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Abstract

Maintaining water balance is essential for biological systems to retain normal
molecular and cellular functions. Hyperosmotic conditions cause water loss that can be
detrimental to organisms’ survival. Behavior plays an important role in stabilizing an
organism’s internal osmotic condition against hyperosmotic stress. For example, mammals
directly detect osmotic changes in body fluids through neuronal sensors, and regulate
behaviors such as water intake to maintain osmotic homeostasis. However, the molecular
and neural mechanisms underlying behavioral responses to hyperosmotic stimuli are not
clear.

[ used the nematode Caenorhabditis elegans as a model organism to study neural
mechanisms of hyperosmotic behavioral responses. C. elegans studies take advantage of the
worm’s relatively simple nervous system of 302 neurons, its mapped neuronal connectivity
and its amenability to molecular and cellular techniques. I discovered a novel behavioral
response of C. elegans animals towards moderate hyperosmotic conditions (osmotic
upshifts), and characterized the underlying neural mechanisms.

The present study demonstrates for the first time that the worm gradually upregulates

aversive behaviors when exposed to prolonged osmotic upshifts. By altering the solutes



contributing to the osmotic stress, [ demonstrated that the worm responds to the osmotic
stimulus instead of specific solutes. By examining worms with high internal osmolarity, [
was able to reveal that the stimulus sensed by the worm was the osmotic difference
between its internal and external environments, rather than the absolute osmolarity.

Despite previous studies in C. elegans reporting that the TRPV channel OSM-9 plays an
essential role in the aversive response to high osmotic shocks, the behavioral response to
osmotic upshifts that [ describe in this work does not rely on OSM-9 and employs novel
sensory mechanisms. Instead, the cyclic nucleotide-gated ion (CNG) channel subunit TAX-2
is required in the response to osmotic upshifts. Although TAX-2 is reported to function
together with another CNG channel subunit TAX-4 in other sensory behaviors, in this
hyperosmotic behavioral response, TAX-2 functions independently of TAX-4. Using
cell-specific rescue experiments in the tax-2 mutant, I identified the sensory neurons AS]J,
AQR, PQR and URX as the site of action for TAX-2 in the behavioral response to osmotic
upshifts. Interestingly, the sensory neurons AQR, PQR and URX are exposed to the
pseudocoelomic fluid, and may monitor the internal environment of the worm. The
involvement of the AS] sensory neuron suggests diffusible signaling playing a role in the
hyperosmotic response.

In addition, I have mapped the neural circuit required for this hyperosmotic behavior
from the aforementioned sensory neurons to interneurons and motor neurons. Using
genetic manipulations, [ identified the first-layer interneurons AIB and AIY to be

collectively required in the behavior, and a set of downstream inter/motor neurons in the

iv



locomotory circuit to be necessary for executing the behavioral output. Such a redundancy
at the level of the first-layer interneurons serves as a protective mechanism against
damages, which underlies the importance for the worm to avoid hyperosmotic conditions.
Further investigating the basic neural mechanisms of the behavioral response to osmotic
upshifts would provide new insights on osmosensing, and shed more light on the neural

and hormonal regulation of internal osmotic stability.
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Chapter 1. Introduction

Maintaining stable water balance is essential for organisms to retain normal cellular
and molecular functions. As the most abundant component of life, water not only plays an
important role in chemical reactions, but also influences a variety of biological functions by
changing the concentrations and activities of chemicals, proteins and nucleotides. In
addition, changing the water content of a cell can also alter the cell’s volume and damage its
physical structure. Therefore, changes of the water content can cause disastrous
consequences for an organism. For example, the human brain is very sensitive to water
content changes due to its complexity, and altering the water content can cause symptoms
such as headache, nausea, vomiting and cognitive decline (Danziger and Zeidel, 2015),

some of which might be irreversible damages.

1. Osmotic responses

In a system with two solutions separated by a partially permeable membrane, the
solutes that can pass through the membrane tend to move in the direction that equalizes
the overall concentrations of solute particles on the two sides of the membrane. The
concentration of solute particles in a solution is measured by the osmolarity (unit: OSM). In

a biological system, since the cell membrane is permeable to water, the water content of a



Chapter 1. Introduction

cell is highly influenced by the osmolarity of the extracellular environment. Hyperosmotic
environments induce water loss and shrinkage of the cell, while hypoosmotic environments
cause water influxes and cell swelling. Unicellular organisms such as bacteria and yeasts
directly exchange water with the environment. Multicellular organisms engage body fluids
to bridge the cell plasma to the external environment. If the environmental osmotic
condition is variable, organisms need to stabilize the water content in their cells or body
fluids in order to survive through the osmotic stress.

Cells can actively counterbalance water fluxes caused by osmotic stress by adjusting
intracellular concentrations of certain solutes. This preventive response has been
discovered across many cell types from bacteria to human brain cells. Besides the
protective responses of individual cells, most multicellular organisms use specific organs to
maintain relatively stable body fluids and less fluctuating internal environments.
Meanwhile, behavioral responses also represent an important strategy for avoiding osmotic

stress. I will introduce each of the responses in the following sections.

1.1. Osmosensing and cellular responses

Maintaining cellular homeostasis is a fundamental protective response across many
cell types. The underlying mechanisms may be conserved or employ similar strategies.
Osmosensing and cellular responses to osmotic stress have been dissected in various

organisms.
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Osmotic responses in bacteria

Bacteria can survive in a wild range of environmental conditions including highly
variable osmotic conditions, such as soil bacteria living through floods and droughts. Since
bacteria are able to maintain cellular homeostasis under transient or sustained
environmental osmotic changes, the organisms serve as good models for studying cellular
responses to osmotic stress (Wood, 2006). Due to the simplicity of bacterial genomes, the
cellular osmotic response in bacteria is better understood compared to that in other
organisms. The response includes rapid osmolytes transportation via
transporters/channels that also serve as osmosensors, and longer-term reactions through
signal transduction and protein synthesis.

The osmosensors identified in bacteria include osmosensory transporters and
mechanosensory channels. To be qualified as osmosensors, protein candidates were
purified and reconstituted in artificial phospholipid vesicles, with the direct stimuli and
responses investigated in details.

The osmosensory transporters are membrane-based proteins acting as osmosensors
and osmoregulators simultaneously; the subtypes include ProP, BetP and OpuA (Wood,
2006). These sensors respond to concentration changes of intracellular solutes caused by
hyperosmotic environments, and actively uptake solutes to increase the cytoplasmic
osmolarity. ProP is a H*-solute symporter belongs to the major facilitator superfamily(MFS)

identified in E. coli (Wood, 2011). ProP may sense its own hydration influenced by
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cytoplasmic K* and macromolecules, and activate the H* transportation (Culham et al., 2003;
Wood, 2006). BetP is a glycine betaine uptake carrier from Corynebacterium glutamicum,
which uptakes glycine betaine from the environment when activated by increase of
cytoplasmic K* concentration (Rubenhagen et al., 2001). OpuA is an ATP-binding cassette
(ABC) transporter from Lactococcus lactis, which uptakes glycine betaine to counteract the
osmotic stress when activated by increase of cytoplasmic ionic strength (van der Heide et
al., 2001). These osmosensory transporters function in parallel and are not associated with
the same evolutionary family or bioenergetics mechanism (Wood, 2011). The redundancy
suggests the importance for bacteria to detect and respond to osmotic stress.

In addition to the osmosensory transporters that usually react to hyperosmotic
conditions, the mechanosensitive channels operate mainly under hypoosmotic stress. Low
environmental osmolarity causes rapid water influxes into the bacterial cell, which alters
the membrane turgor pressure and may burst the cell envelope. The mechanosensitive
channels are activated by change of the turgor pressure, and release cytoplasmic solutes to
lower the membrane turgor pressure and cytoplasmic osmolarity (Levina et al., 1999). In E.
coli, multiple mechanosensitive channels with different levels of sensitivity and
conductance have been identified by electrophysiology (Booth et al., 2007). Mutants of
these genes tend to lyse under hypoosmotic stress (Kung, 2005).

Besides rapid osmotic responses through the transporters and mechanosensitive
channels, regulations of gene transcription and protein synthesis also play an essential role

in the osmotic response. For example, the soil bacteria Bacillus subtilis is able to accumulate
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Chapter 1. Introduction

the solute proline by de novo synthesis. Certain key enzymes of the pathway are osmotically
inducible (Brill et al.,, 2011). Similarly, expression of the first-known microbial aquaporin
AgpZ can be significantly induced by hypoosmotic stimuli, which facilitates water fluxes
through the cell membrane (Calamita, 2000). Although how the osmotic signal regulates
protein synthesis is mainly elusive, the two-component histidine kinase system has been
identified to regulate signal transduction under osmotic stress in bacteria. The system is
composed of a membrane-bound histidine kinase as the sensor, and a soluble response
regulator to signal to the downstream targets (Kramer, 2010). A well-studied example is the
histidine kinase system KdpD/KdpE in E. coli. Although the direct stimulus the system
senses is still unknown, the system regulates gene expression under hyperosmotic
conditions, including the gene that encodes an active K+ uptake system Kdp-ATPase

(Krdmer, 2010).

Osmotic adaptation in yeasts

Yeasts are ubiquitous unicellular fungi using sugars as preferred carbon sources, and
are likely to be exposed to sudden osmotic changes in the environment (Hohmann, 2002).
Similar to bacteria, yeasts are able to survive through a wide range of osmotic variation.
Due to the difficulties of expressing and reconstituting membrane proteins, osmosensors in

yeasts have not been verified in artificial phospholipid vesicles, and are mainly inferred
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through associated evidence (Hohmann, 2002). Instead, the signaling pathway that
regulates osmotic adaptation has been more clearly understood in yeasts.

The osmotic adaptive responses in yeasts are mainly controlled by the high osmolarity
glycerol (HOG) signaling pathway, with the mitogen-activated protein kinase (MAPK)
cascade as the core of the pathway (Saito and Posas, 2012). The MAPK cascade is
evolutionarily conserved from fungi to mammals, and widely involved in regulating key
cellular functions such as inflammation, apoptosis and cell differentiation (Zarubin and Han,
2005). In this cascade, MAPK is activated by at least two upstream kinases, known as MAPK
kinase (MAPKK) and MAPKK kinase (MAPKKK) (Hohmann, 2002). The upstream kinases
activate the downstream kinases by phosphorylating the tyrosine and threonine in the
activation loop (Chen et al.,, 2001).

In yeasts, the osmotic information comes from two signaling branches and converges
on the common MAPKK named Pbs2, which subsequently activates the MAPK, Hog1 (Mager
and Siderius, 2002). One signaling branch passes through a complex two-component
histidine kinase system named SIn1. Activity of SIn1 histidine kinase domain is inhibited by
hyperosmotic environments likely through changing the membrane turgor pressure (Saito
and Posas, 2012). SIn1 negatively regulates the Hog pathway (Hohmann, 2002). The other
branch is through a four-transmembrane protein Sho1, which receives information from
the putative osmosensors Msb2 and Hkr1 (Saito and Posas, 2012). Hyperosmotic stress
likely activates the highly glycosylated single-path transmembrane proteins Msb2 and Hkr1,

which interact with Sho1 in an unknown way and eventually activates the Hog pathway
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(Saito and Posas, 2012). Phosphorylated Hog1 (Hog1p) adjusts carbon metabolism of the
cell and imports into the nucleus to regulate transcriptions, both of which produce glycerol
to counteract the osmotic stress (Hohmann, 2002). An aquaporin channel that mediates
glycerol export is also partially regulated by the MAPK pathway (Saito and Posas, 2012).
Although MAP kinases have evolved into five subfamilies with more complicated functions
in vertebrates, most of the kinases are still modulated by osmotic conditions, indicating the

ancient and essential function of MAP kinases in osmotic responses (Kiiltz, 2001).

Osmotic sensing and cellular responses in vertebrates

Different from bacteria or yeasts, most multicellular organisms have the internal
environment, i.e., extracellular fluids such as interstitial fluid and blood plasma, to bridge
the interaction between the external environment and the cells. Due to the origin from the
sea and low ionic concentration of the ancient sea water, most vertebrates maintain a
plasma osmolarity of about 300 mOSM that is around one-third of the current seawater
(Takei, 2000). Mechanisms of maintaining a stable internal osmolarity are complex and
diverse in vertebrates. I will introduce the cellular adaptation and osmosensing in the
current section, and discuss extracellular homeostasis and behavioral responses in later
sections.

Similar to unicellular organisms, individual vertebrate cells employ protective cellular

responses to maintain cell volume under osmotic stress. Changes of cell volume caused by
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osmotic stress correlate with alteration of multiple factors in the cell, including lipid bilayer
property and cytoskeleton organization (Hoffmann et al., 2009; Pedersen et al., 2011), some
of which might trigger the protective response. Multiple signaling pathways have been
demonstrated to be involved in the response, including integrins, arachidonic acid
metabolites, MAPK and many other protein kinases (Hoffmann et al., 2009). Several
transporters regulated by cell volume changes have also been identified in vertebrates,
such as Na*/H* exchanger, taurine transporter and cell-swelling activated ion channels
(Hoffmann et al., 2009). The transporters may be involved in regulating the protective
responses, and probably do not serve as the direct sensors to the osmotic information.

In addition to the responses of individual cells, vertebrates are also able to detect
osmotic condition of body fluids to systemically sense and regulate the internal osmotic
condition. Indicators of the osmotic condition in body fluids include water activity, change
of ionic concentrations, and the total volume of body fluids.

The osmosensors that directly detect the osmolarity of body fluids have been mainly
studied in mammals. Mammals can detect osmotic changes in the blood using both
osmosensors in the central nervous system and peripheral osmosensors. The central
osmosensors are located in the brain regions directly exposed to the blood without the
blood-brain barrier, and have been further pinpointed to be at organum vasculosum lamina
terminalis (OVLT) in circumventricular organ and magnocellular neurosecretory cells
(MNCs) in supraoptic nuclei (SON) (Bourque, 2008). Neurophysiological studies on brain

slices and isolated MNC neurons have demonstrated the existence of stable baseline activity
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in the osmosensing neurons; hyperosmotic stimuli decrease the neuron’s membrane
potential (Mason, 1980; Oliet and Bourque, 1992), while hypoosmotic stimuli increase the
membrane potential (Oliet and Bourque, 1993a). Since volume changes of the MNC neuron
mimic osmotic stimuli and induce non-selective cation currents, the osmosensors are likely
to be stretch-inhibited cation channels (Oliet and Bourque, 1993b). Putative channel
candidates include the transient receptor potential (TRP) channels especially the vanilloid
subfamily (TRPV), which is inspired by the discovery of a TRPV channel OSM-9 functioning
in osmosensing of the nematode C. elegans (Colbert et al., 1997). The function of related
mammalian TRPV channels has been investigated in knock-out mice and cell-culture. The
current results are controversial and no specific stretch-inhibited TRPV channel has been
constructed (Bourque, 2008). Therefore, the exact molecular identity of the osmosensing
channel in MNC neurons still remains unknown. Peripheral osmosensors detect local
osmotic changes at alimentary tract and blood vessels, but their molecular and cellular
properties have not been identified (Bourque, 2008).

Ionic strength of the extracellular fluid or cellular plasma is also influenced by water
loss, serving as another indicator of the osmotic condition in body fluids. Although salt
concentrations are also affected by salt intake and metabolism, sensing the concentration of
certain salts plays an important role in the osmotic regulation. Sodium is one of the most
essential ions in body fluids. The blood sodium concentration is sensed by the subfornical
organ (SFO) in mammals, and a voltage gated sodium channel has been identified as a

putative sodium sensor monitoring the sodium level in the blood (Noda, 2006).
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The blood volume change can also reflect the osmotic condition in the blood, especially
when the volume change is caused by addition or loss of water. Stretch receptors are
predicted to sense volume change of the fluids in the circulatory system of mammals and in

the extravascular space of birds (Gauer and Henry, 1963; Takei, 2000).

1.2. Systemic regulation and osmoregulatory organs

Besides the protective responses of individual cells, most multicellular organisms have
specific organs to systemically stabilize the internal environment. The organs not only
remove wastes from body fluids, but also maintain the balance of water and certain
substance. Hormones usually play an important role in modulating functions of these
organs.

Several organs have been discovered to perform key functions in osmoregulation,
including gill, gut and kidney. The mechanism of osmoregulation varies based on the
organism and habitat, and has not been clearly understood in many cases. I will use gill of
teleost fish and kidney of mammals as examples to illustrate functions of the
osmoregulatory organs.

Since most vertebrates maintain a plasma osmolarity about one-third of the current
seawater (Takei, 2000), marine teleost fish has body fluids hypoosmotic to the surrounding
sea water, while the fresh water fish has hyperosmotic body fluids compared to its
surroundings (Evans, 2008). The gill functions in both occasions to maintain a stable

internal osmotic condition by actively secreting or absorbing ions against the gradient
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between body fluids and the surrounding water (Evans, 2008). lon transporters such as
Na*/K* ATPase or Na*/NH4* exchanger have been identified in the gill depending on the
habitat (Evans, 2010). Hormones such as prolactin and cortisol can regulate the activity and
expression of the transporters, and therefore affect the ability of the fish to adapt to new
environmental osmotic conditions (McCormick, 2001).

The kidney is an essential organ maintaining stable osmolarity in body fluids of
vertebrates including mammals. Its function of retaining water is especially important for
territorial vertebrates. The kidney filters the blood and maintains stability of body fluids
through fine regulation of substance reabsorption and secretion. The process is highly
controlled by autoregulation of kidney and hormonal regulation (Blantz et al., 2007). The
intrinsic feedback system of kidney is able to maintain stable filtration rate and
reabsorption through vascular resistance (Blantz et al., 2007). Meanwhile, metabolic and
hormonal substrates also modulate the function of kidney. One of the well-studied
hormones is the antidiuretic hormone vasopressin. Vasopressin is directly secreted from
the magnocellular neurosecretory cells (MNCs) in supraoptic nuclei (SON) of hypothalamus.
The release of vasopressin is triggered by hyperosmolarity, blood volume decrease, or
additional stimuli such as pain and stress (Hays, 1976). Vasopressin increases membrane
water permeability of the receptor cells in the kidney collecting tubule and collecting duct
(Hays and Levine, 1974). The increased water permeability is likely achieved through

regulation of the location and expression of the water channel aquaporin (Knepper, 1997).
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1.3. Behavioral responses to osmotic stress

Behavior is another important aspect of an animal’s interaction with the environment.
Animals are able to sense signals from their internal and external environments, and
accordingly execute appropriate behavioral reactions, such as seeking for the best habitat
or avoiding dangers. Similarly, there are behavioral components in osmotic responses.

Behavioral responses to osmotic stress have been discovered in bacteria such as E. coli
and the soil bacteria B. subtilis (Li et al., 1988; Wong et al., 1995). The bacteria are attracted
by optimal osmotic conditions, and tend to avoid either hypoosmotic or hyperosmotic
conditions such as water or high concentrations of osmotic agents (Li et al., 1988). Different
ranges of hyperosmotic stress induce distinct behaviors in the bacteria. Small osmotic
upshifts (200-300mOSM) induce immediate tumblings (clockwise rotation of flagella)
while larger osmotic upshifts (400-500mOSM) lead to stopping periods followed by
pseudotumblings (counterclockwise rotation of flagella) (Li and Adler, 1993). Different
receptors underlie these two types of behavioral responses (Li and Adler, 1993).

Optimal habitat seeking has also been observed in multicellular organisms, and the
behavior is likely affected by multiple environmental factors including the water content.
For example, snails and slugs are “moist-skin terrestrial organisms” highly susceptible to
dehydration, and water availability is an essential factor for these animals to select their
habitats (Prior, 1985). For animals that cannot occupy the habitat with the optimal water
content due to other factors, the animals would regularly return to the water source to

rehydrate. The mangrove tree crab Aratus pisonii, which normally occupies the canopy to
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avoid predators, frequently moves to the water surface and immerses to the water in order
to rehydrate (Wolcott and Wolcott, 2001).

For terrestrial animals, besides seeking for habitats with the optimal osmotic condition,
regulation of thirst and water ingestion is another important behavioral response to
osmotic stress. It is especially because oral drinking is the only way for many terrestrial
animals to intake water (Takei, 2000). In mammals, increase of osmolarity in extracellular
fluids induces thirst and water intake, and injection of hypoosmotic solutions releases
thirst (Bourque, 2008).

The control of thirst heavily involves hormonal regulation. For example, hormones such
as relaxin and orexin stimulate water drinking, while atrial natriuretic peptide (ANP) and
glucagon-like peptide-1 inhibit water drinking (McKinley and Johnson, 2004). A
well-studied example is the peptide hormone angiotensin II (Ang II), which is involved in
thirst regulation in vertebrates. Introducing Ang Il into the brain or circulatory system can
stimulate water drinking in mammals, with the change of salt appetite as a secondary effect
(Weisinger et al., 1996). Ang II likely signals the volume change of extracellular fluids
through the regulation from renin (Takei, 2000). The median preoptic nucleus (MnPO) in
the lamina terminalis is the site to integrate the osmotic signal from the central
osmosensors with the signal from Angll (McKinley and Johnson, 2004). The downstream

neural circuit regulating water intake is still unclear.
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1.4. Questions remaining to be answered

Although scientists have investigated responses to osmotic stress at multiple levels in
various organisms, there are important questions about underlying molecular and neural
mechanisms remaining to be answered.

Additional knowledge is necessary for forming a systematic understanding of
osmosensing. First, to understand the nature of osmotic stimuli, it is important to identify
which properties of the stimuli are detected by the biological system, and how osmotic
information interacts with other related stimuli such as humidity, salt concentrations and
mechanical forces. Second, it is still unclear how an osmotic stimulus is translated into
biological signals while essential information such as the strength or length of the stimulus
is retained, or whether different strengths of the stimulus are sensed and responded
differently. At the molecular level, it is essential to identify what molecular factors are
activated by the osmotic stimulus, and how the molecules communicate and eventually lead
to changes at the cellular level. Although scientists have relatively clear understanding
about the osmosensing and osmotic responses of unicellular organisms, the information is
scattered in more complex organisms. Based on the correlation between osmotic
conditions and activation of certain molecular pathways, the current knowledge still does
not form a comprehensive picture on how the molecular pathways are activated and
interact with each other. Furthermore, the molecular identities of osmosensors in most

organisms have not been identified. Even if scientists have accumulated some knowledge
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about the central osmosensor in mammals, the molecular identity is controversial with
contradictory results from different labs (Bourque, 2008).

There are few studies characterizing behavioral responses to osmotic stress or
illustrating the underlying neural mechanisms. Although water intaking and habitat seeking
behaviors have been observed in multiple organisms, the behaviors have not been well
characterized in most cases. Further breaking down the behavioral elements will enable
better quantification of these behaviors, and assist investigation of the underlying
mechanisms. Moreover, how neurons communicate to generate the behavioral responses is
elusive, and how other sensory modalities and the internal state of the organism modulate
the osmotic behaviors has been rarely investigated. For example, although scientists have
identified the osmosensing neurons and related brain regions in the mammalian brain, the
downstream circuit generating the water seeking behavior has not been clearly
characterized. How the salt appetite interacts with osmosensing and water drinking also
remains ambiguous. Answering these questions and understanding the neural circuits will
illustrate how organisms survive through dangerous conditions by translating sensory
stimuli into behavioral responses.

Because of the complexity of both behaviors and nervous systems of higher organisms
such as vertebrates, challenges arise in dissecting the molecular and neural mechanisms of
osmotic behaviors in these organisms. The complex anatomical structure of the nervous
system, large genome and complex behaviors all create difficulties. Because of the relatively

early stage of the study on osmotic responses, examining behavioral responses to osmotic
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stress in simpler organisms might be able to provide new molecular candidates and

directions for future research.

2. Caenorhabditis elegans as a model organism

The nematode Caenorhabditis elegans was introduced into the research field of
development and neurobiology by Sydney Brenner around 1960s (Brenner, 1974). Due to
the easiness to culture, relatively simple body structure, and genetic advantages, C. elegans
has been developed into a popular model organism and constantly advanced the knowledge
in the scientific field.

C. elegans is suitable for discovering new genes and genetic functions. With the small
genome, short life cycle and self-fertilization of the organism, the genetic tools developed in
C. elegans enable scientists to systematically isolate and manipulate genes. C. elegans
homologues have been identified for 60-80% of the human genes (Kaletta and Hengartner,
2006). Because of the conservation of most genes between C. elegans and mammals, the
findings in C. elegans can often fill in gaps or reveal new directions for studies in other
organisms. For example, in the study of an arrested developmental stage called the dauer in
C. elegans, an orthologue of the forkhead transcription factor was shown to restore the
mutant phenotype of the insulin receptor (Lin et al., 1997). This result led to the

investigation of a similar forkhead transcription factor in diabetic mice. The transcription
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factor was later demonstrated to rescue insulin sensitivity in diabetes and became a
potential treatment target in biomedical studies (Nakae et al., 2002).

Moreover, research on C. elegans has revealed multiple important phenomena later
proven to be essential for other organisms. For example, RNA interference (RNAi) refers to
the silencing of gene expression by double-stranded RNAs. It was first discovered in C.
elegans (Fire et al., 1998), and later confirmed to widely exist from plants to animals. The
investigation of RNAI in C. elegans led to understanding of novel biological processes and
development of new genetic techniques. Another example is the study on programmed cell
death. By carefully following the cell linage of C. elegans, scientists discovered key genetic
factors regulating removal of cells during development (Ellis and Horvitz, 1986), which
facilitated the understanding of programmed cell death in other organisms and disease
models (Miura et al.,, 1993).

In many cases, C. elegans phenotypes do not directly correspond to the diseases or
phenotypes in other organisms such as humans. For example, a gene encoding presenilin,
an essential protein related to Alzheimer’s disease, was first discovered to regulate
germline development in C. elegans (Levitan and Greenwald, 1995; Sherrington et al., 1995).
Similarly, epithelial sodium channels (ENaC) functioning in taste and ion homeostasis in
mammals were discovered to play roles as touch receptors in C. elegans (O'Hagan et al.,
2005). However, the differences in phenotypes do not prevent C. elegans from serving as an
important model organism in elucidating the molecular mechanisms of the underlying

genes. The studies of presenilin homologues in C. elegans provided interacting molecular
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candidates for dissecting and treating the Alzheimer’s disease (Alexander et al., 2014).
Similarly, the mechanosensory functions of ENaCs in C. elegans led to the identification of a
mammalian ENaC serving as a mechanosensor in monitoring blood pressure (Drummond

et al., 2008).

2.1. The ecology of C. elegans

In order to understand the natural history of C. elegans and connect the findings in the
laboratory to the organism'’s ecology, samplings of C. elegans have been performed in nature.
Previously, C. elegans wild isolates were mainly sampled from anthropogenic habitats such
as compost heaps and garden yards (Kiontke and Sudhaus, 2006). In these samples, the
worm predominantly existed at an arrested stage called dauer, and frequently associated
with invertebrates such as isopods and snails. The dauer is a diapause larval stage induced
by environmental stress such as high population density, low food supply, and high
temperature (Hu, 2007). The worm mainly exists as the dauer in these samples, which
indicates that the natural conditions were not favorable for the worm to reproduce. The
dauer worm is able to seek for additional dispersal opportunities through a behavior called
nictation, which includes standing on the tail and waving the head (Lee et al,, 2012). The
behavior may increase host-finding rate in parasitic nematodes (Campbell and Gaugler,
1993), and facilitate the C. elegans dauer to be transported by invertebrates. The field
samplings suggest that C. elegans exhibits a boom-and-bust life cycle (Felix and Duveau,

2012). The worm arrests at the dauer stage in unfavorable conditions, and probably
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spreads through human and animal activities. When optimal habitat occurs, the worm
returns to reproductive stages and proliferates into a population primarily though
hermaphroditic selfing. Then the worms may re-enter the dauer stage and arrest through
subsequent unfavorable conditions. Genomic analysis of C. elegans wild strains reveals low
genetic diversity and shared selective sweeps across continents (Andersen et al., 2012).
These results are consistent with the self-reproduction and boom-and-bust life cycle of C.
elegans, and suggest long-distance migrations which might be related to human activities
(Andersen et al., 2012).

Recent studies have isolated proliferating C. elegans populations and started to reveal
the worm’s natural habitat and associated biotic environment. The proliferating
populations were found in rotting fruits and rotting herbaceous stems in fall, co-localizing
with microbes such as bacteria and fungi (Felix and Duveau, 2012). Some bacteria and
yeasts may serve as food to the worm, and bacteria also colonize the worm’s intestine and
function as pathogen. Microbes can shape the environment using metabolic activities, and
usually form colonies when proliferating, which may increase the heterogeneity and
instability of the local environment. The diverse sizes and compositions of the sampled C.
elegans populations further support the boom-and-bust life cycle (Felix and Duveau, 2012).
Additional systematic samplings may reveal new information about the organism'’s natural
habitat.

The limited spatial and temporal condition for C. elegans to proliferate implies that the

organism may require relatively strict biotic and abiotic factors to reproduce, such as food,
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water, and oxygen level. The factors could be highly variable and the optimal combination is
limited in the natural environment. Especially in rotting plant materials, the plant structure
and assembles of microbes can cause the environment to be highly heterogeneous and
constantly evolving (Felix and Duveau, 2012). Therefore, it is important for the worm to
monitor key environmental stimuli, in order to determine the boundary of the optimal

habitat and maximize the usage of the resource.

2.2. Neurobiological studies and new behavioral paradigms

A significant number of phenotypes isolated in C. elegans are related to behaviors.
Despite having simple morphology, the worm exhibits finely regulated motor behaviors,
such as sinusoidal pattern of body bends, reorientation behaviors, egg laying and
pharyngeal pumping. The behaviors are modulated by both sensory information and the
worm’s internal states. The worm is able to sense a wide range of sensory modalities, such
as odorants, temperature, touch, and light. Individual C. elegans sensory neurons are able to
sense multiple sensory inputs. Each sensory modality is also sensed by multiple sensory
neurons. The internal state of the worm can modulate the nervous system and significantly
alter the response to sensory stimuli. For example, the presence of food severely enhances
the worm'’s sensitivity to the aversive odor octanol through the modulation of serotonin on
sensory neurons (Chao et al., 2004). Similarly, NaCl normally serves as an attractant to the
worm, but the exposure to NaCl under starvation turns the salt into a repellent (Tomioka et

al., 2006). The cellular complexity and intensive modulation between neurons serve as
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useful resource for studying molecular pathways and neural interactions. How the nervous
system processes and integrates the sensory information within its limited capacity can
also provide insights on neural coding strategies.

Because of the relative simplicity of the C. elegans nervous system, it is possible to
dissect neural circuits from the sensory to motor level. The wiring diagram based on neural
connections has been mapped in the worm (White et al., 1986), and serves as valuable
resource for exploring neural mechanisms for behavioral control. Once scientists identify a
key neuron, the wiring diagram provides upstream and downstream neurons as candidates
for tracking the circuit and further studying cellular interactions. In combination with other
research tools, the wiring diagram highly improves the efficiency of hypothesis forming and
testing in C. elegans neurobiological studies. For example, the circuits regulating
exploratory behaviors in the worm was systematically dissected by targeted neural
manipulation from the sensory to motor level based on the wiring diagram (Gray et al.,
2005). Similarly, the circuits controlling olfactory aversive learning were expanded from
two identified chemosensory neurons into a more complete functional neural network by
targeting downstream neurons with strong synaptic connections (Ha et al., 2010). On top of
the wiring diagram, intensive neural modulation adjusts the activity and mobilization of the
anatomical circuits, which adds another layer of complexity into the study of functional
neural circuits (Bargmann, 2012).

Although neural mechanisms of various sensory behaviors have been investigated in

details in C. elegans, there is still demand for exploring new sensory behaviors. First, there
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might be sensory modalities that have not been discovered in the worm. In the recent years,
novel sensory modalities have been constantly discovered in C. elegans, such as humidity,
light and magnetic field (Russell et al., 2014; Vidal-Gadea et al., 2015; Ward et al., 2008),
which likely have not yet exhausted possible modalities. Moreover, under different context,
the same stimulus may activate distinct receptors and induce different sensory responses.
For example, cold temperature in different ranges is sensed by different sensory neurons in
C. elegans. The earliest studies on thermosensation mainly focused on the temperature near
the cultured condition, which led to the identification of a thermosenory neuron AFD
(Ramot et al., 2008). Later studies uncovered that more noxious cold stimulates the
nociceptor neuron PVD and another sensory neuron AS] (Chatzigeorgiou et al., 2010; Ohta
et al., 2014). The activation of these thermosensory neurons induces distinct behavioral
and physiological responses. Similarly, scientists have been revealing novel receptors for
known olfactory stimuli under different context. Despite the discovery of the diacetyl
receptor ODR-10 in AWA sensory neurons that detects low concentrations of diacetyl and
leads to attractive behaviors (Sengupta et al., 1996), new studies identified another diacetyl
receptor SRI-14 responding to high concentrations of diacetyl and inducing avoidance
behaviors through ASH sensory neurons (Taniguchi et al., 2014). Therefore, investigating
new behavioral paradigms or testing stimuli under different context may provide new

scenarios for investigating novel gene functions and neural mechanisms.
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2.3. Osmotic responses of C. elegans

Osmotic information is one of the most important factors that the worm needs to sense.
With the hypodermis and intestine as partially permeable barriers, the worm is able to
exchange water and small molecules with the environment, and is easily affected by the
environmental osmotic condition. Hypoosmotic conditions are usually not fatal to the
worm due to the protection from the hard cuticle, although the conditions may cause low
mobility of the worm, and require the excretory cell to release the extra fluid and solutes
(Lamitina et al.,, 2004). However, water loss due to hyperosmotic environments can lead to
severe damages to the worm. Exposed to high osmotic shocks for a few seconds is fatal to
the worm. Prolonged exposure to moderate hyperosmotic conditions can also cause protein
damage in C. elegans (Lamitina et al., 2006), and decrease both mobility and survival of the
worm (Lamitina et al., 2004). The environmental osmotic condition is affected by a number
of factors, such as temperature, humidity, and easiness of water transportation. lons and
molecules in the environment are also easily altered by biotic activities, and subsequently
affect the overall osmolarity. Since the environmental osmotic condition can be variable, it
is essential for the worm to actively protect its own water balance from influence of the
environment.

The worm is able to acclimate to small environmental osmotic changes by adjusting its
internal osmotic condition. Under moderate hyperosmotic conditions, the worm
synthesizes and accumulates the organic osmolyte glycerol to increase its internal

osmolarity (Lamitina et al., 2004 ). By screening for mutants that are able to maintain body
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volume and mobility under prolonged moderate hyperosmotic conditions, multiple osmotic
stress resistant (osr) genes were identified (Solomon et al.,, 2004). Mutants of these genes
obtain resistance to the moderate hyperosmotic stress by accumulating glycerol in the body
(Solomon et al., 2004). A recent study has identified a novel pathway regulating the rapid
glycerol accumulation under hyperosmotic stress, which is dependent on the metabolic
regulator 5’-AMP-activated protein kinase (AMPK) (Possik et al., 2015). Despite the ability
to adapt to small osmotic changes, the hyperosmotic stress still decrease mobility and
survival rate of the worm. The protein damage and osmolyte synthesis are also costly to the
worm. Therefore, being able to avoid moderate hyperosmotic conditions through
behavioral responses is an efficient alternative strategy.

The only identified behavioral reaction to hyperosmotic stimuli in C. elegans is towards
high osmotic shocks. The worm is able to detect severe hyperosmotic conditions and
initiate aversive behaviors. For example, if being placed within a ring formed by 4 M
fructose, the worm avoids crossing the hyperosmotic barrier and stays within the ring
(Hart et al., 1995). A drop of hyperosmotic solution such as 1 M glycerol on the nose of the
worm also induces backward movements to prevent the worm from moving into the
hyperosmotic region (Tobin et al., 2002). The hyperosmotic information is sensed by a pair
of ciliated nociceptive neurons named ASH (Hilliard et al., 2004). Screening mutagenized
worms for defects in avoiding the osmotic stress have provided candidate genes required
for the behavior, named as osm (osmotic avoidance abnormal) genes (Culotti and Russell,

1978). One of the genes that have been intensively studied is the TRPV channel OSM-9
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(Colbert et al., 1997). Examination of OSM-9 in C. elegans has led to the discovery of
mammalian TRPV channels as putative osmosensors (Ciura and Bourque, 2006). One of the
mammalian TRPV channels TRPV4 can restore the aversion caused by osmotic shocks in C.
elegans mutants lacking the OSM-9 channel (Liedtke et al., 2003). The function of TRPV4 in
mammalian osmosensing is still controversial (Bourque, 2008).

Behavioral responses towards hyperosmotic conditions in lower osmotic range have
not been investigated. However, since moderate hyperosmotic conditions can also harm the
worm, it is beneficial for the worm to avoid moderate hyperosmotic stimuli as well, in order
to maximize the animal’s exposure to favorable environments and avoid the costly
adaptation. Detecting moderate hyperosmotic changes may require distinct sets of
molecular receptors and sensory neurons, and induce different behavioral reactions.
Therefore, I examined the worm’s behavioral responses to moderate hyperosmotic stimuli.
The molecular and cellular mechanisms of this behavior might contribute to the general
understanding of osmosensing and osmotic responses, and provide insights for studies in

other organisms.
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elegans

Introduction

The osmotic condition of lab-cultured C. elegans

Although the osmotic condition of the worm’s natural habitat has not been investigated,
the worm is cultured under standard conditions in labs. The standard worm growth
medium (NGM) is about 150 mOSM. Since the worm is able to acclimate to environmental
osmotic conditions by adjusting its internal glycerol level (Lamitina et al., 2004), 150
mOSM is iso-osmotic to worms cultured at lab. Conditions with osmolarity higher than 150
mOSM are hyperosmotic to lab-cultured worms (Figure 2.1).

Previous studies have examined the worm’s behavioral response to hyperosmotic
conditions with osmolarity above 1 OSM, which are called osmotic shocks. The worm
generates acute reversals to avoid osmotic shocks. The aversive behavior is mediated by
the sensory neurons ASH and TRPV channel OSM-9 (Colbert et al., 1997; Hilliard et al.,
2004). Moderate hyperosmotic conditions lower than 1 OSM can lead to protein damage
and reduce survival of the worm (Lamitina et al., 2004; Lamitina et al., 2006), but no acute
behavioral response has been discovered in this range. To study behavioral responses to
moderate hyperosmotic stimuli, I examined the worm'’s behavior under prolonged

exposure to moderate hyperosmotic conditions, which are named as osmotic upshifts.
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Osmolarity range

lab culture
condition

J{ 400 mOSM 1 0SM
A4
2 —

osmotic upshift  osmotic shock
behaviors: unknown behaviors: reversals

sensors: unknown sensors: ASH
(molecules unknown)  (requires OSM-9)

Figure 2.1 The osmotic condition of lab-cultured C. elegans.

The lab culture condition of C. elegans is about 150 mOSM. Conditions with osmolarity
above 150 mOSM are hyperpsmotic to the worm. Osmotic shocks refer to conditions with
osmolarity above 1 OSM, which trigger acute reversals of the worm through the TRPV
channel OSM-9 and nociceptive sensory neurons ASH. Osmotic upshifts in the moderate
hyperosmotic range have not been shown to trigger acute behavioral responses. This
present work focuses on the moderate hyperosmotic range, and 400 mOSM is used as the
standard condition of osmotic upshift in the majority of the following experiments.
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Reorientations as aversive behaviors

When the worm senses aversive cues while moving forward, it avoids the condition by
reorienting the direction of its movement. Reorientations can be achieved by both reversals
and turns. Reversals followed by turning away serve as a strategy to quickly escape the
danger in front of the worm. ASH neurons are the primary sensory neurons responding to
multiple aversive cues that trigger reversals, including nose touch and noxious chemicals
(Kaplan and Horvitz, 1993), and AVA interneurons are the command neurons regulating
reversals (Chronis et al., 2007). The reversal and underlying neural circuit are modulated
by both the stimulus and the internal status of the worm (Harris et al., 2010; Piggott et al.,
2011). Besides reversals, the worm is able to increase its likelihood of staying in favorable
environments by regulating the frequency of turning behaviors. The strategy has been
demonstrated in chemotaxis (Ilino and Yoshida, 2009). The worm performs higher rate of
turning behaviors when it moves towards aversive conditions, which tends to reorient the
worm towards more favorable conditions. In summary, increase of reorientations is a

typical behavioral response under aversive conditions.

Results

The wild-type worm upregulated reorientation behaviors under prolonged exposure

to osmotic upshifts
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To examine whether the worm behaviorally avoids osmotic upshifts, I employed a
single-worm microdroplet assay system (Luo et al., 2008) to monitor the worm’s
reorientation behaviors in iso-osmotic (150 mOSM) or moderate hyperosmotic (400-800
mOSM) solutions. Reorientation behaviors of the worm were automatically detected by
machine-vision software (Figure 2.2 A). Since the worm performs a large number of
reorientations immediately after being removed from food (Gray et al., 2005), the animals
were soaked in NGM buffer for 10 minutes before tested on the assay system. The
wild-type worm (N2) maintained a constant rate of reorientations in 150 mOSM, while
gradually upregulated the rate of reorientations in osmotic upshift conditions over 6
minutes (Figure 2.2 B-D). As the osmolarity of the osmotic upshift went up, the rate of
reorientations increased faster and dropped earlier. Decline of reorientation rate at the
later time points was likely due to immobility caused by water loss. In both 400 mOSM and
600 mOSM conditions, the number of reorientations peaked in the 5t minute, which was
significantly higher than the number of reorientations in the 5t minute in 150 mOSM
(Figure 2.2 B, C). 400 mOSM was employed as the standard osmotic upshift condition in the
following experiments.

Similar as in the microdroplet assay, the worm performed increased number of
reorientation behaviors responding to osmotic upshifts on agar plates. The worm
upregulated the rate of reorientations on plates of 400 mOSM over time, but rarely

performed reorientations on NGM plates (150 mOSM). The number of reorientations on
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Figure 2.2 The wild-type worm upregulated reorientation behaviors under
prolonged exposure to osmotic upshifts.

A, Individual worms were placed in microdroplets containing solution of certain
osmolarity, and reorientation behaviors (red arrow) were detected by machine-vision
software. B-D, The wild-type (WT) worm gradually increased the rate of reorientations
under exposure to osmotic upshifts (400-800 mOSM) over 6 minutes. The rate of
reorientations increased faster and dropped earlier in higher osmolarity. In B and C, the
number of reorientations in the 5t minute was significantly higher under osmotic
upshifts compared to the iso-osmotic condition of 150 mOSM (*** p < 0.001; Student’s
t-test; n 2 27 animals per treatment). Data are represented as mean + SEM.
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400 mOSM plates peaked in the 5t minute, which was significantly higher than the number
of reorientations in the 5t minute on NGM plates (Figure 2.3).

The number of reorientations was manually quantified on agar plates, and
automatically scored in the microdroplet assay. To minimize subjective bias, the
microdroplet assay was used in subsequent experiments to further investigate the

behavioral response to osmotic upshifts.

The response to osmotic upshifts remained the same when the osmolarity was
balanced by different solutes

In the microdroplet assay, the solution always contained 50 mM NacCl to control for the
sensory response elicited by NaCl. The remaining osmolarity was contributed by glycerol.
Since the solution of 400 mOSM contained more glycerol than the solution of 150 mOSM,
the higher rate of reorientations in the solution of 400 mOSM can be induced by either the
higher osmolarity or the additional glycerol. To examine which possibility was true, I
replaced glycerol in the solutions by sorbitol or NaCl. In both conditions, the worm
increased reorientation behaviors in 400 mOSM solutions, suggesting that the worm

responded to the osmotic condition rather than specific solutes (Figure 2.4).

The sensed stimulus was the osmotic difference between the internal and external
environment of the worm

The information the worm responded to may be the absolute osmolarity of the
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Figure 2.3 The wild-type worm upregulated reorientation behaviors responding to
osmotic upshifts on agar plates.

Individual worms were placed on 150 mOSM (NGM) plates or 400 mOSM plates, and the
number of reorientations was manually quantified. A reorientation refers to change of
movement direction through a turn or reversals followed by a turn. The number of
reorientations in the 5t minute was significantly higher on 400 mOSM plates than on 150
mOSM plates (** p < 0.01; Student’s t-test; n = 7 animals per treatment). Data are
represented as mean + SEM.
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Figure 2.4 The response to osmotic upshifts remained the same when the
osmolarity was balanced by different solutes.

Solutions used in the microdroplet assay always contained 50 mM NaCl. By default, the
remaining osmolarity was contributed by glycerol (as in Figure 2.2). When glycerol is
replaced by NaCl (A) or sorbitol (B), the worm performed similar upregulated
reorientations under exposure to osmotic upshifts, compared to the standard condition
with glycerol (Figure 2.2 B). In both A and B, the number of reorientations in the 5t
minute was significantly higher in 400 mOSM than in 150 mOSM. (*** p < 0.001; Student’s
t-test; n 2 24 animals per treatment). Data are represented as mean + SEM.
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environmental condition, or the relative hyperosmotic extent of the external environment
compared to the internal condition of the worm. To distinguish between these two
possibilities, I employed two strategies to elevate the internal osmolarity of the worm, and
examined the worm'’s response to 400 mOSM solutions.

Since the worm is able to acclimate to environmental osmotic conditions by
accumulating glycerol in the body, I cultured wild-type worms on agar plates of 400 mOSM
for one generation to adjust their iso-osmotic condition to 400 mOSM. These worms no
longer increased the rate of reorientations in 400 mOSM solutions (Figure 2.5 A). The
result indicated that the worm responded to the osmotic difference between its
environment and internal condition.

Furthermore, there are mutant worms with abnormally high internal osmolarity due to
accumulation of glycerol. Examples include osr-1 and dpy-2 mutants (Solomon et al., 2004).
These mutants exhibit resistance to hyperosmotic conditions that would cause damage to
the wild-type worm, and do not avoid high osmotic shocks (Solomon et al., 2004). In the
microdroplet assay, the osr-1 and dpy-2 mutants did not upregulate reorientation
behaviors under exposure to osmotic upshifts (Figure 2.5 B, C). The result suggested that
400 mOSM was not hyperosmotic to these mutants, and further confirmed that the worm
responded to the relative hyperosmotic extent of the environment compared to its internal
condition.

To verify that 400 mOSM was no longer hyperosmotic to the worms with high internal

osmolarity, [ examined whether the worms dehydrated in 400 mOSM solutions. | imaged
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Figure 2.5 Elevated internal osmolarity of the worm abolished the behavioral
response to osmotic upshifts.
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Figure 2.5 (Continued)

A, Wild-type (WT) worms were cultured on agar plates of 400 mOSM for one generation,
and examined in the microdroplet assay. Compared to worms cultured on standard NGM
plates, the worms acclimated to 400 mOSM no longer upregulated the rate of
reorientations in 400 mOSM solutions (*** p < 0.001; genotype x treatment interactions
detected by two-way ANOVA; n = 28 animals per condition). B-C, osr-1 mutants (B) and
dpy-2 mutants (C) maintain abnormally high internal osmolarity, and did not upregulate
the rate of reorientations in 400 mOSM solutions (*** p < 0.001; genotype x treatment
interactions detected by two-way ANOVA; n = 28 animals per condition in B, n = 8 animals
per condition in C). Data are represented as mean + SEM.
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the worms on agar plates before and after they were soaked in solutions of 200 mOSM or
400 mOSM for 8 minutes, and quantified the change of their body areas on images to assess
the shrinkage of the worms (Figure 2.6). Wild-type worms cultured on standard NGM
plates shrank after soaked in solution of either 200 mOSM or 400 mOSM for 8 minutes.
Especially, soaking in 400 mOSM solutions for 8 minutes led to about 20% decrease of the
body area, which indicated severe body shrinkage caused by dehydration. The higher
shrinkage in the 400 mOSM solution confirmed that 400 mOSM was more hyperosmotic to
the worm compared to 200 mOSM. In contrary, wild-type worms acclimated to 400 mOSM
and osr-1 mutants did not exhibit obvious body area change after soaked in 200 mOSM. The
osr-1 mutant exhibited similar body area changes in the two treatments, which suggested
that neither condition was hyperosmotic to the worm. However, wild-type worms
acclimated to 400 mOSM was slightly more dehydrated in 400 mOSM, although 400 mOSM
should be iso-osmotic to the worm. The slight dehydration was likely caused by
evaporation during the imaging process when the worm was exposed to the air. The
evaporation might happen to every condition, but was less obvious for NGM-cultured
wild-type worms or osr-1 mutants, because the treatment conditions were further away
from the worms’ iso-osmotic conditions. In the case of wild-type worms acclimated to 400
mOSM and soaked in 200 mOSM, the evaporation was probably compensated by the water
influx from the hypoosmotic environment.

The above three worm types responded to the two osmotic treatments differently.

Both the wild-type worm acclimated to 400 mOSM and osr-1 mutant showed less difference
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Figure 2.6 Dehydration of worms with different internal osmolarity under osmotic
conditions.

Images were taken for individual worms on agar plates. Each worm was soaked in
solution of 200 mOSM or 400 mOSM for 8 minutes, and the final body area was quantified
as percentage of the beginning body area to assess the shrinkage of the worm. Wild-type
worms cultured on NGM plates were significantly more dehydrated in 400 mOSM than in
200 mOSM (*** p < 0.001; Student’s t-test; n = 7 animals per treatment). Wild-type worms
cultured on 400 mOSM plates for one generation was also more dehydrated in 400 mOSM
than in 200 mOSM (* p < 0.05; Student’s t-test; n = 7 animals per treatment), which could
be caused by evaporation during the imaging process. osr-1 mutants exhibited similar
change of body area in the two osmotic conditions (n.s.: non-significant, Student’s t-test; n
> 6 animals per treatment). The dehydration of wild-type worms cultured on NGM plates
in the two osmotic conditions was significantly different from that of either wild-type
worms acclimated to 400 mOSM or osr-1 mutants (*** p < 0.001; interactions of the
condition of the worm and the treatment were detected by two-way ANOVA; multiple
comparison by Tukey-Kramer method). Data are represented as mean + SEM.
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between the body area changes in the two solutions, compared to the wild-type worm
cultured on NGM plates. The result confirmed that 400 mOSM was not hyperosmotic to
worms with elevated internal osmolarity, which was consistent with the abolished

behavioral response of these worms in 400 mOSM.

The behavioral response to osmotic upshifts is different from the previously known
osmotic shock response, mechanosensation or water sensation

Different from the acute reversals triggered by osmotic shocks, the response to osmotic
upshifts is induced by stimuli in a lower hyperosmotic range, and includes both turns and
reversals in the behavioral response. The neural mechanism of the response to osmotic
upshifts might be distinct from that of the osmotic shock response. However, it is also
possible that the osmotic information is sensed through the same receptors, and the
different behavioral outputs are determined by the strength of the stimulus. To evaluate if
the response to osmotic upshifts utilizes the same sensory mechanism as the osmotic shock
response, [ examined the behavior of the mutant that lacks the functional TRPV channel
OSM-9. Similar to the wild-type worm, the osm-9 mutant exhibited upregulated
reorientation behaviors in 400 mOSM solutions (Figure 2.7), which indicated that OSM-9
channel was not required for the response to osmotic upshifts. Since OSM-9 is essential for
the response to osmotic shocks, the response to osmotic upshifts probably employs distinct

sensory mechanisms.
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Figure 2.7 The mutant lacking the functional TRPV channel OSM-9 exhibited
wild-type response to osmotic upshifts.

The osm-9 mutant lacks functional OSM-9 channel, and performed normal upregulated
reorientation behaviors in 400 mOSM. There is no difference between the response of the
wild-type (WT) worm and osm-9 mutant (n.s.: non-significant; genotype x treatment
interactions detected by two-way ANOVA; n = 29 animals per condition). Data are
represented as mean + SEM.
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The studies of osmosensation in other organisms demonstrated that osmotic responses
could be mediated by mechanosensitive receptors, water channels (aquaporins), or sensors
responding to concentrations of solutes. Therefore, [ examined the role of aquaporins and
multiple mechanosensitive channels in the response to osmotic upshifts. I also tested
members of the transmembrane channel-like (TMC) protein family. TMC proteins were
shown to be essential for auditory functions in humans and mice, which suggested
potential mechanosensory functions of the proteins (Kawashima et al., 2015). In C. elegans,
TMC-1 serves as a sensor to high concentrations of NaCl in the nociceptive neurons ASH
(Chatzigeorgiou et al., 2013).

No behavioral defect in the response to osmotic upshifts was observed in the tested
mutants (Table 2.1). The response to osmotic upshifts may employ a novel sensory

mechanism.

Discussion

The worm increases the rate of reorientation behaviors under prolonged exposure to
osmotic upshifts. Since osmotic upshifts dehydrate the worm in a few minutes, the
reorientation behaviors may assist the worm to avoid the hyperosmotic condition. This
present study is the first time that a behavioral response to moderate hyperosmotic stimuli

is observed in C. elegans. Understanding this new behavior will reveal additional
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information about how organisms sense environmental osmotic signals and maintain water
balance. The rate of reorientations gradually increases over a few minutes under osmotic
upshifts. The rate rises faster when the environmental osmolarity is higher. This
characteristic of the behavior suggests that the worm responds to an accumulated signal
from the osmotic stimulus. The signal is likely related to dehydration caused by the
hyperosmotic environment, which is supported by two observations. First, the speed of
dehydration is faster under higher environmental osmolarity, and the water loss is
accumulative over time. These properties of dehydration are consistent with the
characteristics of the behavioral response to osmotic upshifts. Second, dehydration of the
worm is directly caused by the osmotic difference between the worm'’s internal condition
and the hyperosmotic environment. Similarly, the behavioral response also reacts to the
osmotic difference between the internal and external environment of the worm instead of
the absolute osmolarity. When the worm’s iso-osmotic condition is equal to or above 400
mOSM due to acclimation of glycerol, the worm no longer dehydrates or increases
reorientation behaviors in 400 mOSM. Therefore, the worm probably senses and responds
to the dehydration caused by osmotic upshifts. As what has been observed in other
organisms, the sensation may be mediated by chemical or mechanical changes caused by
water loss.

Similar to other sensory modalities such as touch and odorants, different strengths of
osmotic stimuli lead to distinct behavioral responses. Osmotic shocks can quickly

dehydrate and kill the worm, and are likely sensed as nociceptive cues. Similar to other
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nociceptive stimuli sensed by ASH neurons, osmotic shocks trigger acute escapes from the
worm. In contrary, osmotic upshifts are in a lower osmotic range, and dehydrate the worm
more slowly with less harmful consequences. Therefore, the strategy of avoiding osmotic
upshifts is less acute than that of the response to osmotic shocks. Instead of immediately
escaping from the stimulus, the worm responds to osmotic upshifts by increasing the
likelihood of avoiding the condition through upregulating reorientation behaviors.

Besides distinct behavioral responses, the two osmotic stimuli are detected by different
sensory mechanisms. The TRPV channel OSM-9 is essential for the sensation of osmotic
shocks, but is not required for responding to osmotic upshifts. The result indicates that
osmotic upshifts are sensed through alternative sensory mechanisms. Detecting osmotic
signals in the lower hyperosmotic range may require sensory receptors with different
properties. The receptors sensing osmotic upshifts may have a different level of sensitivity,
and be activated by the osmotic information through distinct mechanismes.

The response to osmotic upshifts is different from that to osmotic shocks from the
sensation to behavioral output, which suggests that the two stimuli might be processed by
distinct neural circuits and mechanisms. Treating the two stimuli differently is consistent
with the distinct consequences the two conditions cause to the animal. Compared to severe
osmotic shocks which may be similar to nociceptive stimuli, osmotic upshifts represent a
different aversive condition and might better mimic the osmotic disturbance the worm

encounters under certain conditions in nature.
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Previous studies on osmosensing suggest that the sensory mechanism may employ
mechanosensitive channels or water channel aquaporins. [ examined the requirement of
aquaporins and mechanosensitive channel candidates in the response to osmotic upshifts.
The mechanosensitive channels tested in this work are either with identified
mechanosensory functions or homologous to mammalian proteins with potential
mechanosensory properties. After screening through mutant animals lacking the functional
version of these channels, I did not observe defect in the response to osmotic upshifts.
Therefore, the moderate hyperosmotic stimulus is likely sensed by a novel mechanism. The
sensory receptor may be a novel protein sensing signals related to dehydration, such as
mechanical stress or changes of solute concentrations. It is also possible that the osmotic
information is detected by new functions of known proteins. Therefore, understanding the
mechanism of sensing osmotic upshifts would advance the knowledge of osmosensing, and

might provide new directions for studying osmotic responses in other organisms.

Methods

Solution preparation
To control for the behavioral response evoked by NacCl, all the solutions contained 50
mM NaCl. The additional osmolarity was contributed by glycerol, NaCl or sorbitol. Glycerol

was used in the standard condition when the solute was not specifically mentioned. The
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total osmolarity was calculated by adding up the osmolarity contributed by each solute.
The osmolarity of each solute was calculated as the total number of elements the solute
contributed when fully dissolved in water. The effect of potential interactions between
solutes was neglected, and NaCl was treated as fully ionized in the solutions. Under these
assumptions, 1mM NaCl contributes to 2 mOSM, and 1mM glycerol or sorbitol contributes
to 1 mOSM.

To verify how much the calculated osmolarity is different from the real osmolarity, the
osmolarity of each solution was measured by osmometer (Vapro® vapor pressure
osmometer 5520). Comparison between the calculated osmolarity and the measured
osmolarity is shown in Table 2.2. The real osmolarity was similar to the calculated
osmolarity.

The worm standard growth medium (NGM) was measured to be 158 mOSM.

Microdroplet assay

In each assay, four 6 pl droplets of solution with certain osmolarity were placed on a
sapphire window (Swiss Jewel Company). Adult worms were soaked in NGM buffer for 10
mins before transferred into the droplets, to eliminate the turning response elicited by food
removal. Each droplet contained a single adult worm, and behaviors of the worms were
recorded by a CCD camera at 10 Hz. Temperature of the sapphire window was maintained
at 23°C using a temperature-controlled circulating water bath. Behaviors of individual

worms were analyzed by machine-vision software written in MATLAB. The software fitted
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Table 2.2 Comparison between the calculated and measured osmolarity

Balancine solute Calculated osmolarity Measured osmolarity
8 (mOSM) (mOSM)
150 144
400 415
Glycerol
600 621
800 838
150 144
NaCl
400 369
150 141
Sorbitol
400 373

54



Chapter 2. A novel hyperosmotic behavioral response in the nematode C. elegans

individual worms on each frame into ellipses and calculated the eccentricity. The
eccentricity tends to be smaller when the shape of the worm is more circular, which
happens when the worm is performing reorientations, including (2 bends and reversals. A
reorientation was defined to occur when the eccentricity fell below a threshold value,

which was set by measuring manually-detected € bends.

Osmotic assay on plates

Worms were cultured on NGM plates. Individual worms were transferred to empty
NGM plates or agar plates of 400 mOSM. The 400 mOSM plates were made by adding
250mM sorbitol to the recipe of normal NGM plates. Each worm was recorded freely
moving on the plate for 10 minutes, and the number of reorientations (change of
movement direction through a turn or reversals followed by a turn) was manually

quantified.

Dehydration measurement

Worms were cultured on NGM plates or agar plates of 400 mOSM. The 400 mOSM
plates were made by adding 250mM sorbitol to the recipe of regular NGM plates. To
measure the dehydration caused by different osmotic conditions, images were first taken
on individual worms freely moving on an agar plate. Osmolarity of the agar plate matched
the culture condition of the worm. The worms were then soaked in solution of 200mOSM

or 400 mOSM for 8 minutes, and returned to the original agar plates for another set of
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images. Three images were taken on each worm before and after the soaking. Body area of
the worm was manually measured and compared before and after the soaking. To
minimize subjective bias of the manual measurement, the images were randomly ordered
and renamed by a MATLAB code, with the treatment conditions and genotypes masked

during the manual measurement.

Acclimation assay

Agar plates of 400 mOSM were made by adding 250mM sorbitol to the recipe of normal
NGM plates. Wild type worms were raised on the 400 mOSM plates for one generation
(from eggs to adults), and adult worms were examined in the microdroplet assay. Before
the assay, adult worms were soaked in solution of 400 mOSM balanced by glycerol for 10
min to eliminate the behavioral response to food removal. The worms were subsequently
transferred to droplets of 200mOSM or 400 mOSM (glycerol-balanced) for the assay.
Control animals were cultivated on regular NGM plates ans soaked in NGM buffer for 10

mins before examined in droplets of 200 mOSM or 400 mOSM in the assay.

Strains

The strains used in this chapter include: wild type strain Bristol N2, ZC2616
osm-9(ky10) IV, AM1 osr-1(rm1) 1, BE93 dpy-2(e8) 11, ZC2387 aqp-1(tm2309) 11, RB1715
aqp-2(0k2159) 11, ZC2473 aqp-3(tm1980) 1V, ZC2369 aqp-4(0k2587) V, ZC2399

aqp-6(tm2407) V, ZC2389 aqp-7(tm1915) X, ZC2397 aqp-8(tm1919) X, ZC2390
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aqp-10(tm2084) 11, ZC2370 aqp-11(0k3578) 111, ZC2198: asic-1(0k1405) 1, ZC2195

trp-4(ok1605) 1, TU253 mec-4(u253) X, ZC2194 tmc-1(0k1859) X, ZC2199 tmc-2(0k1302) X.
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response

Introduction

The cyclic nucleotide-gated ion channel subunits TAX-2 and TAX-4

Cyclic nucleotide-gated (CNG) ion channels are nonselective cation channels opened by
direct binding of cyclic nucleotides such as cGMP or cAMP (Kaupp and Seifert, 2002). The
CNG channels were first discovered in the study of retinal phototransduction. In
photoreceptors, constant production of cGMP keeps the CNG channels open which mediates
an inward cation flow named dark current (Pifferi et al., 2006). Light absorption of
rhodopsin activates a phosphodiesterase and decreases the cGMP level, which subsequently
changes the cation current and hyperpolarizes the photoreceptor (Pifferi et al., 2006).
Therefore, the light signal is converted to electrical signals in neurons. CNG channels were
also discovered to function in mammalian olfactory sensory neurons. When odorants bind
to receptors, production of cAMP activates the CNG channels and depolarizes the olfactory
sensory neurons (Kaupp and Seifert, 2002).CNG channels also mediate sensory
transduction in other sensory neurons. In addition, the presence of CNG channels in
non-sensory areas in the brain indicates broader functions of the channels (Kaupp and
Seifert, 2002).

The genes tax-2 and tax-4 both encode subunits of cyclic nucleotide-gated ion channels
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in C. elegans. The two channel subunits are co-expressed in multiple amphid sensory
neurons, and play essential roles in sensory functions such as chemosensation,
thermosensation and aerotaxis (Coates and de Bono, 2002; Coburn and Bargmann, 1996;
Komatsu et al.,, 1996). The channels mediate sensory transductions downstream of the
G-protein signaling (Bargmann, 2006). Loss of TAX-2 or TAX-4 functions can diminish
response to the sensory information in both neuronal calcium signals and behavioral
responses (Garrity et al.,, 2010; Ramot et al., 2008). In addition, the CNG channels are also
essential for activity-regulated gene expression and maintenance of normal sensory axon
structures (Coburn et al., 1998; Peckol et al., 2001), which might be related to the channels’
functions in sensory-evoked neural activities.

The CNG channel subunit genes are classified into two subfamilies (A and B) based on
sequence comparison. CNG channels are tetramers formed by four subunits, which usually
contain both A family and B family subunits (Pifferi et al.,, 2006). In C. elegans, TAX-2 is
homologous to mammalian B family subunits, and TAX-4 is homologous to mammalian A
family subunits (Coburn and Bargmann, 1996). TAX-2 and TAX-4 are co-expressed in the
same set of sensory neurons, and are similarly required for most of the functions that they
are involved in, with no redundancy observed in the tax-2; tax-4 double mutant (Coburn
and Bargmann, 1996). The two channel subunits are likely form channels and function
together. When expressed in human HEK293 cells, TAX-2 and TAX-4 can form heteromeric
channels which are highly selective to cGMP over cAMP (Komatsu et al., 1999). TAX-4 is also

able to form cGMP-gated channels by itself in HEK293 cells, while TAX-2 is not able to form
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channels on its own in this condition (Komatsu et al., 1999). Besides TAX-2 and TAX-4,
there are four additional CNG channel subunits in the C. elegans genome (cng-1 to 4), which
may be able to form channels in combination with TAX-2 and TAX-4. For example, in the
chemosensory neuron AWB, subcellular localization of TAX-4:: GFP in the ciliary branches
is beyond the localization of TAX-2::GFP (Wojtyniak et al., 2013). In addition to the
possibility that TAX-4 functions on its own in ciliary branches, the co-localization of TAX-4
and CNG-3 in AWB cilia suggests that these two subunits might form channels together
(Wojtyniak et al., 2013).

Since tax-2 and tax-4 genes are expressed in a large set of sensory neurons, most of
which have sensory functions independent of 0SM-9, I examined the function of TAX-2 and
TAX-4 in the response to osmotic upshifts. The result would reveal whether the two

channel subunits and the tax-2/4 expressing neurons are required for this behavior.

G-protein signaling pathways
The CNG channel subunits TAX-2 and TAX-4 probably function downstream of the
G-protein signaling pathways that regulate intracellular cGMP level through either guanylyl
cyclases or phosphodiesterases (Figure 3.1).
G-protein signaling pathways are able to transduce signals from membrane receptors
to regulate multiple intracellular processes, which are involved in a great number of
essential biological functions. The membrane receptors are seven transmembrane domain

proteins called G-protein coupled receptors (GPCR). GPCRs can bind to ligands and
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Odorants Receptor guanylate cyclase

cGMP-gated channel
GPCRs DAF-11

GTP TAX-4
' T ; cGMP —>
Gi-like protein "~ . . GMP Q
ODR-3 .

. Na+, Ca++
A Depolarization

Phosphodiesterase

Figure 3.1 Representative schematic of TAX-2/4 related G-protein signaling
pathways in C. elegans.

This schematic uses the chemosensory neuron AWC as an example to illustrate TAX-2/4
related G-protein signaling pathways (figure borrowed from Bargmann, 2006). Odorants
are sensed by correspondent GPCRs, and subsequently activate G-proteins, which is the
Gi-like protein ODR-3 in AWC. The G-protein regulates cytoplasmic cGMP level through
guanylate cyclases and phosphodiesterases. The specific genes in the pathways may vary
among sensory neurons. The cGMP level controls opening of the cGMP-gated channel
composed of TAX-2 and TAX-4 subunits, and the inward cation flow through the channel
depolarizes the neuron.
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subsequently activate specific G-proteins and initiate downstream cascades. G-proteins can
also be activated independent of GPCRs in some cases (Bastiani and Mendel, 2006).

Heterotrimetic G-proteins are composed of a, 3 and y subunits. Activation of the
G-protein dissociates the a subunit from [y subunits. Both the o subunit and y subunits
are able to signal to downstream factors. G-protein a subunits are categorized into four
classes (Gas, Gai, Gaq and Gai2/13), and downstream targets of each class have been
characterized (McCudden et al., 2005). There are 21 genes encoding Ga subunits in the C.
elegans genome. A majority of the Ga genes are not classified into any of the above classes,
and these genes are expressed in sensory neurons (Bastiani and Mendel, 2006). Functions
of multiple unclassified Ga subunits remain to be discovered.

Guanylyl cyclases can produce cGMP downstream of G-proteins. C. elegans has 34
guanylyl cyclases including 27 transmembrane guanylyl cyclases, and 7 soluble guanylyl
cyclases (Bargmann, 2006). Transmembrane guanylyl cyclases can directly interact with
G-proteins. In C. elegans, the transmembrane guanylyl cyclase ODR-1 mediates olfactory
sensation in AWB and AWC neurons (Bargmann, 2006; L'Etoile and Bargmann, 2000).
Another transmembrane guanylyl cyclase DAF-11 is essential for olfactory sensation in
AWB and AWC neurons (Birnby et al., 2000), and dauer regulation in ASI and AS]J neurons
(Murakami et al., 2001). ODR-1 and DAF-11 may function as dimers in olfactory sensory
neurons since both of them lack part of the catalytic domain (Bargmann, 2006). Some
transmembrane guanylyl cyclases may bypass GPCRs and G-proteins, and directly bind to

ligands (Bargmann, 2006). Different from transmembrane guanylyl cyclases, soluable
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guanylyl cyclases are present in the cytoplasm and may directly bind gases through heme-
nitric oxide and oxygen binding (H-NOX) domains. Some soluable guanylyl cyclases are
implicated as gas sensors in the response to Oz and CO2 (Zimmer et al., 2009), but the
biochemistry has not been clearly illustrated.

In addition, there are other factors in G-protein signaling pathways that can also
modulate the cGMP level. For example, phosphodiesterases (PDEs) are regulated by
G-proteins to degrade cGMP. There are six PDEs in the C. elegans genome, four of which are
predicted to function on cGMPs based on human orthologs (Hobert, 2013). Another
example is the regulators of G protein signaling (RGS proteins), which activate the GTPase
on G-protein a subunits, and facilitate active G-proteins to return to the inactive form (Dong
et al.,, 2000). C. elegans has thirteen predicted rgs genes, some of which are able to regulate

sensory behaviors (Ferkey et al., 2007).

Results

The cGMP-gated channel subunit TAX-2 is required for the response to osmotic
upshifts independent of another subunit TAX-4

In order to investigate the function of TAX-2 in the response to osmotic upshifts, |
examined the behavior of tax-2 mutants in the microdroplet assay. Two different tax-2

mutants (p691 and p671) exhibited severe defect in the behavioral response to osmotic
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upshifts (Figure 3.2). Both of the alleles have been demonstrated to strongly diminish the
function of tax-2 in all the tax-2 expressing neurons (Coburn and Bargmann, 1996).

To confirm if loss of TAX-2 functions was the cause of the behavioral defect in the examined
mutants, [ introduced the genomic fragment of tax-2 gene into the mutant strains. The
introduction of the tax-2 genomic fragment was able to fully rescue the behavioral defect of
the tax-2 mutants in the response to osmotic upshifts (Figure 3.3). However, tax-4 mutants
exhibited wild-typed response to osmotic upshifts (Figure 3.4). The tax-4 allele used in the
experiment (p678) contains an early stop codon, and is predicted as a null allele with no
TAX-4 function (Komatsu et al., 1996). The result indicated that TAX-4 was not required for

the response to osmotic upshifts.

TAX-2 functions in two groups of sensory neurons in the behavioral response to
osmotic upshifts

TAX-2 is expressed in 12 different classes of sensory neurons. In order to further
pinpoint which neurons act as the sites for TAX-2 to regulate the behavioral response to
osmotic upshifts, I expressed tax-2 cDNA in subgroups of the tax-2 expressing neurons. By
examining multiple subsets of neurons, I identified two groups of neurons that partially
rescued the behavioral defect of the tax-2 mutant when expressing TAX-2. One of the
groups was formed by a pair of sensory neurons named AS]J (Figure 3.5 A). AS] neurons are
reported to mediate sensory functions including pheromone-sensing and photosensation

(Bargmann, 2006; Ward et al., 2008). The other group was composed of AQR, PQR and URX
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Figure 3.2 Mutants of the cGMP-gated channel subunit gene tax-2 exhibited defect
in the behavioral response to osmotic upshifts.

Two different tax-Z2 mutants (p691 in A, p671 in B) both exhibited severe defect in the
behavioral response to osmotic upshifts. (** p < 0.01, *** p < 0.001; genotype x treatment
interactions detected by two-way ANOVA; n = 20 animals per treatment). Data are
represented as mean + SEM.
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Figure 3.3 The defect of tax-2 mutants in the behavioral response to osmotic
upshifts was rescued by the introduction of tax-2 genomic fragment.

Genomic fragment of tax-2 gene was introduced into both tax-2 mutants (p691 in A, p671
in B), which rescued the defect in the behavioral response to osmotic upshifts. Data of
wild-type (WT) animals examined on the same days are presented together with the
mutants. (Statistics were performed between transgenic and nontransgenic animals; * p <
0.05, *** p < 0.001; genotype x treatment interactions detected by two-way ANOVA; n 2
26 animals per treatment). Data are represented as mean + SEM.
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Figure 3.4 The cGMP-gated channel subunit TAX-4 was not required for the
behavioral response to osmotic upshifts.

The animal with tax-4 null allele p678 exhibited wild-type response to osmotic upshifts.
There is no statistical difference between the performance of the wild-type (WT) worm
and the tax-4 mutant in the 5% minute (n.s.: not significant; genotype x treatment
interactions detected by two-way ANOVA; n = 27 animals per treatment). Data are
represented as mean + SEM.
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Figure 3.5 TAX-2 was required in two groups of sensory neurons for the behavioral
response to osmotic upshifts.

The expression of tax-2 cDNA in AS] sensory neurons driven by trx-1 promoter (A) or in
AQR, PQR and URX sensory neurons driven by gcy-36 promoter (B) both partially rescued
the behavioral defect of the tax-2 mutant in the response to osmotic upshifts. Data of the
wild-type (WT) animals examined on the same days are presented together with the
mutants. (Statistics were performed between transgenic and non-transgenic animals; * p
< 0.05, ** p < 0.01; genotype x treatment interactions detected by two-way ANOVA; n = 25
animals per treatment). Data are represented as mean + SEM.
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sensory neurons (Figure 3.5 B), which have been shown to mediate aerotaxis and regulate
functions such as life span and associative learning to pathogenic bacteria (Chen et al., 2013;
Cheung et al., 2005; Liu and Cai, 2013).

Multiple strains were generated for each expression pattern. The expression of tax-2
cDNA in several other subsets of neurons did not show similar rescuing effect, which served

as negative controls for the experiment. The results are summarized in Table 3.1.

Altering single genes in G-protein signaling pathways did not affect the behavioral
response to osmotic upshifts

The cGMP-gated channel subunit TAX-2 was required in the behavioral response to
osmotic upshifts, and TAX-2 usually functions downstream of G-protein signaling pathways.
The results led to a subsequent question about whether G-protein signaling pathways
regulate the function of TAX-2 in this hyperosmotic response. Therefore, | examined key
factors of the G-protein signaling pathways that may regulate cGMP-gated ion channels.

I focused on the neurons where TAX-2 expression was required for the response to
osmotic upshifts. [ examined the expression pattern of G-protein o subunits, guanylyl
cyclases, and RGS proteins, and identified the genes expressed in the sensory neurons AS],
AQR, PQR or URX. There were seven Ga subunit genes (gpa genes) and one RGS gene (rgs-3)
expressed in these four sensory neurons. I also focused on guanylyl cyclases as possible
upstream molecules regulating cGMP level. The targeted sensory neurons expressed daf-11

and nine additional guanylyl cyclases (gcy genes). After screening through mutants of the
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above genes, I did not identify obvious defect in the behavioral response to osmotic upshifts

(Table 3.2).

The sensory neuron URX did not show obvious calcium response to osmotic upshifts

Calcium plays an essential role in neural activities and synaptic transmission. As an
important second messenger, the cytoplasmic concentration of calcium is relatively low.
Calcium is able to enter the cytoplasm from external fluids through sensory receptors or
ion channels, or released by intracellular organelles such as endoplasmic reticulum. The
increased cytoplasmic calcium can initiate neural transmitter release and facilitate multiple
cellular processes such as gene transcription and neural plasticity (Grienberger and
Konnerth, 2012). Moreover, due to the lack of voltage-gated sodium channel in the C.
elegans genome (Hobert, 2013), the active propagation of neural activities is likely
conveyed by calcium in the worm. Therefore, the calcium signal is commonly employed to
monitor neuronal activities. Calcium concentration in the cytoplasm can be monitored by
fluorescence change of genetically-encoded calcium indicators (Grienberger and Konnerth,
2012). For example, the GCaMP sensor and its variants are commonly used to indicate
calcium signals in various model animals (Akerboom et al., 2012).

To better understand activities of the sensory neurons where TAX-2 is required for this
hyperosmotic behavior, I examined calcium signal in the sensory neuron URX under
iso-osmotic and hyperosmotic conditions. The calcium indicator GCaMP6 was expressed in

AQR, PQR and URX neurons, and the fluorescence in URX neurons was imaged in two
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experimental settings. One of the settings employed a microfluidic device which exposed
the nose of the worm to a stream of solution. The solution could be switched between two
alternatives controlled by air flows. Worms were placed in the device and exposed the nose
to a solution of 150 mOSM for the first minute. The solution was subsequently switched to
another solution of either 150mOSM or 400 mOSM for the following seven minutes. The
average fluorescent intensity in the first minute served as the baseline, and the calcium
response in later time points was shown as percentage change from the baseline (Figure
3.6). Although the average calcium response after 3 minutes was higher in the worms
exposed to the 400 mOSM solution, accumulative responses in 3-7 minutes were not
significantly different between the worms exposed to 150 mOSM or 400 mOSM (Figure 3.6
B).

To better expose the body of the worm to osmotic stimuli, I also imaged the URX
neuron on agar pads made of solutions of 150 mOSM or 400 mOSM. Worms were
immobilized by GABAa agonist muscimol before placed on agar pads. The calcium response
in URX neurons was imaged for six minutes. Although no baseline activity was recorded, the
calcium response was also normalized by the average fluorescent intensity in the first
minute. The calcium signal declined over time, which was likely caused by photobleaching.
The fluorescent signal was relatively calm during the six minutes with no statistical

difference between the 150 mOSM and 400 mOSM conditions (Figure 3.7).
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Figure 3.6 The sensory neuron URX did not exhibit different calcium responses
when the nose area of the worm was exposed to iso-osmotic or hyperosmotic
solutions.

Individual worms were placed in a microfluidic device with the nose area exposed to a
stream of solution, which can be switched between two alternatives by air flows. The
worm was exposed to a solution of 150 mOSM in the first minute, and subsequently
switched to another solution of 150 mOSM or 400 mOSM. Fluorescent intensity of the
calcium indicator GCaMP6 in the URX neuron was measured at 2Hz. The calcium response
is shown as percentage change from the baseline, which is the average fluorescent
intensity in the first minute. Results are presented in heatmap (A) and group average (B).
The total calcium responses between 3-7 minutes were not statistically different between
the animals exposed to 150 mOSM and 400 mOSM solutions. (n.s.: not significant; Student
t-test; n = 14 animals per condition). Data are represented as mean + SEM in (B).
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Figure 3.7 The sensory neuron URX did not exhibit different calcium responses
towards iso-osmotic or hyperosmotic conditions when the animal was immobilized
on agar pads of different osmolarity.

Individual worms were immobilized by GABAa agonist muscimol and placed on agar pads
made of solution of 150 mOSM or 400 mOSM. Fluorescent intensity of the calcium
indicator GCamP6 in the URX neuron was measured at 1Hz. The calcium response is
shown as percentage change from average intensity in the first minute. Results are
presented in heat map (A) and group average (B). The total calcium responses between
2-6 minutes were not statistically different between the animals exposed to 150 mOSM
and 400 mOSM conditions. (n.s.: not significant; Student t-test; n = 8 animals per
condition). Data are represented as mean *+ SEM in (B).
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The worm'’s preference between osmotic conditions on quadrant agar plates

In order to understand how generalized the behavioral response to osmotic upshifts is,
[ further utilized the quadrant agar plate to examine the worm’s response to moderate
hyperosmotic conditions. On the quadrant agar plate, a population of worms was allowed to
choose between compartments of 150 mOSM or a hyperosmotic condition. A choice index
was calculated for each plate, a higher number of which indicated a higher tendency for the
population of worms to stay in the compartments of 150 mOSM (Figure 3.8 A). Four
hyperosmotic conditions with osmolarity between 200 mOSM and 800 mOSM were tested
in the assay. The worm'’s preference between the hyperosmotic conditions and iso-osmotic
(150 mOSM) condition were examined in the wild-type worm, osm-9 mutant and tax-2
mutant.

With hyperosmotic conditions from 250 mOSM to 800 mOSM, the wild-type worm and
tax-2 mutant strongly preferred the iso-osmotic compartments of 150 mOSM. In contrary,
the osm-9 mutant was severely defective in avoiding the hyperosmotic conditions (Figure
3.8 C-E). osm-9 mutants tended to accumulate in the hyperosmotic compartments, which
might be caused by immobilization due to dehydration in the hyperosmotic conditions.
When the choice was between 200 mOSM and 150 mOSM compartments, the wild-type
worm and osm-9 mutant did not show obvious preference. However, the tax-2 mutant

strongly preferred the compartments of 150 mOSM (Figure 3.8 B).
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Figure 3.8 The quadrant plate assay testing the worm'’s preference between osmotic
conditions.

A, Schematic of the quadrant plate assay. Pairs of opposite quadrants were filled with agar
made of solutions of 150 mOSM (Ctrl) or a higher osmolarity (Hyper). A population of
worms were placed in the central of the plate, and freely moved on the plate for 20 min.
The number of worms on each compartment was quantified to calculate the choice index.
A higher choice index indicates a higher tendency for the population to stay in the Ctrl
quadrants. B-D, Choice indexes of the wild-type (WT) animal, osm-9 mutant and tax-2
mutant with hyperosmotic conditions of 200 mOSM (B), 250 mOSM (C), 400 mOSM (D)
and 800 mOSM (E). (* p < 0.05, ** p < 0.01, *** p < 0.001; multiple comparison by
Tukey-Kramer method; n 2 13 assays per condition). Data are represented as mean *
SEM.
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Discussion

The requirement of the CNG channel subunit TAX-2 in the response to osmotic
upshifts

This present study demonstrates for the first time that a CNG channel subunit is
involved in osmotic responses. It not only serves as a starting point for understanding the
response to osmotic upshifts in C. elegans, but also provides a new molecular candidate that
may reveal novel pathways and sensory mechanisms for osmotic responses.

TAX-2 and other CNG channels have been demonstrated to directly mediate sensory
transductions downstream of G-protein signaling pathways. TAX-2 probably plays a similar
role in the behavioral response to osmotic upshifts. However, there is a possibility that
TAX-2 is not directly involved in the primary sensory transduction in this behavior. First of
all, loss of functional TAX-2 throughout the entire development may lead to abnormal
neuronal structures, such as the abnormal cilia structures exhibited by tax-2 mutants
(Coburn et al,, 1998). Gene expression of the affected neurons might be altered and
subsequently disrupt neural functions. In these cases, TAX-2 is essential for the neural
functions without directly mediating the sensory transduction. Moreover, it is also possible
that TAX-2 functions in interneurons instead of primary sensory neurons in this behavior.
Although all tax-2 expressing neurons possess sensory functions, some of the neurons are
able to play roles as interneurons. For example, the chemosensory neuron AWCON receives

signals from another sensory neuron ASEL, and mediates the response to large NaCl stimuli
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as an interneuron (Leinwand and Chalasani, 2013). Functioning as interneurons does not
employ the sensory transduction machinery within the neurons. In addition, the tax-2
expressing neurons might play modulatory roles in the response to osmotic upshifts, such
as maintaining the normal iso-osmotic condition, or supporting the neurons directly
sensing the stimulus. Further experiments are necessary for elucidating the function of
TAX-2 and the tax-2 expressing neurons in the response to osmotic upshifts. If CNG
channels are able to mediate osmotic responses, the new sensory mechanism will enrich
the general knowledge on both CNG channel functions and osmotic responses.

TAX-2 functions independent of TAX-4 in the response to osmotic upshifts, which is
different from most other sensory behaviors recruiting TAX-2. However, besides this
present study, TAX-2 has been previously shown to mediate behaviors not involving TAX-4
in a few other cases, including phototaxis (Ward et al., 2008) and avoidance to high
concentrations of isoamyl alcohol (Yoshida et al., 2012). In these behaviors, TAX-2 probably
forms CNG channels on its own or with other subunits instead of TAX-4.

Similar to other B family CNG channel subunits, TAX-2 could not form channels on its
own in heterologous cells (Komatsu et al., 1999). There are likely additional channel
subunits functioning together with TAX-2 in the response to osmotic upshifts. Besides
TAX-2 and TAX-4, C. elegans genome contains another four CNG subunits (cng-1 to 4), which
may be able to form channels with TAX-2. However, none of the four subunits are expressed
in the neurons identified by the cell-specific rescue experiment. Possible explanations

include weak expression of certain cng genes in the neurons not detected in previous
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studies, or TAX-2 functioning together with channel subunits not classified into the CNG
family. Another possibility is that TAX-2 functions on its own in this hyperosmotic behavior.
Since B family CNG channel subunits are considered to be modulatory components of CNG
channels, showing that a B family subunit potentially functions independent of A family
subunits suggests novel functions of the B family subunit. Further investigating the above
possibilities and understanding how TAX-2 functions independent of TAX-4 in this
hyperosmotic behavioral response may advance our knowledge on functions and

interactions of CNG channel subunits.

Identification of the sensory neurons where TAX-2 is required in the behavioral
response to osmotic upshifts

The introduction of tax-2 cDNA in two different groups of sensory neurons rescued the
behavioral defect of the tax-2 mutant. These two groups of sensory neurons are involved in
the behavioral response to osmotic upshifts through the TAX-2 function, although the exact
roles of these neurons are yet to be investigated. Expressing tax-2 cDNA in several other
subsets of the tax-2 expressing neurons did not rescue the behavioral defect of the tax-2
mutant, which confirms that the rescuing effect was specific to the sensory neurons AQR,
PQR, URX and AS]. Despite characterizing other subgroups of neurons might reveal
additional sensory neurons where TAX-2 functions in this behavior, it was not examined in
this study.

Since hyperosmotic conditions and water loss can lead to exocytosis (Jahn and
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Fasshauer, 2012), the behavioral response to osmotic upshifts could be caused by global
osmotic stress to the entire nervous system. This hypothesis is disproved by the
requirement of tax-2 gene in this behavior, since tax-2 gene is expressed in a small set of
neurons. Rescuing the defect of the tax-2 mutant in specific subsets of neurons further

ensures that this behavioral response is mediated by a specialized neural circuit.

The function of AS] sensory neurons in the behavioral response to osmotic upshifts
One of the sensory neuron groups where TAX-2 is required in the behavioral response
to osmotic upshifts includes the AS] sensory neurons, which are a pair of amphid sensory
neurons with cilia exposed to the external environment. AS] sensory neurons play essential
roles in regulating the development of an arrested stage called dauer. The dauer is induced
by environmental stress, including high population density, lack of food, or high
temperature (Hu, 2007). Loss of AS] neurons in wild-type worms impairs formation of the
dauer stage (Schackwitz et al., 1996), but killing AS] neurons in dauer worms prevents the
animals from recovering to reproductive stages under favorable conditions (Bargmann and
Horvitz, 1991). Besides the key functions in dauer regulation, recent studies revealed
multiple new functions of AS] neurons. For example, AS] neurons can sense ultraviolet (UV)
light and cold temperature; both sensations are cell autonomous and TAX-2 dependent
(Ohta et al., 2014; Ward et al., 2008). Similar to the response to osmotic upshifts, the
UV-light sensation does not rely on TAX-4, which further supports that TAX-2 possesses

TAX-4 independent functions at least in ASJ neurons. In addition, AS] neurons also play
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important roles in electrosensory behaviors and responses to bacteria metabolites (Gabel
et al.,, 2007; Meisel et al., 2014).

Despite mediating various important functions, AS] neurons possess very few synaptic
connections to further convey the signals. Only ASK and PVQ neurons are postsynaptic to
AS] neurons, and these two groups of neurons have not been shown to mediate the
behavioral responses towards AS] sensed stimuli. However, AS] neurons express a number
of secretory signal molecules, including insulin-like peptides, FMRFamide-like peptides and
other neuropeptides, which enable the neurons to transmit information through diffusible
signals. The dauer regulation is an example that well illustrates the potential of AS] neurons
as a neuroendocrine tissue. First, ablation of the postsynaptic neurons ASK and PVQ leaves
the dauer arrest intact, indicating that the functions of AS] neurons in dauer regulation are
mediated by secretory signals (Chung et al., 2013). Furthermore, differential functions of
the cell-body, axon and dendrites of AS] neurons in dauer regulation were revealed by
subcellular ablations (Chung et al., 2013), which suggested multiple signals secreted from
AS] neurons. Another example is about the role of AS] neurons in suppressing the abnormal
locomotion caused by mutations of neuronal stomatin-like proteins. The suppression only
requires the cell body of AS] neurons where there is no synaptic connection (Chung et al.,
2013), and the AS] specific gene ssu-1 is required for the suppression. ssu-1 encodes an
cytosolic alcohol sulfotransferase which is predicted to function in modifying endocrine
signaling (Carroll et al., 2006). Some specific examples of the neuroendocrine signals from

AS] neurons include DAF-28 and INS-6 functioning in dauer regulation and cold tolerance
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(Lietal, 2003; Ohta et al,, 2014). All the above evidence indicates that AS] neurons possess
functions as an endocrine tissue.

Mammalian osmotic responses heavily engage hormonal signals, such as vasopressin
and angiotensin Il (Hays, 1976; Weisinger et al., 1996). Since water loss might first affect
tissues other than the nervous system, employing diffusible signaling in the response may
be advantageous in both mobilizing local responses and transmitting information from
body tissues to the nervous system. Thereafter, neuroendocrine signals from the nervous
system can efficiently coordinate the entire body to react to the hyperosmotic stimulus.
Similarly, neuroendocrine signaling may also play important roles in osmotic responses of C.
elegans, and the AS] neurons are likely to act as a key site. Because the hormonal system in
higher organisms are more complex, studying AS] neurons in the response to osmotic
upshifts in C. elegans may provide more insights about the neuroendocrine system, and

serve as a model for investigating the function of hormonal signaling in osmotic responses.

The function of AQR, PQR and URX sensory neurons in the behavioral response to
osmotic upshifts

The sensory neurons AQR, PQR and URX are commonly studied as one group because
of their exposure to the pseudocoelomic fluid, similar gene expressions and redundant
functions in oxygen sensation. The anatomical structure suggests that these neurons may
detect stimuli that can penetrate the body wall, such as gases. AQR, PQR and URX neurons

sense oxygen through soluble guanylyl cyclases GCY-35 and GCY-36, and behaviorally
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maintain the worm in the favorable oxygen concentration range (Cheung et al., 2004; Gray
et al.,, 2004). These neurons also weakly respond to CO2z (Bretscher et al., 2011). Besides
gases, AQR, PQR and URX neurons may also sense other signals in the internal environment
of the worm. Their functions in suppressing innate immunity (Styer et al., 2008) and
mediating olfactory learning of pathogenic bacteria (Chen et al., 2013) both suggest the
neurons’ involvement in sensing internal conditions of the worm.

As the only neurons exposed to the pseudocoelomic fluid, AQR, PQR and URX neurons
probably function to maintain homeostatic internal environment of the worm. Besides
sensing information from the internal environment of the worm, the neurons’ tonic calcium
responses to stimuli also support the role of these neurons in maintaining homeostatic
conditions. Instead of quickly adapting to the stimulus and maintaining sensitivity to new
signals, these oxygen-sensing neurons are continuously activated while the oxygen
concentration is higher than the favorable range (Busch et al., 2012). Therefore, the worm
is able to keep searching whenever the stimulus lasts, in order to return to the favorable
oxygen range.

Keeping water balance is a key aspect of maintaining stable internal environment.

The pseudocoelomic fluid surrounds internal organs of the worm, and directly reflects the
condition of the internal environment. With the anatomical specialty and tonic neural
response to stimuli, the sensory neurons AQR, PQR and URX might assist in maintaining
stable osmolarity of the pseudocoelomic fluid. Monitoring the pseudocoelomic fluid from

multiple locations of the body by AQR, PQR and URX neurons likely provides a
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comprehensive picture of the internal osmotic condition of the worm. Studying the function
of these neurons in the behavioral response to osmotic upshifts would provide more
information about how invertebrates retain stable internal environments. Although
invertebrates do not maintain the same homeostasis as mammalian organisms, the neural
properties and downstream circuits may help reveal neural mechanisms employed in

maintaining internal stability in other systems including mammalian homeostasis.

G-protein signaling pathways in the sensory neurons ASJ, AQR, PQR and URX do not
play obvious roles in the response to osmotic upshifts

G-protein signaling pathways normally function upstream of CNG channels. However,
the G-protein signaling pathways in the identified sensory neurons - ASJ, AQR, PQR and
URX - do not play obvious roles in the behavioral response to osmotic upshifts. Single
mutants of key factors in the G-protein signaling pathways did not affect the behavior.
Therefore, the CNG channel subunit TAX-2 might recruit additional signaling pathways in
this behavior. The signaling may directly or indirectly influence the cGMP level, or modulate
the sensitivity or subcellular locations of the channel subunit TAX-2. Especially in a
relatively slow response such as the behavioral response to osmotic upshifts, the neurons
may not employ the same signaling pathways as in abrupt sensory transductions.

However, the current results cannot provide a definite conclusion because of potential
redundancy among G-protein signaling genes. There are multiple Go subunits and guanylyl

cyclases co-expressed in the identified TAX-2 expressing sensory neurons. If there is
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redundancy among genes from the same family, the mutation of a single gene would not

eliminate the function or affect the behavioral outcome.

Limitations of the calcium imaging experiments in assessing the physiological
response to osmotic upshifts in URX neurons

Calcium imaging was performed on URX sensory neurons to assess physiological
responses of these neurons to osmotic upshifts. However, no obvious calcium response to
hyperosmotic stimuli was observed in the cell body of URX neurons. The result indicates
that URX neurons may mediate the osmotic signal locally in the neurites or through
intracellular calcium-independent signals. We predict that the physiological responses to
osmotic upshifts may exhibit different dynamics from other sensory modalities. Despite
that classic sensory responses are usually accompanied with abrupt calcium signals in the
sensory neurons, the response to osmotic upshifts is slower and may not rely on similar
calcium-dependent mechanisms in the sensory neurons.

Alternatively, the calcium response in URX sensory neurons may not be detected due to
limitations of the experimental settings. For example, in the microfluidic device, only the
nose of the worm was exposed to the hyperosmotic solution. The dehydration in 8 minutes
may not be sufficient to trigger obvious aversive responses of the worm. Despite that higher
osmolarity or longer exposure time may increase the strength of the stimulus, exposing
only the nose to the stimulus may still not mimic the osmotic stimulus that drives the

aversive behavior in the microdroplet assay. In this case, exposing the entire worm to
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hyperosmotic conditions on agar pads might solve the problem. However, the setting with
agar pads also has limitations. First, in order to restrain the URX sensory neurons within
the correct focal plane, the worm was immobilized by GABAa agonist muscimol that
inhibited the muscle contraction. If muscle contraction is involved in mediating the sensory
information from the hyperosmotic condition or dehydration, the application of muscimol
would influence the response in downstream neurons such as the URX sensory neuron.
Moreover, the osmotic condition on agar pads may be different from that in solutions.
Although agar was added into solutions of certain osmolarities, it was hard to estimate the
water absorption and additional osmolarity contributed by the agar. In addition, the texture
of agar and compression from cover glass may generate mechanical stimuli that interact
with the worm’s response to water loss. Since both experimental settings have problems, a
potential solution is to design a device that can both expose the body of the worm to a

solution and restrict the movement of the worm.

The quadrant plate assay

Consistent with the microdroplet assay, on the quadrant agar plate, the wild-type worm
also exhibited preference towards the iso-osmotic condition and avoided hyperosmotic
regions. The worm demonstrated clear preference even when the hyperosmotic condition
was only 100 mOSM higher than the iso-osmotic condition, indicating the worm’s high
sensitivity to the osmotic stimulus. When the osmotic difference was lowered to 50 mOSM,

the preference was not obvious in this experimental setting. Being able to show preference
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to the iso-osmotic condition across multiple experimental settings supports the importance
of maintaining correct water balance for the worm, and that the worm is able to detect and
respond to small deviations from its iso-osmotic condition.

Interestingly, despite the osm-9 mutant displaying wild-type behavior in the
microdroplet assay, the mutant was defective in avoiding moderate hyperosmotic regions in
the quadrant plate assay. The result is consistent with the role of OSM-9 in the sensation of
osmotic shocks, although previous studies on behavioral responses to osmotic shocks were
performed on agar plates with much higher osmotic stimuli. This present study is the first
time to reveal the function of the TRPV channel OSM-9 in avoiding hyperosmotic conditions
in a lower osmotic range.

The tax-2 mutant exhibited wild-type preference in the assays with hyperosmotic
conditions of 250-800 mOSM. Although tax-2 mutants were defective in the microdroplet
assay, no defect was observed in a similar moderate hyperosmotic range on quadrant agar
plates. Since the microdroplet assay and quadrant plate assay may create completely
different experimental scenarios, it is very likely that the worm faces distinct osmotic
stimuli or employs different neural responses in these two assays. First of all, the osmotic
condition on solid surface of agar plates might be different from that in solutions. Although
the agar plates were made by the same solutions used in the microdroplet assay, the
addition of agar would increase the water absorption and therefore alter the osmotic
condition. Furthermore, the worm directly contacted with air when crawling on agar plates,

which might accelerate the water loss. In addition, the two experimental settings may
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measure different behavioral aspects. The microdroplet assay directly measured aversive
behaviors, while the quadrant assay ignored the intermediate behavioral elements and
solely considered the final preference. Choosing between separate regions on agar plates
probably relies on behavioral strategies not exactly the same as reorientations in the
microdroplet assay. Especially since swimming and crawling behaviors are separate
locomotion gaits of the worm determined by the viscosity of the environment (Vidal-Gadea
et al.,, 2011), the avoidance strategies based on the two gaits might also require distinct
molecules and neural mechanisms.

In the assay with hyperosmotic compartments of 200 mOSM, the tax-2 mutant still
exhibited clear preference to 150 mOSM while N2 did not show preference. Since TAX-2 is
expressed in 12 classes of sensory neurons, it is possible that a selected number of these
neurons play inhibitory roles in choosing the iso-osmotic condition on agar plates. The
result further suggests that the behavior measured in the quadrant plate assay is different
from the reorientation behaviors examined in the microdroplet assay.

In conclusion, the worm shows preference to the iso-osmotic condition across multiple
experimental settings. The result confirms the organism’s ability to sense osmotic
information and avoid hyperosmotic conditions. The distinct behaviors and molecules
employed in the quadrant plate assay and microdroplet assay suggest multiple strategies
used in avoiding osmotic stress in different scenarios. Avoiding hyperosmotic conditions in
a wide osmotic range on agar plates relies on the TRPV channel OSM-9, while TAX-2

dependent mechanisms might be mostly used in liquid environments. The separate
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strategies may be developed based on the nature of the stimuli and the worm'’s interaction
with the environment. Further investigating the osmotic responses in C. elegans would help
reveal the sensory properties of osmotic stimuli and how organisms properly respond to

osmotic conditions in different scenarios.

Methods

Generation of the transgenes

The tax-2 genomic fragment used to rescue the behavioral defect in the tax-2 mutants
contained the tax-2 gene coding region, a 2.3 kb promoter region and a 400 bp of the 3’
region. The PCR product introduced into the tax-2(p691) background was composed of two
PCR fragments with 500 bp overlap, in total covering the targeted tax-2 genomic region.
The two fragments were injected together at 10ng/pl each. The PCR product introduced
into the tax-2(p671) background was a fusion PCR fragment generated from the above two
overlapping PCR fragments, which also contained the same genomic region. The fusion
product was injected at 5ng/pl.

To generate the Pgcy-36::tax-2 construct, a 1 kb PCR product of the gcy-36 promoter
was cloned into Invitrogen pCR™8 TOPO® TA vector to make an entry clone. The PCR
product of tax-2 cDNA was introduced into a destination vector derived from pPD95.77.

The final construct was generated through LR recombination between the Pgcy-36 entry
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clone and the tax-2 cDNA destination clone. Similarly, a 1 kb PCR product of the trx-1
promoter, a 2.4 kb PCR product of the odr-1 promoter, and a 3.1 kb PCR product of the str-3
promoter were cloned into the entry vector and recombined with the tax-2 cDNA

destination clone. The constructs were injected into tax-2(p691) mutants at 5ng/pl.

Quadrant plate assay

Pairs of opposite quadrants on four-compartment Petri dishes (CELLTREAT®, 100mm
X 15mm) were each filled with 13.5ml 1% agar of the same osmolarity. The agar was
made with solutions of either 150 mOSM (control) or the tested osmolarity. Each solution
contained 50 mM Nac(l, and the rest of the osmolarity was contributed by glycerol. After
autoclave, final concentrations of 1 mM CaClz, 1 mM MgS04 and 25 mM phosphate buffer
(pH = 6.0) were added to the solutions, the osmolarity of which was small and neglected in
the calculation of total osmolarity. After the agar was solidified, the plates were covered
overnight before use. Right before the assay, 1% agar of 150 mOSM (the same recipe of the
150mOSM agar used to make the plates) was prepared, and carefully laid on the
intersection between compartments to fill the gaps caused by capillary effect.

Worm eggs were synchronized by bleaching adult worms three days before the assay.
Right before the assay, adult worms were washed off culture plates by NGM buffer, and
washed three times by NGM buffer. Around 50 worms were placed in the center of each
plate, and immediately dried by kimwipes. The worms freely crawled on the plate for 20
minutes before the number of worms on each quadrant was counted. Only the worms on

92



Chapter 3. Sensory mechanisms of the hyperosmotic behavioral response

the surface of the agar were counted, and the worms digged into the agar were ignored in
the quantification.
Numbers of worms on the opposite compartments were added together, and the choice

index was calculated as

(# worms on control) — (# worms on hyperosmotic condition)

# worms total

Calcium imaging

GCamP6.0 was expressed in AQR, PQR and URX neurons driven by gcy-36 promoter.
The fluorescence intensity of GCamP6.0 in the cell body of the URX neuron was imaged.

The calcium imaging on microfluidic devices was performed in a device as previously
described (Hendricks et al., 2012). Individual adult worms were placed in the device with
the nose exposed to a stream of solution. A solution of 150 mOSM (50mM Na(l, total
osmolarity balanced by glycerol) was delivered to the nose for one minute, before the
stream was switched into the tested osmolarity, which was 400 mOSM (50mM Na(l,
glycerol-balanced) in the treatment group and 150 mOSM in the control group.
Fluorescence time lapse images were captured at 2Hz.

In the setting with agar pads, the agar pads were made by adding 1% agarose into a
solution of 150 mOSM or 400 mOSM (50mM NacCl, total osmolarity balanced by glycerol).
Adult worms were soaked in a solution of 10 mM muscimol (diluted by NGM buffer) for 10
mins before placed on the agar pad (with cover glass) for imaging. Fluorescence time lapse

images were captured at 1Hz.
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The images were captured on a Nikon Eclipse Ti-U inverted microscope with a 40 X oil
immersion objective (NA 1.3) by a Photometrics CoolSnap EZ camera. Mean fluorescence

intensities were measured with Image].

Strains

The strains used in this chapter include: wild type strain Bristol N2, ZC2493 tax-2(p691)
I, PR671 tax-2(p671) I, PR678 tax-4(p678) 111, ZC2616 osm-9(ky10) 1V, ZC2533 tax-2(p691) I;
yxEx1291 [tax-2 genomic pcr; Punc-122::9fp], ZC2545 tax-2(p671) 1; yxEx1315 [tax-2
genomic fusion pcr; Punc-122::gfp], ZC2547 tax-2(p671) |; yxEx1317 [tax-2 genomic fusion
pcr; Punc-122:gfp), ZC2690 tax-2(p691) 1; yxEx1384 [Pgcy-36::tax-2; Punc-122::gfp],
7ZC2691 tax-2(p691) 1; yxEx1385 [Pgcy-36::tax-2; Punc-122::gfp], ZC2697 tax-2(p691) 1;
VXEx1390 [Ptrx-1::tax-2; Punc-122::rfp], ZC2692 tax-2(p691) |; yxEx1386 [Podr-1::tax-2;
Punc-122::gfp], ZC2698 tax-2(p691) 1; yxEx1391 [Pstr-3::tax-2; Punc-122::rfp], NL332
gpa-1(pk15)V, ZC2654 gpa-3(pk35) V, NL1142 gpa-8(pk345) V, NL793 gpa-9(pk438) V,
NL1147 gpa-10(pk362) V, NL2330 gpa-13(pk1270) V, NL788 gpa-14(pk347) 1, DR47
daf-11(m47) V, FX2669 gcy-1(tm2669) 11, VC2375 gcy-25(gk1187) 1V, VC2935
gcy-27(gk1267) 1V, ZC2398 gcy-28(tm1411) 1, RB1048 gcy-32(0k995) V, ZC2673
gcy-33(0k232) V, ZC2667 gcy-34(0k2953) V, AX1295 gcy-35(0k769) 1, AX1297 gcy-36(db66)
X, RB626 gcy-37(0k384) 1V, RB1780 rgs-3(0k2288) 11, YS709 N2; [ Pgcy-36::gcampé6.0;

Punc-122::mcherry].
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the interneuron and motor neuron level

Introduction

The connectivity of the C. elegans nervous system

The nervous system of C. elegans hermaphrodites is composed of 302 neurons, which
are categorized into 118 classes according to the location and morphology (Altun and Hall,
2011). The neurons are connected by chemical synapses and gap junctions. The synaptic
connectivity has been mapped by electrical microscopy (White et al., 1986) with about 75%
reproducibility across individual animals (de Bono and Maricq, 2005). The connectome
provides the basis for tracing functional neural circuits regulating specific behaviors. Based
on the synaptic connections and potential functions, C. elegans neurons are grouped into
three hierarchical classes: sensory neurons, interneurons and motor neurons. There are 39
classes of predicted sensory neurons that directly detect sensory information (de Bono and
Maricq, 2005). The information is processed through interneurons and eventually controls
the 27 classes of motor neurons to generate behavioral outputs (de Bono and Maricq, 2005).
The majority of the nervous system is composed of interneurons that process and integrate
various signals. However, this classification simplifies functions of the neurons in C. elegans.
For example, sensory neurons may receive feedback information from downstream

neurons or play roles as interneurons in other sensory responses (Leinwand and Chalasani,

100



Chapter 4. The neural circuit of the hyperosmotic behavioral response at the interneuron and motor
neuron level

2013).

Besides the anatomical connectivity, diffusible signaling acts as another layer of
neuronal interaction. Neuromodulators such as amines and neuropeptides play an
important role in functional communication among neurons or between neurons and
non-neuron tissues. The modulation is able to significantly alter neuronal status under
different conditions, and switch the neural circuits responding to the same stimulus. For
instance, the serotonin level determined by food status alters the worm'’s sensitivity to the
aversive chemical octanol, and regulates different groups of sensory neurons to mediate the
sensation and behavioral responses (Chao et al., 2004).

Despite the fact that anatomical connectivity does not reveal the complete picture of
functional neural circuits, the wiring diagram provides upstream and downstream
candidates for tracking potential neural circuits and further investigating neural functions.
Mapping functional neural circuits can help to advance the knowledge on molecular and
neural mechanisms underlying sensory functions and behavioral responses. Previous
studies have successfully mapped neural circuits of various behaviors from the sensory to
motor level, such as navigation behaviors (Gray et al., 2005) and olfactory learning to

pathogenic food (Ha et al.,, 2010).

The first-layer interneurons
Signals from sensory neurons are typically processed by several layers of interneurons

before generating behavioral responses through motor neurons. There are several
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interneurons post-synaptically connected with the amphid sensory neruons and directly
receive signals from the sensory neurons. These interneurons are named as the first-layer
interneurons (Gray et al., 2005). Various sensory signals from the amphid sensory neurons,
such as mechanical, olfactory and temperature information, are mediated by the first-layer
interneurons (Chalasani et al., 2007; Garrity et al., 2010; Piggott et al., 2011).

The first-layer interneurons may act as early signal processing sites to decode sensory
information. A single sensory stimulus may regulate multiple first-layer interneurons. For
example, the olfactory signal from AWC sensory neurons is mediated by the first-layer
interneurons AlY and AIB. The activity of AWC neurons excites AIB interneurons while
inhibits AIY interneurons (Chalasani et al., 2007). Different interneurons may regulate
distinct downstream circuits and behavioral elements. Among the first-layer interneurons,
AlY neurons promotes forward movements and suppresses reorientations, while AIB and
AlZ neurons are required for reorientation behaviors (Chalasani et al., 2007; Gray et al.,
2005; Piggott et al., 2011). These behavior elements are further broken down and executed
through downstream circuits (Li et al., 2014), and collectively achieve the final behavioral
response to the stimulus.

Individual first-layer interneurons also receive signals from multiple sensory neurons,
and may act as initial integration sites. Understanding how the interneurons differentially
and collectively process sensory information would illustrate how simple neural circuits

regulate complex sensory behaviors.
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Downstream neurons regulating reorientation behaviors

Signals from sensory neurons eventually converge on regulating a set of behavioral
elements, including the reorientation behaviors. Previous studies have revealed multiple
interneurons and motor neurons important for regulating the reorientation behaviors.

The command interneuron AVA directly connects with the motor neurons controlling
backward movements. Instead of directly coordinating locomotion, AVA neurons play
important roles in promoting long reversals in both navigation behaviors (Gray et al., 2005)
and sensory-evoked responses (Chalfie et al., 1985; Piggott et al., 2011). The calcium
activity of AVA neurons correlates with reversal behaviors (Zheng et al., 2012), and laser
ablating AVA neurons significantly reduces the frequency of reversals (Gray et al., 2005). In
addition to AVA command interneurons, the inter/motor neuron RIM also regulates
reversals. RIM neurons control head movements and tonically inhibit reversals (Piggott et
al,, 2011). Inhibiting RIM neurons can initiate reversals through the release of tyramine
(Donnelly et al., 2013). The signal from RIM neurons is also able to suppress the
exploratory head movements during reversals, which is essential for escaping from certain
dangerous conditions such as predacious fungi (Pirri and Alkema, 2012). AVA and RIM
neurons control reversals in parallel circuits, and are coordinately utilized to promote
reversal behaviors under sensory conditions (Gordus et al., 2015).

The regulation of turning behaviors is less understood. Killing the motor neurons SMD
and inter/motor neurons RIV are able to significantly reduce turning behaviors in

navigation (Gray et al.,, 2005). Both SMD and RIV neurons innervate head muscles, and may

103



Chapter 4. The neural circuit of the hyperosmotic behavioral response at the interneuron and motor
neuron level

regulate the amplitude and ventral bias of the turns respectively (Gray et al., 2005).

Techniques of mapping neural circuits in C. elegans

Laser surgeries have been used to remove biological structures in small scales in
various organisms (Kohli and Elezzabi, 2008; Lai et al., 2013; Sweeney et al.,, 2012). In C.
elegans, removing neurons by laser ablation is widely employed to map neural circuits for
behavioral functions. Nuclei of neurons can be directly observed under Nomarski optics,
and the corresponding neurons can be identified according to the location (Fang-Yen et al.,
2012). Fluorescent markers can further facilitate the localization and identification of the
neuronal structure (Fang-Yen et al., 2012).

Despite the wide application of laser ablations, genetic methods have also been
developed to kill neurons or inhibit neural functions. Genetic ablation is able to restrict the
effect within the expression pattern of the promoter, and reduce unspecific damage.
Compared to performing laser surgeries in individual animals, genetic methods can
efficiently generate large groups of animals with the same modification. Therefore, genetic
ablation is also widely employed in mapping functional neural circuits.

Genetically expressing tetanus toxin (TeTx) or gain-of-function potassium channel
TWK-18 in neurons is able to interfere with neuronal functions. TeTx is a neuron toxin that
blocks exocytosis in synaptic transmission. Expressing the light chain of TeTx in neurons
can block the release of neurotransmitters (Sweeney et al., 1995), and cut off the signals

sent to downstream neurons. TWK-18 is a four transmembrane potassium channel in C.
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elegans. Gain-of-function mutations of twk-18 gene are able to alter the channel property
and enable the channel to mediate larger potassium currents (Kunkel et al., 2000). The
constant flow of outward potassium current hyperpolarizes the neuron and decreases
neural excitability. Both TeTx and gain-of-function TWK-18 are employed in mapping the

neural circuit of the behavioral response to osmotic upshifts in the present study.

Results

The first-layer interneurons AlY and AIB are collectively required for the behavioral
response to osmotic upshifts

Since the amphid sensory neurons including multiple tax-2 expressing neurons are
highly connected with the first-layer interneurons, I examined the function of the first-layer
interneurons AlY, AIB and AlIZ in the behavioral response to osmotic upshifts. A
gain-of-function allele of the potassium channel gene twk-18 was expressed in several
combinations of these three pairs of interneurons. Activities of the neurons expressing the
gain-of-function TWK-18 were inhibited due to hyperpolarization. The transgenic animals
were examined in the microdroplet assay to measure their ability to respond to osmotic
upshifts.

Inhibiting both AIY and AIB interneurons significantly dampened the response to

osmotic upshifts (Figure 4.1 A). Inhibiting the interneuron AlIZ in addition to AIY and AIB
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Figure 4.1 The first-layer interneurons AlY and AIB are collectively required for the
behavioral response to osmotic upshifts.

A gain-of-function allele of the potassium channel gene twk-18 was expressed in
combinations of the first-layer interneurons AlY, AIB and AlZ. The behavioral response to
osmotic upshifts was significantly reduced in animals with the gain-of-function TWK-18
expressed in AIY and AIB neurons (A), or in AlY, AIB and AIZ neurons (B). Data of the
wild-type (WT) animals examined on the same days are presented together with the
transgenic and nontransgenic animals. (Statistics were performed between transgenic
and nontransgenic animals; ** p < 0.01, *** p < 0.001; genotype x treatment interactions
detected by two-way ANOVA; n = 33 animals per treatment). Data are represented as
mean + SEM.
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did not change the behavioral defect (Figure 4.1 B). However, inhibiting single pairs of
interneurons in this group or combining AIB and AlIZ neurons led to wild-type response to

osmotic upshifts (Figure 4.2).

A set of downstream interneurons and motor neurons are required to execute the
behavioral response to osmotic upshifts

The final behavioral response to osmotic upshifts is increase of reorientation behaviors.
The worm may recruit interneurons and motor neurons downstream of the first-layer
interneurons to execute the behavioral output. To test this hypothesis, I blocked neural
transmission from a large set of interneurons and motor neurons. Promoter of glr-1 gene
was employed to drive the expression of TeTx in the neurons AVG, AVE, AVD, AVB, AVA, RIM,
AIB, PVQ, PVC, URY, SMD and RMD, most of which are involved in regulating locomotory
behaviors. The transgenic worm with Pglr-1::tetx completely lost the upregulated
reorientation behaviors under osmotic upshifts (Figure 4.3 A), while the baseline
reorientation rate in 150 mOSM was not affected by the transgene. The result indicated that
the blockage of neural transmission in this set of neurons specifically abolished the osmotic
response without damaging the basic locomotion. The set of neurons include the AVA
command interneurons. AVA neurons are important for regulating reversal behaviors
(Chalfie et al., 1985; Gray et al., 2005), and may play an important role in regulating
reversals in the response to osmotic upshifts.

I further examined the involvement of a smaller set of neurons in the behavioral
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Figure 4.2 Inhibition of other combinations of AlY, AIB and AIZ neurons did not
affect the behavioral response to osmotic upshifts.
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Figure 4.2 (continued)

A gain-of-function allele of the potassium channel gene twk-18 was expressed in
combinations of the first-layer interneurons AlY, AIB and AIZ. The response to osmotic
upshifts was intact in animals with the gain-of-function TWK-18 expressed in AIB neurons
(A), ALY neurons (B), or AIB and AIZ neurons (C). Data of the wild-type (WT) animals
examined on the same days are presented together with the transgenic and nontransgenic
animals. (Statistics were performed between transgenic and nontransgenic animals; n.s.:
not significant; genotype x treatment interactions detected by two-way ANOVA; n = 15
animals per treatment). Data are represented as mean + SEM.
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Figure 4.3 Blocking neural transmission in groups of inter/motor neurons impaired
the behavioral response to osmotic upshifts.

(A) TeTx was expressed in a large set of inter/motor neurons driven by glr-1 promoter.
Blocking neural transmission in these neurons completely abolished the behavioral
response to osmotic upshifts. (B) Expression of TeTx was driven by lab-2 promoter to
block neural transmission in a group of inter/motor neurons. The behavioral response to
osmotic upshifts was significantly impaired. Data of the wild-type (WT) animals tested on
the same days are presented together with the transgenic and nontransgenic animals.
(Statistics were performed between transgenic and nontransgenic animals; *** p < 0.001;
genotype x treatment interactions detected by two-way ANOVA; n = 15 animals per
treatment). Data are represented as mean + SEM.
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response to osmotic upshifts. When expression of TeTx was driven by lad-2 promoter, the
response to osmotic upshifts was significantly diminished (Figure 4.3 B). The lad-2
promoter drove expression in the neurons ALN, PLN, SMD, SDQ and SAA. The expressions of
lad-2 and glr-1 promoters only overlap at the SMD motor neurons, which have been

suggested to regulate turning behaviors (Gray et al., 2005).

Discussion

The first-layer interneurons AlY and AIB play redundant roles in the behavioral
response to osmotic upshifts

The behavioral response to osmotic upshifts is severely diminished when the
first-layer interneurons AIB and AlY are inhibited together. Inhibiting only AIB or AIY
neurons leaves the response to osmotic upshifts at the wild-type level. The collective
requirement of both AIB and AlY interneurons suggest that these two neuron classes play
redundant roles in the behavior.

The interneurons AIB and AlY process multiple sensory signals detected by amphid
sensory neurons. For example, AlY interneurons receive signals from the thermosensory
neurons AFD and regulate thermotaxis behaviors (Kuhara et al.,, 2008). AIB interneurons
are essential for promoting aversive behaviors upon the stimulation of osmotic shocks and

nose touch (Piggott et al.,, 2011). Both classes of neurons function together in chemotaxis
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(Chalasani et al., 2007) but play differential roles. The chemosensory signal from AWC
sensory neurons inhibits AIB interneurons while activates AIY interneurons, which
collectively generate the final behavior output (Chalasani et al., 2007). The involvement in
the response to osmotic upshifts reveals a new function for AIB and AlY interneurons. The
osmotic signal may integrate with other sensory information processed by AIB and AlY
interneurons before generating the final behavioral output. How the worm is able to
integrate all the signals through a few first-layer interneurons and a relatively simple
neural circuit is an intriguing topic for future studies.

The result also demonstrates that osmotic upshifts mobilize a different neural circuit
from osmotic shocks. The response to osmotic shocks is mainly mediated by AIB
interneurons at the level of first-layer interneurons (Piggott et al., 2011). The involvement
of AlY interneurons in the response to osmotic upshifts illustrates a different neural circuit.
Consistent with the distinct behavioral responses generated by the two stimuli and
separate sets of sensory neurons required in the responses, the different strengths of
osmotic signals are also processed differently at the level of interneurons. Further
investigating and comparing the two neural circuits may illustrate how the nervous system
is coordinated and mobilized in generating different aversive responses to the same
sensory modality.

The present work demonstrates for the first time that AIB and AlY interneurons
perform completely redundant functions in a behavior. The requirement of two classes of

interneurons in parallel in the response to osmotic upshifts indicates the importance of
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avoiding the hyperosmotic condition. Recruiting several neurons and circuits redundantly
protect the behavior against alterations or damage of single neurons.

As demonstrated in previous studies, AIB and AlY interneurons regulate different
behavioral outputs. The activity of AIY interneurons promotes forward movements and
suppresses reorientations, while the activity of AIB interneurons promotes reorientation
behaviors (Chalasani et al., 2007; Gray et al., 2005). The finding that AIB and AIY
interneurons collectively promote reorientation behaviors may reveals novel functions and
regulations of AIB and AIY interneurons. It is possible that the differential behaviors
regulated by AIB and AIY neurons cannot be detected in the microdroplet assay, due to the
fact that reversals and turns are indistinguishable in the experimental setting. Further
dissecting the behaviors and investigating how AIB and AIY interneurons function together
in the response to osmotic upshifts will reveal more details about the neurons’ functions.

However, inhibiting the interneurons by the gain-of-function potassium channel
TWK-18 may not completely diminish the neural activity. TWK-18 inhibits neural activities
by hyperpolarizing the neurons, which may not abolish strong neural activities. When a
single class of interneurons was inhibited, the residual activity might be sufficient in
eliciting the reorientation behaviors, which leads to the requirement of inhibiting
additional neurons to show obvious behavioral defect. In this case, killing the neurons or
blocking the neural transmission may remove the neural function in a more exhaustive
manner, and provide additional information for assessing the level of redundancy among

the first-layer interneurons in this behavior.
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Communication from the identified sensory neurons to the first-layer interneurons
The identified sensory neurons AS], AQR, PQR and URX in Chapter 3 are not
synaptically connected with the first-layer interneurons AIB or AlY. These sensory neurons
may communicate to the interneurons through diffusible signals. As discussed in Chapter 3,
AS] sensory neurons mostly signal to downstream neurons by diffusible molecules such as
neuropeptides (Chung et al., 2013). The AQR, PQR and URX neurons also express
neuropeptide genes. Since the response to osmotic upshifts is a relatively slow behavior,
diffusible signals are likely to be employed to communicate the signal from sensory
neurons to the first-layer interneurons. However, there is also a possibility that additional
neurons relay the signal between the sensory neurons and interneurons. Filling the gap
between the sensory neurons and first-layer interneurons would further illustrate how the

osmotic signal is processed.

The elevation of reorientation behaviors is regulated by downstream interneurons
and motor neurons

Osmotic upshifts eventually regulate neurons to execute the behavioral output by
upregulating the rate of reorientations. The neurons upregulating reorientation behaviors
are different from the neurons regulating the baseline reorientations. Because blocking the

large set of inter/motor neurons only abolishes the response to osmotic upshifts without
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affecting the baseline reorientations (Figure 4.3), this set of neurons specifically function in
upregulation of reorientations instead of the baseline locomotion.

Reorientation behaviors compose both reversals and turns, which are likely regulated
by differential sets of neurons. The command interneuron AVA may be a key neuron
upregulating reversals. AVA neurons are responsible in regulating reversals in multiple
sensory behaviors, such as the avoidance to anterior gentle touch, nose touch and osmotic
shocks (Chalfie et al., 1985; Piggott et al., 2011). The calcium activity of AVA neurons highly
correlates with backward movements (Zheng et al., 2012). AVA neurons are within the set
of neurons whose blockage significantly impaired the response to osmotic upshifts, and we
predict that AVA neurons play a key role in regulating the reversal component of
reorientations. The turning behaviors may be regulated by other neurons such as the
motor neurons SMD. SMD neurons have been suggested to regulate amplitude of turning
behaviors in navigation (Gray et al., 2005), and is the only neuron class overlapped
between the expression of glr-1 and lad-2 promoters. The involvement of AVA command
interneurons and SMD motor neurons in the behavioral response to osmotic upshifts
requires further confirmation, and there may be additional neurons involved in executing

the behavior as well.

The neural circuit of the behavioral response to osmotic upshifts
The neurons required for the behavioral response to osmotic upshifts have been

identified from the sensory to motor level (shown in Figure 4.4). The sensory neurons
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Figure 4.4 Neural circuit of the behavioral response to osmotic upshifts.

The tax-2 expressing sensory neurons AQR, PQR, URX and AS] are required for the
response to osmotic upshifts. The signal from the sensory neurons is likely collectively
mediated by the first-layer interneurons AIY and AIB. Downstream interneurons and
motor neurons are required to execute the elevated reorientation behaviors, including
reversals and turns. The command interneuron AVA is likely to play an essential role in
initiating the reversals. The turning behavior may be regulated by other inter/motor
neurons such as SMD neurons.
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include the tax-2 expressing neurons AS], AQR, PQR and URX, which may receive the
osmotic information directly or indirectly. The first-layer interneurons AlY and AIB
collectively process the osmotic signal and communicate to downstream inter/motor
neurons. The reorientation behaviors elicited by osmotic upshifts include both reversals
and turns, which are likely regulated by differential sets of neurons. The AVA command
interneuron likely controls the upregulation of reversals. Turning behaviors may be
regulated by inter/motor neurons such as SMD motor neurons.

The identification of this neural circuit provides a basis for further understanding the
neural mechanisms underlying the behavioral response to osmotic signals. The response to
osmotic upshifts requires a sensory-motor neural circuit, suggesting that
the behavior is highly regulated by the nervous system. There might be additional neurons
involved in this behavioral response which have not been identified in the present study.
Potential future work includes filling the gaps in this circuit and identifying additional

neurons required for the behavior.

Methods

Strains
The strains used in this work include: wild-type strain Bristol N2, ZC2407

yxEx1257[Pttx-3::twk-18(gf)::mcherry; Podr-2b(3a)::twk-18(gf)::mcherry; Punc-122::gfp],
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7C2408 yxEx1258[Pttx-3::twk-18(gf)::mcherry; Pinx-1::twk-18(gf)::mcherry; Punc-122::gfp],
ZC2406 yxEx1256[Pinx-1::twk-18(gf)::mcherry; Punc-122::rfp], ZC2393
VXEx1248[Pttx-3::twk-18(gf)::mcherry; Punc-122::rfp], ZC2405 yxEx1255 [Podr2b3a::
twk-18(gf)::mcherry; Punc-122::rfp], ZC1552 yxEx778[Pglr-1::tetx::mCherry; Punc-122::9fp],

7C2485 yxEx778 [Plad-2::tetx::mCherry; Punc-122::gfp].
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Significance of findings

Animals behaviorally respond to moderate hyperosmotic changes

[t is universal for organisms to avoid osmotic stress and maintain water balance.
Vertebrates maintain a homeostatic internal osmolarity and constantly adjust water
balance by regulating water intake and secretion (Bourque, 2008). Despite with less stable
internal conditions, invertebrates can also behaviorally relieve osmotic stress (Wolcott and
Wolcott, 2001) or select habitats with favorable osmotic conditions (Prior, 1985). The
avoidance against strong osmotic shocks in C. elegans has served as a classical behavioral
paradigm for studying osmotic sensation and aversive behaviors (Hart et al., 1995; Tobin et
al., 2002). However, whether hyperosmotic stimuli in a lower range can also elicit
behavioral responses is unclear.

This work demonstrates for the first time that invertebrates such as C. elegans are able
to sense and behaviorally respond to small hyperosmotic changes. For an organism freely
moving in heterogeneous environments, the ability to avoid hyperosmotic conditions is
beneficial. In C. elegans, prolonged exposure to moderate hyperosmotic changes causes
protein damage, and decreases mobility and survival of the worm (Lamitina et al., 2004).
Being able to behaviorally respond to the osmotic stress can avoid the costly metabolic
adjustment, and save time for feeding and reproduction. The behavioral response to small
osmotic stress may be selected during evolution, and similar strategy can be employed by

various other organisms.
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Different from the nociceptive response elicited by strong osmotic shocks, the reaction
to moderate hyperosmotic stimuli employs distinct sensory receptors and neural
mechanisms (Chapter 2). Although different organisms can avoid or relieve osmotic stress
via different behavioral strategies, the molecular and neural rules may be conserved.
Investigating the response to osmotic upshifts in C. elegans may shed light on the general

mechanisms that drive behavioral responses to osmotic signals.

The osmotic response is highly regulated by the nervous system

Water loss can cause metabolic changes or mechanical stress in tissues. Therefore,
hyperosmotic conditions may lead to stress effect in non-neuronal tissues. It is possible that
osmotic responses can be generated independent of the nervous system. However, the
present study in C. elegans suggests that the response to osmotic upshifts is highly
regulated by the nervous system. The result shows a sensory-motor circuit driven aversive
response to osmotic upshifts, rather than a non-specific global osmotic stress that
ultimately leads to changes in motor output (Chapter 4). The fact that multiple
interneurons connect the sensory neurons to a number of pivotal motor neurons in the
locomotory circuit suggests this osmotic response to be coordinated by a specific circuit of
selected neurons. The result indicates the importance of the nervous system in sensing
internal and external environments and generating appropriate behavioral responses in
invertebrates. This behavior also provides a relatively simple model for further

investigating the neural mechanisms of processing osmotic signals.
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The response to osmotic upshifts in C. elegans involves parallel neural circuits at the
level of the first-layer interneurons (Chapter 4). The redundancy enables the organism to
reliably respond to the osmotic stimulus against damage of one of the circuits. Similar
redundancy has not been observed in other sensory responses of C. elegans, which further
confirms the significance of maintaining water balance. How such reliable circuits are
formed by a few neurons that also perform different functions in other sensory responses is

an exciting topic for future investigation.

Potential new mechanisms for sensing osmotic stimuli

Currently, the only osmosensor discovered in multicellular organisms is the transient
receptor potential channel vanilloid subfamily (TRPV channels). The TRPV channel OSM-9
was first identified to mediate the sensation of osmotic shocks in C. elegans (Colbert et al.,
1997), and TRPV channels were further suggested to mediate osmosensing in mammalian
brains (Bourque, 2008). Although the exact role and molecular identity of these
osmosensors remain to be further confirmed, the function of TRPV channel in osmotic
responses of both worms and mammals demonstrate the conservation of molecular
mechanisms across organisms. This present study on the response to osmotic upshifts in C.
elegans suggests a novel mechanism of osmosensing. Further investigating this behavior
may provide new molecular candidates for osmosensors and help to elucidate how animals

sense different osmotic information.
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Previous studies on CNG channels mainly focused on sensory transduction
downstream of G-protein signaling. Since CNG channels also express in non-sensory areas
of the mammalian brain (Kaupp and Seifert, 2002), there may be unknown functions of
these channels. This present work in C. elegans suggests that CNG channels may be involved
in osmotic responses. The response to osmotic upshifts may require CNG channel functions
independent of G-protein pathways (Chapter 3). If future studies confirm the new role and
regulation of CNG channels, the result would provide new directions for investigating

osmosensing and CNG channel functions.

Hormonal signals play essential roles in osmotic responses

Hormonal regulation is highly employed in maintaining water and ion balance in
vertebrates. In mammals, osmotic signals from various tissues turn on the renin-
angiotensin II- aldosterone hormonal cascade to systemically regulate osmotic responses
(Reid et al., 1978). The response utilizes assorted hormones, and each hormone may
execute multiple functions. For example, besides stimulating the production of aldosterone,
angiotensin II also contracts the blood vessels (Gunther et al., 1980), and regulates the level
of vasopressin secreted from the central nervous system, which further adjusts water
reabsorption in kidney and water intake behaviors (Bourque, 2008; McKinley and Johnson,
2004). Similar hormonal regulation has been widely observed in vertebrates such as

terrestrial amphibians (Warburg, 1995). Despite recognizing the role of hormonal signals in
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osmotic homeostasis, how these diffusible signals coordinate information in the brain upon
osmotic stress and regulate decision-making processes is not understood.

Hormonal-like signaling is likely to be involved in the response to osmotic upshifts in C.
elegans. The AS] sensory neuron functioning in this behavior mostly communicates with
downstream targets with diffusible signaling (Chapter 3). The missing link between the
identified sensory neurons and first-layer interneurons also suggest the involvement of
diffusible signals (Chapter 4). These findings indicate that diffusible signaling probably
plays an essential role in osmotic responses of C. elegans, and may be uniformly employed
in osmotic regulations in multicellular organisms. The hormonal system may have the
advantages in effectively integrating and circulating the osmotic information from multiple
sensors, and coherently regulate multiple responses. The findings in C. elegans suggest
early origin of employing diffusible signals in osmotic responses. The response to osmotic
upshifts in C. elegans may serve as a model for further examining how the nervous system

and hormonal signaling interweave and function together in osmotic responses.
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