-D;
Fig. S3.4 B-D) significantly delayed the exit of daf-2(e1368) dauers (Fig. 3.3H; Table
S3.1). Yet, the ASJ-specific rescue of osm-3, which restored the high axonal ins-6-
expressing class B dauers (Fig. 3.3C; Fig. S3.4C), rescued the delayed dauer exit of daf-
2; osm-3 double mutants back to the exit phenotype of daf-2 single mutants (Fig. 3.3J;
Table S3.1). These suggest that axonal ins-6 MRNA expedites dauer recovery.

Reduced kilp-6 activity, which enriched the high axonal ins-6-expressing dauers
(Fig. 3.3 B and D; Fig. S3.4 B and D), caused daf-2(e1368) mutant dauers to exit earlier
to L4 (Fig. 3.3l; Table S3.1). Interestingly, the daf-2; osm-3 double mutants that have wild-
type osm-3in ASJ and the daf-2 kip-6 double mutants showed similar distributions of class
A and class B ins-6-expressing dauers (Fig. 3.3D; Fig. S3.4D), but different dauer exit
phenotypes compared to daf-2 single mutants (Fig. 3.3 | and J; Table S3.1). This implies
that axonal ins-6 mMRNA is only one of the requirements needed for dauer exit. However,
because restoring class B ins-6-expressing dauers to a population accelerated dauer exit
[compare (i) daf-2; osm-3 rescued worms to daf-2; osm-3 non-rescued worms or (ii) daf-2
kip-6 double mutants to daf-2 single mutants], this highlights the role of axonal ins-6 mRNA
in dauer recovery.

Stress enhances Golgi mobilization to axons

Like other secreted proteins, ILP mRNAs have to be processed and packaged for
secretion; but only the rough endoplasmic reticulum has been reported in wild-type C.
elegans axons (Edwards et al., 2013). To determine if C. elegans axons also have Golgi

that can package locally translated peptides, we used a pan-neuronally expressed YFP-



45

tagged Golgi marker, a-mannosidase |l [aman-2; (Edwards et al., 2013; Sumakovic et al.,
2009)]. C. elegans larvae, like L3 and dauer, have Golgi in neuronal somas, dendrites,
and axons, which include the dorsal cord axons and NR, but not the commissures (Fig.
3.4; Fig. S3.5). Notably, dauers had more axonal Golgi (Fig. 3.4E; Fig. S3.5C), which
suggests that stress increases Golgi mobilization to process newly synthesized axonal

proteins.
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Fig. 3.4. Stress enhances Golgi mobilization to dorsal cord (DC) axons. (A-D) 3D-
reconstruction of jxEx199 larvae that express Golgi marker AMAN-2::YFP (Edwards et al.,
2013; Sumakovic et al., 2009) at 20°C. (A-B) L3 with medium (A) or high (B) levels of Golgi
in DC axons. (A-B’) Magnification of a 50-um section of L3 DC axons (arrows; boxes in A
and B). (C-D) Dauers with medium (C) or high (D) levels of Golgi in DC axons. (C-D’)
Magnification of a 50-um section of dauer DC axons (arrows; boxes in C and D). (E) Mean
fractions (+ SEM) of L3s and dauers with different levels of Golgi in DC axons of two
independent lines from 3 trials.
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3|l Medium | P<0.001 ns P<0.01
High ns ns P <0.0001
JXxEx201 Dauer
Golgi Low Medium High
Low P<0.0001 | P<0.0001 ns
3 Medium P <0.001 ns P <0.0001
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Video of Golgi bodies in L3 axons and dendrites

Video of Golgi bodies in dauer axons and dendrites
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Fig. S3.5. Axonal Golgi mobilization in C. elegans larvae. (A) Tables show the
statistical comparisons between the Golgi levels in the dorsal cord axons of L3s and
dauers in each line that express AMAN-2::YFP, jxEx199 and jxEx201 (from Fig. 4E). (B)
A movie showing a non-stressed jxEx7199 L3 larva that also exhibits a significant amount
of Golgi bodies in axons and dendrites at 20°C. In this movie and the next movie, the
anterior of each animal is to the left and the dorsal side is up. (C) A movie showing a
JxEx199 dauer with high amounts of Golgi bodies in axons and dendrites at 20°C.
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Discussion

Aberrant insulin signaling hampers stress recovery. Because insulin signaling
ensures homeostasis (Blazquez et al., 2014; Fernandes de Abreu et al., 2014), ligands of
the pathway undergo multiple levels of regulation to enable the pathway to function
precisely (Fu et al., 2013). While the significance of ILP mRNA subcellular localization has
not been considered, we show that certain stressors localize mMRNAs of specific ILPs
through distinct kinesin activities to C. elegans axons, which is accompanied by an
increase in axonal Golgi mobilization. Importantly, our study suggests that these ILP
mRNAs must be in axons and locally translated and packaged for prompt secretion to
facilitate stress recovery. This illustrates a novel mechanism where ILP mRNAs maintain
neuronal plasticity during stress and allow the prompt resetting of homeostasis after a
major environmental fluctuation.

Yet, why do we see axonal ILP ins-6 mRNA in dauers (Fig. 3.1 F, G and J-L; Fig.
S3.2A), but not in starved non-dauers (Fig. S3.2 D-G)? This is likely because dauer is an
adaptive response that the animal uses to survive a potentially protracted, harsh
environmental change, as it awaits a better environment (Riddle and Albert, 1997).
Accordingly, the dauer program should include a priming mechanism that promotes
recovery, such as the axonal transport of an ILP mRNA whose peptide product promotes
dauer exit. Because dauers have reduced global transcription (Dalley and Golomb, 1992;
Wang and Kim, 2003), the local translation of a previously existing mRNA will lead to a
faster response to improved environments. This is important, since a prolonged dauer
state causes deficits in animals that eventually exit (Kim and Paik, 2008). Thus, it is not
surprising that the mRNAs of ILPs that promote exit are the mRNAs that are localized to
axons, whereas mRNAs of proteins that do not promote exit are not in axons [Figs. 3.1

and 3.2; Fig. S3.3; (Cornils et al., 2011)].
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The longer perdurance of axonal ins-6 mRNA than daf-28 mRNA (Fig. 3.2 D and
E) is consistent with the larger role of ins-6 versus daf-28 in promoting dauer recovery
(Cornils et al., 2011). An increase in axonal ins-6 mRNA in a dauer population enhances
exit, whereas a decrease in axonal ins-6 mRNA delays exit (Fig. 3.3 A-D and H-J; Fig.
S3.4 A-D; Table S3.1). As an animal that recovers from dauer also shows no axonal ins-
6 mRNA (Fig. S3.1 G and H), this indicates that ins-6 mRNA is not needed in axons in
post-recovery, further highlighting the significance of axonal ILP mRNA in stressed
animals. While axonal ins-6 mRNA is only one of the requirements for dauer exit, the
importance of axonal ins-6 mRNA in dauer recovery is evident in the enhanced exit of
dauers (Fig. 3.3 | and J; Table S3.1) to which axonal ins-6 mRNA is restored (Fig. 3.3 C
and D; Fig. S3.4 C and D). The regulation of axonal ins-6 mRNA transport by two opposing
signals—a daf-2-dependent versus a daf-2-independent, but klp-6-dependent signal (Fig.
3.3D; Fig. S3.4D)—also emphasizes that ins-6 mMRNA must be in axons only when
needed, e.g., when an animal prepares for recovery.

The C. elegans insulin receptor DAF-2 stimulates dauer exit (Gems et al., 1998),
at least by regulating ins-6 mRNA fate (Fig. 3.3 A and D; Fig. S3.4 A and D). This positive
feedback in insulin signaling allows the rapid responses necessary in switching from one
state to another (Kaplan et al., 2019), such as exit from dauer to post-dauer state. Our
data imply that DAF-2 signaling activates OSM-3 kinesin in ASJ to promote ins-6 mRNA
traffic to axons (Fig. 3.3 A-D; Fig S3.4 A-D), which facilitates dauer exit (Fig. 3.3 H-J; Table
S3.1). Animals with the weak loss-of-function daf-2(e71368) and the strong osm-3 loss of
function also show the more severe phenotype of the strong daf-2 loss-of-function mutant
e1370, where some dauers have no ins-6 expression in both soma and axon (Fig. 3.3 A
and D). This suggests that DAF-2 and OSM-3 have two roles: to promote axonal ins-6
mRNA transport and to maintain ins-6 mRNA. While this is similar to the function of ins-6

UTRs, which are partly required for ins-6 mRNA transport and steady-state levels (Fig.
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3.3E), it remains unknown if OSM-3 is the kinesin that mobilizes ins-6 mMRNA via the ins-6
UTRs in response to DAF-2 signaling.

The axonally transported mRNAs are presumably locally translated to expedite
protein processing near the synapse [reviewed in (Holt and Schuman, 2013; Jansen,
2001)], but an ILP peptide also has to be packaged from Golgi before secretion. The rough
endoplasmic reticulum is in axons of C. elegans and other animals [(Edwards et al., 2013);
reviewed in (Spaulding and Burgess, 2017)], but axonal Golgi is rarely reported in other
species (Morest, 1971; Wigglesworth, 1960; Willis et al., 2011) and has not been found in
adult C. elegans (Edwards et al., 2013). Interestingly, as in Drosophila larval axons (Cao
et al., 2014), we find Golgi in axons of L3 and at much higher levels in axons of dauers
(Fig. 3.4; Fig. S3.5), which suggests that stress increases axonal Golgi mobilization.

Why then should C. elegans larvae have axonal Golgi? Axonal translation is
important in axon migration and synaptogenesis (Holt and Schuman, 2013). In C. elegans,
synaptogenesis along the axonal length and axon outgrowth occur in larvae [(Gujar et al.,
2017; Lipton et al., 2018; Shen and Bargmann, 2003; White et al., 1978; White et al., 1986;
Zhao and Nonet, 2000); reviewed in (Chisholm et al., 2016)], which might require axonal
Golgi to package the necessary proteins (Colén-Ramos et al., 2007; Shen and Bargmann,
2003). Dauer axons are also remodeled (Schroeder et al., 2013) and lead to
synaptogenesis. Since dauers have reduced global transcription (Dalley and Golomb,
1992; Wang and Kim, 2003), mRNAs involved in stress recovery and axon remodeling are
likely axonally trafficked. The packaging of locally translated membrane or secreted
proteins that promote axon outgrowths, synaptogenesis, and stress adaptation and
recovery will require axonal Golgi. Ultimately, our study suggests a mechanism that
promotes plasticity during stress and allows for optimal recovery from stress, a mechanism

that might be conserved across metazoans.
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Materials and methods

Experimental model. Wild-type (N2) or mutant C. elegans hermaphrodites were
grown on E. coli OP50 at 20°C or 25°C, as indicated, using standard protocols (Brenner,
1974; Cornils et al., 2011). Dauers were induced naturally through overcrowding and
starvation (Golden and Riddle, 1984), except for daf-2 mutants that routinely form dauers
in the presence of abundant food at 25°C (Gems et al., 1998). Dauer exit assays were
performed according to Cornils et al. (Cornils et al., 2011).

Worm mutants were backcrossed at least four times to our lab N2 strain before
any analysis was performed, including the ASJ-ablated animals that have the trx-1p::ICE
transgene (Cornils et al., 2011) integrated into their genome (gift of Miriam Goodman).
Generation of transgenic animals used standard protocols (see Supporting Information).

Fluorescence in situ hybridization (FISH). ILP or GFP mRNAs were visualized
by FISH. Worms were washed with sterile water and fixed for 45 min with 4%
paraformaldehyde at ~22°C (Stewart et al., 2007). After 3 five-min washes with
phosphate-buffered saline (PBS), fixed worms were placed on a nutator and treated with
70% ethanol for 5 hrs to overnight at 4°C (Tautz and Pfeifle, 1989). Hybridization with the
appropriate probe set (1:500 dilution) in hybridization buffer (15% deionized formamide,
10% dextran sulfate, 1 mg/ml E. coli tRNA, 4 mM vanadyl ribonuleoside complex and 0.2
mg/ml RNase-free BSA) was performed for 16 hrs in the dark at 30°C, followed by multiple
2- or 3-hr washes in 10% formamide in 2X SSC buffer for a period of 36 hrs (Raj and
Tyagi, 2010). The lower formamide concentration in the washes ensured signal retention
during washes. After the last wash, worms were kept at 4°C for 3 hours in 2X SSC buffer
before treatment with Prolong Diamond Antifade (ThermoFisher; cat # P36961; refractive

index, 1.47) for at least 24 hrs at 4°C.
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Probes (18-mer to 22-mer oligomers) were labeled with CAL-Fluor 610 at the 3’
end and generated through the Stellaris RNA-FISH Probe Designer 2.0, (highest
specificity: non-specificity masking level 5) from LGC Biosearch Technologies (Petaluma,
CA). See Supporting Information for probe sets, FISH signal analyses, confocal laser
scanning microscopy and statistical analyses.

Acknowledgements

We thank S. Mitani, Caenorhabditis Genetics Center (NIH P40 OD010440), S.
Eimer, A. Fire, M. Goodman, P. Sengupta for reagents used in the study; R. Lillich and R.
Patten (Mager Scientific Inc, Dexter, MI) and D. DeSantis and L. Mayernik (WSU-MICR
Facility) for advice on fluorescence microscopy and the confocal scanning system; Alcedo
lab members, M. Friedrich, D. Njus, and S. Todi for discussions. This work was supported
by the Thomas C. Rumble University Graduate Fellowship to R. C. and by Wayne State

University and NIH (R0O1 GM108962) to J. A.



54

Chandra et al: Axonal transport of an insulin-like peptide mRNA promotes stress
recovery in C. elegans
Supporting information
Supplementary materials and methods

Transgene constructions

To generate an ASJ-specific rescue of osm-3, we drove the expression of a GFP-
tagged osm-3 cDNA from an ASJ-specific promoter [pQZ93; (Cornils et al., 2011)]. We
replaced the srh-114 promoter of OSM-3::GFP in the pAGBO060 plasmid (gift from Piali
Sengupta) with the ASJ-specific trx-1 promoter (Cornils et al., 2011; Miranda-Vizuete et
al., 2006). To generate the UTR-less ins-6 transgene (pQZ97), we deleted the 72-bp 5’
UTR and 110 bp from the 3’ UTR of the full ins-6 rescuing construct pQZ11 (Cornils et al.,
2011). The polyA signal was kept at the 3’ UTR of pQZ97. To create the ASJ-specific
GFP-expressing lines with the ins-6 5 and 3' UTRs (pQZ91), we fused the 72-bp ins-6 5’
UTR to the 5’ end of the GFP cDNA in pQZ34, which used the frx-1 promoter to drive GFP
expression (Fig. S4E) from the vector backbone of pPD95.77 (gift from Andrew Fire). We
also inserted the 124-bp ins-6 3’ UTR to the 3’ end of the GFP cDNA in pQZ34 (Fig. S4E).

Transgenic worms

To create the ASJ-specific osm-3 rescue lines, we injected 25 ng/ul of pQZ93 with
25 ng/ul of the coinjection marker ofm-1::gfp into osm-3(p802) mutants. The two resulting
independent lines, jxEx194 and jxEx195, were also crossed to daf-2(e1368) to generate
the daf-2; osm-3 double mutants, in which osm-3 was rescued in the ASJ neurons. To
determine the effects of the ins-6 UTRs on the ins-6 mRNA subcellular localization, we
created the lines jxEx196 and jxEx197 by injecting 2 ng/ul of pQZ97 with 25 ng/ul of the
coinjection marker ofm-1::gfp into ins-6(tm2416) mutants. These were compared to the

full ins-6 rescuing lines jxEx27 and jxEx28, which were injected with 2 ng/ul of pQZ11 and
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25 ng/ul of the coinjection marker ofm-1::gfp into the ins-6(tm2416) mutants (Cornils et al.,
2011). The coinjection marker ofm-1::gfp (25 ng/ul) has little or no effect on ins-6 mMRNA
subcellular localization (Fig. 3E) or dauer exit [Table S1; (Fernandes de Abreu et al.,
2014)].

To test the sufficiency of the ins-6 UTRs in trafficking ins-6 mRNA to the axons,
we injected 50 ng/ul of pQZ91 into the wild-type background, generating the
extrachromosomal line jxEx190. This was compared to the extrachromosomal line
JjxEx187, which has been injected with 50 ng/ul of pQZ34 into the wild-type background
and lacks the ins-6 3' UTRs.

To confirm that dauer axons have Golgi bodies that can package newly
synthesized INS-6 peptides, we injected 5 ng/ul of the pan-neuronal rab-3p::aman-2::yfp
plasmid (gift of Stefan Eimer) with 25 ng/ul of the coinjection marker ofm-1::gfp into wild-
type worms, generating the two lines jxEx7199 and jxEx201.

Lists of probe sets used in FISH

Gene name Probe sequences (5 — 3’)

ins-6 tagtaaagacagagttcat, gtgcgcacaaaacgaagat,
attgacggaaacttgcagc, cagacattgaaggaccgaa,
gttgcatgcttgctgattc, tgtgttgaagttcacggag, ggtgagctgattccatcat,
gaacacgtcttgctcgtgg, cacgagtttctcctggtge, agatgagttttcttccgea,
cacagacagccatgactaa, tcttgtgggttgcaaagat, tcagtcgcaatgtcctttc,
agaacactgatttccgcag, agcagatcttatgtagtca,
aggtaaaaattcatggaca, cagagactgatatcggagt,
acgagattcaaaaaaacga, atttgatgagacacgggtg,
tacaagccactgggatgac

daf-28 gcgatgagcttgcagttc, gagaggacgagtacggca,
tccgagatgagccgagac, tcggecttgaagttggeg, gactgcacggcttagtgg,
acggccacacctggaaca, acgaggcgacgaccacag,
gacactccacacatacgg, gtggttcacaggcgtctc, gcgatgtcaattccttct,
ataggtgcagcattgtgt, gtatatactcggcagtgc, aacgtgggcaacaggcag,
cgggcgggaagacgtgaa, aagtgcagatgcgagcegg,
tagaggaagagcgggggg

ins-1 gccaaagaagaacgagggt, cgagaggagaaggatcgcg,
nr2091-deletion gatgcgtctgaaggcgtcg, cgtgatccacatagtcgaa,
specific sequences | gctaaaagggttgttgtga, cacagctgattccggcata, gtttgaaagcggttaatcce,
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cataggattggtcggcgga, aaagatcgcgagttgttgg, cgcettttgttggtggtgaa,

acattctgtcgcaattccg, gcaaatgaacatcgcttct, gcagcagaatgttttgaga,

gttatcaattatcgtcctg, cacgagacccgatgatgag, ccgcgcagtctaataatgc,
tattgacctgatcagaggc

gfp actcatttcctcttcttgaaaa, gacctcaacagggttaagaaca,
ttaatctaccactacaattacc, tgtttaaaagacagtcacctct,
gtatgccttttgaatgggaatt, ataaacgtgatgaccttttgat,
ccggttgtgaacagtgatgaaa, caataccacaagttacgaagag,
ctatgggtctagtatactttgc, actgaaaaagttctcacggtac,
cttccaatacatgtcctttctt, ataaaaagtttctactgccctt
gttctgtgcaacgacttcagtt, aacttccactatgggaacaatt,
cttagctcaattttccataact, aatttcttctacctttgtaaga,
ctgtgtttaaccttatgttgat, agtgtgttacatatgtagtacc, gtttgttttcttaccttagttt,
taatctgtgttgtaacttctac, cgcaagttgatcgtctggtaat,
ttgttttatgaggttaaccgct, cgggacaggaaaatggtctgtt,
taatggacaggtgtgttagacg

Image analyses of hybridized worms

Within a week of hybridization and Antifade-treatment, worms were mounted on
1% agarose pads and imaged on a Nikon Eclipse Ti-E or Ni-U microscope (Nikon
Instruments Inc, Tokyo, Japan). Images were captured with a CoolSNAP MYO or ES2
CCD camera (Photometrics, Arizona, USA). Fluorescence intensities were quantified
through a built-in fluorescence quantification algorithm (NIS-Elements/Annotations and
Measurements/Mean Average Fluorescence Intensity, Nikon Instruments Inc), after a
region-of-interest (ROI) background subtraction. Exposure time was kept constant at 900
ms without any neutral-density filter for all fluorescence imaging studies. All FISH images
were taken at 400X magnification using the Nikon 40X N2 oil objective.

Confocal laser scanning microscopy and live-image analyses of Golgi-
marked worms image acquisition. For live imaging of AMAN-2::YFP, well-fed L3 worms
were mounted on 1% agarose pads with 5 mM sodium azide (Sigma-Aldrich, CAS No.
26628-22-8), whereas dauers were mounted on pads with 9 mM sodium azide (Simpkin
and Coles, 1981). All confocal images were taken at 400X magnification within 30-40 min

of mounting the worms. All confocal images and movies were acquired through a Leica
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laser-scanning confocal system (SP8), using a diode laser of 488 nm at 5% power (with a
selected gated band-width of 500-560 nm, according to the Dye-Assistant plug-in of the
LAS-X software). To achieve maximum sensitivity, emitted signals are detected through a
photomultiplier tube at 500 nm. To obtain high signal-to-noise ratio from specimens, high-
definition (1024 X 1024 dpi) images were scanned at a speed of 400 Hz/sec, with a line
averaging of 4. To achieve true confocality with minimum photo-bleaching, the pinhole
aperture was set to 1 airy unit of the 40X oil objective with a smart-gain value of 630.

To classify animals according to the amount of Golgi present in their dorsal cord
axons, we used a particle analyzer provided by FIJI (Schindelin et al., 2012). Animals with
low axonal Golgi have less than 20 particles in a 50-um section of the dorsal cord; animals
with a medium amount of axonal Golgi have 21-40 particles in a 50-um section of the
dorsal cord; and animals with high axonal Golgi have greater than 40 particles in a 50-um
section of the dorsal cord.

Movie acquisition and 3D reconstruction. Using the protocol described above
for image acquisition, each animal was scanned from bottom to top at 0.27-um intervals
to produce a stack of images, which were then bound together at three frames per second
to produce a movie. To generate a 3D reconstructed image of an entire L3 or dauer larva
from a 16-bit movie, we used the Leica 3D reconstruction program (LAS-X software;
threshold = 20-120), which eliminated noise and puncta clusters (Sibarita, 2005). We used
a volume-rendering method at 100% opacity during the 3D-reconstruction of each animal
(Pawley, 2006).

Statistical analyses. All statistical analyses were performed using GraphPad
Prism 7.0, except for dauer exit analyses. Wild-type ins-6 hybridization signals were
analyzed using 2-way ANOVA and Bonferroni correction with 95% confidence interval.

Chi-square test was also performed to compare the differences between the classes of
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dauer populations across wild-type and mutant animals. For dauer exit, which were
analyzed in JMP 6 from SAS, Kaplan-Maier probabilities were calculated and the P-value

estimates were based on logrank comparisons.
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CHAPTER 4 TRANSCRIPTIONAL REGULATORS OF THE INTER-ILP NETWORK: A
FORWARD GENETIC APPROACH

Introduction

As mentioned in an earlier chapter, the ability of an animal to survive stress largely
depends on insulin-like peptide (ILP) signaling. Across species, ILPs are not only
conserved, but also exist as a large family of peptides. For example, humans have 10
ILPs, D. melanogaster have 8, and C. elegans have 40 different ILPs (Bathgate et al.,
2013; Bathgate et al., 2002). However, why would animals need large ILP families? In
collaboration with the ILP consortium, our lab performed a comprehensive analysis of all
available C. elegans ILP deletion mutants to categorize ILPs based on function and gene
expression (Cornils et al., 2011; Fernandes de Abreu et al., 2014). By focusing on how
ILPs regulate the switches between a stress-induced dauer arrest program and the non-
stressed reproductive growth program, different, but partly overlapping subsets of ILPs
were found to modulate dauer entry versus exit (Fernandes de Abreu et al., 2014). These
data suggest that ILPs apply a combinatorial coding strategy to control the dauer program.

Yet, it remained unknown how the function-based subset-specificity of ILPs are
formed and how one subset of ILPs communicate with other ILP subsets. While
chromosomal gene clusters and sequence homologies failed to identify the criteria that
determine subset classification, quantitative PCR of the different ILP mRNAs in different
ILP deletion mutants showed that ILPs regulate each other’s transcript levels (Fernandes
de Abreu et al., 2014). Therefore, ILPs turned out to be organized into an inter-ILP
network, which can be further subdivided into subnetworks (Fernandes de Abreu et al.,
2014). Thus, the network allows an ILP to communicate with other ILPs through gene
expression changes. More importantly, the inter-ILP network provides the mechanism for
the implementation of the ILP combinatorial coding strategy in carefully controlling these

switches in developmental programs.
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The importance of the ILP network in C. elegans survival necessitates a tight
regulation to ensure optimal physiology, but the regulators of the inter-ILP network that
modulate physiology remain to be discovered. Interestingly, the relay of information within
the ILP network has a large impact on ins-6 expression, making ins-6 a busy node within
the network, and therefore, one of the most pleotropic ILPs (Fernandes de Abreu et al.,
2014). Since ins-6 is an important node (Cornils et al., 2011; Fernandes de Abreu et al.,
2014), identifying the ins-6 regulators should also identify the regulators of this network,
which will ultimately shed light into how ILP combinatorial coding is regulated.

Apart from its subcellular localization, we found that ins-6 expression also changes
between two neurons in response to the presence or absence of dauer cues [(Cornils et
al., 2011); Chapter 3]. During reproductive growth, endogenous ins-6 is expressed in ASI
and/or ASJ neurons depending on the developmental stage (Chapter 3). During dauer
arrest, ins-6 expression is lost in ASI, leaving ASJ as the only source of ins-6 mRNA
(Chapter 3). The regulators that cause this change in ins-6 expression in dauers are not
known. Given the fact that ins-6 is a major node in the network and that ins-6 plays an
important role in stress recovery (Cornils et al., 2011; Fernandes de Abreu et al., 2014),
the regulators of dauer-dependent ins-6 expression should inform how the network
regulates physiological switches in response to stress. Therefore, we performed a forward
and unbiased F2 screen to isolate the regulators of the dauer-specific ins-6 expression.
Results and Discussion

Identification of an ins-6 transcriptional reporter for an EMS screen

Identifying the regulators of ins-6 expression first required the identification of an
ins-6 transcriptional reporter that closely resembles the endogenous cell-specific
expression pattern of ins-6. We found that the transcriptional fluorescence reporter
drcSi68 [(Queelim Ch’ng, Diana Fernandes de Abreu, and Antonio Caballero, generous

gift and personal communication); Fig. 4.1] best reflects the endogenous ins-6 expression



61

(Fig. 3.1 A-J; Fig. S3.1). drcSi68 contains a single-copy insertion of the mCherry cassette
(Fig. 4.1A) at 0.77 centiMorgan (cM) to the right of the center of the second chromosome
at an intergenic position. The mCherry is flanked by the cis regulatory elements of ins-6
at the 5" and 3’ ends and faithfully represents the endogenous ins-6 expression pattern at
different developmental stages (Fig. 4.1B). In drcSi68 animals, ins-6p::mCherry begins to
be expressed in ASI of L1s (Fig. 4.1B). Under favorable conditions and like endogenous
ins-6 (Fig. S3.1H), a few drcSi68 L2 animals expresses ins-6p::mCherry, while all drcSi68
L3s, L4s and adults express the ins-6 reporter in both ASI and ASJ (Fig. 4.1B). Again, like
endogenous ins-6 (Fig 3.1J; Fig. S3.2A), 5-day old drcSi68 dauers lost the ins-6 reporter
expression in ASI, but kept its expression in the ASJ neurons (Figs. 4.1 B-C). Thus, we
chose to mutagenize drcSi68 in a screen that will identify mutant regulators of ins-6
expression in dauers.

Forward genetic screen to identify ins-6 transcriptional regulators

Ethyl methanesulfonate (EMS) is a mutagenic compound (C3HsSO3), whose ethyl
group alkylates nucleotides through a mixed SN1/SN2 mechanism and has the highest
affinity for guanines. The interaction of EMS with guanine gives rise to Of-ethylguanine,
which during replication is recognized as adenine by the DNA polymerase, which then
introduces thymine instead of cytosine (Sega, 1984). Therefore, EMS randomly causes
base substitution from G/C to A/T in a genome. We used this principle to produce
recessive and/or null alleles of genes that regulate dauer-specific ins-6 expression.

C. elegans hermaphrodites produce sperm until the mid-L4 stage and switch to
oogenesis at late L4 (Browning and Strome, 1996; Hubbard and Greenstein, 2005; Kimble
and White, 1981). In adults, the oogonia are pushed from the gonad arm into the
spermatheca, where the sperm then fertilize the eggs (Cheng et al., 2009; Kimble and
White, 1981; Parry et al., 2009). The mid-to-late L4 hermaphrodites exposed to EMS

should incorporate nucleotide substitutions in their oogonia, since the replication
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machinery is still active in these cells (Hubbard and Greenstein, 2005). Because recessive
mutations incorporated into the F1 progeny will not be phenotypically visible in a
heterozygous genotype, we performed an F2 screen [Fig. 4.2; (Jorgensen and Mango,
2002)]. To identify the regulators that affected the loss of ASI-specific and maintenance of
ASJ-specific ins-6 expression in dauers, we screened about 2700 F2s that became dauers
(Fig. 4.2). To isolate mutants of the inter-ILP network regulators through induction of ins-
6 mis-expression in dauers, we used the following selection criteria:
(i) dauers that expressed ins-6 in both ASI and ASJ neurons (class | mutant);
(i) dauers that had reduced or no ins-6 expression in ASJ (class || mutant); and
(iii) dauers with ectopic ins-6 expression in multiple neuronal/non-neuronal cells (class
[l mutant; Fig. 4.2).
Characterization of the jx mutations
Following these selection criteria, we isolated about 30 mutants for clonal
amplification (Fig. 4.2). The mutants that were sterile, lethal or displayed aberrant ins-6
expression in non-dauer stages were eliminated. This secondary screen provided five
different jx mutations distributed across the different selection criteria (Fig. 4.3A). The
mutant phenotypes showed more than 90% penetrance in the dauer populations.
Because these regulators affect the dauer-specific ins-6p::mCherry expression
and ins-6 modulates entry into and exit from the dauer program (Chen et al., 2013; Cornils
et al., 2011; Fernandes de Abreu et al., 2014), we measured the dauer entry and exit
phenotypes of the five jx mutations. The jx24 mutation increased dauer formation
compared to all other strains tested (Fig. 4.3B). Because jx24, a class Il mutant (Fig. 4.3A),
did not show aberrant expression during the L1 stage, which is the dauer-entry decision
stage, this suggests that jx24 may affect other genes and/or ILPs that regulate dauer entry
(Fig. 4.3 A-B). In addition, jx24 had a delayed dauer exit phenotype, which is consistent

with its low ins-6p::mCherry expression in ASJ (Fig. 4.3C) since ins-6 from ASJ expedites
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exit from dauers (Cornils et al., 2011). However, jx22, another class || mutant that showed
decreased ins-6p::mCherry in ASJ, did not delay dauer exit, which indicates that the jx22
mutation affects a gene that can bypass decreased ins-6 expression to promote dauer exit
(Fig. 4.3C).

Interestingly, the class | mutant jx29, showed continued ins-6p::mCherry
expression in ASI, but had no significant effect on dauer entry (Fig. 4.3B). On the other
hand, jx29 showed normal ins-6 expression in the dauer ASJ neuron, but showed a
delayed dauer exit phenotype (Fig. 4.3C). This indicates that the jx29 mutation may affect
other factors, such as other ILPs that act downstream and/or parallel to ins-6 in regulating
dauer entry and exit. Thus, because jx29 animals had dauer program phenotypes that
might affect multiple ILPs that modulate dauer physiology, we focused on the identification
of jx29 to dissect the mechanism(s) that underlie the regulation of the inter-ILP network.

Mapping and identification of jx29 mutation

The mutants that belonged to the same class, such as the class | mutants jx22 and
Jx24, or the class |l mutants jx27 and jx29, did not exhibit similar dauer entry or exit
phenotypes, which make them less likely to be different alleles of the same gene.
Therefore, we performed an EMS-based SNP mapping of the jx29 mutation (Fig. 4.3) over
a complementation-based chromosomal mapping.

The background mutations present in the strains may have confounded the dauer
entry and exit phenotypes. Therefore, to reduce the EMS-induced mutations that are of
no interest, we backcrossed the jx29 mutant hermaphrodite to its male parent strain
drcSi68. The resulting homozygote F2 hermaphrodites were selected based on ins-6
misexpression in dauers. As the F1 dauers did not exhibit any ins-6 misexpression in ASlI,
the causal mutation is likely recessive. The recombinant jx29 F2 hermaphrodites were
again backcrossed to its male parent drcSi68 five times to eliminate 98% of the

background mutations. During outcrossing, we observed that jx29 F2 dauers are both
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males and hermaphrodites in equal numbers upon dauer exit. Therefore, as males have
only one X chromosome, and jx29 mutation is recessive in nature, jx29 mutation cannot
reside on the X chromosome. After outcrossing jx29 six times to its parent strain, we
isolated the outcrossed genomic DNA for whole-genome sequencing (WGS; Michigan
State University’s Sequencing Facility).

We analyzed the genomes of N2 (wild-type reference), drcSi68 (parent strain) and
Jx29 (test strain) by following the standard protocols that use GALAXY and its already
existing toolshed [website server (https://usegalaxy.org)]. Our workflow of the automated
pipeline that identified the candidate mutations is described in Fig. 4.4. Since the jx29
mutation is recessive and EMS induces random GC to AT transitions in the genome, we
filtered our variants using the logic that the SNPs/variants must be homozygous. Next,
depending on the SNP clusters, depth of coverage and quality of reads, we sifted through
these SNPs for GC to AT transitions (Fig. 4.4). We chose only those genes that had at
least 100X coverage and is a homozygous variant, which meant that 100 different lllumina
sequence reads confirmed that the SNP at a given position (with map-ID from the
reference genome) is in the jx29 genome (Fig. 4.4). Through this approach, we identified
seven candidate genes that might harbor the jx29 mutation (Fig. 4.4).

The bioinformatic analyses confirmed our observation that the jx29 mutation must
be an autosomal recessive mutation, since none of the seven candidates were present on
the X chromosome. However, because the mutation present in jx29 is the causal mutation
for ins-6 misexpression, the SNP must be different from both the wild-type genome and
the genome of its parent drcSi68 (Figs. 4.1 and 4.4). Therefore, | predict that the candidate
SNPs in spe-15, clec-2 and Y25C1A.7 are less likely to induce ins-6 misexpression in
dauers. While the SNPs in these three genes are absent in the drcSi68 genome, they are
present in the wild-type genome (Fig. 4.4) and wild-type dauers do not show any ins-6

misexpression (Figs. 3.1 F-J, 4.1 and Fig. S3.2A). Therefore, these three SNPs are silent
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SNPs present that do not cause any change in the ins-6 expression and/or dauer
paradigm.

The remaining four candidate SNPs that might cause ins-6 misexpression were
egg-4, che-7, unc-62 and F53G2.2 (Fig. 4.4). For further rescue experiments, we
prioritized the four candidates according to their roles in physiology, reproducibility of the
SNP peaks through two different bioinformatic analyses, expression patterns and SNP
clustering. The bioinformatic analyses revealed that the SNP in F53G2.2 (-12.80 cM) was
tightly linked to the SNPs in clec-2 (-8.97 cM) and Y25C1A.7 (-8.5 cM) on chromosome |I.
These SNPs were difficult to recombine away during backcrossing and were therefore
found as a cluster. This is typical of a genome generated by an EMS-based density map,
where the causal mutation is tightly linked to other SNPs. This SNP cluster thereby marked
the boundary of an affected genomic region, where the frequency of recombination events
would be reduced within that region. Within this chromosome Il cluster, the previously
uncharacterized F53G2.2, which is a predicted scaffold-like protein, was a strong
candidate for inducing ins-6 misexpression in dauers. However, because (i) the jx29
mutation is recessive and is expected to inactivate or downregulate the gene product and
(il) dauers have very low expression of F53G2.2, the priority for further phenotypic rescue
experiments of this SNP was lowered.

A second candidate is unc-62, which encodes a predicted homologue of the
human MEIS2 (Meis homeobox 2) protein and is expressed in dauers [modENCODE and
Wormbase (Van Auken et al., 2002; Van Nostrand et al., 2013)]. unc-62 is predicted to
have DNA binding activity, which makes UNC-62 a prime candidate to bind to the cis
regulatory elements of ins-6 and affect ins-6 expression (Van Nostrand et al., 2013). Yet,
the cis regulatory sequences of ins-6 lack any MEIS 2-like binding elements, which makes
unc-62 a less likely regulator of ins-6, unless unc-62 indirectly affects ins-6 through

another gene.
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The third candidate, the pseudotyrosine phosphatase gene egg-4, acts in
combination with egg-5 to promote oocyte maturation in C. elegans (Cheng et al., 2009;
Parry et al., 2009). The egg-4 gene product has a serine to arginine substitution in its first
exon within the jx29 genome (Fig. 4.4). DAF-2, an ILP receptor, promotes oogenesis
through the RAS-ERK pathway (Cheng et al., 2009; Parry et al., 2009). Therefore, it is
highly possible that egg-4 is also an ILP regulator, whose missense mutation impairs its
phosphatase domain and hinders the proper function of the ILP pathway. However, while
egg-4 is abundantly expressed in L4s and in the developing embryos, it is not expressed
during the dauer entry decision stage or in dauers (Cheng et al., 2009; Parry et al., 2009),
which decreases the likelihood that egg-4 regulates ins-6 in dauers.

The final and potentially the most important candidate is che-7, which encodes a
gap-junction protein that mediates sensory responses to environmental cues (Bargmann
etal., 1993; Bhattacharya et al., 2019; Mori and Ohshima, 1997). Unlike wild-type animals,
mutants of che-7, also known as inx-4 (innexin-4), fail to return to their cultivation
temperature when placed in a higher, dauer-inducing temperature (Mori and Ohshima,
1997). che-7 is also abundantly expressed in L1s, L2s and dauers, but reduced in L3s,
L4s and adults, which suggests that che-7 expression is specific to certain developmental
stages (Bhattacharya et al., 2019). A recent study additionally showed that che-7/inx-4
has a dauer-specific expression and function in controlling dauer-specific behavioral
responses (Bhattacharya et al., 2019). Moreover, from two different bioinformatic analyses
using two different sets of sequencing coverage (10x versus 100x), only the SNPs in che-
7 and egg-4 were consistently isolated (Fig. 4.4). This suggests two things. First, our
bioinformatic pipeline produces reproducible data and we can fine-tune our variant-calling
based on the depth of sequencing coverage of the different genomic regions. Second, the
SNPs in che-7 and egg-4 are clearly present in the jx29 genome. Therefore, it is highly

possible that CHE-7 and EGG-4 both regulate ins-6 expression in a stage-specific way,
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which is suggested by the mutually exclusive expression pattern of che-7 and egg-4
(Bhattacharya et al., 2019; Cheng et al., 2009). Currently, we are performing gene-specific
rescue experiments to identify the causal mutation for jx29.

The dauer-specific expression of che-7 and the role of che-7 in promoting dauer-
specific neuro-electrical activity in an insulin signaling-dependent manner make the SNP
in che-7 a strong candidate for the jx29 mutation (Bhattacharya et al., 2019). It is possible
that che-7 affects the electrical activity of the ASI neuron to regulate ins-6 expression in
this neuron, where lower ASI electrical activity induces ins-6 expression. In the future, it
will be interesting to note if che-7 also affects the subcellular localization of ins-6 mRNA
in response to altered electrical activity. In such a scenario, this will imply that electrical
flow between adjacent neurons can localize ILP mRNAs to the necessary subcellular

compartments.
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Fig. 4.1: Comparison of endogenous ins-6 expression with
transcriptional reporter drcSi68. (A) A schematic diagram of the inserted
transgene in drcSi68. In C. elegans, 0.77 cM near the center of the second
chromosome is a Mos1 transposon site, the insertion site of the mCherry
cassette whose expression is driven by the 5’ and 3’ cis regulatory elements of
ins-6. Within the shown cassette, Il is an intergenic region in the second
chromosome; Mos denotes the Mos1 transposon site; ins-6p is the 1.65-kb
sequence upstream of the ins-6 translation start site; and ins-6 cis represents
the 7.5-kb sequence downstream of the ins-6 translation stop site. Therefore,
mCherry expression in this strain is also regulated by the ins-6 5 UTR and 3’
UTR. (B) Qualitative comparisons between the mCherry expression of drcSi68
and endogenous ins-6. Like endogenous ins-6, drcSi68 shows that favorable
conditions promote ins-6p::mCherry expression in ASI neurons throughout
development, whereas ins-6p.:mCherry is expressed in the ASJ neurons during
L2 (2/39, see panel C) to adulthood. In dauers, ins-6p::mCherry is lost in ASI,
while the ASJ neurons are the only neurons that continue to express ins-
6p::mCherry. (C) Pooled number of animals assayed for ins-6 FISH and the
transcriptional mCherry reporter (performed simultaneously) from five different
trials. None of the dauers showed ins-6 in ASI.
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Fig. 4.2: A schematic diagram of the EMS screen that used the drcSi68 parent
strain. ‘m’ indicates the presence of a mutation and ‘+’ indicates wild type. L4
hermaphrodites were treated with EMS for four hours and then allowed to recover and
produce Fi. These F1 grew to produce F, progeny, which were grown under dauer-
inducing conditions. Four days after noting the first dauer in each plate, we screened about
2700 dauers in 48 hours based on three selection criteria shown in the box on the right.
We selected about 30 mutant dauers having anomalous ins-6p::mCherry expression,

which were then clonally amplified for a secondary screen and preliminary analyses.
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Fig. 4.3: EMS mutations that alter ins-6p::mCherry expression in five-day
old dauers. (A) Unlike wild-type dauers, which only express ins-6p::mCherry (closed
red circle) in ASJ neurons, class | mutant dauers express ins-6p::mCherry in both ASI
and ASJ neurons. In contrast, class Il dauers have no ins-6p::mCherry in ASI (open
black circle) and low or no ins-6p::mCherry in ASJ (open red circle), while class Il
dauers have ectopic ins-6p::mCherry in multiple neurons. Mutants are defined by their
Jx names. (B) Dauer entry assay of the EMS mutants. Eggs were laid for 4 hours at
25°C, then were shifted to 27°C, a temperature known to induce dauer formation.
Dauers were scored after 48 hours. jx24 exhibited a higher percentage of dauers at
27°C, compared to the parent strain, drcSi68, and other mutants. * indicates p < 0.05
and ** indicates p < 0.01, according to one-way ANOVA, with Bonferroni’s correction.
(C) The dauer exit assay results. The worms were grown at 20°C and were allowed to
form dauers. These dauers were then picked and transferred to a plate with food, which
would promote dauer exit. The p values of the comparisons between the dauer exit
rates of the mutants versus the parent strain at 20°C are shown. jx22, jx24, and jx29
showed delayed dauer exit phenotypes, which are significantly different from the parent
strain, drcSi68.
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Fig. 4.4: Summary of the workflow used to identify the candidates. The raw
WGS reads were uploaded to the local GALAXY server, using the guidelines given by
www.usegalaxy.org. Using the FASTQ groomer tool from the GALAXY toolshed, we
sifted through the good quality sequences, which informed us about the quality of the
sequencing. About 99.2% of the reads were readable and of good quality. We then
aligned the wild-type genome, which was imported from the UCSC genome browser,
with the groomed drcSi68 and jx29 sequences, using BWA-mem. The files were further
processed by SAM tool from the toolshed, which converts the Sequence-Aligned Maps
(SAMs) into binary SAMs (BAMSs), which provides “0” versus “1” annotations for the
different nucleotides. This BAM file was then re-read for reorganization using Picard
tools. With the help of the GATK suite, the file was primed for homozygous variant
selection. Once the variant calling was done, the SNPs were subjected to background
subtraction from the wild-type and drcSi68 sequences, using the SNPEff tool. Since
Jx29 is an autosomal recessive mutation, we used snpSift to further qualify the variants
based on homozygosity. This further narrowed the list and the common genes obtained
from SNPEff and snpSift were annotated, which are shown above in a tabular form with
its genotype and the affected gene region. The first four genes (in white rows) are our
best candidates for further rescue experiments and characterization. The genes listed
in gray are homozygous mutations compared to the parent strain drcSi68, but are
present in the wild-type genome, and are thus less likely to be the causal mutation of
ins-6 misexpression.

A genomic map of the listed candidates is shown in the lower panel. The red
mutations are our best candidates and the gray mutations are likely background
variants that do not affect ins-6 misexpression. The SNP cluster in the second
chromosome suggests that the tightly linked F53G2.2 might be a good candidate.
Because the C. elegans chromosomes are holocentric, a five-cM genetic distance
between unc-62 and che-7 in the fifth chromosome is another example of SNP
clustering, which also makes at least one of them a strong candidate in inducing ins-6
misexpression. egg-4 is an isolated SNP in the first chromosome, which reduces its
possibility for being the causal mutation, although its missense mutation in its first exon
makes it an attractive candidate for further characterization.
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CHAPTER 5 CANDIDATE REGULATORS OF THE ILP INS-6: A REVERSE GENETIC
APPROACH

Introduction

The C. elegans inter-ILP network shows that ILPs positively or negatively regulate
the transcription of other ILPs (Chen et al., 2013; Cornils et al., 2011; Fernandes de Abreu
et al., 2014). However, this network organization has not necessarily depicted potential
feedback regulatory loops (Fernandes de Abreu et al., 2014). In rats and canines, insulin
added to islets of Langerhans and perfused pancreas inhibits pre-proinsulin synthesis,
which indicates a negative-feedback loop of insulin synthesis (lversen and Miles, 1971;
Malaisse et al., 1967). In humans, intravenous insulin delivery reduces the levels of ILPs
that contain the C peptide in both obese and lean groups, albeit the relative decrease in
ILPs in the obese group was lower than the observed decrease in the lean group (Elahi et
al., 1982). This shows that the negative feedback loop in insulin signaling in obese people
is a weaker response that decreases the insulin sensitivity of these people and
predisposes them to diabetes. This observation also emphasizes that feedback regulation
in the ILP signaling system is important for survival and that the C. elegans ILPs also have
self-regulatory loops that modulate the inter-ILP network for optimal survival. Moreover,
the C. elegans ILP feedback systems will likely stretch beyond one individual ILP to
multiple ILPs. Thus, the worm ILPs themselves are prime candidate regulators of the inter-
ILP network. In this chapter, | have further explored how ILPs misexpress or mislocalize
ins-6 mRNA and have found that ins-6 does regulate its own expression.

The third chapter of this thesis has extensively detailed the axonal localization of
ins-6 mRNA in dauers, which establishes the role of kinesins unc-116, osm-3 and kip-6 in
ins-6 mRNA transport. However, the entire mechanism of ILP mRNA transport is far from
understood, especially when one considers that an individual cell can express an array of

molecular motors that can traffic specific RNA/protein cargoes to different subcellular
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compartments (Hirokawa et al., 2009). Because | found that daf-28 mRNA also localizes
to dauer axons (Chapter 3), there is the possibility that the motors that transport daf-28
mRNA may or may not be similar to the motors that localize ins-6 mRNA. To identify the
motors in the C. elegans genome, specifically the kinesins or dyneins that might participate
in ins-6 and daf-28 mRNA mobilization, we performed a gene-ontology based search of
kinesin-like or dynein-like genes in the C. elegans genome. Here | report two additional
kinesin mutants that affect ins-6 mRNA fate. Furthermore, in this chapter | identify potential
signals that might regulate the activities of the different motors in mRNA mobilization—
JNK-dependent and synaptic transmission-dependent signals. Thus, this chapter offers a
glimpse of the different possibilities in ins-6 mMRNA regulation.
Results and Discussion

ILPs regulate ins-6 localization and expression

Multiple ILPs can collectively affect ins-6 expression and modulate the inter-ILP
network response to stress. To test this hypothesis, | imaged endogenous ins-6 mRNA in
two different daf-28 mutants (Fig. 5.1A). | found that while a daf-28(sa191) gain-of-function
mutant inhibited ins-6 MRNA transport, a deletion specific to daf-28, tm2308, did not affect
ins-6 mMRNA localization (Fig. 5.1A). The gene product of daf-28(sa191) has been
proposed to sequester the enzyme that processes multiple ILPs that include daf-28 [Fig.
5.1B; (Li et al., 2003)]. A defect in ins-6 mRNA transport in sa797 mutants suggests that
impaired processing of an ILP, but not DAF-28 (Fig. 5.1A), failed to localize ins-6 mRNA
to the axons. This is consistent with my earlier finding that the insulin receptor DAF-2
promotes ins-6 mRNA transport to the axons (Fig. 3.3 A and D; Fig. S3.4 A and D). At

present, the specific ILP(s) that promote ins-6 mMRNA mobilization remain to be identified.
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The sa191 gene product has also been proposed to impair the processing of the
INS-6 peptide (Li et al., 2003), which led me to test if ins-6 can regulate its own expression.
| imaged and quantified the drcSi68 ins-6p::mCherry transcriptional reporter (Fig. 4.1A) in

the ins-6(tm2416) deletion mutant background (Fig. 5.1C). | found that the absence of a
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Fig. 5.1: ILPs regulate ins-6 localization and expression. (A) Two alleles of
daf-28, tm2308 and sa191, have different effects on axonal ins-6 mRNA. Wild-type dauers
show equal distribution of class A and class B dauers, when they are 5-day old at 20°C.
The number of animals observed for each condition is shown in each bar. (B) The
predicted mechanism of peptide processing in the sa7917 mutation, which affects other
ILPs (Li et al., 2003). A missense mutation, arginine to cysteine, near the N-terminal
region of DAF-28 is believed to hamper a peptidase processing site. As this peptidase
recognizes the same motif in DAF-28 and other ILPs, the sa797 mutation is predicted to
sequester the peptidase, which makes it unavailable to cleave and activate other ILPs.
This increases the pool of unprocessed ILPs, which cannot activate DAF-2. (C)
Quantification of mCherry expression in 25 wild-type animals and 25 ins-6 mutants in the
drcSi68 background show ins-6 can inhibit its own transcription. When ins-6 mRNA is
absent, the cis regulatory regions of ins-6 in drcSi68 become more active and produce
higher amounts of mCherry. (D) In dauers that carry a mutation in an ILP pro-protein
convertase, egl-3, ins-6 mRNA is mislocalized at the anterior intestine, in a cluster of yet
unidentified cells. While 3D-reconstruction of an eg/-3 mutant dauer show ins-6 mRNA in
the nerve ring, none of the neural cell bodies in the head region (toward the top of the
panel) showed any ins-6 expression.



76

functional INS-6 peptide increased ins-6 transcription (Fig. 5.1C), which suggests that
INS-6 negatively regulates its own mRNA expression. Therefore, a regulator of a major
node of the inter-ILP network is ins-6 itself.

In support of an ins-6 negative feedback loop, | next tested if ins-6 mMRNA is also
affected by EGL-3, which has been shown to limit INS-6 peptide levels (Hung et al., 2014).
EGL-3 is the only known homolog of the proprotein convertase 2 [PC-2; (Thacker and
Rose, 2000)] that cleaves a number of proproteins, including INS-6 at the R5'/R>? position,
to form bio-active peptides (Hung et al., 2014). As expected, ins-6 mMRNA expression is
affected in egl-3 mutant dauers (Fig. 5.1D). In this mutant dauers, | observed that (i) none
of the amphid somas express ins-6, (ii) the nerve ring (NR) axon bundle shows faint ins-6
mRNA signals, and (iii) ins-6 MRNA is now found in the anterior part of the intestine (Fig.
5.1D). These data suggest that EGL-3 is also a regulator of the inter-ILP network by
processing different ILPs, including INS-6, to maintain the levels and cell-specific
expression of ins-6 mMRNA. Since EGL-3 will likely process other neuropeptides, such as
FRMF-like peptides (FLPs) or NLP neuropeptides (Kass et al., 2001), the possibility of
other neuropeptides controlling the ILP network remains wide open.

Kinesins control both ins-6 localization and expression

Chapter 3 identified kinesins that are required for ins-6 mRNA transport. These
kinesins were selected from a gene-ontology based search for potential C. elegans
kinesins and dyneins that can be tested as ins-6 regulators (Fig. 5.2). We tested kinesins
from each class that is depicted in Fig. 5.2 for defects in ins-6 mRNA transport. In addition
to the kinesins unc-116, osm-3, and kip-6 that were shown in chapter 3 (Fig. 3.3 B-D; Fig.
S3.4 B-D), two additional kinesins, klp-4 and unc-104, affected ins-6 expression (Fig. 5.3
A-B). While kip-4 mutant dauers appeared to have the same distribution as wild-type
dauers in terms of ins-6 MRNA enrichment in somas versus axons (Fig. 5.3A), kip-4

mutant dauers had variable effects on total ins-6 mRNA levels (Figs. 5.3B and 5.4A). The
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kip-4 mutation, 0k3537, can increase ins-6 mRNA levels in ASJ in a fraction of the dauer
population (Figs. 5.3B and 5.4A). Although class A klp-4 mutant dauers accumulated more
ins-6 mRNA in the soma, they still had more ins-6 mMRNA in the NR compared to the NRs
of wild-type class A and class B dauers (Fig. 5.3B). In contrast, the class B kip-4 mutant
dauers showed similar ins-6 mMRNA levels in the NR compared to the NR of wild-type class
B dauers (Fig. 5.3B). It is unclear if the higher axonal ins-6 mRNA in the class A kip-4
mutant dauers is due to bulk flow of increased ins-6 mRNA in the ASJ soma (Fig. 5.3B).
This is because osm-3 mutant dauers had high levels of total ins-6 mRNA in ASJ (Fig.
5.4A), but no enrichment in axonal ins-6 mRNA (Fig. 3.3 B-D; Fig. S3.4 B-D). Together,
this is consistent with the idea that axonal mobilization of ins-6 mMRNA must be regulated,
where kip-4 has two roles in regulating ins-6 mRNA—one during mobilization and another
during transcription or message stability. Likewise, osm-3 and kip-6 may have roles in
both processes, because mutations in both kinesins affect ins-6 mRNA subcellular
localization (Fig. 3.3 B-D; Fig. S3.4 B-D) and total ins-6 mRNA levels in dauers (Fig. 5.4A).

Interestingly, unlike the above kinesin mutants, unc-104(e1265) mutant dauers
exhibited a completely altered ins-6 transcriptional pattern rather than localization, where
unc-104 dauers lost most of their ins-6 expression (Figs. 5.3 A-B and 5.4A). Because all
four kinesin mutations affected ins-6 expression in dauers, | also tested if they affect ins-
6 expression in well-fed or non-stressful conditions (Figs. 5.4B and 5.5). While osm-3 and
kip-6 mutants had less of an effect on non-dauer ins-6 mRNA (Fig. 5.4B), | found that kip-
4 and unc-104 had a stronger effect on ins-6 mRNA in the ASI and/or ASJ cell bodies
during well-fed conditions (Fig. 5.5). The kip-4 mutation increased ins-6 mRNA in ASI at
all stages and in ASJ in a stage-specific manner, whereas the unc-104 mutation
decreased ins-6 mRNA in ASI at all stages, except for L1, and in ASJ at all stages (Fig.

5.5).
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Kinesins C. remanei C. briggsae C. brenneri D. melanogaster D. rerio M. musculus H. sapiens
klc-2 93% 92% 92% 67% 64% 65% 62%
osm-3 93% 94% 91% 45% 54% 60% 61%
kip-20 87% 91% 91% 50% 54% 55% 55%
unc-116 97% 98% 96% 59% 60% 59% 52%
ZC262.7 88% 93% 86% 58% 51% 59% 52%
kip-11 NA 62% NA NA 50% 54% 55%
unc-104 91% 93% 93% 52% 49% 49% 49%
kip-7 79% 79% 80% 60% 47% 46% 48%
kip-4 100% 99% 100% 47% 46% 43% 45%
kip-6 94% 95% 91% 15% 37% 37% 39%
kip-16 56% 54% 54% 36% 38% 36% 37%
kip-12 94% 89% 80% 55% 48% 36% 36%
kip-13 87% 89% 82% 51% 37% 36% 36%
vab-8 93% 91% 91% NA 30% 30% 32%
Dyneins C.remanei C. briggsae C. brenneri D. melanogaster D. rerio M. musculus H. sapiens
dic-1 NA NA NA 93% 96% 96% 92%
dhc-1 94% 94% 92% 56% 56% 56% 56%
dyla-1 92% 92% 92% 0 44% 0 44%
che-3 91% 87% 87% 30% 44% 42% 41%
dli-1 90% 88% 88% 30% 31% 31% 31%
dylt-2 81% 81% 80% 32% 33% 36% 25%
dylt-3 66% NA NA NA 35% NA NA
xbx-1 90% 89% 86% 28% 38% 34% 31%

Fig. 5.2: Candidates for ins-6 mRNA transport. (A) The flowchart for the
candidate genes to be tested. Using Intermine and Gene Ontology (GO) annotations,
we sorted 41 kinesins and 40 dyneins in 23 kinesins and 19 dyneins, respectively.
Based on head-neuron specific expression, we found that 14 kinesins and 8 dyneins
were of interest. When we performed BLAST analyses, we could prioritize the kinesins
and the dyneins based on the sequence similarity of the nucleotides. (B) The list of
prioritized kinesins and dyneins. The sequence similarity is denoted for a fraction of the
Caenorhabditis species, another invertebrate (Drosophila melanogaster), fish (Danio
rerio) and mammals (mouse and humans). The white rows show the kinesins and
dyneins that are present in all the species tested and have similarity in sequences
across species. The light-gray rows are those kinesins and dyneins that have sequence
similarity of 40-50% across species, except for klp-11 (which lacks a similar gene in
Caenorhabditis sp.) and dyla-1 (which is lacking in flies and mice). The dark-gray rows
list those motor proteins that have sequence similarity below 40% between different
animals and are sometimes absent in other species. For example, vab-8 is absent in
Drosophila, while a similar gene to dylt-3 is only present in D. rerio.
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Fig. 5.3: Kinesin Il family, UNC-16 adapter and synaptobrevin regulate
ins-6 levels in the NR. (A) The distribution of class A and class B dauers in kip-4
mutants is similar to the wild-type distribution of dauers, while the unc-104 mutant
dauers show little to no ins-6 expression and are largely classified as class C dauers.
(B) The average NR fluorescence intensity of class A and class B dauers are shown in
wild type (WT) and mutants of the kinesin Il family, klp-4 and unc-104. Because the
NR of unc-104 mutants show a fluorescence intensity similar to those of ins-6 deletion
mutants, they are classified as class C dauers. Axonal ins-6 mRNA was higher in the
class B population of wild-type dauers. While kip-4 class A mutants had higher ins-6
mRNA in the soma than in their NR, they also had higher ins-6 mRNA in the NR
compared to the NR of wild-type class A dauers. (C) The fraction of unc-16 or snb-1
mutant dauers that accumulate ins-6 mMRNA in the NR is higher than in wild type. This
indicates that wild-type unc-16, which is a kinesin adapter and axonal gatekeeper, and
snb-1, which regulates neurotransmission, prevent ins-6 mRNA transport. (D) The
average ins-6 mRNA in the NR of wild-type, unc-16 and snb-1 mutant dauers.
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development, osm-3 and kip-6 animals show similar patterns of dynamic ins-6 expression
in both ASI and ASJ neurons, which indicate that osm-3 and klp-6 do not greatly change
ins-6 expression in these larval stages. The number of animals assayed are shown in the
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Fig. 5.5: ins-6 mRNA levels during non-stressful conditions in unc-104 and
kip-4 mutants. The number of animals assayed are shown in the bars. During
development, unc-104 and kip-4 mutants regulate ins-6 expression in well-fed
conditions. In ASI neurons, unc-104 mutants have significantly lower ins-6 expression in
L3s and L4s, while kip-4 mutants have significantly higher ins-6 expression in L4s. The
unc-104 ASJ neurons do not show ins-6 expression until the animals are in L3 and have
low ins-6 expression in L3s and L4s. ins-6 expression in the ASJ neurons of kip-4
animals were like wild type, except for the L2s.
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Together my data above suggest that kinesins might also participate in the
regulation of ins-6 mMRNA steady-state levels (Fig. 5.1C) and the ILP network. Since
kinesins are molecular motors in the cell, it will be interesting to uncover how kinesins,
such as kip-4 and unc-104, regulate ins-6 transcription and/or stability, including the
specific cargoes that these kinesins carry to regulate the inter-ILP network.

The JNK-dependent kinesin adapter UNC-16 inhibits axonal ins-6 mRNA
transport

To ensure efficient cargo delivery, kinesins and dyneins bind to adapters, like
UNC-16, which recognize the motors and/or their cargoes, and direct cargo delivery to the
proper subcellular compartments (Byrd et al., 2001; Hirokawa et al., 2009). For example,
unc-104 kinesin mutants mislocalize the synaptobrevin SNB-1 in an unc-16-dependent
manner (Byrd et al., 2001). Similarly, delivery of the ins-6 and daf-28 transcripts to the
nerve ring may require the UNC-16 adapter to bind the kinesins and guide their movement
away from the cell bodies. UNC-116, the C. elegans homolog of the kinesin-1 motor
KIF5A, promotes ins-6 mRNA transport to the dauer axons (Fig. 3.3B; Fig. S3.4B). In
support of the above hypothesis, UNC-116 and its partner KLC-2, as well as UNC-104,
the worm kinesin-3 motor KIF1A, have been shown to bind UNC-16, which is also known
as Sunday Driver or the JNK-Interacting Protein (JIP) (Brown et al., 2009; Byrd et al.,
2001; Sakamoto et al., 2005a).

The kinesin adapter UNC-16 is a direct target of the c-Jun N-terminal Kinase (JNK)
pathway, which includes the kinases JNK-1, JKK-1, and SEK-1 (Byrd et al., 2001).
Interestingly, like UNC-16, mutations in JNK-1 and JKK-1 mislocalize synaptobrevin-
marked vesicles in the axons of motor neurons (Brown et al., 2009; Byrd et al., 2001;
Sakamoto et al., 2005a). The JNK signaling pathway has been shown to be a stress
sensor and interacts with insulin signaling by phosphorylating and activating the insulin

pathway effector, the DAF-16/FOXO transcription factor (Oh et al., 2005). Because UNC-
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16 is a kinesin adapter (Byrd et al., 2001) that responds to stress sensors that modulate
insulin signaling (Oh et al., 2005), | next tested if UNC-16 influenced axonal ins-6 mRNA
transport. unc-16 mutants exhibited increased axonal ins-6 mRNA (Fig. 5.3 C-D), which
is also consistent with the function of UNC-16 as an axonal gatekeeper that prevents the
flow of organelles and vesicles into the axons (Edwards et al., 2015). Future experiments
will be needed to determine whether wild-type UNC-16 inhibits axonal ins-6 mRNA
transport in response to the JNK pathway and/or insulin signaling.

Synaptic transmission also modulates ins-6 mRNA localization

A decrease in unc-16 activity increased transport of both ins-6 mRNA (Fig. 5.3 C-
D) and synaptobrevin-marked vesicles to the axons (Byrd et al., 2001), which raises the
possibility that synaptobrevin itself will also affect ins-6 mRNA. The synaptobrevin SNB-1
is a synaptic vesicle-associated membrane protein that is required for vesicle exocytosis
and neurotransmission (Nonet et al., 1998). | found that a mutation that decreased SNB-
1 activity increased ins-6 mRNA levels in the NR and the number of animals that showed
ins-6 MRNA in the NR (Fig. 5.3 C-D), which suggests that low or altered neurotransmission
promotes axonal mRNA transport. This presents an intriguing model that remains to be
tested: stress decreases or alters the activities of both UNC-16 and SNB-1 to traffic ins-6
mRNA to dauer axons, where the mRNA is poised to respond to the removal of stress
cues.

OSM-3 may directly transport ins-6 mRNA to specific subcellular
compartments
The transport of ins-6 mMRNA to the axons begs the identity or identities of the kinesins
that directly traffic the mRNA to the axons. OSM-3, a C. elegans kinesin Il motor that acts
in the same neuron to promote ins-6 MRNA transport (Fig. 3.3 B-D; Fig. S3.4 B-D), is an
excellent candidate. While there is no direct proof that OSM-3 physically associates with

ins-6 mMRNA in a protein-mRNA complex, | found that a GFP-tagged OSM-3 (OSM-
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3::GFP) co-localized with ins-6 mRNA in dauers (Fig. 5.6). The ASJ neurons of osm-
3(p802) mutant dauers that had been rescued with OSM-3::GFP (Fig. 3.3C) showed co-
localization of ins-6 MRNA and GFP in the cell bodies. All rescued dauers (Fig. 3.3C) also
showed co-localization of both mRNA and protein signals in the NR. In addition, | observed
the same co-localizations in the ASJ soma and NR axon bundle of daf-2(e1368);
osm-3(p802) double mutants that were again rescued with OSM-3::GFP in the ASJ neuron
(Fig. 3.3D). Intriguingly, however, about a quarter of the rescued double mutants also
showed GFP-marked dendritic arbors in the ASJ neurons (Fig. 5.6), which suggests that
stress can induce branching in the ASJ dendrites. In addition, these OSM-3::GFP-marked
dendritic regions co-localized with ins-6 mRNA (Fig. 5.6), although the significance of the
ins-6 mRNA in the dendritic arbors or the proximal parts of the dendrites remain to be
determined. Because the ASJ cell body and arbors (Fig. 5.6 D-F) showed co-localization
of OSM-3::GFP and ins-6 mRNA in a precise manner, this is consistent with OSM-3

directly trafficking ins-6 mRNA to the proper subcellular compartment.
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The potential role of mMRNA structure and stability in axonal transport

The untranslated regions (UTRs) of mMRNAs provide stability to the mRNA, play a
role in transport to various parts of the cell and interact with proteins that aid in translation.
Therefore, | dissected the role of ins-6 UTRs in mRNA transport. Although | found that the
ins-6 UTRs are insufficient to traffic mRNA to the axons (Fig. 3.3 F-G), the ins-6 UTRs do
play a role in mRNA stability, since a lack of the UTRs caused a reduction in ins-6 mRNA
levels (Fig. 3.3E). My finding that a second dauer exit-promoting ILP mRNA, daf-28, is
transported to the NR (Fig. 3.2) next led me to dissect the role of UTRs in maintaining the
predicted structural integrity of the ILP mRNAs that are present or absent in the axons.
mMRNA structures are important for the mRNA-protein interactions that are crucial during
the transport, stabilization and translation of the mRNAs (Mignone et al., 2002). By using
Zuker's mFold  algorithms  provided by the Vienna RNA  package
(http://rna.tbi.univie.ac.at), | systematically predicted twenty different structures for the
ILPs daf-28, ins-6, and ins-1, in the presence or absence of their respective UTRs. The
figures, Figs. 5.7 to 5.10, show the most likely structures (1% probability, > 98%) that are
predicted by Zuker's mFold for each set of ILP mRNAs that are full length (Fig. 5.7), lack
all UTRs (Fig. 5.8), lack only the 5° UTRs (Fig. 5.9), or lack only the 3’ UTRs (Fig. 5.10).
These predictions have the highest thermodynamic stability at 20°C (Fig. 5.11), the
temperature at which the worms were largely grown in the studies described in this thesis,
unless otherwise specified.

The full-length ins-6 mRNA (Fig. 5.7) is predicted to form a bubble, where the &
UTR and 3’ UTR meet each other. This trend is similar in all three ILPs tested so far.
However, the dauer exit-promoting ILPs daf-28 and ins-6 also form stem-loop structures
that presumably provide anchor-points for proteins to bind the mRNAs. ins-6 mRNA has
a primary three-pronged stem, which additionally contains two-or three-pronged stems.

The presence of multi-pronged stem-loops in both dauer exit-stimulating ILP mRNAs, ins-
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6 and daf-28, and the absence of such stems in the dauer exit-inhibiting ins-1 mRNA (Fig.
5.7) raise the possibility that the multi-pronged stems play an important role in ins-6 and
daf-28 function.

When the UTRs are removed from its ILP RNA sequence, ins-1 adopted a
centroid structure unlike the full-length ins-1 mRNA (Figs. 5.7 and 5.8). However, when
the UTRs were deleted from the dauer exit-promoting ILP mRNAs, ins-6 and daf-28, they
became more tubular with fewer stem-loops or they form a stunted loop at the end of the
tubule, as predicted for daf-28 mRNA (Fig. 5.8). Therefore, unlike ins-1 mRNA, loss of
UTRs in the ins-6 and daf-28 mRNAs predicts tubular structures that might be less likely
to interact with proteins compared to the predicted structures of their full-length transcripts
(Figs. 5.7 and 5.8).

Since the ins-6 and daf-28 UTR-less RNA constructs predict altered RNA
structures, | next tested if elimination of either 5’ or 3’ UTRs also made any differences in
the predicted structures of the ILP mRNAs (Figs. 5.9 and 5.10). While loss of the 5 UTR
had little effect on the predicted ins-1 mRNA structure, loss of either UTRs did alter the
mRNA structures of both ins-6 and daf-28 and deletion of the 3’ UTR again promoted the
centroid structure of ins-17 mRNA (Figs. 5.9 and 5.10). Together the predictions support
the importance of the UTRs in the ILP mRNA structures. Although more experiments will
be needed to understand the specific roles of the multi-pronged stem loops in ins-6 or daf-
28 mRNA function, one cannot deny that the UTRs of ins-6 and daf-28 provide
thermodynamic stability to the mRNAs (Fig. 5.11). Indeed, the UTR-less constructs of
ins-6 decreased its mMRNA levels, as well as its transport to the axons (Fig. 3.3E).

| also analyzed the Gibb’s free energy change of each of these predicted
structures and found that UTR-less mRNAs are less stable than full-length ILP mRNAs or
mRNAs that have lost one of the UTRs (Fig. 5.11). Another way to interpret these

bioinformatic predictions is to assume that the full-length RNA structure with its given
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thermodynamic properties provides the best chance under physiological conditions. | have

shown by genomic rescue experiments (Fig. 3.3E) that full-length ins-6 is fully functional
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and localizes to the axons like wild type, indicating that the resulting full-length ins-6 mRNA
structure should bind to the correct set of proteins. Therefore, searching for the absence
and presence of secondary loops within a given range of free energy change must indicate
how the UTRs change RNA structure and affect stability and its potential protein
interactions. By this logic, when we combine the structural results with the given free
energy change, we observe that losing the 5° UTR alters the stem-loop structures of ins-
6 mRNA without much change in its free energy (Figs. 5.7, 5.9, and 5.11). However, it is
possible that losing the 5 UTR may actually cause the mRNA to bind to different proteins
or the mRNA may function in a way that is yet unknown. If so, then any UTR-interacting
proteins are also candidate regulators of the inter-ILP network. In other words, because a
UTR-less ins-6 mRNA structure does affect ins-6 expression, any gene that affects ins-6

RNA structure are fair candidates for regulators of ins-6 and the inter-ILP network.
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Fig. 5.10: Predicted structures of ILP mRNAs that lack 3’ UTRs: daf-28, ins-
1 and ins-6. The first probability of 20 probabilities are shown. The red boxes indicate
the loop between the start and the end of each mRNA. The 5’ to 3’ direction of the mRNA
is shown in the clockwise direction. The blue boxes indicate the secondary stem-loop
structures that each ILP mRNA forms.

Internal energy and stability of RNA structure

AG Full 5 UTR- | 3'UTR- UTR-
kCal/Mol | length less less less

daf-28 | -235.94 | -183.40 | -167.40 | -116.04
ins-1 -245.54 | -230.02 | -123.45 | -106.05
ins-6 -154.99 | -141.39 | -128.54 | -114.29

Fig. 5.11: Predicted free energy change of ILP mRNA
structures: daf-28, ins-1 and ins-6.
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CHAPTER 6 STRESS-INDUCED PLASTICITY IN THE C. ELEGANS NERVE RING
Introduction

Students before an exam, soldiers on duty, and stock-market traders in a
fluctuating market may seemingly have nothing in common, except for the tenet that each
of them are responding to stress, albeit differently. Stressful experiences provoke certain
specific physiological and psychological changes in humans that allow them to endure
stress, as described by the outstanding neuroscientist Hans Seyle, beginning with his
theories on the general adaptation to stress (Selye, 1950, 1993). About 70 years later,
we now know that such general adaptation to stress leads to structural changes in the
brain, observed in humans, as well as in several other experimental models (McEwen and
Morrison, 2013). Despite extensive stress-induced studies in several animals, many
questions still remain. For example, how does our brain exit from stress and does the
imprint of the stressed brain carry over to the post-stressed brain, anatomically and
functionally? This is important because failure to exit from stress leads to post-traumatic
stress disorders, anxiety, depression and several other forms of illnesses (Breslau, 2002;
Flory and Yehuda, 2015).

For humans, fear is a form of stress (Cordero et al., 2003; Shin and Liberzon,
2010). Since it is difficult to perform fear conditioning in humans, fear-induced Pavlovian
conditioning in many different animal models, from rodents to primates, have been used
to understand the basis of stress conditioning (Cordero et al., 2003; Wojnarowicz et al.,
2017). In rats, fear-induced chronic stress causes dendritic shrinkage; and as soon as the
animals are rested, the dendrites regenerate and expand, which demonstrates the
structural plasticity of the brain in response to stress (Bloss et al., 2010). In addition, the
prefrontal cortex, orbitofrontal cortex, limbic system and amygdala undergo anatomical

changes during stress, but much remain unknown about how each of these brain regions
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is reorganized upon recovery from stress (Bloss et al., 2010; Cordero et al., 2003; Shin
and Liberzon, 2010).

These anatomical changes have functional consequences (Bloss et al., 2010).
Stress-induced loss of dendritic spines in the prefrontal cortex is associated with
decreased working memory: the degree of memory impairment directly correlates with
dendritic spine loss (Bloss et al., 2010). Therefore, structural plasticity in the brain allows
the rats to adapt to stress, which might also be accompanied by a decrease in working
memory. Like rats, humans exhibit stress-related functional plasticity, based on functional
magnetic resonance imaging (fMRI) of analogous brain regions in stressed versus non-
stressed humans (Liberzon and Sripada, 2007). Although we lack studies that directly link
the structural changes in the human brain with the structures that optimize stress
responses, it is not surprising that similar plasticity exists in the human brain.

In an enriched environment that stimulates neural activity, humans, primates,
rodents, birds, fish and other animals, also exhibit neural plasticity, which is reflected by
structural and functional alterations (Ball et al., 2019; Hannan, 2014; Mandolesi et al.,
2017). Insulin-like growth factor 1 (IGF-1) is hypothesized to change pre-natal and post-
natal brain development including experience-dependent plasticity, neurogenesis and
synaptogenesis (Costales and Kolevzon, 2016). IGF-1 also promotes neural plasticity in
adults exposed to enriched environments. When IGF-1 is administered exogenously into
aging adult visual cortices that have reduced plasticity, IGF-1 restores cortical neural
responses to visual inputs in these adults (Maya-Vetencourt et al., 2012). This suggests
that changes in any kind of environmental cues can change the brain circuitry with
functional consequences. Therefore, | asked if the environment will also change circuit
morphology in C. elegans, especially because dauer is an adaptive response to harsh
environmental changes. | specifically addressed whether dauers have a structurally

altered nerve ring (NR) structure, which contains many of the synapses within the animal’s
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nervous system. The advantages that C. elegans offers as a model organism, e.g., easy
culturing conditions and a mapped nervous system that allows live imaging, should
facilitate studies that aim to understand the mechanisms governing structural and
functional circuit plasticity in the nervous system.

A very recent study suggests that dauers undergo extensive electrical remodeling
of the neurons in the NR region through che-7 (Bhattacharya et al., 2019), a candidate
gene from our EMS screen for transcriptional regulators of ins-6 (Fig. 4.4; Chapter 4
Results and Discussion). However, the global effect of stress on the entire NR morphology
remains unknown. Here | report that the C. elegans nervous system, especially the NR,
which serves as the primitive brain of the worm, undergoes stress-dependent structural
alterations, according to differential interference contrast (DIC) microscopy. | also find that
these structural changes in the NR are plastic: the NR of dauers that exit into post-dauer
L4s resembles the NR of animals that never entered the dauer program. However, as the
molecular mechanisms of these structural alterations are only beginning to be understood
(Bhattacharya et al., 2019), it is difficult to assess if and how the C. elegans post-dauer
NR differs from the NR of worms that were never exposed to stress. In the future, it will
be interesting to discover if the mechanisms that alter the C. elegans NR structure in
response to stress will also be conserved in the brains of higher animals, such as flies,
fish, rodents and humans.

Results

Stress-induced broadening of the nerve ring axon bundle

During evolution, the animals that branched off early from the evolutionary tree,
such as cnidarians, corals, and sea anemones, have a diffused nerve net throughout their
bodies in place of the central and peripheral nervous systems found in higher animals
(Arendt et al., 2016; Burkhardt and Sprecher, 2017; Clark et al., 2019). As animals

evolved, the nervous system became more centralized: in nematodes, like C. elegans, the
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nerve net developed into a nerve ring; in flies and chordates, the nerve net evolved into
the brain (Arendt et al., 2016). Although the origin of a bilaterally symmetric and centrally
located nervous system has been debated (Arendt et al., 2016; Burkhardt and Sprecher,
2017), C. elegans already exhibits a simple bilateral nervous system with a centrally

located neuropil, similar to the human central nervous system. This centrally located

Fig. 6.1: Stress changes nerve ring (NR) morphology. The edges of the NR
structure are indicated by arrows. The concave round structures beyond the arrows are a
cluster of neuronal nuclei that are adjacent to the NR in that same focal plane. Scale bar,
10 microns. (A and B) Compared to an L3 larva, a dauer has a wider NR. (C) An L1 has a
narrower NR compared to an L3 and a dauer. (D) An L4 has a wider nerve ring compared
to an L1, despite having a narrower NR than the dauer NR.
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neuropil is known as the nerve ring that consists of 180 axonal projections and their
associated electrical and chemical synapses [Fig. 6.1; (Ware et al., 1975)]. Interestingly,
| found that the nerve ring of dauers widened along the anterior-posterior axis, compared
to that of its unstressed larval counterpart, L3 (Fig. 6.1 A-B), or of any other larval stages,
such as L1s and L4s (Fig. 6.1 C-D).

To understand if this stress-induced structural alteration is plastic in nature, |
measured the width of the NR at all stages under unstressed, stressed, and post-stressed
conditions (Fig. 6.2). | found that as the worm developed through the larval stages, the
width of the NR increased until the L3 stage, after which the NR width remained the same
till the last larval stage (L4; Fig. 6.2). However, as soon as L1s sense stressful situations,
the NR further widened, as evident in the NR width of pre-dauers and the subsequent
dauers (Fig. 6.2). The broadening of the NR in pre-dauers and dauers was quite distinct
from the increase in NR width from L1 to L3 (Fig. 6.2), which suggests that the centrally
located neuropil of C. elegans is structurally very different under stressful situations.
Consistent with this idea, when dauers sensed the return of optimal conditions and exited
into the post-dauer L4 stage, the NR started to narrow (Fig. 6.2).

As dauer formation is a conscious response to overcrowding and food scarcity
during development (Golden and Riddle, 1984), | explored the effect of starvation alone
on the NR. Interestingly, | found that starvation not only was insufficient to broaden the
NR, but it also caused stunted NR development, based on the reduced NR width of starved
L3s (Fig. 6.3). Since dauers are longer and thinner than their developmental counterpart,
L3 (Albert and Riddle, 1983; Golden and Riddle, 1984; Swanson and Riddle, 1981), it is
possible that the increase in NR width is due to an increase in the length and/or decrease

in the diameter of dauers. Thus, | measured the lengths of the pharyngeal isthmuses,
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which position the nerve rings and are reflections of the animals’ lengths, as well as the

diameters of the different larvae. First, | found that pre-dauers have a similar
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L1vs.L2 Yes i <0.0001
L1vs. L3 Yes bisisi <0.0001
L1vs. L4 Yes i <0.0001
L1vs.L2D Yes pizincal <0.0001
L1 vs. Dauer Yes i <0.0001
L1vs. PD-L4 Yes b <0.0001
L2vs.L3 No ns 0.591
L2vs. L4 Yes ns 0.294
L2 vs. L2D Yes i <0.0001
L2 vs. Dauer Yes irkic <0.0001
L2 vs. PD-L4 Yes it <0.001
L3 vs. L4 No ns >0.9999
L3 vs. L2D Yes whax <0.0001
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L3 vs. PD-L4 Yes o 0.002
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Fig. 6.2: Quantification of changes in NR width along the anterior-posterior
axis during development. (A) The NR width is plotted graphically with individual values
represented in blue (non-dauer or post-dauer larvae) and gray (pre-dauer or dauer
larvae) triangles. The number of animals assayed (N) are mentioned for each stage. (B)
Bonferroni tests for the NR widths are tabulated. Pre-dauers (L2Ds) and dauers have
significantly greater NR width compared to any other developmental stage, suggesting
that the dauer program alters NR structure.
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L2 vs. L4 Yes i <0.0001
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Fig. 6.3: Starvation is not sufficient to change NR width. (A) Graphical plots
of the NR width of all four larval stages reared in starvation versus well-fed conditions.
Individual values are represented in blue triangles. The NR width of well-fed L3 is
significantly higher than starved L3s. The number of animals assayed (N) are mentioned
for each stage. (B) Bonferroni tests for the NR widths are tabulated for well-fed larvae.
Each stage shows a significant increase in NR width as the animal develops to the L3
stage. (C) Unlike the well-fed state, starved larvae do not show significant changes the
early larval stages and differ only between the earlier larval stages and the last larval

stage.
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Fig. 6.4: Quantification of changes in NR width along the anterior-posterior
axis during development of daf-28 dominant-negative mutants. (A) The NR width is
plotted graphically with individual values represented in blue (non-dauer or post-dauer
larvae) and gray (dauer larvae) triangles. The number of animals assayed (N) are
mentioned for each stage. (B) Bonferroni tests for the NR widths are tabulated. Dauers
have significantly greater NR width compared to any other developmental stage,
suggesting that dauers have altered NR structures.
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Fig. 6.5: Quantification of changes in NR width along the anterior-posterior
axis during development of jx29 mutants. (A) The NR width is plotted graphically with
individual values represented in blue (non-dauer or post-dauer larvae) and gray (dauer
larvae) triangles.. The number of animals assayed (N) are mentioned for each stage.
(B) Bonferroni tests for the NR widths are tabulated. Dauers have significantly greater
NR width compared to any other developmental stage, again suggesting dauers have
altered NR structures.
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Fig. 6.6: Quantification of changes in NR width along the anterior-posterior
axis during development of unc-16 mutants. (A) The NR width is plotted graphically
with individual values represented in blue (non-dauer or post-dauer larvae) and gray
(dauer larvae) triangles. The number of animals assayed (N) are mentioned for each
stage. (B) Bonferroni tests for the NR widths are tabulated. Dauers again have
significantly greater NR widths than any other developmental stage.
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Fig. 6.7: Regulators of NR morphology. (A) Comparisons of NR widths between
wild-type and mutant dauers. While the unc-16 mutation has no effect on dauer NR width,
the daf-28 dominant-negative mutation and the jx29 mutation further widened the dauer
NR. In contrast, nep-13 narrowed the dauer NR. (B) Comparisons of NR widths between
wild-type and mutant well-fed larvae. L1s and L2s of unc-16 mutants have much wider NR
compared to wild-type and other mutant larvae under well-fed conditions.

isthmus length as L3s (pre-dauers, 26.6 £ 0.4 um, n =15;L3,26.1 £ 0.7um,n=15,P =
0.14), although pre-dauers have a much wider NR than L3s. Second, | found that pre-
dauers have a similar diameter as L1s (pre-dauers, 11.3 £ 0.8 um, n = 10; L1, 10.7
0.6 um, n = 10, P = 0.99), although again pre-dauers have a much wider NR than L1s.
Together my data suggest that NR changes in dauers are not dependent on the changes
in body dimensions. They also suggest that starvation versus stress-induced dauer
formation have distinct effects on NR morphology, which means that the brain of the worm
is equipped to respond to different kinds of stress through specific alterations of the NR
structure. In the future, it will be interesting to note if the morphological changes observed
in the NR region also affect neurotransmission and/or exchange of information at the
neuropil.

Molecular regulators of nerve ring morphology

The influence of insulin signaling on the dauer program [(Cornils et al., 2011) and

references therein] and on the rodent brain circuitry in response to stress (Bibollet-Bahena
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et al., 2009) next led me to test if insulin signaling affects the NR structure (Fig. 6.4). Like
wild type (Fig. 6.2), daf-28(sa191) mutants follow a similar pattern in NR growth from L1
to L3 and broadening of the NR in dauers (Fig. 6.4). The ins-6 regulator and potential inter-
ILP network regulator jx29 mutant (Figs. 4.3 and 4.4) also showed similar growth in NR
width and dauer NR morphology (Fig. 6.5). However, the dauer NR width of daf-28(sa191)
and jx29 are much wider than the wild-type dauer NR (Fig. 6.7A), which suggests that
insulin signaling regulates the broadening of the NR.

Since changes in axonal activities could influence NR morphology, | also tested if
a mutation in the axonal gatekeeper unc-16, cb109, which affects synaptic transmission
(Byrd et al., 2001; Edwards et al., 2013), affects NR morphology (Fig. 6.6). During optimal
reproductive development, unc-16 mutants have a wider NR morphology compared to
wild-type animals at the L1 and L2 stages (Fig. 6.2 versus Fig. 6.6). The broad NR of unc-
16 mutants at the early larval stages did not further grow at the later stages, in contrast to
wild-type animals (Fig. 6.7B), which suggests that wild-type UNC-16 might slow NR
development during reproductive growth. However, unc-16 mutants have no effect on
dauer NR, unlike the above insulin signaling mutants (Fig. 6.7A). Because insulin signaling
only affects NR morphology of dauers and unc-16 only affects NR morphology of L1s and
L2s (Fig. 6.7), my data suggest that different molecular mechanisms might be responsible
for the morphology of the NR neuropil during specific stages of development.

The extracellular matrix (ECM) also likely plays an important role in NR
morphology by acting as a substrate on which the axons grow, develop and form
connections. Therefore, the molecules that maintain ECM integrity may affect NR
development and morphology. A mutation in nep-13, which is predicted to encode a matrix
metalloproteinase called neprilysin that can degrade proteins and plaques in healthy and
Alzheimer’s-affected brains (Grimm et al., 2013), shrank the width of the dauer NR (Fig.

6.7A). This suggests that extracellular endopeptidases, like neprilysins, might have an
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opposite effect on NR morphology, when compared to intracellular endopeptidases that
are predicted to be impaired in the daf-28(sa191) mutants (Fig. 6.7A). This is also
consistent with the idea that ECM structure will affect NR structure.

Discussion

Depression, anxiety, and post-traumatic stress disorders are only a few among
many symptoms of an improper transit from stress (Breslau, 2002; Flory and Yehuda,
2015; McEwen and Morrison, 2013). These pathological conditions exhibit altered brain
function and connectivity (McEwen and Morrison, 2013; Shin and Liberzon, 2010). Stress
affects the brain circuitry as a part of the animal’s physiological responses, and these
altered structures in the brain presumably assist animals to endure stressful situations
(McEwen and Morrison, 2013; Selye, 1950, 1993; Shin and Liberzon, 2010). The problem
arises when the animal is unable to exit from stress.

Here | show that similar structural alterations are found in the C. elegans NR, when
the worms undergo dauer development and exit to L4 to become adults (Fig. 6.2). The
plasticity of the NR suggests that the neuropil of stressed C. elegans follow different
trajectories compared to the neuropil of their unstressed counterparts. These altered
trajectories in dauers could be due to ectopic axonal branching or some axons
defasciculating and other axons fasciculating, which will lead to changed connectivity. The
narrowing of the NR in post-dauers (Fig. 6.2) also raises the possibility that at least some
of the NR changes are reversible.

Starvation is also a form of stress. In contrast to the dauer program (Fig. 6.2),
starvation led to narrowing of the NR (Fig. 6.3), which might be due to stunted
development. While these data show that the NR responds to the animal’s environment,
future experiments are needed to determine whether (i) starvation-induced changes in NR
structure are reversible and (ii) the starvation-dependent and dauer-dependent NR

plasticity share molecular mechanisms.
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To provide molecular insight into the mechanisms behind the structural alterations
in the NR, the findings that defective insulin signaling widens the dauer NR (Figs. 6.4, 6.5
and 6.7) suggest a starting point. It will be intriguing to find if insulin signaling differentially
modulates NR structure in response to starvation versus the dauer-inducing cues. In
humans, ILPs, such as insulins and IGF-1, maintain both neuronal plasticity and structural
integrity and are found aberrant in many neurological pathologies that bear alterations in
brain connectivities (Bibollet-Bahena et al., 2009). Therefore, the knowledge gained using
the C. elegans NR on how ILPs modulate its structure and function during stress recovery
remains of utmost importance.

The axonal gatekeeper UNC-16, which restricts organellar and vesicular transport
(Edwards et al., 2013), also influences how axons form their trajectories during early
development, but not in the later stages of development (Figs. 6.6 and 6.7). This suggests
that NR structure formation under optimal environment involves a different mechanism
than that required for NR structure during stress, such as the dauer stage of development.

One of the mechanisms responsible for inducing such diverse and specific
structural changes might be the mobilization of specific mMRNAs of different ILPs or other
neuropeptides. In support of this hypothesis, | found that the ILP ins-6 and daf-28 mRNAs
are transported to the NR in response to stress, i.e., in dauers, but not in non-dauers
(Chapter 3). In parallel, | report that the defective ILP-processing sa797 mutation, which
prevents ins-6 mMRNA transport in dauers (Chapter 5), also widens the dauer NR (this
Chapter). In addition, Bhattacharya et al. (2019) showed through a systematic analysis of
the C. elegans nervous system that the dauer electrical connectivity is altered, compared
to non-dauers, in a manner that depends on daf-16, a downstream effector of insulin
signaling (Bhattacharya et al., 2019). Thus, my findings and Bhattacharya et al's data
(2019) are consistent with the idea that insulin signaling plays a crucial role in maintaining

dauer neural connectivity at the NR. Because jx29, which might affect the gap junction
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protein CHE-7 (Fig. 4.4), regulates both dauer NR morphology (Figs. 6.5 and 6.7) and
dauer ins-6 expression (Fig. 4.3), this suggests that feedback regulation might also exist
between ILPs and electrical signaling at the dauer NR. Therefore, the remodeling of the
C. elegans primitive brain likely involves several layers of regulation that range from
transcription and post-transcriptional mechanisms to feedback regulatory loops.

The regulation at the NR might differ from the regulation at the dendritic processes
during dauer development, since | have found that the dendrites of GFP-marked ASJ
neurons can arborize under certain conditions (Fig. 5.6), but not the axons, which enter
the NR. While this suggests that the neurites of a single neuron can respond differentially
to stress, ultimately the C. elegans NR emerges as a powerful model to study how stress
alters axonal morphology in the stressed nervous system. Because at least some of the
dauer-associated alterations are reversible, the toolboxes available for C. elegans study
(Allen et al., 2015) facilitate the dissection of the mechanisms underlying neurite plasticity.
The future identification of the molecules that regulate this plasticity could serve as a basis

for future therapies in humans suffering from impaired neural circuit plasticity.
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CHAPTER 7 CONCLUSIONS AND PERSPECTIVES

Humans can exist in two different physiological states, homeostasis and allostasis,
depending on the amount of stress we encounter every day. For instance, a student taking
an exam undergoes allostasis, but will return to homeostasis once the stress of the exam
ends. However, failure to exit from the stressed mental state caused by the exam can lead
to chronic stress, a sustained allostatic physiological state (McEwen, 1998). Constant
allostasis leads to chronic stress and increases the risk of insulin resistance (McEwen,
2003), which predisposes us to many different diseases, such as Alzheimer’s Disease
(type Il diabetes), type Il diabetes and even several metabolic diseases (Baker et al.,
2011). Thus, insulin signaling plays a major role in dictating how we will adapt and recover
from stress (Blazquez et al., 2014; McEwen, 1998, 2003; Selye, 1950, 1993). Since
allostasis represents an altered state of physiology, the C. elegans dauer state fits the
classical definition of allostatic physiology (Blazquez et al., 2014; Golden and Riddle,
1984; McEwen, 1998, 2003; Riddle and Albert, 1997; Riddle et al., 1981; Selye, 1950,
1993). Thus, | dissected the role of the insulin-like peptides (ILPs) during the transition
from allostasis to homeostasis in C. elegans.

The existing literature shows that insulin signaling is decreased during allostasis
across many species, including C. elegans, based on the decrease in insulin receptor
signaling at the time of stress (Gems et al., 1998; McEwen, 2003; Pierce et al., 2001;
Riddle and Albert, 1997; Riddle et al., 1981; Selye, 1950). Now, if C. elegans needs
optimal insulin signaling to control the transition from allostasis to homeostasis, then how
do worms exit from dauer to L4 when insulin signaling is reduced? First, the proper
subcellular localization of insulin-like peptide mRNAs could compensate for low insulin
receptor activity, e.g., when dauer exit- or stress recovery-promoting ILP mRNAs are
transported to the axonal compartments of neurons (Chapters 3 and 5). The presence of

the ILP mRNAs at the axons should facilitate the processing and secretion of the
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corresponding peptide products from the crucial subcellular compartments, once the

animal does
Physiological input:
stress
Insulin-like mRNA \“"34 Regulators of insulin-
localization V. ' -

. = ..V Jike peptide network
A Nerve ring 4«° =
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Y—= ;

Physiological output:
Dauer exit or stress recovery

Fig. 7.1: The mechanisms C. elegans uses to transition from allostasis to
homeostasis. Chapters 3 and 5 of this thesis describe one mechanism the animal uses
to recover from stress: how the mRNAs of specific DAF-2 ligands, the ILPs ins-6 and daf-
28, are localized to the axons of neurons. Since | observe that Golgi is also mobilized to
the axons, | hypothesize that these ILP mRNAs are transported for local translation at the
axons, where the nascent peptides are packaged for secretion to act on post-synaptic
DAF-2 receptors. Another mechanism the worm uses to regulate insulin signaling during
dauer allostasis could be through altered electrical synaptic activities [Chapter 4 and
(Bhattacharya et al., 2019)]. Changes in the electrical synapses could also alter the
structure of the nerve ring axon bundle (denoted by black arrows), which | have shown is
again regulated by insulin signaling (Chapter 6). Therefore, | propose the following model.
Low insulin signaling during dauer allostasis transforms electrical signaling between
axons, which also changes axonal morphology. These in turn will regulate insulin signaling
through a feedback loop, which includes the localization of specific ILP mRNAs to the
axons, thereby enhancing survival during stress.

receive the dauer exit-inducing cues. Second, lowered insulin signaling alters the electrical
synapses and connectivities in the nerve ring (NR) axon bundle of stressed dauers

[Chapter 6; (Bhattacharya et al., 2019)], which in turn could regulate insulin signaling

through a feedback loop (Chapter 4). Thus, this thesis highlights two new mechanisms
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through which lowered insulin signaling compensates for itself and modulate the transition
from stressful to non-stressful situations (Fig. 7.1).
Allostasis and insulin signaling

During dauer, i.e., when worms are in allostasis, expression of the insulin receptor
DAF-2 is low and certain ILP mRNAs are transported to the axonal bundle as a preemptive
measure for stress recovery as soon as the environment improves. However, it is possible
that there are different levels of DAF-2 activities needed for different processes. Namely,
a specific low level of insulin signaling promotes ILP mRNA transport, whereas any level
of signaling below this threshold hinders transport, since a weaker hypomorphic allele of
daf-2 reduces the axonal transport of the ILP ins-6 mRNA (Chapter 3). Consistent with the
idea that the optimal levels of DAF-2 activity vary for each process, a stronger
hypomorphic allele of daf-2 affects both ins-6 mRNA transport and stability (Chapter 3).
Indeed, as dauers age, DAF-2 activity further decreases and ILP mRNA levels throughout
the whole cell are further diminished (Chapter 3). Because the longer an animal stays in
dauer makes the return to homeostasis difficult and this coincides with ILP mRNA decay,
this suggests that insulin signaling is an important component of the transition from
allostasis to homeostasis.

I have found that ILP mRNA transport is specific to the axonal compartments of
wild-type dauer populations. However, why are the ILP mRNAs mobilizing toward the
axons, instead of the dendrites? | speculate that in dauers most of the neurotransmission
occurs in the NR area. Therefore, to save time and energy, the ILP mRNAs are shunted
to these synapse-rich regions of the worm, which should promote efficient communication
between neurons through a structure that is comprised of the majority of axons within the
animal’s nervous system. The axonal localization of the ILP mRNAs during allostasis
(Chapters 3 and 5) suggests that ILP mRNAs are locally translated. This is consistent with

the presence of both the rough endoplasmic reticulum (Edwards et al., 2015) and Golgi



110

bodies in C. elegans axons (Chapter 3), since nascent ILPs require packaging through
Golgi bodies to prepare them for secretion (Edwards et al., 2015).

Allostasis will involve both ILP mRNA transport and stability (Chapter 3).Through
bioinformatic approaches, | have predicted multiple structures based on the absence
versus presence of specific UTRs (Figs. 5.7-5.11), which can stabilize mRNAs. Not
surprisingly, | find that the UTRs of three ILPs, ins-6, daf-28 and ins-1, alter mRNA stability
(Chapter 5), which | have confirmed experimentally for ins-6 (Chapter 3). However, the
physiological roles of the UTRs of all ILP mRNAs have yet to be tested in mRNA stability,
subcellular localization or translation. Therefore, it will be interesting to note how the
dynamics of the inter-ILP network change, when the UTRs of the 40 ILPs are
systematically ablated or swapped with other ILP UTRs that have opposing functions. By
establishing the role of UTRs in stabilizing the ILP network during the transition from
allostasis to homeostasis, one might reveal another layer of regulation that focuses on
mMRNA structures and/or efficient translation.

Allostasis, insulin signaling and the structure of the NR

Allostasis alters the structure of our brain (Bloss et al., 2010; Cordero et al., 2003;
Esch et al., 2002; McEwen and Morrison, 2013; Shin and Liberzon, 2010). Again, how our
brain changes its circuits due to environmental stress is difficult to understand. Therefore,
simpler model organisms that provide a window into how a whole brain changes during
stress are important. With this idea in mind, | have explored whether the main centralized
neuropil, the NR, in C. elegans alters its structure during the switches between
homeostasis and allostasis (Chapter 6). | have found that the C. elegans brain exhibits
plasticity in its anatomical structures under simple differential-interference contrast
microscopy. To gain insight into the mechanism of this plasticity, | find that the daf-
28(sa191) mutation, which is predicted to impair ILP processing (Li et al., 2003), increases

NR plasticity (Fig. 6.7). Moreover, the ins-6 regulator jx29, which potentially impairs the
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function of the gap junction CHE-7 (Chapter 4), changes the dauer NR structure in a
similar manner (Chapter 6; Fig. 6.7). Because the two mutations, daf-28(sa197) and jx29,
have the capability to regulate the inter-ILP network and the dauer NR structure, | conclude
that insulin signaling modulates the structure of the C. elegans brain during allostasis. The
fact that daf-28(sa191) affects ins-6 mRNA transport at the same time the NR structure is
altered (Figs. 5.1A and 6.7A), | propose that ILP mRNA transport contributes to the
plasticity of the NR structure and/or vice versa.

Allostasis, NR structure, insulin signaling and consciousness

Under stress, our conscious choices change. For example, sports-persons agree
that under stress their performance decreases compared to the times when they do not
face stress (Bryant et al., 2008; Hardy et al., 1996). Therefore, does allostatic physiology,
a stress response that exhibits physiological plasticity, also retain the plasticity of
consciousness?

Clinical theories about people suffering from post-traumatic stress disorders
(PTSDs) suggest that intrusive memories trigger stress responses (Marie Hall and
Berntsen, 2008). This implies that even though the traumatic event has passed, the
trauma still lingers and the stress responses remain heightened. Recent studies have
shown that brains suffering from PTSD exhibit altered neural connectivities (Cisler et al.,
2013; MacNamara et al., 2016). This is reminiscent of the altered anatomy of the post-
dauer L4 (PD-L4) NR, which does not return to the exact same structure as the NR of an
L4 that has never experienced stress (Fig. 6.2). Thus, do PD-L4s also exhibit altered
physiological outputs later in life? Will C. elegans post-dauer adults exhibit heightened
responses to different stressors, such as starvation, high population density or other forms
of stress? What would the molecular mechanisms be behind such responses?

Structural changes in the brain have been observed during altered states of

consciousness, but the mechanism behind these changes have not been explored (Crick
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and Koch, 1990, 1995; Hurley and Nog&, 2003). It is safe to assume that C. elegans can
serve as a model organism to study the mechanisms behind altered consciousness (see
Chapter 1), as exemplified during PTSDs. In this thesis, | report that the modified state of
animal consciousness in invertebrates, which is the decision to become a dauer, depends
on various aspects of insulin signaling. In other words, insulin signaling influences the
ability of the worm to make conscious choices by modifying the structure of its brain, i.e.,
the NR. This is consistent with the fact that during stressful situations many animals,
including humans, exhibit changes in both insulin signaling and brain structure. Since
experiments on animal consciousness should not be subject to human bias, it will be
fascinating to observe in the future the natural changes happening in the realm of the other

mind, whether these involve or do not involve insulin signaling.
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STRESS-DEPENDENT REGULATION OF A MAJOR NODE OF THE INSULIN-LIKE
PEPTIDE NETWORK THAT MODULATES SURVIVAL
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Chronic stress disrupts insulin signaling, predisposing human populations to
diabetes, cardiovascular disease, Alzheimer's Disease, and other metabolic and
neurological disorders, including post-traumatic disorders (PTSD). Thus, efficient recovery
from stress optimizes survival. However, stress recovery in humans is difficult to study,
but is much easier to dissect in model organisms. The worm genetic model Caenorhabditis
elegans can switch between stressed and non-stressed states, and this switch is largely
regulated by insulin signaling. Previously, the Alcedo lab proposed that insulin-like
peptides (ILPs), which exist as multiple members of a protein family in both C. elegans
and humans, implements a combinatorial coding strategy to control the switch between
the two physiological states. The concept of combinatorial coding has led to the
identification of an inter-ILP network, where one ILP, ins-6, is a major node of the network.
This is consistent with ins-6 as the most pleotropic of all ILPs that have been tested. ins-
6 has also been shown to be the most important ILP in promoting stress recovery in C.
elegans. Because of its central role in the ILP network and in stress recovery, for my thesis
| identified mechanisms through which INS-6 regulates the network and an animal’s
recovery from stress.

Under optimal environments, ins-6 mRNA is endogenously expressed in the cell
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bodies of one or two chemosensory neurons, ASI and ASJ, in the developing animal.
However, upon stress-induced developmental arrest, known as dauer, ins-6 mRNA is only
limited to the ASJ sensory neurons. | discovered that ins-6 mMRNA from ASJ is also
surprisingly transported to the axonal nerve ring bundle of stressed animals, but lost from
the nerve ring after recovery from stress. Consistent with the existence of an inter-ILP
network, insulin signaling regulates ins-6 mMRNA transport, which also requires the
activities of specific kinesins. This transport additionally depends on the untranslated
regions of ins-6 mMRNA, but these regions are insufficient for transport. More importantly
and in collaboration with other members of the Alcedo lab, we showed that axonal ins-6
mRNA facilitates stress recovery, where high axonal ins-6 mRNA promotes faster
recovery and low axonal ins-6 mRNA delays recovery. Moreover, | demonstrated the
existence of axonal Golgi bodies, whose mobilization are enhanced during stress.
Together my data suggest that stress stimulates the axonal transport of ILP mRNAs, which
are then locally translated and packaged for secretion--a mechanism that promotes
plasticity during stress and optimal stress recovery.

To identify additional regulators of ins-6 mRNA, | also performed, together with
other members of the lab, a forward genetic screen for mutants that alter ins-6 transcription
during stress. Through whole-genome sequencing, one of the five mutants we isolated is
potentially a mutation in an innexin gap junction protein. Since innexins have been shown
to regulate neural activity, | tested the hypothesis that neural activity will also affect axonal
ins-6 mRNA transport. Interestingly, | found that a synaptic transmission mutant, which
should have low neural activity, increases axonal ins-6 mMRNA and alters neurite
morphology.

My thesis study raises an intriguing hypothesis: stress modulates neurite activity
and morphology, which in turn promote ILP mRNA transport to the axons. The axonal

localization of an ILP mRNA also uncovers a novel mechanism of insulin signaling during
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stress. Because of the high degree of conservation between C. elegans and humans and
the effects of altered insulin signaling in stressed brains, my findings should advance our
understanding of how a nervous system recovers from stress. The work described in this

thesis should lead to potential therapies for stress management to promote better health.
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