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ABSTRACT OF THE DISSERTATION

Neurotransmission defines functional chemosensory
neural circuits to regulate behavior

by
Sarah Goldberg Leinwand
Doctor of Philosophy in Neurosciences
University of California, San Diego, 2015

Professor Sreekanth Chalasani, Chair
Professor Yishi Jin, Co-Chair

Neural circuits detect and process environmental changes to drive appropriate
food-seeking or toxin-avoiding behaviors. However, we lack a complete understanding of
the cellular and molecular mechanisms that represent chemosensory cues and generate
appropriate behaviors. Furthermore, these vital sensory abilities deteriorate with age in
humans and most animals, but it is unknown how aging impairs the underlying neural
circuits to cause sensory behavioral declines. With powerful genetic tools, a complete
connectome and robust chemosensory behaviors, the nematode Caenorhabditis elegans is
ideally suited for a circuit-level analysis of these behaviors in young and aged animals.
The aim of this dissertation is to identify neural signaling and circuit principles for
flexibly encoding chemosensory stimuli and generating behavioral plasticity in C.

elegans, which may be broadly conserved.
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In Chapters 2 and 3, I define a novel, sensory context-dependent and
neuropeptide-regulated switch in the composition of a C. elegans salt sensory circuit. The
ASE primary salt sensory neurons cleave and release insulin-like peptides in response to
large but not small changes in external salt stimuli. Insulin signaling functionally
switches the AWC olfactory sensory neuron into an interneuron in the high salt circuit,
potentiating behavioral responses. Thus, sensory context and neuropeptide signaling act
together to shape the flow of information in active neural circuits, suggesting a general
mechanism for generating dynamic behavioral outputs.

In Chapter 4, I identify an aging-associated decline in C. elegans olfactory
behavior and map a novel underlying circuit motif. Two primary olfactory sensory
neuron pairs, AWC and AWA, directly detect benzaldehyde and release insulin peptides
and acetylcholine to activate two secondary neuron pairs, ASE and AWB, and drive
behavioral plasticity. Interestingly, odor-evoked activity in the secondary, but not
primary, neurons degrades with age. Experimental manipulations to increase primary
neuron transmitter release rescue these aging-associated neuronal deficits. Furthermore,
aged animals’ olfactory abilities are correlated with lifespan, suggesting that olfaction
may be indicative of overall health and physiology. These results show how
chemosensory stimuli are encoded by a population code composed of primary and
secondary neurons and suggest reduced neurotransmission as a novel mechanism driving
aging-associated sensory neural activity and behavioral declines. In sum, this dissertation
establishes the crucial role of peptidergic and classical neurotransmission in defining the

active neural circuit configurations that regulate chemosensory behaviors.
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CHAPTER 1.

Introduction

Chemosensation and conserved principles of neural circuit function

Animals, including people, must navigate through a complex world made up of
diverse smells, tastes, sights, sounds and textures. Survival depends on the use of this
sensory information to find food and avoid toxins or other dangers in the environment.
The sensory systems function to transduce these environmental signals into neural
representations. However, the sensory systems do not passively represent the
environment; instead, they have the difficult task of actively extracting features of the
world and combining them to generate meaningful sensory representations that can guide
behavior (Ache and Young, 2005).

Most species have exquisitely sensitive chemosensory systems that are essential
for their successful navigation of the world. Specifically, the olfactory system is
important for recognizing volatile cues from possible food-sources at long-ranges. The
gustatory system detects water-soluble chemicals at short-range, serving as the final
check for accepting or rejecting prospective foods that are nutritious or toxic (Scott,
2005). Together, the chemosensory systems also contribute to mating, rearing of
offspring and predator-prey interactions (Ache and Young, 2005). From the simplest

forms of life like bacteria and slime molds, to worms, insects, rodents and humans,



chemical sensitivity is fundamental for life and health (Ache and Young, 2005).
Chemosensation is therefore a very ancient sense. The basic organization of the
chemosensory system has been highly conserved throughout evolution such that common
genes, structures and circuits are observed across phyla (Ache and Young, 2005;
Bargmann, 2006). However, many unknowns remain about chemosensory system
function.

A key challenge in neuroscience is to understand how signals in the environment
are translated into behavior. Here, this dissertation focuses on the ancient and conserved
chemosensory system with the aim of gaining insight into the general functional
principles of the nervous system. Specifically, the question that drives this dissertation,
and a fundamentally important question in neuroscience, is how is chemosensory
information represented and processed by the nervous system to generate appropriate
behavioral outputs? In the chemosensory system, the inputs (chemical cues) and the
outputs (behavior) can be observed and quantified. However, how precise sensory neural
circuit dynamics and signaling shape motor outputs or generate behavioral plasticity
remain open questions. Fully answering these questions requires identifying, functionally
characterizing and manipulating all of the relevant neurons, neurotransmitters and neural
circuits. While studies in mammals and insects have made progress towards this goal, the
simpler nervous system of the nematode C. elegans (the model organism employed for
this dissertation research) permits the study of genes, neurons and circuits in whole,
behaving animals. In this way, the doctoral research presented here will provide a more

complete understanding of neural circuit function.



To begin to unravel circuit function and, in particular, how chemosensory
information is represented and processed by the nervous system to generate appropriate
behavior, this introduction chapter reviews key findings from the literature and identifies
the limits of this knowledge base. The organization and anatomy of the mammalian,
insect and nematode chemosensory systems are discussed first. Next, this chapter
highlights several overarching principles of chemosensory system function. The evidence
from studies in different species supporting two alternative models of sensory encoding
(the population coding and labeled line models) is discussed. Then, modulation of
chemosensory circuits and behaviors by neuropeptides and other neuromodulators is

explored. Finally, aging-associated declines in chemosensory function are considered.

Chemosensory system organization: mammals

In mammals and in other animals, chemicals in the environment are detected and
processed by sensory neurons, which relay the chemosensory information to higher order
brain regions. Olfactory and gustatory sensory neurons in peripheral sensory organs may
have specialized ciliary endings to detect chemicals. These sensory neurons express
receptors, usually of the G protein-coupled receptor (GPCR) family (Godfrey et al., 2004;
Malnic et al., 2004; Sengupta et al., 1996). When odorants or tastants in the environment
bind to these receptors, a signal transduction cascade is initiated and then information
about the chemicals in the environment is relayed, in multiple steps, to higher order
chemosensory processing regions of the brain (Ache and Young, 2005). In the case of the
mammalian olfactory system, olfactory sensory neurons project from the olfactory

epithelium in the nose to target structures called glomeruli in the olfactory bulb (Figure



1.1) (Price and Powell, 1970). The olfactory sensory neurons synapse with mitral cells,
which, in turn, carry olfactory information to piriform cortex, entorhinal cortex, the
anterior olfactory cortex and the amygdala (Ghosh et al., 2011; Miyamichi et al., 2011;
Sosulski et al., 2011). A vast inhibitory network also shapes the flow of olfactory
information through the brain (Stokes and Isaacson, 2010). Taste information like sweet,
salty, bitter and sour is relayed from taste cells clustered in taste buds on the tongue to the
nucleus of the solitary tract, the thalamus and then gustatory cortex (Liman et al., 2014).
Additional information about other sensory cues in the environment, internal
physiological state, or experience may also be integrated at different stages in this
processing, transforming the neural representations of chemosensory cues (as discussed
in more detail in the chemosensory modulation section below) (Maier et al., 2012; Root
et al., 2011). Ultimately, these chemosensory neural circuits provide crucial information

to drive nearly all of an animal’s behavioral choices.

Chemosensory system organization: insect

The numerically simpler insect chemosensory system has been studied
extensively and has yielded many conserved chemosensory organization principles. In
Drosophila melanogaster, the most widely studied insect, olfactory sensory neurons are
located in the antennae and maxillary palps where they express one or occasionally two
specific olfactory receptors, along with a ubiquitous receptor, Or83b (Larsson et al.,
2004; Vosshall et al., 1999). The sensory neurons expressing the same receptor converge
on the same glomerulus in the antennal lobe, the second order olfactory processing region

(Figure 1.1) (Vassar et al., 1994). Projection neurons then carry this olfactory



information to third order olfactory brain regions such as the lateral horn and mushroom
body (Masse et al., 2009). In this way, insect olfaction parallels mammalian olfaction.
The number of synaptic relays and the roles of inhibition in the olfactory pathway are
similar across species (Olsen and Wilson, 2008). Furthermore, convergence of
functionally similar inputs at the glomerular level is conserved throughout animal
evolution, suggesting that it is important for odor processing. Taste information follows a
different path in Drosophila, from gustatory sensory neurons located primarily in the
proboscis to the subesophageal ganglion and then the brain; this pathway also shows
striking conservation with the mammalian taste system (Scott, 2005). However, how does
the conserved organization of the chemosensory system give rise to smell and taste

perception and related behaviors?

Chemosensory function: mammalian and insect chemosensory population coding
Chemosensory functions have been inferred based on anatomy and systematically
investigated. In both the peripheral sensory organs and in central sensory processing
regions of the mammalian and insect brain, there is overwhelming evidence that
chemosensory cues are encoded by distinctive patterns of activity across groups of
neurons (Honegger et al., 2011; Oka et al., 2006; Stettler and Axel, 2009; Wang et al.,
2003). For example, individual odor molecules may activate multiple olfactory sensory
neurons (Malnic et al., 1999). Conversely, individual olfactory sensory neurons may be
(strongly or weakly) activated by the binding of numerous different odorants (Malnic et
al., 1999). Furthermore, small changes in the concentration or the chemical structure of

an odorant can alter which neurons are activated (Malnic et al., 1999; Stettler and Axel,



2009). There is a chemotropic organization to the active neurons in the sensory periphery
(Vassar et al., 1994; Vosshall et al., 2000). However, fascinatingly, this chemotropic
organization is lost in the higher order piriform cortex in rodents and mushroom bodies in
insects, and no other organizing principle or stereotypy is apparent in these odor
responsive neuronal populations (Honegger et al., 2011; Miyamichi et al., 2011; Sosulski
et al., 2011; Stettler and Axel, 2009). In this way, chemosensory information must be
encoded by the combined activity of a spatially distributed population of neurons, rather
than specialized activity in single neurons. This coding strategy is alternately referred to
as a combinatorial or distributive model or simply population coding (Galizia, 2014;
Liman et al., 2014; Malnic et al., 1999). It is important to note that only a small
percentage of neurons in a given brain region are activated by a particular odor stimulus,
indicating that olfactory population codes are sparse (Honegger et al., 2011; Poo and
Isaacson, 2009; Stettler and Axel, 2009). Gustatory information can also be encoded by
sparse population activity; however, the organization is somewhat different than in
olfactory circuits (as discussed below) (Katz et al., 2001; Maier and Katz, 2013).
Population coding of chemosensory information has several interesting properties.
First, natural cues like food and predator signals are complex and composed of numerous
monomolecular chemicals (Thomas-Danguin et al., 2014). Population codes can
simultaneous represent these diverse chemical inputs, which co-occur in nature. These
neural representations can be distinct from the sum of the components, suggesting that
the natural stimulus has a unique significance for the animal (Stettler and Axel, 2009).
Conversely, the circuits that encode different, complex sensory stimuli are likely

composed of partially overlapping sets of neurons (Poo and Isaacson, 2009; Stettler and



Axel, 2009). Interestingly, individual or, more likely, subsets of these multiplexed
neurons could be wired such that they each have the capacity to drive a distinct
behavioral module (Choi et al., 2011). Therefore, a particular stimulus could lead to a
portion of the many possible behavioral modules being combined and executed.
Moreover, neural circuits that integrate multisensory cues may permit animals to generate
behaviors that are appropriate for the global environment rather than unitary
environmental features, which may be beneficial for survival. This coding strategy may
also prevent against sensory encoding failures since there may be multiple ways for
sensory stimulation to reliably activate neurons that trigger the execution of a relevant
behavior.

An alternative model for sensory encoding also exists. The labeled line model of
coding posits that each cell represents a distinct odor or taste cue and faithfully conveys
this information to higher order sensory processing regions of the brain. Evidence for the
labeled line model is found in both mammals and flies (Semmelhack and Wang, 2009;
Suh et al., 2004; Zhao et al., 2003). This form of sensory coding is genetically hardwired
and appears to predominate for particular stimuli that have an innate valence such as
apple cider vinegar and amines (Dewan et al., 2013; Semmelhack and Wang, 2009; Suh
et al., 2004; Zhao et al., 2003). In the gustatory system, tastes that promote feeding
typically activate one set of gustatory sensory neurons, while tastes that lead to rejection
behaviors may activate a different, common set of gustatory neurons (Liman et al., 2014).
This labeled line coding requires dedicated neural space (i.e. specialized neurons and
pathways), so it is more “resource-intensive” than population coding. A reasonable

hypothesis is that labeled line coding is used only for detecting chemicals for which



recognition offers a strong survival or reproductive benefit. Consequently, labeled line
and population coding strategies for chemosensory encoding are not mutually exclusive.
Taken together, the data described above suggest that labeled line and population coding
strategies co-exist to permit insects and mammals to have hardwired responses to innately
attractive or aversive cues and flexibility to respond to dynamic, multisensory
environments, respectively. Nevertheless, the precise sensory encoding and circuit
mechanisms that give rise to appropriate chemosensory behaviors remain to be

elucidated.

Chemosensory system organization and function: identified sensory neurons in C.
elegans drive chemosensory behaviors

One approach to understanding how sensory stimuli drive behavior is to trace the
paths of information flow between all of the neurons in the corresponding neural circuits
and then analyze the effects of perturbing this neural activity. This task is challenging in
humans, other mammals and even in insects because of the sheer number of neurons in
the brain and because information could be routed through dense networks of hundreds,
thousands or even millions of anatomically connected neurons in multiple ways
(Baldridge et al., 1998; Weimann and Marder, 1994). In contrast, the small, free-living
nematode worm Caenorhabditis elegans is advantageous for such studies. Accordingly,
the small nervous system of C. elegans has been studied extensively to increase our
understanding of the neural basis of sensory behaviors, with the aim of uncovering

conserved principles.



Several factors make C. elegans a useful model organism for probing the cellular,
molecular and neural circuit-level basis of chemosensory behavior. First, many genes are
conserved between C. elegans and mammals, and they use many of the same
neurotransmitter systems (Hobert, 2013). Second, the C. elegans model offers a relatively
simple nervous system composed of just 302 neurons (in the mature hermaphrodite
animal) (White et al., 1986). The morphology, chemical synapses and gap junction
connections of all C. elegans neurons were mapped by serial section electron microscopy
(White et al., 1986). As a result of these efforts, C. elegans is the only animal that
possesses a complete map of the nervous system. This connectome cannot simply be read
to predict how behaviors are generated, but it does illustrate the many possible
connections, whose roles can be tested in diverse contexts (Bargmann, 2012).
Additionally, there are many powerful genetic tools available to probe the C. elegans
nervous system at the cellular and molecular levels (Praitis and Maduro, 2011; Wang and
Sherwood, 2011). New tools for the optical measurement of neural activity, including
GCaMP family calcium indicators, take advantage of the transparency of C. elegans to
offer unprecedented ability to analyze circuit function in vivo and with single-cell
resolution (Nakai et al., 2001).

C. elegans has a highly developed chemosensory system, which it uses to find
bacterial food, avoid predators and other dangers, and aid in mating (Bargmann, 2006).
Its robust chemosensory behaviors are readily probed in the lab and quantified (Ward,
1973). In particular, chemotaxis behavior directed towards an attractive or repulsive
chemical has been well studied (Bargmann et al., 1993; Bargmann and Horvitz, 1991,

Iino and Yoshida, 2009; Pierce-Shimomura et al., 1999; Ward, 1973). C. elegans uses a
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biased random walk strategy to chemotax in which it suppresses its reorientations while
moving up an attractive salt or odor gradient and increases its reorientations while going
down such a gradient (Pierce-Shimomura et al., 1999). In this way, animal movement is
non-directional; however, overall locomotion is biased because forward movement
toward the higher attractant concentration is less likely to be interrupted than movement
in the opposite direction. A contrasting weathervane chemotaxis strategy has also been
proposed (Iino and Yoshida, 2009). The weathervane approach consists of animals
gradually steering or curving their path of forward locomotion towards higher
concentrations of an attractive chemical (Iino and Yoshida, 2009). These two strategies
are not exclusive; C. elegans may navigate steep and shallow chemical gradients in these
different ways. Numerous studies have taken advantage of the small nervous system and
powerful genetic tools in C. elegans to dissect the neural basis of this chemosensory
behavior. Anatomical and functional studies have implicated neurons located in the
amphid ganglia in the head of the animal in chemotaxis behavior and in chemosensation
more broadly (Bargmann, 2006; Chalasani et al., 2007; Perkins et al., 1986). There are 12
pairs of sensory neurons in the amphid ganglia, which all have dendrites that extend to
the nose of animal, where they terminate with specialized sensory cilia structures that are
directly or indirectly exposed to the environment (Perkins et al., 1986). The axons of the
amphid sensory neurons form synapses in the nerve ring with other sensory neurons and
interneurons (White et al., 1986). On average, no more than three synapses are required
to connect these sensory neurons with the motor neurons that control body muscles for
initiating locomotion toward or away from chemical cues (Gray et al., 2005; White et al.,

1986).
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Previous research has suggested a hardwired labeled line model of
chemosensation in C. elegans in which individual cells encode particular sensory cues
and specify the behavioral output (Liman et al., 2014; Troemel et al., 1997). Studies
using a laser to ablate individual neurons revealed that the ASE neurons are necessary for
attraction to salt (Bargmann and Horvitz, 1991). The paired ASE neurons can be
genetically and functionally separated; the ASEL (left) neurons preferentially detect
sodium ions, while the ASER (right) neurons may be specialized for chloride detection
(Pierce-Shimomura et al., 2001). Further analysis by functional calcium imaging revealed
that the ASEL neurons are specifically activated by an increase in (sodium chloride) salt
concentration, while the ASER neurons are activated by a decrease in salt concentration
(Suzuki et al., 2008). The functional asymmetries between the two ASE neurons were
proposed to be essential for normal chemotaxis to salt, and perhaps an important motif
for all navigation guided by the sense of taste (Suzuki et al., 2008).

Similarly, previous studies found that volatile odor cues (including ketones,
alcohols and aldehydes) are detected by a small number of C. elegans amphid sensory
neurons. It was suggested that these olfactory sensory neurons are hardwired to drive
either attractive or repulsive behavioral programs (Bargmann et al., 1993; Troemel et al.,
1997). For example, cell ablation experiments revealed that the AWC and AWA sensory
neurons are specifically required for behavior towards attractive odorants (Bargmann et
al., 1993). Calcium imaging and behavior experiments suggest that their response
properties are complex. The paired AWC neurons (which can be genetically and
functionally separated, much like the ASE neurons) detect multiple attractive odors

including benzaldehyde, isoamyl alcohol and trimethylthiazole at a wide range of
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concentrations (Bargmann et al., 1993; Chalasani et al., 2007; Wes and Bargmann, 2001).
The AWA neurons detect a partially overlapping set of attractive odors including
trimethylthiazole and diacetyl and initiate a similar attractive behavioral program
(Bargmann et al., 1993). In contrast, the AWB neurons appeared to be specialized for
detecting repulsive odorants such as 2-nonanone (Troemel et al., 1997). This data
suggests that the identity of the neuron that binds a particular odorant could determine
whether that odor is attractive or repulsive to the animal. In support of this hypothesis,
mis-expression of the ODR-10 receptor, for the normally attractive odor diacetyl, in the
AWB neuron is sufficient to induce behavioral avoidance of diacetyl (Troemel et al.,
1997). Therefore, the identity and connectivity of the active olfactory sensory neuron
may determine which signaling pathways and downstream neural circuitry are recruited
to generate attractive or repulsive chemotaxis behavior. Many of the amphid sensory
neurons synapse onto common set of interneurons (AIA, AIY and others); however, the
precise interneuron to motor neuron circuitry remain to be elucidated (White et al., 1986).
Taken together, these studies suggest that C. elegans sensory encoding follows a labeled
line model whereby individual neurons drive hardwired behaviors to specific, unimodal
olfactory or gustatory cues. This is in contrast to the distributed, population coding
strategies used in other species with larger brains to represent many dynamic and
complex (multi)sensory stimuli. I will present data challenging this fixed view of C.

elegans sensory neural circuits in Chapters 2-4.

Chemosensory modulation: neuropeptide signaling modulates chemosensory neural

activity in mammals and insects
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Depending on the context, a single chemosensory input is frequently able to
trigger more than one behavioral output. A major question in neuroscience is how this
behavioral plasticity is achieved. Several studies suggest that neuromodulatory signaling
could be the key mediator of the differential behavioral responses. Specifically,
neuropeptides and other modulatory signaling may impart sensory neural circuits with an
additional layer of flexibility so that animals may fine-tune their behavior to match their
external environment and their internal physiological needs. By depressing or facilitating
the activity of sensory neurons, neuropeptides may increase the ability of sensory neurons
to transmit information about wide ranges of chemosensory stimuli (Ignell et al., 2009;
Nassel et al., 2008; Ni et al., 2008; Root et al., 2011). This fine regulation may aid
animals in accurately localizing a desirable food source or comparing the different
sensory cues present in the environment. For example, interneurons in the Drosophila
antennal lobe release neuropeptide signals to reduce olfactory sensory neuron activity.
Tackykinin-related peptides bind a GPCR, DTKR, expressed by olfactory sensory
neurons to inhibit their function (Figure 1.1) (Ignell et al., 2009). This reduction in
sensory neuron function can dampen the animal’s attraction to high odorant
concentrations (Ignell et al., 2009). This peptide-mediated inhibition scales proportionally
with the strength of the sensory stimulus, providing a robust mechanism for encoding
diverse stimuli.

Genetic analyses in Drosophila have also identified peptides that facilitate
sensory neuron activity. Short neuropeptide F, a homolog of neuropeptide Y, is released
by olfactory sensory neurons and increases the activity of other sensory neurons that

project to the same glomerulus (Nassel et al., 2008; Root et al., 2011). Increased activity
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of a glomerulus could make the representations of the specific odors that it processes
more salient in higher order sensory processing centers. Interestingly, sensory neurons
only express the receptor for short neuropeptide F, sSNPFR1, upon starvation (Root et al.,
2011). This observation indicates that peptide signaling integrates behavioral state
information (like hunger status) with odorant information directly in the sensory neurons.
Similar mechanisms could also exist in rodents (Figure 1.1). For example, an
FMRFamide peptide increases the magnitude of delayed-rectifier potassium currents in
the mouse olfactory bulb, as measured by whole cell patch-clamp recordings (Ni et al.,
2008). The action of such neuropeptides may modulate the excitability of olfactory
sensory neurons. Furthermore, insulin peptidergic signaling has also been shown to
modulate the signal to noise ratio of mammalian olfactory sensory neuron activity over
long timescales (Savigner et al., 2009). One hypothesis is that this insulin signaling
matches an animal’s olfactory abilities to its satiety status. However, the behavioral
relevance of these mammalian forms of neuropeptide modulation remains to be
established.

Taken together, antagonist neuropeptide signals may act as gain controls for
sensory encoding, shaping the patterns of neuronal activity that give rise to innate and
learned behaviors. Presynaptic inhibition increases the ability of the neurons to respond
to high stimulus concentrations, while facilitation may increase neuronal sensitivity to
lower stimulus concentrations. The relatively slow time course of these forms of
neuropeptide signaling could also extend the time that a sensory neuron remains active.
Effectively, this would stabilize the stimulus representation over the second to minute

timescales that are relevant for the execution of sensory-guided behaviors. These results



15

suggest that neuropeptide signaling is essential for animals’ responses to constantly

changing environments and physiological drives.

Chemosensory modulation: neuropeptide and monoamine signaling shape
chemosensory activity and behavior in C. elegans

Despite the apparent one sensory neuron-to-one behavioral output mechanism in
C. elegans, neuromodulatory signaling provides the worm’s nervous system a crucial
mechanism for generating flexible outputs, much like in insects and mammals. There are
several C. elegans studies demonstrating a role for both neuropeptide and monoamine
signaling in altering sensory neuron or interneuron dynamics and modulating behavior. In
one instance, the AWC sensory neurons release the neuropeptide NLP-1. NLP-1 peptides
bind to an interneuron expressed GPCR, NPR-11 (Figure 1.1) (Chalasani et al., 2010).
These interneurons in turn release their own peptide signals, the insulin-like peptide INS-
1, which suppress odor-evoked responses in AWC sensory neurons (Figure 1.1)
(Chalasani et al., 2010). This forms a neuropeptide feedback loop. Ultimately, this
neuropeptide feedback modulates olfactory adaptation behavior (Chalasani et al., 2010).
In another example, a feed-forward neuropeptide pathway regulates a learned aversive
olfactory behavior to pathogenic food sources (Chen et al., 2013). The insulin-like
peptide INS-6 is released from ASI sensory neurons to promote the aversive learning
(Chen et al., 2013). Interestingly, INS-6 inhibits the transcription of another insulin-like
peptide, INS-7, in the URX sensory neurons (Chen et al., 2013). This peptide-peptide
antagonism regulates the activity of a downstream interneuron, RIA, which is critical for

the learned behavioral output (Chen et al., 2013). Neuropeptide-to-neuropeptide
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pathways and loops were first observed in C. elegans, where the genetic tools made such
studies feasible; however, it is reasonable to hypothesize that they are a general
mechanism for generating a large repertoire of adaptive behaviors in other animal
species.

Neuropeptide-mediated flexibility in the architecture of neural circuits, not just
the dynamics of neural activity, may also exist to modulate behavior. For example,
internal physiological states like starvation may trigger a particular complement of
neuropeptides or monoamines to be released to change neural circuits and modify the
behavioral outputs (Chao et al., 2004). C. elegans avoidance of the odorant octanol is
reduced upon starvation (Chao et al., 2004). This starvation-induced behavioral plasticity
depends on both serotonin and octopamine, which may switch the composition of the
octanol circuit (Chao et al., 2004; Mills et al., 2012). Specifically, fed animals
predominately rely on the ASH nociceptive neurons to detect octanol and drive avoidance
behavior, but starved animals recruit two other neurons (AWB and ADL) in addition to
ASH neurons to detect octanol (Chao et al., 2004). Food and lack thereof are powerful
signals that modulate many other circuits and behaviors, often through the actions of
monoamines and neuropeptides (Chang et al., 2006). Nevertheless, further analysis is still
required to fully understand the precise mechanisms that modulate these neural circuits to
produce behavioral plasticity.

Thus, from worms to insects and rodents, animals employ neuropeptide signaling
to alter their neural activity and fine-tune their behavior based on the sensory
environment, internal physiological needs and experience. In Chapter 2, I will describe a

novel form of insulin neuropeptide-regulated and context-dependent plasticity in a
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distributed C. elegans gustatory neural circuit, which does not simply follow the labeled
line model. This chapter demonstrates that neuropeptides can regulate neural circuit
composition, allowing animals to behave appropriately when they encounter sensory
stimuli of different strengths. In Chapter 3, I will discuss the broader implications of
these findings. In Chapter 4, I will show that similar principles govern flexible olfactory

circuits and behaviors, in both young and aged animals.

Aging-associated declines in sensory system functions

Progressive declines in vital sensory abilities are nearly ubiquitous in aged people
and other animals (Schumm et al., 2009). Specifically, aging is associated with reductions
in the ability to detect and correctly identify sounds, sights, smells, tastes and fine tactile
stimuli (Schumm et al., 2009). Therefore, another important question in neuroscience is
how does aging alter neural circuits to degrade sensory behavioral outputs? Here, 1 will
focus on aging’s deleterious effects on the olfactory system. Age-related loss of olfactory
function (termed presbyosmia) can be quantified in people using simple scratch and sniff
tests (Doty and Kamath, 2014). These tests reveal that more than 50% of people aged 65-
80 years exhibit significant olfactory dysfunction, and the frequency rises to more than
75% of people over 80 years old (Doty and Kamath, 2014). In the elderly, the threshold
for detecting odors decreases more strongly than odor identification or discrimination,
although all three classes of olfactory abilities exhibit significant age-related declines
(Hummel et al., 2007). Additionally, reduced olfactory function may predict the onset
and progression of neurodegenerative diseases such as mild cognitive impairment,

Alzheimer’s and Parkinson’s disease (Wilson et al., 2008; Wilson et al., 2009).
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Furthermore, olfactory function strongly predicts mortality in people (Pinto et al., 2014).
Hyposmic and anosmic individuals who have moderate or complete olfactory
dysfunction, respectively, have proportionately higher 5-year mortality rates, even when
other health indicators are controlled for (Pinto et al., 2014). Even in the absence of death
or disease, olfactory declines greatly impair quality of life, threaten overall safety and
increase the risk of nutritional deficits (Doty and Kamath, 2014). While these studies
suggest a strong link between olfaction and health, the results only show a correlation,
not that declines in olfaction cause disease.

Since the precise causes of aging-associated declines in olfactory functions are
not well understood, prevention or treatment has not been feasible. Head trauma,
inflammatory disease and cumulative exposure to environmental toxins are among the
many factors proposed to underlie olfactory declines in mammals (Murphy et al., 2002);
however, causation has been impossible to demonstrate. Reductions in the number of
olfactory neurons (due to cell death or reduced regenerative capacity) and changes in the
distribution of their synapses have been also observed in aged animals (Chihara et al.,
2014; Murphy et al., 2002; Richard et al., 2010). Still, the functional consequences of
such cellular changes remain to be determined. Additionally, a genetic association was
found between olfactory declines in the elderly and a single nucleotide polymorphism in
the BDNF gene (Hedner et al., 2010). However, to causally establish the mechanisms
driving aging-associated olfactory impairment, a new model that allows genes, cells and
circuit function to be analyzed and perturbed throughout life is needed.

C. elegans is amenable to in vivo analysis of the functional outputs of many

genetic pathways (with single cell resolution) throughout the entirety of the animal’s
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short lifespan. This model has already provided many insights into the genetic and
cellular basis of longevity and aging (Kenyon, 2010; Liu et al., 2013; Wolff and Dillin,
2006). Conserved signaling pathways such as insulin, mitochondrial and autophagy
signaling regulate C. elegans lifespan, as mutations that reduce insulin signaling, reduce
mitochondrial respiration, reduce TOR signaling or increase autophagy promote
longevity (Hansen et al., 2008; Wolff and Dillin, 2006). At the level of the nervous
system, aging is associated with aberrant neuronal morphology, reductions in the
monoamine transmitter levels and progressive deterioration of neuromuscular junction
functioning (Liu et al., 2013; Toth et al., 2012; Yin et al., 2014). These cellular changes
impair animals’ locomotion abilities, mating behaviors and food-induced slowing
behavior (Liu et al., 2013; Yin et al., 2014). Furthermore, several studies have linked the
function of C. elegans sensory neurons to lifespan, suggesting that perception of
environmental stimuli and food signals modulates survival across species (Alcedo and
Kenyon, 2004). In Chapter 4, I will describe a new C. elegans model of aging-associated
sensory behavioral decline and I will present evidence for a novel neural circuit
mechanism that drives this behavioral decline whereby impaired neurotransmitter release

in aged animals may reduce neural activity in a defined olfactory circuit.

Summary

In this dissertation, I will describe my research into the molecular and neural
circuit basis of behavior. Using the C. elegans model, I identify novel, flexible circuit
motifs, which function in the gustatory and olfactory systems of young and aged animals

to drive chemosensory behaviors. In Chapter 2, I will describe an insulin neuropeptide-
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regulated and sensory context-dependent switch in the composition of a salt sensory
neural circuit that drives behavioral plasticity. In Chapter 3, I will further discuss the
context and implications of the results described in Chapter 2. Specifically, in the context
of genes, circuits and behaviors, I will discuss the diverse modes of neuropeptide
processing and signaling, which expand the coding potential of the nervous system. In
Chapter 4, I will functionally characterize a distributed neural circuit composed of
primary and secondary olfactory neurons that generates olfactory behavioral plasticity. I
will also describe specific impairments in neural activity in this circuit in aged animals,
which underlie aging-associated behavioral declines. Finally, in Chapter 5, I will
highlight the conclusions that may be drawn from this body of research, discuss new
insights into key principles of nervous system function and describe several future

directions worthy of additional study in C. elegans and other species.
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Figure 1.1: Neuropeptide modulation of olfactory sensory neurons. (a) A C. elegans
chemosensory neuron releases a neuropeptide, NLP-1, which binds an interneuron-
expressed receptor, NPR-11, and in turn suppresses the odor-evoked responses of the
sensory neuron. (b) Drosophila olfactory sensory neurons expressing the same receptor
project to target cells in a glomerulus. Local interneurons in the antennal lobe release a
tackykinin-related peptide, DTK, which binds its receptor, DTKR, on olfactory sensory
neuron axons and suppresses neurotransmitter release from them. (¢) In mice, a similar
mechanism is postulated.
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CHAPTER 2.

Neuropeptide signaling remodels chemosensory circuit composition in

Caenorhabditis elegans

Abstract

Neural circuits detect environmental changes and drive behavior. The routes of
information flow through dense neural networks are dynamic; however, the mechanisms
underlying this circuit flexibility are poorly understood. Here, we define a novel, sensory
context-dependent and neuropeptide-regulated switch in the composition of a C. elegans
salt sensory circuit. The primary salt detectors, ASE sensory neurons, use BLI-4
endoprotease-dependent cleavage to release the insulin-like peptide INS-6 in response to
large but not small changes in external salt stimuli. Insulins, signaling through the insulin
receptor DAF-2, functionally switch the AWC olfactory sensory neuron into an
interneuron in the salt circuit. Animals with disrupted insulin signaling have deficits in
salt attraction, suggesting that peptidergic signaling potentiates responses to high salt
stimuli, which may promote ion homeostasis. Our results show that sensory context and
neuropeptide signaling modify neural networks and suggest general mechanisms for

generating flexible behavioral outputs by modulating neural circuit composition.
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Introduction

All sensory circuits use specialized sensory neurons to detect environmental
changes and downstream interneurons to transform that information, generating flexible
behaviors. In particular, chemosensory neural circuits have an additional challenge of
representing not only commonly encountered cues, but also a potentially limitless set of
novel smell and taste stimuli (Touhara and Vosshall, 2009). One approach to
understanding how chemical cues drive behavior is to trace the paths of information flow
in the corresponding neural circuits. Remarkably, the active route through networks of
anatomically connected sensory, inter- and motor neurons can also switch based on
context, as observed in circuits processing nutrients (Weimann and Marder, 1994) and
light (Baldridge et al., 1998). However, the underlying molecular mechanisms that
configure active neural circuits are poorly understood. The C. elegans nervous system,
with just 302 neurons connected by identified synapses (White et al., 1986), is ideally
suited for a circuit-level analysis of how chemosensory stimuli are represented and
transformed into behavioral outputs (de Bono and Maricq, 2005).

Cell ablation experiments in C. elegans identified individual sensory neurons
critical for directed locomotion towards chemical stimuli. In particular, the ASE sensory
neurons are necessary to drive attraction to salts, while the AWC sensory neurons drive
attraction to odors (Figure 2.5a) (Bargmann and Horvitz, 1991). The neural circuitry
acting downstream of these neurons to drive behavior has not been fully mapped;
however, neuroanatomical studies identify a set of common interneuron targets, including
AIA (Figure 2.1a) (White et al., 1986). Interestingly, the pair of bilateral ASE neurons

are functionally distinct: ASELeft (ASEL) detects an increase in sodium chloride (NaCl)
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and ASERight (ASER) responds to a decrease in NaCl (Suzuki et al., 2008). Similarly,
the two AWC neurons, AWCN and AWCHF, collectively respond to the odorant
benzaldehyde and uniquely respond to other odorants (Wes and Bargmann, 2001). Here,
we combine genetic manipulations, in vivo calcium imaging and behavioral analysis to
investigate how the functional ASE-driven salt circuit represents specific changes in salt
to drive dynamic behavioral responses. C. elegans, much like mammals, prefer a
concentration of salt that maintains ion homeostasis, providing a physiological correlate
for salt attraction behavior (Bargmann, 2006; Chandrashekar et al., 2010). We find that
insulin neuropeptide signaling transiently remodels the composition of the salt neural
circuit and modulates behavior in response to high, but not low, salt stimuli by switching

the AWC®N olfactory sensory neuron into an interneuron.

Results
A distributed neural network encodes salt concentration

To characterize the functional neural circuit representing salt stimuli, we recorded
neural activity from the anteriorly localized amphid sensory neurons using genetically
expressed calcium indicators of the GCaMP family. Calcium signals in C. elegans
neurons have been shown to strongly correlate with neuronal depolarization (Clark et al.,
2006; Ramot et al., 2008). Previous studies have shown that ASEL neurons are activated
by the addition of NaCl stimuli greater than or equal to 10 mM (Suzuki et al., 2008)
(Figures 2.1b, 2.5b and 2.6a), while ASER is sensitive to removal of at least | mM NaCl
(Suzuki et al., 2008) (Figures 2.6¢,¢). Unexpectedly, we found that AWC®N olfactory

sensory neurons respond to a +50 mM increase in NaCl, much like ASEL (Figures 2.1b,



32

2.5b and 2.6b). AWC™" neurons respond similarly to +50 mM NaCl (Figure 2.6d). In
contrast, a weaker +10 mM increase in NaCl only activates ASEL, but not AWC™
(Figures 2.1¢, 2.5¢ and 2.6b), or AWC®"" (Figure 2.6f). AWC®" responses to salt are
dose-dependent and have a threshold of +20 mM NaCl (Figure 2.6b). Furthermore,
AWCN specifically responds to salt and is not a generalized osmolarity sensor (Figure
2.6g). Moreover, there is specificity in the salt circuit as other amphid sensory neurons
AWA, ASI, ASK, AWB and ASH do not respond to increases in NaCl (Figures 2.1b and
2.6h). These results show that the increase in salt concentration is not encoded by the
specialized responses of unimodal neurons, as was predicted from earlier cell ablation
studies(Bargmann and Horvitz, 1991). Instead, the combined activity of multiple sensory
neurons represents external salt concentrations: ASEL together with polymodal AWCY
encode larger than 20 mM increases in salt. Finally, these experiments complement
studies showing that a distinct, but similarly distributed circuit encodes the decrease in

salt concentration (Thiele et al., 2009).

AWC neurons play key role in the salt circuit and behavior

We further investigated the role of AWC sensory neurons in the salt circuit by
recording activity from a downstream interneuron, AIA, which receives inputs from both
AWC and ASE neurons (White et al., 1986) (Figure 2.1a). AIA interneurons respond to
an increase of +50 mM NaCl (Figures 2.1d and 2.5d). These responses are greatly
reduced in animals with genetically-ablated AWC neurons (Beverly et al., 2011)
(Figures 2.1d and 2.5d), suggesting a non-redundant role for AWC in the salt neural

circuit. AWC neurons are glutamatergic and peptidergic (Chalasani et al., 2010), so we
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first investigated whether AWC signals the presence of high (+50 mM) salt to AIA by
releasing glutamate. We knocked down the vesicular glutamate transporter, eat-4, which
is essential for functional glutamatergic neurotransmission (Lee et al., 1999), specifically
in AWC neurons. AWC-specific eat-4 knockdown has no effect on AIA responses to +50
mM NacCl suggesting that glutamate was not the neurotransmitter (Figure 2.1d). We then
tested whether AWC signaling to AIA uses neuropeptides. Calcium-dependent secretion
activator (CADPS) is an essential component of the release machinery for neuropeptide-
containing dense core vesicles (unc-31 in C. elegans) (Richmond, 2005). AWC-specific
unc-31 knockdown or ablating AWC significantly reduces AIA responses to +50 mM
NaCl (Figure 2.1d). This suggests that peptidergic signaling from AWC is a critical
component of the high salt circuit. Neither AWC ablation nor knockdown of AWC
peptide release machinery has an effect on AIA responses to +10 mM NaCl (within the
10 s post-stimulus addition period), as predicted from the unresponsiveness of AWC to
this weak stimulus (Figures 2.1e and 2.5e). Our results reveal that AWC has different
effects on AIA activity based on sensory modality. Previous work showed that, in an
odor circuit, AWC-released glutamate inhibits AIA responses (Chalasani et al., 2010),
while we show that, in the high salt circuit, AWC-released neuropeptides excite AIA.

To validate the salt circuit configurations characterized by imaging, we performed
chemotaxis behavior assays to test whether AWC contributes to salt-driven behavior. In a
salt chemotaxis assay, animals migrate towards a point source of NaCl over an hour
(Ward, 1973) (Figure 2.7b). This behavior requires ASE neurons since che-1 mutants
which lack functional ASE neurons do not chemotax to salt (Uchida et al., 2003) (Figure

2.1f, n = 10 for all concentrations). Notably, AWC ablation causes a specific reduction in
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chemotaxis to steep, high salt gradients (with point sources of 500 and 750 mM NaCl, n
=10 and 10 respectively; “WT” n = 13 and 12 respectively), but has no effect on shallow,
low salt gradient behavior (100 and 250 mM NaCl sources, n =10 and 11; “WT” n =10
and 10 respectively) (Figure 2.1f). In fact, both the AWC®™ and AWC®™" neurons
contribute non-redundantly to high salt chemotaxis behavior (Figure 2.7¢). Furthermore,
unc-31-dependent neuropeptide release from AWC is necessary for chemotaxis to high
salt sources, but dispensable for low salt-directed behavior (Figures 2.1g,h). These
results suggest that AWC signaling may increase the dynamic range of the salt circuit and
prevent behavioral responses from saturating at high salt levels. The specific contribution
of AWC neurons to high salt concentration behavior supports our imaging findings that

AWC specifically responds to high, but not low salt stimuli (Figures 2.1b,c).

AWC®N acts as an interneuron in the salt circuit

The results described above suggest a crucial role for AWC neurons in the salt
neural circuit and in salt-evoked behaviors. AWC®™ could adopt these roles either by
intrinsically sensing salt, much like ASE (Suzuki et al., 2008), or by acting as an
interneuron in an ASE-driven circuit. To distinguish between these two circuit
configurations, we performed genetic manipulations that eliminate the ability of sensory
neuron dendrites to contact the environment. We analyzed hypomorphic osm-6 mutants
that lack functional sensory cilia (dendritic endings) and found them to have greatly
reduced ASEL salt responses and AWC®™ salt and odor responses (Collet et al., 1998)
(Figures 2.2b,c and 2.8b,c). OSM-6 acts cell-autonomously (Collet et al., 1998);

therefore, we restored OSM-6 function under an ASEL cell-selective promoter and
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verified by confocal imaging that this enabled only ASEL, and not AWC®™, to contact
the environment (Figures 2.2a and 2.8a). In this ASEL-specific osm-6 rescued animal,
AWC®N responds to +50 mM salt, suggesting that ASEL with functional cilia is
sufficient to restore salt responses to AWC™ (Figures 2.2b,c and 2.8a,c¢). In contrast,
rescuing osm-6 under an AWC-selective promoter does not restore AWC™ responses to
salt, implying that AWC®™ alone is insufficient to respond to salt (Figures 2.2b and
2.8¢). We confirmed that this rescuing array was functional as it fully restored the
expected AWC®™ responses to the odor benzaldehyde (Figure 2.2¢). Taken together,
these results indicate that AWC®" is not an intrinsic salt sensor. Moreover, in the context
of the high salt circuit, AWC acts as an interneuron by responding to a signal from
ASEL.

Our work shows that ASEL to AWC®™ signaling functions in the adult. However,
it is also possible that signaling between ASEL and AWC®™ may occur during
development to instruct the wiring of the salt circuit. To probe this temporal requirement
and eliminate the possibility of developmental contributions to the phenotypes observed
in genetic mutants, we photo-ablated the ASEL neuron in the L4 larvae (Qi et al., 2012),
and subsequently analyzed those adults. Consistently, AWC®™ neurons fail to respond to
+50 mM NaCl after larval ASEL ablation, while mock ablation has no effect on salt
responses (Figure 2.2d). These results suggest that the observed ASEL-AWC®™ high salt
circuit configuration is required in the adult and is not a consequence of changes in

circuitry during early development.

AWC®N salt responses require neuropeptides from ASEL
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The results described above suggest that ASEL sensory neurons signal the
presence of large increases in NaCl in the environment to the AWC®™ neurons, recruiting
AWC®N into the salt circuit. To further confirm the role of ASEL in mediating AWC™
responses to salt, we tested the effects of manipulating ASEL neurotransmission.
Mutations in tom-1, the C. elegans homolog of Tomosyn, which encodes a syntaxin
interacting protein, upregulate all forms of neurotransmission (Gracheva et al., 2007) (for
clarifying schematic see Figure 2.7a). We generated an ASEL-selective knockdown of
tom-1 to increase ASEL neurotransmitter and neuropeptide release. We hypothesized that
enhanced transmission from ASEL would promote AWC®N responses to the previously
unresponsive +10 mM NaCl change. We found that AWC®™ did indeed respond to this
small +10 mM stimulus in the ASEL-specific tom-1 knockdown animal (Figure 2.3a),
confirming the crucial role of ASEL neurotransmission in initiating AWC®™ responses to
salt.

C. elegans neurons including ASEL release amino acid and small molecule
neurotransmitters, like glutamate, GABA and acetylcholine, from small, clear synaptic
vesicles and neuropeptides from large, dense core vesicles (Richmond, 2005). We tested
genetic mutants to identify the nature of the ASEL to AWC®™ signal. First, we analyzed
mutants in unc-13, the C. elegans homolog of Munc13, which promotes the open
syntaxin conformation needed for the release of small, clear synaptic vesicles (Richmond
et al., 1999) (Figure 2.7a). Surprisingly, we found that AWC®™ neurons continue to
respond to +50 mM salt even in the unc-13 mutants (Figure 2.3b), suggesting that
ASEL-AWC®Y communication does not require glutamate or other small molecule

neurotransmitters. Therefore, we tested the salt responses of animals with a null mutation
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in the C. elegans homolog of Calcium-dependent secretion activator, unc-31, in which
the release of dense core vesicles containing neuropeptides is defective (Speese et al.,
2007) (Figure 2.7a). We found that AWC®™ responses to 50 mM increases in salt are
eliminated in unc-31 mutants and this gene is specifically required in ASEL (Figure
2.3¢). In contrast AWC®™" neurons respond normally to +50 mM NaCl in both unc-13
and unc-31 mutants, suggesting that this neuron is an intrinsic sensor of large changes in
salt (Figure 2.9a). Consistent with previous results, ASEL responses to salt are
unchanged in unc-13 and unc-31 mutants (Suzuki et al., 2008) (Figure 2.9d). Taken
together, these results suggest that ASEL detects large increases in salt and releases a
neuropeptide to recruit AWC®™ into the salt circuit.

The C. elegans genome includes at least 113 neuropeptide genes (40 insulin-like,
31 FMRFamide-related and 42 other neuropeptide-like) that encode approximately 250
distinct neuropeptides (Li and Kim, 2008). In order to identify the cognate neuropeptide
family, we tested mutants in the neuropeptide-processing pathway. Neuropeptides are
synthesized as much larger propeptides, then cleaved by specific proprotein convertase
enzymes and further modified to generate mature peptides. Four distinct proprotein
convertases have been identified in the worm (Li and Kim, 2008). We hypothesized that
in one or more proprotein convertase mutant, ASEL would not be able to process, cleave
and release the mature peptide(s) necessary for recruiting AWC®™ to respond to high salt.
Surprisingly, null mutations in eg/-3, the major neuronal processor of FMRFamide-
related peptides and neuropeptide-like proteins (Husson et al., 2006), as well as mutations
in the convertases kpc-1 and aex-5, do not alter AWC®™ responses to salt (Figures 2.3d

and 2.9b). By contrast, a hypomorphic mutation in the proprotein convertase bli-4, which
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cleaves procollagens in the worm cuticle, but has no known function in the nervous
system (Thacker et al., 1995), blocks AWC®™ responses to salt (Figure 2.3d).
Furthermore, BLI-4 is specifically required in ASEL for AWC®™ salt responses (Figure
2.3d, see also Figure 2.9b). We also tested ASEL responses to salt in b/i-4 mutants and
found them to be normal (Figure 2.9¢). These results suggest that ASEL uses a BLI-4
protease cleavage step downstream of salt detection to generate the mature peptide(s) that
recruit AWC®N into the salt circuit.

We confirmed a behavioral role for BLI-4 and ASEL-released neuropeptides
using a salt chemotaxis assay. We found that animals with AWC-ablated, ASEL-specific
knockdown of unc-31-dependent neuropeptide release, or ASEL-specific knockdown of
bli-4 (but not mutations in eg/-3) show specific defects in attraction to a high
concentration of salt (750 mM point source, Figures 2.3e and 2.7e), but have no effect on
attraction to lower salt (250 mM point source, Figure 2.7d). Taken together, these results
indicate that ASEL uses BLI-4 cleavage to generate and release neuropeptides that

modify the salt neural circuit and salt attraction behavior.

ASEL-released INS-6 recruits AWC®™ to the salt circuit

Mass spectrometry experiments show that the proprotein convertase EGL-3
processes many FMRFamide-like peptides and neuropeptide-like proteins, while BLI-4
has no role in processing these peptides (Husson et al., 2006). We hypothesized that BLI-
4 might instead cleave the remaining major class of neuropeptides (insulins), which are
not detectable in these mass spectrometry studies (Husson et al., 2006). Given that ASEL

requires BLI-4 to communicate with AWC®Y, we analyzed the gene sequences of the 40
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insulin-like peptides (Li and Kim, 2008) and identified numerous genes containing the
predicted BLI-4 cleavage sites (Thacker et al., 2006) (Table 2.2). We then imaged
AWC®N responses to high salt in animals with mutations in these candidate insulins.
AWCN neurons in ins-6 null mutants have significantly reduced responses to +50 mM
NaCl (Figure 2.4a). Normal responses are restored when ins-6 is rescued specifically in
ASEL (Figure 2.4a, see also Figure 2.9¢). Importantly, ASEL-specific expression of a
mutated ins-6 gene, in which two serine residues replace the two critical arginine amino
acids in the predicted BLI-4 cleavage motif (RARR to RASS) (Thacker et al., 1995), fails
to rescue the mutant AWC®N responses to salt (Figure 2.4a). We also tested ASEL
responses to salt in ins-6 mutants and found them to be normal (Figure 2.9d). These data
suggest that BLI-4 is required for the proteolytic processing that generates mature INS-6
peptides in ASEL, which signal to AWCY. However, the small, residual AWC®Y
responses to high salt observed in ins-6 mutants (Figure 2.4a) suggest that there are
additional neuropeptides relaying information from ASEL to AWC®™ neurons.

We hypothesized that INS-6 is also required for behavioral attraction to high
concentrations of salt. In a chemotaxis assay, we found that ins-6 mutants have a
significant deficit in attraction to high salt (750 mM, Figure 2.4b). ASEL-specific
expression of the ins-6 gene rescues this behavioral deficit; however, the mutant form of
ins-6, in which the BLI-4 cleavage motif is disrupted, does not rescue the behavioral
defect (Figures 2.4b and 2.7e). Furthermore, we found that these mutants behave
normally in low salt gradients (Figure 2.7f). Together, these results suggest a novel role

for BLI-4 cleavage in the production of a mature insulin-like peptide, INS-6, which
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recruits AWC®Y neurons to the high salt neural circuit and specifically potentiates
g p yp

attraction to high salt.

DAF-2/AGE-1 pathway acts in AWC®" in the high salt circuit

Previous studies showed that INS-6 binds the human insulin receptor and
functions as an agonist (Hua et al., 2003). Therefore, to identify the C. elegans INS-6
receptor and the downstream signaling machinery that might function in AWC®™, we
probed the canonical insulin-signaling cascade. We analyzed animals with hypomorphic
mutations in the C. elegans homolog of the mammalian insulin/IGF receptor tyrosine
kinase, daf-2 (Kimura et al., 1997). We found that AWC®™ responses to +50 mM salt are
greatly attenuated in daf-2 mutants (Figure 2.4c). Moreover, restoring function of this
receptor to AWC specifically is sufficient to restore normal AWC®™ responses to salt
(Figure 2.4c). We then tested partial loss of function mutants of age-1, the C. elegans
PI3-Kinase homolog, which has been shown to act downstream of the DAF-2 insulin
receptor (Dorman et al., 1995). AWC®™ NaCl responses are much reduced in age-1
mutants and normal responses are restored to animals when AGE-1 function is
specifically rescued in AWC®™ (Figure 2.4d). ASEL responses to salt are not affected in
daf-2 or age-1 mutants, suggesting that insulin signaling functions downstream of the
stimulus detection (Figure 2.9¢). These results indicate that AWC®™ neurons may use
DAF-2 and AGE-1 to detect the ASEL-released insulin-like peptides and to signal the
presence of large changes in salt to the downstream circuit.

In addition, we performed epistasis experiments to determine the genetic

relationship between these canonical insulin signaling pathway components and the
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ASEL neuropeptide processing and release machinery. We found that the endoprotease
BLI-4 acts upstream of the DAF-2 insulin receptor and AGE-1. Knocking down b/i-4 in
ASEL completely blocks DAF-2- and AGE-1-dependent AWC®™ responses to salt.
(Figure 2.4e, compared to Figure 2.4c,d). We also tested whether the weak AWCN
responses to +10 mM NaCl observed in the fom-1 knockdown (shown in Figure 2.3a)
were regulated by the same insulin signaling pathway. Consistently, we found that these
AWCN responses are lost in the ins-6, daf-2 or age-1 mutants (Figure 2.4f). This
suggests that an effect of ASEL-specific fom-1 knockdown may be to increase INS-6
release, and this peptide is necessary for the weak AWC®N responses to +10 mM NaCl.
Additionally, these results indicate that neuropeptide processing in ASEL and transmitter
release from ASEL function upstream of the insulin receptor and PI3-Kinase in the

pathway that recruits AWC®™ to the high salt circuit.

Discussion

Our results show that C. elegans chemosensory neural circuits are flexible and
their neuronal composition can be modified by sensory context and insulin neuropeptide
signals. Previous studies and our results show that ASEL responds to an increase in NaCl
in the environment (Suzuki et al., 2008). Notably, we show that the circuit downstream of
ASEL exists in two different configurations: at small changes in NaCl (< 20 mM), we
find that ASEL neurons signal directly to downstream, classically-defined interneurons
(Figure 2.10a). However, at larger changes in NaCl (> 20 mM), ASEL neurons release
INS-6 and other neuropeptides to functionally transform the AWC® sensory neuron into

an interneuron and recruit it into the salt circuit (Figure 2.10b). These results show that
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sensory context and peptide signals switch the response profile of AWC®™ neurons and
modulate the information that is relayed to downstream circuitry. Consistent with these
results, AWC plays a crucial role in transmitting information to the downstream AIA
interneurons and in mediating salt behaviors. Our behavioral analyses indicate that this
novel ASEL-AWC®N neuropeptide signaling is likely to potentiate attraction to high, but
not low concentrations of salt. The unique insulin-regulated high salt circuit configuration
may be critical in reinforcing salt appetite, perhaps to maintain ion homeostasis that is
needed for organ system functioning (Aburto et al., 2013). Similarly, investigations of
mammalian salt circuits show that distinct sets of taste sensory neurons detect high and
low salt, with particular neuronal populations contributing to appetitive behaviors
(Chandrashekar et al., 2010).

Insulin signaling is highly conserved between mammals and C. elegans, with
well-characterized roles in the regulation of food intake, glucose metabolism and aging
(Taguchi and White, 2008; Tissenbaum, 2012). In the mammalian brain, insulin signals
modulate the firing of hypothalamic neurons (Klockener et al., 2011) and olfactory
sensory neurons (Savigner et al., 2009). In C. elegans, neuronal insulin signaling
regulates chemotaxis (Tomioka et al., 2006), thermotaxis (Murakami et al., 2005) and
learning (Kauffman et al., 2010). However, less is known about the relevant machinery
for processing and releasing insulins. Our results demonstrate that insulin signals may be
released from dense core vesicles in a Calcium-dependent secretion activator (UNC-31)-
dependent manner, and this action remodels sensory circuits. Furthermore, our data
suggests that the insulin-like peptide, INS-6, is processed at a dibasic motif by a

proprotein convertase, BLI-4. Insulin-like peptides may in fact be cleaved through
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diverse mechanisms at different developmental stages and in different cell types. A recent
study showed that pan-neuronally expressed INS-6 can be processed by the proprotein
convertase EGL-3 (Hung et al., 2013). In this instance, the mature INS-6 peptide
functions as a long-range signal to instruct the development of the neuromuscular
junction (Hung et al., 2013). In contrast, our results show that BLI-4 in ASEL generates
mature INS-6 peptides that act locally to rapidly recruit AWC®™ into the adult salt circuit.
Additionally, INS-6 released from ASI neurons has been shown to influence the
transcription of another insulin (INS-7) and modify aversive olfactory learning (Chen et
al., 2013). These results show that the protein processing machinery regulates the activity
of mature peptides both spatially and temporally to modulate both the developing and
adult nervous systems. Moreover, these multi-functional roles of INS-6 in development
and circuit plasticity are consistent with previous studies showing distinct roles for the
same insulin ligand (Chalasani et al., 2010; Tomioka et al., 2006).

Our epistasis experiments demonstrate that BLI-4-dependent insulin processing in
ASEL occurs upstream of the insulin peptides binding to the insulin receptor tyrosine
kinase, DAF-2, and signaling via the PI3-Kinase, AGE-1 (Figure 2.10b). Salt-evoked
calcium responses in AWC®™ occur downstream of PI3-Kinase activation suggesting a
link between intracellular signaling and AWC®N neuronal activation. Moreover, our
results suggest that ASEL neurons may release other insulin-like peptides along with
INS-6 that likely also signal through this canonical insulin pathway to activate AWCY,

There is increasing evidence in a number of species that sensory signaling is
modulated by neuromodulators and external milieu. In Drosophila, variable levels of

metabotropic GABAg receptor expression expand the dynamic range of the olfactory
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system to drive flexible and ecologically appropriate behavioral outputs (Root et al.,
2008). Non-synaptic, lateral signaling between olfactory receptor neurons also modifies
the sensory information relayed to the downstream circuit in certain complex olfactory
contexts (Su et al., 2012). However, the underlying molecular machinery is largely
unknown. Collectively, these studies and ours provide additional detail about how
neuropeptides and other modulatory signals fine-tune sensory encoding to generate
flexible behaviors.

We show that sensory context (in our case the concentration of salt) causes a rapid
switch in the neural circuit and a novel ASEL-AWC®" insulin neuropeptide signaling
cascade mediates this switch. Neuropeptides have been previously shown to play crucial
roles in switching neural circuits, particularly in the stomatogastric ganglion of the crab
(Dickinson et al., 1990). Neuromodulators can switch individual neurons, such as VD
motor neurons, from a sub-circuit that drives a fast pyloric thythm to a slower gastric
rhythm circuit and vice versa (Hooper and Moulins, 1989; Weimann et al., 1991).
Interestingly, sensory context can also drive a switch in the vertebrate retinal circuitry. At
low light levels, inputs from cone and rod photoreceptors converge onto cone bipolar
cells. However, as light intensity increases or in presence of neuromodulators like
dopamine and nitric oxide, inputs from rod photoreceptors are turned off. Uncoupling the
amacrine All cells prevents rod cell signals from being relayed to cone bipolar cells to
accomplish this circuit modification (Baldridge et al., 1998; Xia and Mills, 2004).
Nevertheless, the precise mechanisms for releasing and detecting the modulatory cues
that switch these crustacean and mammalian circuits remain to be elucidated. Therefore,

while there is precedence for neuropeptides remodeling neural networks, we find that the
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ASEL-AWCMN-AIA circuit is unique in its context-dependent and insulin-mediated
functional transformation of the AWC®™ sensory neuron into an interneuron.

Finally, our results suggest that neural circuits are highly flexible and
neuroanatomy is only an important first step towards analyzing brain function. The
complete C. elegans wiring diagram was mapped from electron microscope
reconstructions (White et al., 1986). However, this information is not sufficient to explain
the intricate functioning of neural circuits in complex environments. We suggest one
explanation for this discrepancy: information can be relayed through numerous
alternative neural paths, including flowing through sensory neurons that transiently act
like interneurons, depending on environmental context and modulatory states. We
speculate that the highly interconnected nature of vertebrate brains (Markov et al., 2012)
represents alternate paths for information processing and propose that neuropeptide
signaling selects active routes based on context. These flexible neural circuit
configurations may be critical for responding to novel and dynamic sensory

environments.

Methods
C. elegans strains (Table 2.1) were grown and maintained under standard

conditions, at 20 degrees C (Brenner, 1974).

Molecular biology and transgenesis
cDNA corresponding to the entire coding sequences of osm-6, tom-1, unc-31, eat-

4, daf-2, and age-1 was amplified by PCR and expressed under cell-selective promoters.
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ins-6 genomic DNA was amplified by PCR and two point mutations (AC to TA) were
generated to change the basic arginine residues in the predicted BLI-4 cleavage
site(Thacker et al., 1995) to serines (using the Agilent QuikChange II Site-Directed
Mutagenesis Kit, primers 5’-CAATGCCACGAGCAAGTAGTGTTCCAGCACCAG
and 5’- CTGGTGCTGGAACACTACTTGCTCGTGGCATTG). Neuron-selective RNA1
transgenes were created as previously described by co-injection of equal concentrations
of sense and antisense oriented gene fragments driven by cell-specific promoters
(Esposito et al., 2007). For bli-4 knockdowns, a fragment matching exons 2—10,
containing the protease domain, was synthesized (GenScript) and subcloned in both
orientations. For light-inducible ASEL cell ablations and mock ablations, miniSOG was
targeted to the mitochondrial outer membrane (tomm-20(N’55AA)::miniSOG) and
expressed under an ASEL cell-specific promoter(Qi et al., 2012). Cell-specific expression
was achieved using the following promoters: gcy-7 for ASEL, gcy-5 for ASER, odr-3 or
ceh-36 for AWC, str-2 for AWCN, srsx-3 for AWCO™ ins-1 for AIA, gpa-4 for AWA
and ASI, str-3 for ASI, str-1 for AWB, sra-6 for ASH and sra-9 for ASK. For all
experiments, a splice leader (SL2) fused to a mCherry transgene was used to confirm
cell-specific expression of the gene of interest.

Germline transformations were performed by microinjection of plasmids at
concentrations between 25 and 100 ng/ul with 10 ng/ul of unc-122::rfp, unc-122::gfp or
elt-2::gfp as a co-injection marker. For rescue experiments, DNA was injected into
mutant C. elegans carrying GCaMP arrays. For cell-specific RNAi knockdown

experiments, sense and antisense DNA was injected into wild-type or mutant worms.



47

Calcium imaging

Transgenic worms with GCaMP expressed under a cell-specific promoter were
trapped in a custom designed PDMS microfluidic device (Chronis et al., 2007) and
exposed to salt stimuli. Fluorescence from the neuronal cell body was captured using a
Zeiss inverted compound microscope for 3 minutes. We first captured 10 s of baseline
activity in chemotaxis assay buffer (5 mM potassium phosphate (pH 6), 1 mM CacCl,, 1
mM MgSO,, and 50 mM NaCl), then 2 min of exposure to a higher NaCl concentration
chemotaxis buffer stimulus, and lastly 50 s of buffer only.

We used Metamorph and an EMCCD camera (Photometrics) to capture images at
a rate of 10 frames per s. For all sensory neurons, the average fluorescence ina 3 s
window (t = 14 s) was set as Fy. For the AIA interneuron imaging, baseline fluorescence
was more variable; therefore, a 10 s window (t = 0—10 s) was set as Fo. A Matlab script
was used to analyze the average fluorescence for the cell body region of interest and to
plot the percent change in fluorescence for the region of interest relative to Fy, as
previously described (Chalasani et al., 2007). For all figures, average and standard errors
at each time point were generated and plotted in Matlab. For statistical analysis, the
average fluorescence and standard error were calculated for each animal over the 10 s
period following the addition of the salt stimulus (t = 10-20 s). For the bar graph in the
benzaldehyde odor experiment (Figure 2.2¢), the average fluorescence and standard error
were calculated over the 10 s period after odor removal (t = 130-140 s), with the 3 s
window from t = 121-124 s set as Fy. Two-tailed unpaired #-tests were used to compare
the responses of different genotypes, and the Bonferroni correction was used to adjust for

multiple comparisons. No statistical methods were used to pre-determine sample sizes;
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however, our sample sizes are similar to those reported in previous publications
(Chalasani et al., 2007; Suzuki et al., 2008). Data distribution was assumed to be normal,
but this was not formally tested. Wild-type controls, mutants, and rescue strains for each
figure were imaged in alternation, in the same session. A single neuron was imaged in
each animal, and each animal was imaged only once. No data points were excluded.
Data collection and analysis were not performed blind to the conditions of the

experiments.

Chemotaxis assays

Chemotaxis assays to sodium chloride were performed as previously described
(Ward, 1973). Assays were performed on 2% agar plates (10 cm) containing 5 mM
potassium phosphate (pH 6), 1 mM CaCl, and 1 mM MgSO,. Concentration gradients of
NaCl were established by placing a 5 mm agar plug from a 100, 250, 500 or 750 mM
NaCl agar plate near the edge of the plate and a control 0 mM NaCl agar plug at the
opposite end of the plate. Plugs were removed after 18-20 hours and 1 ul of 1 M sodium
azide solution was spotted in the locations previously occupied by the plugs. Animals
were washed once in M9 and three times in chemotaxis buffer (5 mM potassium
phosphate (pH 6), I mM CaCl, and 1 mM MgSO,). Worms were placed on the plate and
allowed to move freely for one hour. The chemotaxis index was computed as the number
of worms in the region near the high salt minus the worms in the region near the control
divided by the total number of worms that moved beyond the origin. Experiments were
performed over 4 or more days; average chemotaxis indices of 9—15 assay plates are

presented. Our sample sizes are similar to those reported in previous publications
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(Chalasani et al., 2007; Tomioka et al., 2006; Ward, 1973; Wes and Bargmann, 2001).
Data distribution was assumed to be normal, but this was not formally tested. Two-tailed
unpaired #-tests were used to compare the responses of different genotypes, and the
Bonferroni correction was used to adjust for multiple comparisons. Data collection and

analysis were not performed blind to the conditions of the experiments.

Confocal cilia imaging

Anesthetized young adult worms were imaged on a 2% agarose pad. Images were
captured on a Zeiss LSM780 confocal microscope using a 40X objective and maximum
intensity projections were generated using Zeiss Zen software. Dendritic cilia were
imaged in 4—7 individual animals of each genotype, and the cilia morphology was found

to be nearly identical in all animals of the same condition.

miniSOG light-inducible cell ablation

ASEL neurons were ablated or mock ablated in larval (L4) stage transgenic
worms with miniSOG specifically targeted to the outer mitochondrial membrane of
ASEL. Ablation was performed, using a Zeiss inverted compound microscope equipped
with an X-Cite 120Q series fluorescence illumination lamp with the objective removed,
by exposing freely moving animals to 90 minutes of pulsed (0.5 s on, 1.5 s off) 488 nm,
blue light, as previously described (Qi et al., 2012). Animals appeared to move normally
and remain healthy after this illumination. Successful neuronal ablation was confirmed by
the absence of ASEL mCherry fluorescence 16 to 24 hours later (prior to calcium

imaging). A different wavelength (510 nm, green) light was similarly pulsed for mock
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ablation experiments (Qi et al., 2012) and it was confirmed that this did not alter ASEL

mCherry fluorescence.
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Figure 2.1: A distributed neural network encodes salt concentration. (a) Synapses and
synaptic weights (Chen et al., 2006) between ASEL, ASER and AWC sensory neurons
and onto AIA interneurons in the head of C. elegans. (b) Average GCaMP fluorescence
change in wild-type sensory neurons in response to +50 mM NaCl. (c) Fluorescence
change in wild-type ASEL (10 s averaged AF/F after salt addition is 31.74 £ 5.76 (s.e.m),
n=13) and AWC® (-6.97 + 0.81, n = 13) sensory neurons in response to +10 mM
NaCl. (d,e) AIA interneuron responses of wild-type, AWC-ablated, AWC-specific
knockdown of unc-31 (the C. elegans homolog of Calcium-dependent secretion activator)
and AWC-specific knockdown of eat-4 (the C. elegans vesicular glutamate transporter)
worms to +50 mM NaCl (d) and +10 mM NaCl (e). *Significantly different from wild-
type (P < 0.05, two-tailed #-test with Bonferroni correction). (b—e) Dark and light gray
shading indicates 2 minute +50 mM or +10 mM NaCl stimulus, respectively, beginning
att = 10 s. Numbers on bars indicate number of neurons imaged. Yellow box indicates
the 10 s after stimulus addition, for which the fluorescence change is averaged in the bar
graphs. The light color shading around curves and the error bars on bar graphs indicate
s.e.m. (f) Salt chemotaxis of wild-type, AWC-ablated, and che-1 (no ASE) mutant worms
to a range of salt concentrations. (g,h) Chemotaxis of wild-type, AWC-specific unc-31
knockdown, and AWC-specific eat-4 knockdown to a low 250 mM NaCl point source (g)
or a high 750 mM NacCl point source (h). Numbers on bars indicate number of assay
plates. (f~h) Error bars indicate s.e.m. *Significantly different from wild-type, as
indicated (P < 0.05, two-tailed #-test with Bonferroni correction).
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Figure 2.2: AWC®Y sensory neurons act as interneurons in the salt circuit. (a) Confocal
images and diagrams of the ASEL neuron (i) and cilia morphology (ii—iv) in wild-type
(1,i1), osm-6 mutant (iii), and osm-6; ASEL.:0sm-6 cell-specific rescue (iv). White arrow
indicates elaborated cilia structure in wild-type and osm-6; ASEL::0sm-6 cell-specific
rescue. Scale bar 10 um. (b,c) AWC®™ wild-type, osm-6 mutant, osm-6; ASEL::0sm-6
and osm-6; AWC::0sm-6 responses to +50 mM NaCl (b) and a 5x107 dilution of
benzaldehyde odor (c). (d) AWC®™ responses to +50 mM NaCl in wild-type and in
transgenic worms in which ASEL neurons were photo-ablated or mock ablated in larvae.
(b—d) Numbers on bars indicate number of neurons imaged. Yellow box indicates the 10
s time period for which the fluorescence change is averaged in the bar graphs. Light color
shading around curves and bar graph error bars indicate s.e.m. *Significantly different
from wild-type or mutant, as indicated (P < 0.05, two-tailed 7-test with Bonferroni
correction). +(P < 0.1, two-tailed #-test with Bonferroni correction).
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Figure 2.3: AWC®N salt responses require peptidergic neurotransmission from ASEL. (a)
AWC®N average calcium responses to +10 mM NaCl in wild-type (averaged AF/F after
salt addition is —6.15 = 1.32, n = 21) and ASEL-specific tom-1 (Tomosyn homolog)
knockdown (32.13 + 18.56, P < 0.05 compared to WT, n = 12). (b) AWC®™ responses to
+50 mM NaCl in wild-type (94.26 &+ 22.26, n = 15) and unc-13 mutants (102.38 = 30.70,
n = 12). (a,b) Numbers in parentheses are mean = s.e.m. (c,d) AWC®™ responses to +50
mM NaCl in unc-31 mutants and unc-31; ASEL::unc-31 cell-specific rescue (c), and egl-
3, bli-4, and ASEL-specific bli-4 knockdown (d). Numbers on bars indicate number of
neurons imaged. *Significantly different from wild-type or mutant, as indicated (P <
0.05, two-tailed #-test with Bonferroni correction). (a—d) Light color shading around
curves and bar graph error bars indicate s.e.m. (¢) High salt (750 mM point source)
chemotaxis of wild-type, AWC-ablated, ASEL-specific unc-31 RNAi, bli-4, and ASEL-
specific bli-4 RNAi worms. Numbers on bars indicate number of assay plates. Error bars
indicate s.e.m. *Significantly different from wild-type (P < 0.05, two-tailed #-test with
Bonferroni correction).
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Figure 2.4: INS-6 signals through DAF-2 and AGE-1 to remodel the ASEL-AWC®™ salt
circuit. (a) AWC®N calcium responses to +50 mM NaCl in wild-type, insulin-like peptide
ins-6 mutants, and ASEL.::ins-6 rescue with or without mutations that replace the two
critical arginine amino acids in the predicted BLI-4 cleavage motif with two serine
residues (*RASS). (b) High salt (750 mM point source) chemotaxis of wild-type, ins-6
mutant, ASEL. :ins-6 cell-specific rescue, and BLI-4 cleavage motif mutated ASEL: :ins-
6*RASS transgenic worms. Error bars indicate s.e.m. *Significantly different from wild-
type (P < 0.05, ¢-test with Bonferroni correction). (¢,d) Mutant AWC®™ responses to +50
mM NaCl. (c¢) Insulin-like receptor, daf-2, mutant and AWC: :daf-2 rescue. (d) PI3-
Kinase, age-1, mutant and AWC®": :age-1 rescue. (¢) AWC®™ responses to +50 mM NaCl
in wild-type and in transgenic animals with ASEL-specific knockdown of the peptide
processing enzyme bli-4 in a daf-2 mutant background with AWC-specific daf-2 rescue
or in an age-1 background with AWC™N-specific age-1 rescue. (f) AWC®N responses to
+10 mM NacCl in wild-type and in ASEL-specific tom-1 (Tomosyn) knockdown in a wild-
type background or in an ins-6, daf-2 or age-1 mutant background. (a,c—f) Light color
shading around curves and bar graph error bars indicate s.e.m. *Significantly different
from wild-type or mutant, as indicated (P < 0.05, two-tailed #-test with Bonferroni
correction). +(P < 0.1, two-tailed ¢-test with Bonferroni correction).
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Figure 2.5: Heat maps show individual ASEL and AWC®™ sensory neuron and AIA
interneuron responses to salt. (a) ASE and AWC chemosensory neurons in the head of C.
elegans. (b) Heat maps of ratio change in fluorescence to total fluorescence for ASEL
and AWC®™ responses to +50 mM NaCl show consistent calcium transients in response

to onset of salt stimulus. (c) Heat maps of ASEL and AWCN

responses to +10 mM NaCl

show consistent calcium transients from ASEL and no responses from AWC®™. (d) Heat
maps of ratio change in fluorescence to total fluorescence for AIA responses to +50 mM
NacCl in wild-type and AWC-ablated animals. Wild-type responses to the onset of +50
mM NaCl are reliably larger than AWC-ablated responses. () Heat maps of wild-type
and AWC-ablated AIA responses to +10 mM NaCl show similar small responses to the
increase in salt. (b—e) One row in heat map corresponds to one neuron. Dark or light gray
shading and black lines at 10 and 130 s indicate the duration of a +50 mM or +10 mM

NacCl stimulus.
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Figure 2.6: Sensory neuron responses to sodium chloride. (a) ASEL wild-type calcium
responses to increasing concentrations of NaCl (+10, 20, 30 and 50 mM) increase in
magnitude. (b) AWC wild-type neurons switch from a nonresponsive state when
stimulated with +10 mM NacCl to responding with increasing magnitude calcium
transients to +20, 30 and 50 mM NacCl stimuli. (c¢) ASE right (ASER) neurons do not
respond to the addition of a +50 mM NaCl stimulus; however, they display large calcium
transients upon stimulus removal, which is effectively a 50 mM decrease in salt
concentration. (d) AWC®™ neurons show large calcium transients in response to a 50
mM increase in NaCl, similar to AWC®™ (shown in Figure 2.1c). (¢) ASER neurons
respond do not respond to the addition of a +10 mM NaCl stimulus; however, they
display small calcium transients upon stimulus removal. (f) AWC®™ neurons do not
respond to +10 mM NaCl. (g) AWC™ does not respond to +100 mM sucrose. AWC®™ is
not a generalized osmolarity sensor since 100 mM sucrose is an equivalent osmolarity
change to 50 mM NaCl. (h) The amphid sensory neurons ASK, AWB and ASH do not
respond to +50 mM NaCl. AWB neurons show small increases in fluorescence upon the
removal of the salt stimulus. (a—h) Numbers on bars indicate number of neurons imaged.
Dark and light gray shading indicates 2 min +50 mM or +10 mM NacCl stimulus,
respectively, beginning at t = 10 s. Yellow box indicates the 10 s after stimulus addition,
for which the fluorescence is averaged in the bar graphs. Light color shading around
curves and bar graph error bars indicate s.e.m.



ke

ASEL

H+10 mM
H+20 mM
H+30 mM
H+50 mM

i 2
Time (min)

ASER
+50 mM NaCl

AF/F (%
3

7 p)
Time (min)

ASER
+10 mM NaCl

Time (min)

AWCON

+100 mM Sucrose

Time (min)

-

(62

o
1

(%)

-

o

o
T

on

(42
o

10 s averaged AF/F

after NaCl addit

o

- -

o g A

o o O
T 1

[S2)
o
T

10 s averaged AF/F
after NaCl addition (%)

o
>

- o

o a o

S S O
. :

()
o
T

10 s averaged AF/F
after NaCl addition (%)

a
o
T

o
f-

10 s averaged AF/F
after sucrose addition (%)

|
[$2)
o
T

250

200
—~150]
=)
~100]
50

AF/F

—100L-
0

250
200r

AWCON

O‘M

H+10 mM
H+20 mM
H+30 mM
B+50 mM

1 2
Time (min)

AWCOFF
+50 mM NaCl

1 p)
Time (min)

AWCOFF
+10 mM NaCl

O“hM
-50]

1 2
Time (min)

+50 mM NaCl

BWASK
BAWB
BWASH

Time (min)

1501

(%)

on

10 s averaged AF/F

after NaCl additi

-
[$2) o
o o

(=)

= |
o a
o O

-
o
(=)

(92
O

10 s averaged AF/F
after NaCl addition (%)

o

- -
[3) o g o
o =) o o o

10 s averaged AF/F
after NaCl addition (%)

|
o
o

N -
o n
o o

wn
o

10 s averaged AF/F
after NaCl addition (%)

o

|
a
(=)

12 12 12
o

58



59

Figure 2.7: AWC plays a specific role in high salt chemotaxis. (a) Schematic showing
genetic regulators of peptidergic (CADPS homolog/UNC-31) and amino acid or small
molecule (Munc13 homolog/UNC-13) synaptic neurotransmission from ASEL. BLI-4
and EGL-3 are proprotein convertase enzymes that proteolytically process neuropeptides
to generate mature peptides. (b) Schematic diagram of salt chemotaxis assay. (c) Low
250 mM NacCl point source salt chemotaxis does not differ between wild-type and the
AWC cell fate mutants nsy-/ (which has two AWC®N neurons and no AWC®" neurons)
and nsy-5 (which has two AWC®™" neurons and no AWC®Y neurons) (i). High 750 mM
NaCl point source chemotaxis is defective in both nsy-/ and nsy-5 mutants, suggesting
non-redundant roles for both AWC®™ and AWC®™ neurons in high salt behavior (ii). (d)
Low salt (250 mM NaCl point source) chemotaxis does not differ between wild-type and
the neurotransmission defective ASEL::unc-31 RNAi, bli-4, ASEL.:bli-4 RNAi,
AWCO"::bli-4 RNAi, and egl-3 worms. These results support the specific recruitment of
AWC under high but not low salt conditions and indicate that these mutants are capable
of normal salt chemotaxis under conditions when AWC is not recruited. (e¢) High salt
(750 mM NaCl point source) chemotaxis of wild-type worms compared to AWC?: :bli-4
RNAi, egl-3, and ins-6; ASI-specific ins-6 rescue. ASI-specific expression of ins-6 is not
sufficient to rescue the high salt chemotaxis deficit of this mutant. (f) Low salt (250 mM
NaCl point source) chemotaxis does not differ between wild-type, ins-6 mutants, ASEL-
specific rescue of ins-6 with or without two arginine to serine point mutations in the BLI-
4 cleavage motif (*RASS), and ASI-specific ins-6 rescue. (c—f) Number in each bar
indicates number of assay plates. *Significantly different from wild-type (P < 0.05, two-
tailed z-test with Bonferroni correction).
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Figure 2.8: osm-6 cilia control experiments support a role for AWC as an interneuron in
the salt circuit. (a) Confocal images of AWC®™ neuron (i) and cilia (ii—iv) morphology in
wild-type (i,i1), osm-6 mutants (iii) and osm-6; ASEL::0sm-6 rescue (iv). The elaborate
bilateral ciliary structure (indicated by the white arrows) in wild-type AWC®™N neurons is
lost in osm-6 mutants (iii) and is not rescued in osm-6, ASEL::osm-6 (iv). (b) ASEL
responses to +50 mM NaCl in wild-type and osm-6 mutants. ASEL responses to salt are
abolished in osm-6 cilia mutants. Yellow box indicates the 10 s after stimulus addition,
for which the fluorescence is averaged in the bar graph. Light color shading around
curves and bar graph error bars indicate s.e.m. *Significantly different from wild-type (P
< 0.05, two-tailed #-test). (c) Heat maps of ratio change in fluorescence to total
fluorescence for AWCON responses to +50 mM NaCl in wild-type, osm-6 mutants, osm-
6; ASEL::0sm-6, and osm-6, AWC::0sm-6. One row in heat map corresponds to one
neuron. Dark gray shading and black lines at 10 and 130 s indicate the duration of the
+50 mM NacCl stimulus.
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Figure 2.9: Mutant AWC and ASEL calcium responses to +50mM NaCl. (a) AWC®™"
neuron responses to +50 mM NacCl are similar in unc-13 and unc-31 neurotransmission
mutants compared to wild-type, suggesting that this neuron (unlike AWCY) may be a
direct and intrinsic salt detector. (b) AWC®™ responses to +50 mM NaCl are unaffected
by mutations in the proprotein convertases kpc-1 and aex-5. AWC®Y: :bli-4 RNAi has no
effect on AWC®N salt responses, indicating that BLI-4 does not act in this neuron. (c)
AWC®N ins-6 insulin-like peptide mutant responses to +50 mM NaCl are not fully
rescued by ASI expression of an ins-6 genomic DNA construct. (d) ASEL responses to
+50 mM NaCl are not significantly different in unc-13, unc-31 or ins-6 mutants
compared to wild-type. (¢) ASEL responses to +50 mM NaCl do not differ significantly
in bli-4, daf-2 or age-1 mutants compared to wild-type. (a—e) Yellow box indicates the 10
s after stimulus addition, for which the fluorescence is averaged in the bar graphs. Light
color shading around curves and bar graph error bars indicate s.e.m. *Significantly
different from wild-type (P < 0.05, two-tailed #-test with Bonferroni correction). n.s., not

significant.
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Figure 2.10: Salt neural circuit model. Proposed model for (a) ASEL encoding +10 mM
NaCl and (b) AWCON recruitment to encode +50 mM NaCl by BLI-4, UNC-31, INS-6,
DAF-2 and AGE-1 dependent signaling to mediate behavioral attraction.



Table 2.1: Strain list. List of all C. elegans strains.

Strain

‘ Genotype

‘ Name

Calcium imaging

2::GCaMP2.2b, unc-122::gfp]

CX10536 | kyEx2595 [str-2::GCaMP2.2b, unc- "AWC®™" in Figure

122::¢fp] 2.1b,c, 2.5b,c and 2.2b,g;
"WT" in Figures 2.2b—d,
2.3a—d, 2.4a,c—f, 2.8c and
2.9b,c

PS6253 | pha-1(e2123) III; syEx1238 [srsx- "AWC®™" in Figure
3::GCaMP3, pha-1::pha-1] 2.6d,f; "WT" in Figure

2.9a

V10 ueEx7 [gey-7::GCaMP3, unc-122::gfp] "ASEL" in Figure 2.1b,c,

2.5b,c and 2.6a; "WT" in
Figures 2.8b and 2.9d,e

V28 ueEx10 [gcy-5::GCaMP3, unc-122::gfp] | "ASER" in Figure 2.6c,e

CX10979 | kyEx2865 [sra-6::GCaMP3, unc- "ASH" in Figure 2.6h
122::gfp]

PY6554 oyEx[gpa-4p::gcamp2.2b, unc- "AWA" and "ASI" in
122::dsRed] Figure 2.1b

CX10981 | kyEx2866 [sra-9::GCaMP2.2b, unc- "ASK" in Figure 2.6h
122::gfp]

CX8446 kyEx1423 [str-1::GCaMP1.0, unc- "AWB" in Figure 2.6h
122::gfp]

Ivel ueEx8 [ins-1::GCaMP3, unc-122::gfp] "WT" in Figure 2.1d,e,

Figure 2.5d,e

1vV237 ueEx8 [ins-1::GCaMP3, unc-122::gfp]; "AWC(-)" in Figure
oyls [ceh-36del::caspase-3(pl2)::nz, ceh- | 2.1d,e and 2.5d,e
36del::cz::caspase-3(pl7), srtx-1::gfp,
unc-122::dsRED]

V307 ueEx8 [ins-1::GCaMP3, unc-122::gfp]; “AWC::unc-31 RNAi” in
ueEx104 [odr-3::unc-31 Figure 2.1d,e
sense:sI2mCherry, odr-3::unc-31
antisense:sI2mCherry, unc-122::rfp]

1V304 ueEx8 [ins-1::GCaMP3, unc-122::gfp]; “AWC::eat-4 RNAQ” in
ueEx4 [odr-3::eat-4 sense, odr-3::eat-4 Figure 2.1d,e
antisense, elt-2::gfp]

V75 osm-6(p811) V; kyEx2595 [str- "osm-6" in Figure 2.2b,c

and 2.8¢
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Table 2.1: Strain list, continued.

Strain Genotype Name

V92 osm-6(p811) V; kyEx2595 [str- "osm-6; ASEL::0sm-6" in
2::GCaMP2.2b, unc-122::gfp]; ueEx43 Figure 2.2b,c and 2.8c
[gey-7::0sm-6.:512mCherry, unc-122::rfp]

IV126 osm-6(p811) V; kyEx2595 [str- "osm-6;, AWC::0sm-6" in
2::GCaMP2.2b, unc-122::gfp],; ueEx56 Figure 2.2b,c and 2.8¢
[odr-3::0sm-6:s12mCherry, unc-122::rfp]

Ive7 kyEx2595 [str-2::GCaMP2.2b, unc- “ASEL(-)” and “Mock
122::gfp]; ueEx29 [gcy-7::tomm- ablated” in Figure 2.2d
20(N’554AA):miniSOG:sI2mCherry, unc-
122::rfp]

IVe65 kyEx2595 [str-2::GCaMP2.2b, unc- "ASEL::tom-1 RNAi" in
122::gfp]; ueEx30 [gcy-7::tom-1 Figures 2.3a and 2.4f
sense:sI2mCherry, gcy-7::tom-1
antisense:sI2mCherry, unc-122::rfp]

IVI15 unc-13(e51) I; kyEx2595 [str- "unc-13" in Figure 2.3b
2::GCaMP2.2b, unc-122::gfp]

V23 unc-31(e928) 1V; kyEx2595 [str- "unc-31" in Figure 2.3¢
2::GCaMP2.2b, unc-122::gfp]

V35 unc-31(e928) 1V; kyEx2595 [str- "unc-31; ASEL::unc-31"
2::GCaMP2.2b, unc-122::gfp]; ueExI15 in Figure 2.3c
[gcy-7::unc-31:512mCherry, unc-
122::rfp]

IV106 egl-3(tm1377) V; kyEx2595 [str- "egl-3" in Figure 2.3d
2::GCaMP2.2b, unc-122::gfp]

1v143 bli-4(e937) I; kyEx2595 [str- "bli-4" in Figure 2.3d
2::GCaMP2.2b, unc-122::gfp]

V251 kyEx2595 [str-2::GCaMP2.2b, unc- "ASEL::bli-4 RNAi" in
122::¢fp]; ueEx158 [gcy-7::bli-4 Figure 2.3d,e and 2.7d
sense:sI2mCherry, gcy-7::bli-4
antisense:sI2mCherry, unc-122::rfp]

V254 kyEx2595 [str-2::GCaMP2.2b, unc- "AWC"::bli-4 RNAi" in
122::¢fp]; ueEx161 [str-2::bli-4 Figures 2.7d,e and 2.9b
sense:sI2mCherry, str-2::bli-4
antisense:sI2mCherry, unc-122::rfp]

V174 kpc-1(gk8) I; kyEx2595 [str- "kpc-1" in Figure 2.9b
2::GCaMP2.2b, unc-122::gfp]

1V144 aex-5(sa23) I; kyEx2595 [str- "aex-5" in Figure 2.9b
2::GCaMP2.2b, unc-122::gfp]

V302 ins-6(tm2416) I1; kyEx2595 [str- “ins-6" in Figure 2.4a

2::GCaMP2.2b, unc-122::gfp]

and 2.9b
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Table 2.1: Strain list, continued.

Strain Genotype Name

V320 ins-6(tm2416) I1; kyEx2595 [str- “ins-6; ASEL::ins-6” in
2::GCaMP2.2b, unc-122::gfp] ; ueEx200 | Figure 2.4a,b, and 2.7f
[gcy-7::ins-6.:s12:mCherry, unc-122::rfp]

V311 ins-6(tm2416) I1; kyEx2595 [str- “ins-6; ASEL: :ins-
2::GCaMP2.2b, unc-122::gfp]; ueEx191 | 6*RASS” in Figure
[gcy-7::ins-6*RASS:s12:mCherry, unc- 2.4a,b, and 2.7f
122::rfp]

V312 ins-6(tm2416) I1; kyEx2595 [str- “ins-6; ASI::ins-6” in
2::GCaMP2.2b, unc-122::gfp],; ueEx192 | Figures 2.7e,f and 2.9¢
[str-3::ins-6:512:mCherry, unc-122::rfp]

V175 daf-2(el370) III; kyEx2595 [str- "daf-2" in Figure 2.4¢c
2::GCaMP2.2b, unc-122::gfp]

V209 daf-2(el370) III; kyEx2595 [str- "daf-2; AWC::daf-2" in
2::GCaMP2.2b, unc-122::gfp]; ueEx126 | Figure 2.4c
[odr-3::daf-2:s12mCherry, unc-122::rfp]

1V98 age-1(hx546) 11; kyEx2595 [str- "age-1" in Figure 2.4d
2::GCaMP2.2b, unc-122::gfp]

V128 age-1(hx546) 11; kyEx2595 [str- "age-1; AWC?"::age-1"
2::GCaMP2.2b, unc-122::gfp],; ueEx66 in Figure 2.4d
[str-2::age-1:512mCherry, unc-122::rfp]

Iv291 daf-2(el370) III; kyEx2595 [str- "daf-2; AWC::daf-2;
2::GCaMP2.2b, unc-122::gfp],; ueEx126 | ASEL::bli-4 RNAi" in
[odr-3::daf-2:s12mCherry, unc-122::rfp]; | Figure 2.4e
ueEx183 [gcy-7::bli-4 sense:sl2mCherry,
gey-7::bli-4 antisense:sl2mCherry, elt-
2::¢fp]

V281 age-1(hx546) 11; kyEx2595 [str- "age-1; AWC?::age-1;
2::GCaMP2.2b, unc-122::gfp]; ueEx66 ASEL::bli-4 RNAi" in
[str-2::age-1:s12mCherry, unc-122::rfp]; | Figure 2.4e
ueEx177 [gey-7::bli-4 sense:sl2mCherry,
gey-7::bli-4 antisense:sl2mCherry, elt-
2::¢fp]

V329 ins-6(tm2416) I1; kyEx2595 [str- "ins-6, ASEL::tom-1

2::GCaMP2.2b, unc-122::gfp],; ueEx30
[gcy-7::tom-1 sense:sI2mCherry, gcy-
7::tom-1 antisense:sI2mCherry, unc-

122::1fp]

RNAi" in Figure 2.4f
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Table 2.1: Strain list, continued.

Strain Genotype Name

1V285 daf-2(el370) III; kyEx2595 [str- "daf-2; ASEL::tom-1
2::GCaMP2.2b, unc-122::gfp]; ueEx30 RNAi" in Figure 2.4f
[gcy-7::tom-1 sense:sI2mCherry, gcy-
7::tom-1 antisense:sI2mCherry, unc-
122::rfp]

V284 age-1(hx546) 11; kyEx2595 [str- "age-1; ASEL::tom-1
2::GCaMP2.2b, unc-122::gfp]; ueEx30 RNAi" in Figure 2.4f
[gcy-7::tom-1 sense:sI2mCherry, gcy-
7::tom-1 antisense:sI2mCherry, unc-
122::rfp]

V77 osm-6(p811) V; ueEx7 [gcy-7::GCaMP3, | "osm-6" in Figure 2.8b
unc-122::gfp]

1V141 unc-13(e51) I; pha-1 (e2123) II; "unc-13" in Figure 2.9a
syEx1238 [srsx-3::GCaMP3, pha-1::pha-

1]

V44 unc-31(e928) 1V; pha-1 (e2123) III; "unc-31" in Figure 2.9a
syEx1238 [srsx-3::GCaMP3, pha-1::pha-
1]

IV104 unc-13(e51) I; ueEx7 [gcy-7::GCaMP3, "unc-13" in Figure 2.9d
unc-122::gfp]

V22 unc-31(e928) 1V; ueEx7 [gcy- "unc-31" in Figure 2.9d
7::GCaMP3, unc-122::gfp]

1V306 ins-6(tm2416) I1; ueEx7 [gcy- “ins-6" in Figure 2.9d
7::GCaMP3, unc-122::gfp]

1V149 bli-4(e937) I; ueEx7 [gcy-7::GCaMP3, "bli-4" in Figure 2.9¢
unc-122::gfp]

V172 daf-2(e1370) III; ueEx7 [gcy- "daf-2" in Figure 2.9¢
7::GCaMP3, unc-122::gfp]

IVo6 age-1(hx546) 11; ueEx7 [gcy-7::GCaMP3, | "age-1" in Figure 2.9¢
unc-122::gfp]

Behavior

N2 Bristol strain "WT" in all behavior

figures

PY7502 oyls [ceh-36del::caspase-3(p12)::nz, ceh- | "AWC(—)" in Figures
36del::cz::caspase-3(pl7), srtx-1::gfp, 2.1fand 2.3e
unc-122::dsRED]

PR672 che-1(p672) 1 "che-1" in Figure 2.1f
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Table 2.1: Strain list, continued.

Strain Genotype Name

IV183 ueEx7 [gey-7::GCaMP3, unc-122::gfp], "AWC::unc-31 RNAi" in
ueEx104 [odr-3::unc-31 Figure 2.1g,h
sense:sI2mCherry, odr-3::unc-31
antisense:sI2mCherry, unc-122::rfp]

V8 ueEx4 [odr-3::eat-4 sense, odr-3::eat-4 "AWC::eat-4 RNAi" in
antisense, elt-2::gfp] Figure 2.1g,h

V117 kyEx2595 [str-2::GCaMP2.2b, unc- "ASEL::unc-31 RNAi" in
122::gfp], ueEx57 [gcy-7::unc-31 Figure 2.3e and 2.6d
sense:sI2mCherry, gcy-7::unc-31
antisense:sI2mCherry, unc-122::rfp]

FX1377 egl-3(tmi1377) V "egl-3" in Figure 2.6d,e

CB937 bli-4(e937) 1 "bli-4" in Figure 2.3e and

2.6d

VC390 nsy-1(0k593) 11 “nsy-1” in Figure 2.6¢

CX7442 nsy-5(tm1896) 1 “nsy-5" in Figure 2.6¢

FX2416 ins-6(tm2416) 11 “ins-6" in Figure 2.4b

and 2.7f

Cilia imaging

V101 ueEx46 [gcy-7::s12mCherry, unc- "WT" in Figure 2.2a
122::rfp]

V102 osm-6(p811) V; ueEx46 [gcy- "osm-6" in Figure 2.2a
7::802mCherry, unc-122::rfp]

IV108 osm-6(p811) V; kyEx2595 [str- "osm-6; ASEL::0sm-6" in
2::GCaMP2.2b, unc-122::gfp]; ueEx43 Figure 2.2a
[gcy-7::0sm-6:s12mCherry, unc-
122::rfp]; ueEx46 [gcy-7::s12mCherry,
unc-122::rfp]

CX3695 kyls140 [str-2::GFP, lin-15(+)] 1 "WT" in Figure 2.8a

V177 osm-6(p811) V; kyls140 [str-2::GFP, lin- | "osm-6;, ASEL::0sm-6"

15(+)] I; ueEx43 [gcy-7::0sm-
6:s12mCherry, unc-122::rfp]

and non-
extrachromosomal array
siblings "osm-6" in
Figure 2.8a
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Table 2.2: BLI-4 cleavage sites in insulin-like peptides. The putative BLI-4 cleavage site
includes an arginine followed by two other amino acids (the second of which may be an
arginine or a lysine) and then another arginine (RXRR, RXKR, or RXXR, where X is any
amino acid). We compared the protein sequences of all insulin-like peptides to identify
the sites shown.

Mutant
AWC™N
+50mM

NaCl
response
deficit?

BLI-4 cleavage sites

Insulin Protein sequence
RXRR | RXKR | RXXR

MYWFRQVYRPSFFFGFLAILLLSSPTP
SDASIRLCGSRLTTTLLAVCRNQLCTG
ins-1 | LTAFKRSADQSYAPTTRDLFHIHHQQ - - - no
KRGGIATECCEKRCSFAYLKTFCCNQ
DDN
MNANFCLLFTTVTATYEVFGKGIEHR
ins2 NEHLIINQLDIIPVESTPTPNRASRVQK i i yes
RLCGRRLILFMLATCGECDTDSSEDLS
HICCIKQCDVQDIIRVCCPNSFRK
MKLSVVLALFIIFQLGAASLMRNWMF
DFEKELEHDYDDSEIGFHNIHSLMARS
ins-3 | RRGDKVKICGTKVLKMVMVMCGGE yes - yes no
CSSTNENIATECCEKMCTMEDITTKC
CPSR
MFSFFTYFLLSALLLSASCRQPSMDTS
KADRILREIEMETELENQLSRARRVP
ins-4 | AGEVRACGRRLLLFVWSTCGEPCTPQ yes - yes no
EDMDIATVCCTTQCTPSYIKQACCPE
K
MHSIVALMLIGTILPIAALHQKHQGFI
ins-5 LSSSDSTGNQPMDAISRADRHTNYRS i i yes
CALRLIPHVWSVCGDACQPQNGIDVA
QKCCSTDCSSDYIKEICCPFD
MNSVFTHFVLCALQVAASFRQSFGPS
MSEESASMQLLRELQHNMMESAHRP
ins-6 | MPRARRVPAPGETRACGRKLISLVMA yes - yes yes
VCGDLCNPQEGKDIATECCGNQCSDD
YIRSACCP
MPPIILVFFLVLIPASQQYPFSLESLND
QINEEVIEYMLENSIRSSRTRRVPDEK
KIYRCGRRIHSYVFAVCGKACESNTE
VNIASKCCREECTDDFIRKQCCP

ins-7a yes - yes no




Table 2.2: BLI-4 cleavage sites in insulin-like peptides, continued.
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Insulin

Protein sequence

BLI-4 cleavage sites

RXRR

RXKR

RXXR

Mutant
AWC™
+50mM
NaCl
response
deficit?

ins-7b

MYKVHYFLINTMPPIILVFFLVLIPASQ
QYPFSLESLNDQIINEEVIEYMLENSIR
SSRTRRVPDEKKIYRCGRRIHSYVFAV
CGKACESNTEVNIASKCCREECTDDFI
RKQCCP

yes

yes

no

ins-8a

MSPIILIFFLVFIPFSQQHTSLEESLNDR
IISEEVVEMLSEKEIRPSRVRRVPEQK
NKLCGKQVLSYVMALCEKACDSNTK
VDIATKCCRDACSDEFIRHQCCP

yes

yes

ins-8b

MKTLFNKRDKNIMIPQNSQFLKVFLD
EQNDIFMSPIILIFFLVFIPFSQQHTSLE
ESLNDRIISEEVVEMLSEKEIRPSRVRR
VPEQKNKLCGKQVLSYVMALCEKAC
DSNTKVDIATKCCRDACSDEFIRHQC
CP

yes

yes

ins-9

MIVTLIVFLVIGLQMAHLSQVSGNNE
NGFLNPFDLSQWSEEILHRQYHHHHH
HHHGNRARRTLETEKIYRCGRKLYT
DVLSACNGPCEPGTEQDLSKLCCGNQ
CTFVEIRKACCADKL

yes

yes

ins-10

MSLHFSTIQKTILLISFLLLVTLAPRTS
AAFPFQICVKKMEKMCRIINPEQCAQ
VNKITEIGALTDCCTGLCSWEEIRISCC
SVL

ins-11

MSSYRQTLFILIILIVIILFVNEGQGAPH
HDKRHTACVLKIFKALNVMCNHEGD
ADVLRRTASDCCRESCSLTEMLASCT
LTSSEESTRDI

ins-12

MQSNITASLFIALLIFGVISAAPSHEKT
HKKCSDKLYLAMKSLCSYRGYSEFLR
NSATKCCQDNCEISEMMALCVVAPN
FDDDLLH

ins-13

MKLLHIFIIFLLFQSCSNKMCQY SKKK
YKICGVALKHMKVYCTRGMTRDYG
KLLVTCCSKGCNAIDIQRICL

ins-14

MLTHLKFLLLVSLFINFAVSSEDIKCD
AKFISRITKLCIHGITEDKLVRLLTRCC
TSHCSKAHLKMFCTLKPHEEEPHHEI
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Insulin

Protein sequence

BLI-4 cleavage sites

RXRR

RXKR

RXXR

Mutant
AWC™
+50mM
NaCl
response
deficit

ins-15

MKLLPLIVVFALLAVISESYSGNDFQP
RDNKHHSYRSCGESLSRRVAFLCNGG
AIQTEILRALDCCSTGCTDKQIFSWCD
FRKLTRKEKQNYSGLIFRNLNRTQIVS
FLLCHVE

ins-16

MQSLPILACLLTLSVFAPEIHGRELKR
CSVKLFDILSVICGTESDAEILQKVAV
KCCQEQCGFEEMCQHALKIDKI

ins-17

MFSTRGVLLLLSLMAAVAAFGLFSRP
APITRDTIRPPRAKHGSLKLCPPGGAS
FLDAFNLICPMRRRRRSVSENYNDGG
GSLLGRTMNMCCETGCEFTDIFAICNP
FG

yes

yes

ins-18

MVHRLFIVLIAIILVAKSTAISLQQADG
RMKMCPPGGSTFTMAWSMSCSMRR
RKRDVGRYFEKRALIAPSIRQLQTICC
QVGCNVEDLLAYCAPI

yes

yes

no

ins-19

MIFYLTTYLVTMSPLFLILLLLVSTTYP
YIIDSSESYEVLMLFGYKRTCGRRLM
NRINRVCVKDIDPADIDPKIKLSEHCC
IKGCTDGWIKKHICSEEVLNFGFFEN

yes

ins-20

MDKPSYLSSKEAWKMLNELLKEPKH
HHHHHRHKGYCGVKAVKKLKQICPD
LCSNVDDNLLMEMCSKNLTDDDILQ
RCCPE

ins-21

MKTYSFFVLFIVFIFFISSSKSHSKKHV
RFLCATKAVKHIRKVCPDMCLTGEEV
EVNEFCKMGYSDSQIKYICCPE

ins-22

MHTTTILICFFIFLVQVSTMDAHTDKY
VRTLCGKTAIRNIANLCPPKPEMKGIC
STGEYPSITEYCSMGFSDSQIKFMCCD

NQ

no

ns-23

MFVLLIILSIILAQVTDAHSELHVRRV
CGTAIKNIMRLCPGVPACENGEVPSP
TEYCSMGYSDSQVKYLCCPTSQ

ins-24

MRSPTLFLLLLLVPLALCHVFSEPADL
ELKSYQALEKSLKEMGLIRANQGPQK
ACGRSMMMKVQKLCAGGCTIQNDD
LTIKSCSTGYTDAGFISACCPSGFVF
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Insulin

Protein sequence

BLI-4 cleavage sites

RXRR

RXKR

RXXR

Mutant
AWC™
+50mM
NaCl
response
deficit

ins-25

MLFKHILFFLLLQLSEAKPEAQRRCG
RYLIRFLGELCNGPCSGVSSVDIATIA
CATAVPIEDLKNMCCPNL

yes

ins-26

MRALVAILCLMALCHAAMLDELEMQ
KEVQEFHHMNGMLQEFMNKGLIGNH
HHGTKAGLTCGMNIIERVDKLCNGQ
CTRNYDALVIKSCHRGVSDMEFMVA
CCPTMKLFIH

ins-27

MKFFRLILLCALVLTTMAFLAPSTAA
KRRCGRLIPYVYSICGGPCENGDIIIEH
CFSGTTPTIAEVQKACCPELSEDPTEFSS

yes

ns-28

MMRSFFVLLALLAIVTSTASPTCGRA
LLHRIQSVCGLCTIDAHHELIAIACSR
GLGDKEIIEMCCPI

ins-29

MFCKFVFLIFLLISLSVATADFGAQRR
CGRHLVNFLEGLCGGPCSEAPTVELA
SWACSSAVSIQDLEKLCCPSNLA

yes

ins-30

MSSHALVLFLLLFLLPVALGHFLSKPA
PDPRITFNRKLAETLKELQDMGLIQAP
REPVVAAQGAKKTCGRSLLIKIQQLC
HGICTVHADDLHETACMKGLTDSQLI
NSCCPPIPQTPFVF

ins-31

MKMPLILLLLVAAASAFVHHFDHSMF
ARPEKTCGGLLIRRVDRICPNLNYTY
KIEWELMDNCCEVVCEDQWIKETFC
RAPRFNFFGPSFKALERSCGPKLFTRV
KTVCGEDINVDNKVKISDHCCTPEGG
CTDDWIKENVCKQTRFNFFRQFLDSP
QRSCGPQLFKRVNTLCNENINVENNV
SVSKSCCESAAGCTDDWIKKNVCTQ
HKPFVFRPGFY

yes

ins-32

MTSILLILLLVITVTGMFQELSDLQNL
HRFLEGLQGSSSLAVKSRSRRELICGR
RLSKTVTNLCVEMNPQKEEDIATKCC
KNKGCSREYIKSIMCPDE

yes

yes

no

ins-33

MANTCLILLLLLVIFVTVGFSMPRIFR
ASENGVNSSDEVSEELSYSPEEAMDL
VKQVIKVREQRRHRRHRHHGQKHC
GTKIVRKLQMLCPKMCTISDDTLLTE
MCSHSLFDDEIQLRCCPKEDE

yes

yes
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Insulin

Protein sequence

BLI-4 cleavage sites

RXRR

RXKR

RXXR

Mutant
AWC™
+50mM
NaCl
response
deficit

ins-34

MLHHKTLIIALLLTLFISGIDSLPFRKH
NNHRHLKNQKAQQLKEEATEAPTPA
PTTTKAPSGSATTTTTVKTTAAPLAQ
VNPQCLRRLTLLARGVCRQPCQPSDK
PKTSAQQLLQLACSARRPTNEQIISYC
CPEKSG

ins-35

MKQIFLVILAACLLAIILASPTGKHHK
MDENAFGINNRHCQRALKVYSFAICG
AICQNYEKILMEGCGSTVMLTMQRT
KLICCPEPVDSDELFN

ins-36a

MNIGKCSHFLLFCVFGSILSRAIRKRH
PEGKLVIRDCKRYLIMYSRTICKEKCE
KFDERNDITFSINLQFIFTDLLVEGCHS
NQTLSNERTRELCCPNAGSN

yes

ins-36b

MNIGKCSHFLLFCVFGSILSRAIRKRH
PEGKLVIRDCKRYLIMYSRTICKEKCE
KFDDLLVEGCHSNQTLSNERTRELCC
PNAGSN

yes

ins-37

MAAFLPIALSIAMLTVLTNANPIHPVP
NAAFLPYRSCGSHLVHRAFEACSGKK
DRSSDVDLWKMCCKDECTDLDIKES
LCKYASQGYGVKFEEEAEEIDMVSFA
AEGFKKSCGHDIVVKTVNVPTKISLK
QCARTRGWRRRPRRIPDKFNRVQNY
ACINCVKIK

yes

yes

ins-38

MNLFLLVCIAFAIITVTSFTPDEKSQRS
HVFSYKKHCGRRIVSLVQACDRIDHD
LSIDCCTQNCSSEFVKKIMCPSKL

ins-39

MNTFFFLAVLLVFCSAEQMTAKKEFST
KTSSPIPELQEVFATVAADEFPFHKAN
TQPLAIYLNISTPQDCIHKIFRMTISFCS
QVECQNMEAMQKICNTTTPTIKHVGE
LCCPEFFEQVKDDFVTLL

daf-28

MNCKLIAIFAVLVLSVSAHLGAQAAA
ANFKAEGPLSRAVRVPGVAVRACGR
RLVPYVWSVCGDACEPQEGIDIATQC
CTYQCTAEYIQTACCPRLLL

yes

10/40

1/40

20/40
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CHAPTER 3.

From genes to circuits and behaviors: neuropeptides expand the coding potential of

the nervous system

Abstract

Neuropeptide signaling remodels the composition of a chemosensory circuit and
shapes behavior in Caenorhabditis elegans. We reported that the ASEL (ASE left) salt
sensory neuron uses a proprotein convertase, BLI-4, to cleave the insulin-like peptide
INS-6. INS-6 peptides are released from the ASEL neuron in response to high, but not
low, salt stimuli. Fast INS-6 signaling functionally transforms the AWC olfactory
sensory neuron into an interneuron in the neural circuit for high salt. This new circuit
configuration potentiates behavioral attraction to high salt. Here, in the context of genes,
circuits and behaviors, we discuss the diverse modes of neuropeptide processing and
signaling, which expand the coding potential of the nervous system. First, neuropeptide
processing and release genes prepare insulin peptides to signal in the nervous system.
Second, this neuropeptide signaling diversifies the communication of neural circuits and
introduces circuit-level flexibility. Finally, the resulting multisensory neurons and circuits

drive finely tuned behavioral choices.
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Introduction

Neuropeptides, including insulins, have numerous roles in modulating neural
circuits and regulating the execution of diverse behaviors (Chalasani et al., 2010; Chen et
al., 2013; Harris et al., 2010; Savigner et al., 2009). In the nervous system, insulin
signaling regulates synapse development, the signal to noise ratio of olfactory sensory
neuron activity, gustatory and olfactory learning behaviors (Chen et al., 2013; Hung et
al., 2013; Marks et al., 2009; Savigner et al., 2009; Tomioka et al., 2006) and many other
circuit functions. Recently, we reported a novel sensory context-dependent and insulin
neuropeptide-mediated remodeling of a chemosensory neural circuit in Caenorhabditis
elegans (Leinwand and Chalasani, 2013). We defined an unexpected mechanism for the
processing and the release of insulin-like peptides, which change the composition of the
neural circuit driving behavior in response to changes in salt. Upon high salt stimulation,
the insulin-like peptide INS-6, which is processed by the proprotein convertase BLI-4, is
released from the ASEL salt sensory neuron (Figure 3.1¢) (Leinwand and Chalasani,
2013). The release of mature INS-6 peptides depends on the C. elegans homolog of
calcium-dependent secretion activator, UNC-31, which is a key regulator of
neuropeptide-containing dense core vesicle secretion (Figure 3.1¢) (Hammarlund et al.,
2008; Speese et al., 2007). INS-6 binds the DAF-2 insulin receptors on the AWC
olfactory sensory neuron, activating this cell (Figure 3.1¢) (Leinwand and Chalasani,
2013). Exciting the AWC neuron in this manner recruits AWC and its target interneurons
to the high salt circuit and specifically potentiates attraction behavior towards high salt

(Leinwand and Chalasani, 2013).
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In this commentary, we divide our discussion about the significance and context
of our novel findings into three sections focusing on genes, circuits and behaviors. At the
level of genes, we discuss our findings about novel roles for several genes in the
processing and release of insulins in the nervous system and speculate about the
generality of these molecular mechanisms. At the level of circuits, we describe how
neuropeptide signaling adds a dynamic new language of communication to the nervous
system, and we highlight the intriguing spatial and temporal constraints that expand the
neurotransmitter vocabulary. Finally, at the level of behaviors, we discuss how individual
neurons may act in flexible neural circuits to direct behavior towards multiple stimulus

modalities across species, in C. elegans, D. melanogaster and M. musculus.

Genes: a novel molecular mechanism for processing and releasing insulin peptides
Our work identified unexpected requirements for peptide processing and release
genes in the nervous system. Neuropeptides are processed post-translationally in multiple
steps. Proneuropeptides are cleaved by a proprotein convertase and then further modified
by a variety of other enzymes (Li and Kim, 2008). A family of kex2/subtilisin-like
proprotein convertases, which cleave these proneuropeptides, is conserved across
eukaryotes (Steiner, 1998). Four convertase family members have been identified in C.
elegans: egl-3, bli-4, kpc-1 and aex-5 (Thacker and Rose, 2000). Prior to our study, it was
hypothesized that these enzymes might cleave the 40 pro-insulin-like peptides in C.
elegans to produce mature insulins; however, no genetic, proteomic or physiology
experiments supported this theory (Husson et al., 2006; Li and Kim, 2008). Our research

demonstrates that the insulin-like peptide INS-6 is produced through a BLI-4 proprotein
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convertase-dependent cleavage step in the ASEL sensory neurons (Figure 3.1)
(Leinwand and Chalasani, 2013). In ASEL neurons, we confirmed that BLI-4 recognizes
an RXRR motif in INS-6 (Figure 3.1). This is the first description of a role for BLI-4 in
the nervous system. We speculate that BLI-4 also cleaves other neuropeptides. Given that
the BLI-4 cleavage site is highly conserved (RXRR or RXKR) (Thacker and Rose, 2000),
a molecular genetic approach would be ideal for determining the identity of the other
peptides that are also processed by this convertase.

The genes involved in releasing mature insulins in the nervous system were
predicted to be similar to those involved in the release of other neuropeptides; however,
this had not been confirmed experimentally. UNC-31, the homolog of calcium-dependent
secretion activator, is a key regulator of dense core vesicle priming, docking and
secretion (Hammarlund et al., 2008; Speese et al., 2007). Our results suggest that INS-6
peptides (along with other insulin-like peptides) are released from dense core vesicles in
an UNC-31-dependent manner (Figure 3.1) (Leinwand and Chalasani, 2013).
Interestingly, this insulin release from ASEL neurons activates AWC neurons only when
the animals experience sufficiently large changes in salt, 220 mM NaCl (Figure 3.1).
These large changes in salt cause significantly larger magnitude and longer duration
calcium transients in the ASEL neurons than smaller changes in salt (10 mM NaCl)
(Leinwand and Chalasani, 2013). Together, these findings suggest that insulin-containing
dense core vesicles are only released when sufficiently high levels of calcium
mobilization are achieved in the presynaptic neuron (Figure 3.1¢). In contrast, we
hypothesize that the lower levels of calcium in ASEL neurons resulting from low salt

stimulation are only enough to release small, clear synaptic vesicles containing small
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neurotransmitters such as glutamate. These results suggest that dense core vesicle release
occurs only when high, global levels of calcium have been reached after strong
stimulation, thereby supporting a theory that has long been proposed (Salio et al., 2006;
Verhage et al., 1991) and extending it to also include insulin-containing vesicles.
Additionally, our results provide the first illustration of circuit level and behavioral
consequences of the different calcium levels triggered by varying sensory stimulation
(Figure 3.1). Nevertheless, it cannot be ruled out that very low levels of dense core
vesicle release do occur with lower intensity salt stimulation. In this scenario, the few
peptides from these vesicles are simply insufficient to bind a high level of receptors on
the postsynaptic AWC neuron or cause a detectable increase in the AWC calcium signal.

Furthermore, the requirement for global calcium to produce dense core vesicle
release can be bypassed. TOM-1, the C. elegans homolog of Tomosyn, acts upstream of
UNC-31 to inhibit neurotransmission (Gracheva et al., 2007) (Figure 3.1b). If this brake
on neurotransmission is removed, then dense core vesicles can be released, even in the
absence of high, global calcium. We found that TOM-1 RNAi knockdown specifically in
ASEL neurons is sufficient to trigger low levels of dense core vesicle release in response
to low (10 mM) salt stimulation (Leinwand and Chalasani, 2013) (Figure 3.1b). This
manipulation activates the postsynaptic AWC neurons. Importantly, this result indicates
that insulin peptides are present in a readily releasable pool. High calcium levels or
upstream signaling simply function as the switches that permit exocytosis of the insulin-
containing dense core vesicles from this readily releasable pool.

We speculate that other invertebrate species as well as mammals use homologs of

the C. elegans insulin processing and release genes that we described. For example,
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insulin, insulin-like growth factors (IGF-1 and IGF-II) and the related relaxin ligands in
other species also require post-translational processing (Pierce et al., 2001), which could
be performed by proprotein convertases of the BLI-4 family. There is evidence that pro-
IGF-II is processed by a proprotein convertase, PC4, whose catalytic domain shares
significant homology with C. elegans BLI-4 (Qiu et al., 2005; Thacker and Rose, 2000).
This processing generates mature IGF-II that functions in the development of the human
placenta (Qiu et al., 2005). If IGF-II processing is abnormally reduced, then serious
developmental disorders result (Qiu et al., 2005). Taken together, the conservation of the
peptide processing machinery indicates that processing events play crucial roles in

generating mature insulins capable of signaling in animals and people.

Circuits: a neuropeptide language diversifies neural circuit communication

Insulins and other neuropeptides function as neuromodulators, co-transmitters and
independent transmitters (Nassel, 2009). The diverse functions of neuropeptides acting at
different spatial and temporal scales are still being appreciated. However, it is clear that
peptide signaling adds an additional nuanced language for encoding dynamic experiences
and driving complex behaviors (Bargmann, 2012). Whether a particular peptide signals
locally and rapidly (< 1 second) to relay information in a neural circuit or globally and
over longer developmental time periods cannot be predicted simply by the peptide
identity (Hung et al., 2013; Leinwand and Chalasani, 2013).

Neuropeptide processing, release and downstream signaling mechanisms are
likely to play a role in determining the bioactivity of peptides (Figure 3.2). A recent

study showed that INS-6 peptides released from ASI sensory neurons play a crucial role
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in shaping synapses at the neuromuscular junction (Hung et al., 2013) (Figure 3.2).
Furthermore, this study showed that a different proprotein convertase, EGL-3, processes
INS-6 in ASI neurons (Hung et al., 2013) (Figure 3.2). Taken together with our findings,
these results indicate that the same ligand can act on two different timescales: in less than
one second to recruit AWC neurons into the salt circuit when released from ASE neurons
(Leinwand and Chalasani, 2013) and over multiple hours to shape neuromuscular
synapses during development when released from ASI neurons (Hung et al., 2013)
(Figure 3.2). We suggest three possible mechanisms that could explain these interesting
dual roles for INS-6 peptides.

First, we speculate that properties of the neurons that release INS-6 ligands
regulate the functions of these neuropeptides. It is possible that ASE and ASI neurons
have differing release probabilities for INS-6 leading to these two functions. For
example, in the adult, ASE neurons likely release INS-6 acutely. Upon high salt
stimulation, ASE-released INS-6 immediately modifies the composition of the salt neural
circuit by recruiting AWC neurons (Leinwand and Chalasani, 2013). These INS-6
peptides act as fast, locally acting transmitters, much like classical small molecule and
amino acid neurotransmitters. In contrast, ASI neurons of young, larval stage animals
may release INS-6 fonically to influence the development of neuromuscular junctions.
The high level of INS-6 peptides released from ASI could influence neuromuscular
synapses over multiple hours (Hung et al., 2013).

A second possibility for the dual functions of INS-6 is that there is specificity in
peptide processing mechanisms. Since EGL-3 and BLI-4 proprotein convertases cleave

the same site in the INS-6 proneuropeptide, it is unlikely mature peptides with different
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sequences are released from ASI and ASE neurons (Hung et al., 2013; Leinwand and
Chalasani, 2013). However, it is possible that the proprotein convertases associate with
specific downstream processing components leading to differences in how INS-6 is
modified in these two neurons. For example, EGL-3-processed INS-6 could be amidated,
while BLI-4-processed INS-6 may not be modified in this same manner. Previous results
have shown that amidated peptides are more stable and can therefore exert their influence
over longer timescales (Li and Kim, 2008). This prediction of differential processing of
the mature INS-6 from ASI and ASE neurons can be easily tested. We suggest that a
mass spectrometry based approach is ideal for probing the status (amidation, acetylation,
etc.) of the mature INS-6 peptides that are specifically released from the ASI or ASE
neurons, respectively.

A third possibility is that the distance to and nature of the receiving cells enable
INS-6 to have these dual functions. In one instance, ASE and AWC neurons are in close
proximity to each other and share direct synapses (White et al., 1986). INS-6 signaling
between these two neurons is rapid and serves to modify the target neuron (AWC). In a
second instance, ASI-released INS-6 peptides have to travel many cell diameters in order
to influence distant motor neurons and their synapses on the body wall muscle (Hung et
al., 2013) (Figure 3.2). Moreover, the developing muscles targets retain the ability to
sense INS-6 over many hours. Additionally, the downstream signaling pathways in the
receiving cells may play a crucial role in transducing INS-6 signals over different
timescales. Neuropeptide degradation may also contribute to the scale of peptide actions.
NEP-1, a C. elegans proteolytic enzyme of the neprilysin family, could degrade

neuropeptides before they reach their targets (Turner et al., 2001). Varying degradation



87

rates across developmental stages or preferential degradation of unstable peptides (which
lack amidation) could differentially restrict peptide actions. These mechanisms could
enable related peptides to have divergent effects on near and distant targets.

We suggest that properties of the releasing and the receiving neurons constrain the
actions of all neuropeptides. Peptides could function either as local and fast acting or
long-range and slower signals. Peptides with these different temporal and spatial ranges
may also be processed in different ways. We speculate that similar mechanisms exist
to regulate the bioactivity of neuropeptides in other species. Taken together,
neuropeptides may signal across many temporal and spatial scales to introduce plasticity
into neural circuits. These wide-ranging signaling mechanisms reveal an additional layer
of complexity in the neuronal communication for coordinating developmental processes,

processing sensory information and driving flexible behaviors.

Behaviors: multisensory neurons and circuits drive finely tuned behavioral choices
Across species, multimodal neurons exist, which are activated by changes in
smell, taste, temperature and other sensory experiences. These multisensory neurons are
uniquely positioned to signal that global environmental conditions are improving or
worsening and to direct behavior. In C. elegans, a subset of sensory neurons responds
directly to multiple modalities (Biron et al., 2008). Neurotransmission recruits other C.
elegans neurons to circuits that encode several senses (Leinwand and Chalasani, 2013).
AWC neurons were first identified as olfactory sensory neurons (Bargmann et al., 1993).
However, recent work has shown that AWC neurons are also active under particular salt,

temperature and sex pheromone conditions (Biron et al., 2008; Kuhara et al., 2008;
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Leinwand and Chalasani, 2013; White et al., 2007) (Figure 3.3a). Excited AWC neurons
may release glutamate and neuropeptides, exclusively or in combination, to recruit
particular downstream effector circuits, thereby shaping behavioral outputs (Leinwand
and Chalasani, 2013; Ohnishi et al., 2011; White et al., 2007) (Figure 3.3a).

Insulin-mediated recruitment of the AWC neurons into the high salt circuit is
critical for strongly exciting downstream AIA interneurons (Leinwand and Chalasani,
2013). AWC uses neuropeptides, not glutamate, to signal high salt to AIA interneurons
(Leinwand and Chalasani, 2013). In the future, it will be interesting to determine the
identity of these AWC-released, UNC-31-dependent neuropeptides. Perhaps these
neuropeptides from AWC also activate or inhibit other interneurons. For instance, AWC
neuropeptides may recruit the AVA neurons to the high salt circuit, even though these
neurons are not targets of the ASEL neurons and may not participate in the low salt
circuit (White et al., 1986). Together, the interneurons and motor neurons downstream of
the AWC neurons potentiate chemotaxis behavior towards high concentrations of salt
(Leinwand and Chalasani, 2013). This circuit configuration may expand the upper end of
the dynamic range of salt-guided behaviors. This could promote additional salt
consumption and improved ion homeostasis for animal survival. Moreover, flexible,
AWC circuits may integrate information about salt conditions with all other AWC-
detected sensory modalities to regulate attraction behaviors (Figure 3.3a).

AWC neurons may express the receptors necessary for directly sensing
temperature and sex pheromones (Biron et al., 2008; White et al., 2007). AWC neurons
release glutamate to activate downstream interneurons and promote migration to warmer

temperatures (Ohnishi et al., 2011). In neural circuits for temperature, AWC neurons may
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integrate temperature information with all of the other environmental conditions that they
detect (Figure 3.3a). AWC neurons could then fine-tune a behavioral program that was
initiated by the broadly tuned primary thermosensory neurons, AFD (Figure 3.3a) (Biron
et al., 2008). The same principle may apply to AWC’s role in sex pheromone detection
and male mating (White et al., 2007). AWC may contribute a global view of the sensory
environment to shape male mating behavior, which was initiated by other sensory and
male specific neurons (White et al., 2007). Together, these results demonstrate a general
organizing principle: individual multisensory neurons can participate in overlapping
circuits that drive behaviors directed toward multiple sensory modalities.

Multisensory neurons and circuits have been found in many species with
significantly larger and more complex nervous systems than C. elegans (Dalton et al.,
2000; Ghazanfar and Schroeder, 2006; Keene et al., 2004). However, to maximize the
coding potential of their compact nervous system, C. elegans sensory neurons themselves
may actually perform the integration and other computations that are typically reserved
for higher order neurons of flies (D. melanogaster) and mammals. For instance,
information from peripheral olfactory sensory neurons and gustatory neurons may be
integrated in flies by the dorsal paired medial (DPM) neurons in the central nervous
system, for appropriate behavior in some memory tasks (Figure 3.3b) (Keene et al.,
2004). The neuropeptide AMN, a homolog of the mammalian pituitary adenylate cyclase-
activating peptide, is required acutely for this multisensory behavior (Figure 3.3b)
(Keene et al., 2004). Another study showed that insulin and short neuropeptide F
signaling modulates flies’ olfactory sensitivity and food-search behavior based on global

satiety signals (Root et al., 2011). Neuropeptides have also been shown to be important
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for various integrative behaviors in mammals (Dolen et al., 2013). For example, oxytocin
peptides from the hypothalamus alter release probability in the nucleus accumbens and
have effects on multisensory social behaviors and their reward value (Dolen et al., 2013).
In summary, animals of all species integrate diverse sensory cues with state-dependent
information to drive motor patterns that will improve the animal’s quality of life. As the
above examples show, neuropeptide signaling plays an important role in shaping the

multisensory neural circuits and their motor outputs.

Conclusions

Animals have neural circuits that enable them to process and respond
appropriately to dynamic, multisensory features of their environments. At the level of
genes, circuits and behaviors, we have highlighted mechanisms that expand the coding
potential of the nervous system. These principles of flexibility and neuropeptide
regulation, which were uncovered in C. elegans, are likely to be conserved in other
species. Therefore, they present a major challenge to researchers embarking on large-
scale brain activity mapping projects like the BRAIN initiative. Here, we summarize the
key points:
(1) Genes: Insulin neuropeptides are processed by a proprotein convertase, BLI-4. Mature
insulins are released from dense core vesicles in an UNC-31-dependent manner, upon
strong stimulation and a large rise in calcium.
(2) Circuits: Neuropeptides have spatial and temporal constraints on their bioactivity,
which may result from their processing, release and downstream signaling. The identity

of an insulin neuropeptide is insufficient to predict its function. Moreover, the vast
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diversity of neuropeptide signaling mechanisms adds a dynamic, new language to the
nervous system.

(3) Behaviors: C. elegans sensory neurons integrate multisensory cues to drive motor
outputs that are appropriate for the global environment. Higher order neurons in D.
melanogaster and mammals integrate multiple sensory stimuli with physiological needs
to coordinate behavior. Neuropeptide signaling also fine-tunes behavior by introducing

flexibility to the multisensory neurons and circuits.
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Figure 3.1: Genes: insulin neuropeptide processing and release machinery. (a-c)
Proneuropeptides are processed to generate mature neuropeptides. The proprotein
convertase BLI-4 recognizes and cleaves the pro-insulin-like peptide INS-6 at an RXRR
motif to generate mature INS-6, in the ASEL sensory neuron (Leinwand and Chalasani,
2013). (a) Low +10 mM NaCl stimulation is insufficient to release INS-6 containing
dense core vesicles in wild-type animals (Leinwand and Chalasani, 2013). (b) In ASEL
neuron-specific fom-1 RNAI transgenic animals, an inhibitor of dense core vesicle release
is removed. +10 mM NaCl stimulation in these transgenics results in the release of INS-6
containing dense core vesicles from the readily releasable pool, even in the absence of a
large increase in calcium. INS-6 signals through the DAF-2 insulin receptor on AWC
neurons (Leinwand and Chalasani, 2013). (c) In wild-type animals, high +50 mM NaCl
stimulation causes a large increase in calcium levels, which leads to UNC-31-dependent
release of INS-6 containing dense core vesicles (Leinwand and Chalasani, 2013).
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Figure 3.2: Circuits: neuropeptide processing, release and downstream signaling may
influence the bioactivity of insulin peptides in neural circuits. (a) INS-6 peptides are
processed by the proprotein convertase BLI-4 in ASEL sensory neurons (Leinwand and
Chalasani, 2013). INS-6 released from ASEL acts as a fast neurotransmitter, signaling to
nearby AWC neurons in less than a second (Leinwand and Chalasani, 2013). (b) INS-6
peptides are processed by the proprotein convertase EGL-3 in ASI sensory neurons
(Hung et al., 2013). Insulins from ASI function as slow, long-range signals to distant
body wall muscles (Hung et al., 2013).
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Figure 3.3: Behaviors: multisensory neurons integrate environmental cues to drive
appropriate behaviors. (a) C. elegans AWC neurons are multisensory. AWC neurons
sense and integrate information about odor together with salt information sent by the
ASEL salt sensory neurons and temperature information that is also detected by the AFD
thermosensory neurons (Bargmann, 2012; Biron et al., 2008; Leinwand and Chalasani,
2013). AWC neurons then release neuropeptides and/or glutamate to downstream
circuitry to drive behavioral attraction towards multiple sensory modalities (Chalasani et
al., 2010; Leinwand and Chalasani, 2013; Ohnishi et al., 2011). (b) D. melanogaster
olfactory and gustatory sensory neurons detect odorants and tastants in the environment
and relay the sensory information to the dorsal paired medial (DPM) neurons, which
function as multisensory integrators (Keene et al., 2004). DPM neurons release AMN
peptides to shape olfactory memory and behavior (Keene et al., 2004).
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CHAPTER 4.

Neural mechanisms regulating aging-associated behavioral decline in

Caenorhabditis elegans

Abstract

In humans and most animals, aging is associated with the deterioration of vital
sensory abilities including olfaction. However, it is unclear how aging impairs the
underlying neural circuits, leading to sensory behavioural declines. We identify an aging-
associated decline in C. elegans behavior to the volatile chemoattractant benzaldehyde
and map a novel underlying sensory circuit motif. Two primary sensory neuron pairs,
AWC and AWA, directly detect benzaldehyde and release insulin peptides and
acetylcholine to activate two secondary neuron pairs, ASE and AWB, and drive
behavioral plasticity. Interestingly, odor-evoked activity in the secondary, but not
primary, neurons degrades with age. Experimental manipulations to increase
neurotransmitter release from primary neurons rescue these aging-associated neuronal
deficits. Furthermore, the odor responsiveness of aged animals correlates with their
lifespan. Together, these results show how odors are encoded by primary and secondary
neurons and suggest reduced neurotransmission as a novel mechanism driving aging-

associated sensory neural activity and behavioral declines.
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Introduction

Aging animals endure a progressive decline in physiology, including systems-
level deterioration in muscular (Walston, 2012), immune (Castelo-Branco and Soveral,
2014), and neuronal functions (Gutchess, 2014; Hummel et al., 2007). In the nervous
system, these changes involve extensive interactions between genetic networks and
signaling pathways (Yin et al., 2013). Therefore, successful modelling of neuronal aging
requires an in vivo system that allows for extensive analysis of multiple genetic pathways
and their functional outputs throughout the animal’s lifespan. The nematode C. elegans is
a genetically tractable, short lifespan model, which has been used extensively to identify
conserved, organismal-level longevity pathways, such as insulin and mitochondrial
signaling (Wolff and Dillin, 2006). Its well-studied nervous system with just 302 neurons
(White et al., 1986b) has also been used to probe neuronal aging, identifying changes in
associative memory at early stages of aging (Kauffman et al., 2010) and later changes in
neuronal morphology (Toth et al., 2012) and motor neuron functions (Liu et al., 2013).
However, little has been done to investigate functional changes in neuronal circuits
during aging — an essential link between genes, individual cells and aging-associated
behavioral decline.

The aging of sensory neural circuits is of particular interest because of the
damaging effects on nutrition, quality of life and overall safety and survival across
species (Doty and Kamath, 2014). In young adults, sensory circuits process
environmental cues to drive robust appetitive and aversive behaviors, which are essential
for finding food and avoiding toxins (Bargmann, 2006). In mice and flies, distinctive,

sparse spatial patterns of neural activity form a population code for olfactory information
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(Oka et al., 2006; Wang et al., 2003). In contrast, previous studies have shown that C.
elegans uses single sensory neuron pairs to drive locomotion towards or away from
particular odor stimuli (Bargmann, 2006). For example, single cell ablation experiments
showed that the bilaterally asymmetric pair of AWC sensory neurons are necessary for
attraction to benzaldehyde odor, while the AWA sensory neuron pairs are required for
diacetyl odor attraction (Bargmann, 2006; Bargmann and Horvitz, 1991). The cell bodies
of the AWC and AWA neurons along with those of ten other neuron pairs are located in
the amphid ganglia (Figure 4.1a) (White et al., 1986a). All 24 of these neurons send their
dendrites to the nose where they detect environmental changes and relay that information
through their axons to the downstream circuitry (White et al., 1986b). We hypothesized
that multiple amphid neurons could encode odor information and performed the first
comprehensive analysis of odor-evoked neural activity in all amphid ganglia neurons. We
identified a novel circuit motif consisting of primary and secondary olfactory neurons
that encode odors and drive behavioral plasticity. Furthermore, we found that a selective
vulnerability of neurotransmitter release pathways to the deleterious effects of aging
underlies a specific decay of secondary olfactory neuron activity and aging-associated

behavioral decline.

Results

A Distributed Olfactory Neural Circuit Drives Aging-regulated Olfactory Behavior
C. elegans sensory neurons detect and drive locomotion towards point sources of

food odors (Bargmann, 2006). We used this chemotaxis behavior to probe the neural

circuit mechanisms underlying aging-associated behavioral decline (Figure 4.1b). We
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found that young adults were strongly attracted to benzaldehyde odor, while older
animals (day 4-6) showed a significant impairment (Figure 4.1¢). (For the remainder, we
analyzed young (day 1) adults and animals at a post-reproductive, early stage of aging
(day 5), which we refer to as “aged” adults). Importantly, this behavioral deficit is
unlikely to be caused by changes in locomotory ability since the speed of chemotaxing
aged animals did not differ from that of young adults (Figure 4.1d). Next, we used
functional calcium imaging to characterize the sensory circuit that detects benzaldehyde
and underlies this new model of aging-associated behavioral decline. Consistent with
previous studies, we observed a large calcium transient indicating increased AWC
activity upon removal of benzaldehyde (Figure 4.1e,f) (Chalasani et al., 2007).
Unexpectedly, we found additional benzaldehyde responsive neurons: the diacetyl
sensing AWA neurons (Bargmann et al., 1993) were activated by the addition of
benzaldehyde, while ASE and AWB neurons [that were previously shown to sense salts
(Bargmann and Horvitz, 1991) and volatile repellents (Bargmann, 2006; Troemel et al.,
1997), respectively] also responded to the removal of this stimulus in young adults
(Figure 4.1e,f). While the two AWC and ASE neurons can be genetically and
functionally separated (Suzuki et al., 2008; Wes and Bargmann, 2001), each one in the
pair showed similar responses to benzaldehyde stimuli; therefore, we chose to focus our
subsequent analysis on the AWC®™ and ASEL (left) neurons (Figures 4.1e and 4.2b,c).
Moreover, none of the other amphid neurons responded to this benzaldehyde stimulus
(Figures 4.1a,e.f and 4.2). Our data suggests that four pairs of sensory neurons (AWC,
AWA, ASE and AWB) signal the presence of benzaldehyde, with distributed patterns of

activity in subsets of these neurons defining active neural circuits for different
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concentrations of volatile attractants (Figures 4.1f and 4.2). (Throughout, unless low or
high benzaldehyde is specifically noted, a medium concentration of benzaldehyde was
used.) Furthermore, by genetically ablating individual neurons (Beverly et al., 2011;
Yoshida et al., 2012) and blocking synaptic transmission [with tetanus toxin (Schiavo et
al., 1992)], we found that signaling from all four of these benzaldehyde-responsive
sensory neurons is required for normal chemotaxis in young adults (Figure 4.1g).
Together, these results show that the specialized responses of narrowly tuned single
neurons are insufficient to encode odor; rather, a population code of activity across
several neurons is essential to drive olfactory behaviors, much like in other species (Oka

et al., 2006; Wang et al., 2003).

Primary and Secondary Olfactory Neurons Encode Benzaldehyde Odor
Previously, we defined two classes of sensory neurons: primary neurons, which
directly detect stimuli and secondary neurons, which respond to neurotransmission from
primary neurons (Leinwand and Chalasani, 2013). To classify the benzaldehyde-
responsive neurons, we examined genetic mutants that primarily block the release of
small, clear synaptic vesicles [Munc13 or unc-13 in C. elegans (Richmond et al., 1999)]
or neuropeptide-containing dense core vesicles [CAPS, calcium-dependent activator
protein for secretion, or unc-31 in C. elegans (Speese et al., 2007)]. We found that AWA
and AWC neurons retained their odor responsiveness in the absence of
neurotransmission, suggesting that these neurons directly detect benzaldehyde and are
primary olfactory sensory neurons (Figures 4.3a,b and 4.4a). In contrast, odor-evoked

ASE activity required neuropeptide signaling (Figures 4.3¢ and 4.4b,c). Restoring
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neuropeptide release function specifically to AWC neurons rescued ASEL activity in
unc-31 mutants, suggesting that AWC neurons release peptides to activate ASEL neurons
(Figure 4.3¢). Furthermore, AWB responses were blocked in unc-13 mutants, suggesting
that these neurons are recruited to this olfactory circuit by classical neurotransmitter(s)
(Figure 4.3d and 4.4d). Blocking synaptic transmission [with tetanus toxin (Schiavo et
al., 1992)] and our laser neuron ablations (Bargmann and Avery, 1995) suggest that the
AWA primary olfactory neurons signal to AWB neurons (Figures 4.3d and 4.4e).
Collectively, these data show a novel sensory circuit configuration in which the four
neurons are not equal: the olfactory circuit for benzaldehyde odor is composed of two
pairs of primary sensory neurons (AWC and AWA) that release neuropeptides and
classical neurotransmitters to activate two pairs of secondary neurons (ASE and AWB),

respectively.

Insulin Peptidergic and Cholinergic Transmission from Primary Olfactory Sensory
Neurons Activates Secondary Olfactory Neurons

We then mapped the neuropeptide and neurotransmitter pathways transferring
information from primary to secondary neurons. The C. elegans genome includes at least
122 neuropeptide genes and pathways to generate several classical neurotransmitters
including glutamate, GABA and acetylcholine (Hobert, 2013). To identify the cognate
neuropeptide(s) activating ASE neurons, we used ASE activity as readout to screen a
number of neuropeptide gene mutants. We found that the insulin-like peptide ins-/
(Pierce et al., 2001) was required for benzaldehyde-evoked ASEL responses (Figure

4.5a). Moreover, restoring INS-1 function specifically to AWC neurons rescued mutant
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ASEL activity deficits, suggesting that AWC neurons release INS-1 peptides to activate
ASEL neurons in the circuit (Figure 4.5a). We then investigated the receptor and
downstream signaling components in ASEL neurons that transduce the AWC-released
INS-1 signal. We found that odor-evoked ASEL activity required the canonical insulin
receptor [daf-2 in C. elegans (Pierce et al., 2001)] and PI3-Kinase [age-1 in C. elegans
(Morris et al., 1996)] signaling in ASEL neurons (Figure 4.5b,c). Furthermore, we found
that the insulin receptor mutant (daf-2) had a stronger reduction in ASEL activity
compared to the response in the insulin ligand mutant (ins-7) (Figure 4.5a,b). These
results suggest that AWC neurons may co-release additional insulin peptide(s) along with
INS-1 to bind the insulin receptor on ASEL neurons. Together, these results indicate that
AWC-released insulin peptides signal via the insulin receptor and PI3-Kinase to rapidly
activate ASE secondary neurons (within 5 seconds) and encode benzaldehyde stimulus.
We also mapped the classical neurotransmitter pathway recruiting AWB neurons
into the circuit. We found that mutations in the vesicular acetylcholine transporter, unc-
17, which packs acetylcholine into synaptic vesicles (Alfonso et al., 1994), reduced AWB
odor responses (Figure 4.5d). Restoring cholinergic function specifically in AWA
primary neurons was sufficient to activate the AWB secondary neurons (Figure 4.5d).
This AWA-released acetylcholine likely binds to one or more of the nearly 70 C. elegans
cholinergic receptors (Hobert, 2013). Importantly, we also confirmed that AWC and
AWA primary olfactory neuron dynamics were normal in all genetic mutants analyzed
(Figure 4.6). These experiments support the conclusion that changes in mutant secondary
neuron activity are downstream of sensory transduction in the primary neurons and

related to transmitter release from primary neurons. Together, these data show that
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benzaldehyde stimulus is encoded by two primary sensory neurons, which use insulin
peptidergic and cholinergic neurotransmission to activate two secondary neurons (Figure
4.5e). Thus, multiple neuropeptide and neurotransmitter pathways are integrated to shape

odor encoding and behavior.

Attractive Odor-evoked Activity of Secondary Neurons Specifically Decays with
Aging

We hypothesized that changes in neuronal activity in this circuit underlie the
aging-associated decline in benzaldehyde attraction (Figure 4.1¢). To test this, we
analyzed the responses of the primary (AWA and AWC) and secondary (ASE and AWB)
neurons to benzaldehyde in both young (day 1) and aged (day 5) animals. Overall, aging
did not affect the reliability, duration or magnitude of odor-evoked activity in AWCON
and AWA primary neurons (Figures 4.7a,b,e and 4.8a). In contrast, odor-evoked ASEL
and AWB secondary neuron activity was highly variable with aging, with many neurons
failing to show any responses to odor, revealing a possible mechanism for behavioral
decline (Figures 4.7c-e). Interestingly, the calcium transients of odor-responsive aged
ASEL and AWB neurons were indistinguishable from responses in younger animals
(Figures 4.7¢,d). These results suggest that ASEL and AWB neurons follow an “all-or-
none” rule in their benzaldehyde responses. Consistent with these results, we found that
the weak chemotaxis performance of aged animals towards benzaldehyde only required
the primary AWC and AWA neurons, and not the unreliable secondary ASE and AWB
neurons (Figure 4.7f). Conversely, we found that strong stimulation with a higher

benzaldehyde concentration, which is similarly repulsive in young and aged animals and
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encoded by a distinct but overlapping subset of neurons, could overcome the aging
associated activity declines, suggesting that the effects of aging are dose-dependent
(Figures 4.2b and 4.8b-e).

To test whether aging-associated decline was specific to benzaldehyde, we also
analyzed responses to a different volatile attractant, isoamyl alcohol. We observed a
similar aging-associated decline in neuronal activity and behavior to isoamyl alcohol
(Figure 4.9a-¢). These results suggest that declines in neuronal activity might be
generally associated with appetitive behavioral deficits in older animals. To further
examine this, we tested whether performance in the chemotaxis assay is correlated with
the odor responsiveness of the ASE and AWB secondary neurons (Figure 4.10a). We
found that aged animals that failed to chemotax towards benzaldehyde were significantly
more likely to have odor non-responsive ASE and AWB neurons than aged animals that
successfully found the odor source (Figure 4.10b-d). Taken together, these data reveal a
distributed neural circuit that detects attractive odors and suggest that benzaldehyde
behavioral declines arise from unreliable activity of aged secondary ASE and AWB
neurons in this circuit.

Next, we investigated whether aging impairs all or only selective functions of
ASE and AWB neurons. To test this, we analyzed responses to salt (sodium chloride) and
a repulsive odorant (2-nonanone), which are directly transduced by ASE (Bargmann,
2006; Suzuki et al., 2008) and AWB neurons (Troemel et al., 1997), respectively. We
found that neuronal activity and behavior in response to these stimuli remained reliable
and robust in aged animals (Figures 4.7g,h and 4.11a-d). These data indicate that

functionality of both ASE and AWB neurons in aged animals is sensory context
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dependent. Specifically, their primary responses to salt (ASE) and 2-nonanone (AWB)
are preserved, while their function as secondary neurons in encoding attractive

benzaldehyde stimuli is impaired during aging.

Increased Primary Neuron Release Rescues Aging-associated Secondary Neuronal
Activity and Behavioral Decay

Collectively, our results show that the secondary olfactory neurons (ASE and
AWB) have inconsistent attractive odor-evoked activity in aged animals. Therefore, a
breakdown in the peptidergic and cholinergic neurotransmission that recruits these
secondary neurons could underlie the aging-associated deficits in activity and behavior.
In order to identify the mechanisms for aging-induced neural declines, we manipulated
the primary to secondary neurotransmission pathway in four different ways. (1) First, we
hypothesized that aging down-regulates the levels of postsynaptic receptors. This would
reduce signaling in aged ASE neurons. We tested this hypothesis by overexpressing the
DAF-2 insulin receptor (Pierce et al., 2001) specifically in ASE neurons (Figure 4.12a,
left panel). We found no change in the reliability of these animals’ odor-evoked ASE
activity (Figures 4.12b and 4.13b). This suggests that receptor expression is not limiting
in these aged animals.

Next, we considered three mechanisms that could reduce the transmitter release
from primary neurons and leading to unreliable secondary neurons in aged animals. (2)
The primary sensory neurons may synthesize less neuropeptide or neurotransmitter as the
animal ages, causing a breakdown in signaling to recruit secondary neurons. To test this,

we over-expressed the neuropeptide INS-1 (Pierce et al., 2001) in the primary AWC
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neurons (Figure 4.12a, middle panel). This manipulation succeeded in improving the
reliability of odor-evoked activity in aged ASEL neurons, suggesting that increased
neuropeptide production, and consequently release, can rescue aging-associated deficits
(Figure 4.12b and 4.13a,b,g). (3) We hypothesized that insufficient neurotransmitters are
packed into vesicles in aged animals. To test this hypothesis, we over-expressed the
vesicular acetylcholine transporter, UNC-17, specifically in AWA neurons; a
manipulation that was previously shown to increase the quantity of acetylcholine packed
into and released from synaptic vesicles (Figure 4.12a, right panel) (Song et al., 1997).
This manipulation also significantly increased the reliability of aged AWB odor
responses (Figure 4.12¢ and 4.13¢,d) and significantly improved chemotaxis in aged
animals (Figure 4.12d), further supporting the idea that increased neurotransmitter
release rescues aged neuronal functions. (4) Finally, aged animals might have vesicle
priming, docking or fusion defects, which reduce the number of vesicles exocytosed,
leading to unreliable secondary neurons. We generated an AWC-specific knockdown of a
syntaxin-interacting protein that normally acts as a brake on all neurotransmission
[Tomosyn or tom-1 in C. elegans (Gracheva et al., 2007; Leinwand and Chalasani, 2013)]
to increase neuropeptide and neurotransmitter release from AWC neurons (Figure 4.12a,
middle panel). This increased release from AWC neurons generated more reliable ASEL
odor activity and improved chemotaxis in aged animals (Figures 4.12b,d and 4.13a,b).
Additionally, to increase acetylcholine release, we used a pharmacological agent,
arecoline, which is a cholinergic agonist known to act presynaptically to stimulate
synaptic vesicle fusion (Liu et al., 2013) (Figure 4.12a, right panel). Acute arecoline

treatment in aged animals significantly increased the probability of AWB odor responses
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(Figure 4.12¢ and 4.13¢,d). Importantly, none of these manipulations had significant
effects on young (day 1) animals’ ASEL and AWB neuronal activity (Figure 4.13a-g).
Thus, the results from all of our manipulations converge to show that increasing
neurotransmitter release from primary olfactory neurons improves neuronal functions in
aged animals. This identifies neurotransmission as particularly sensitive to aging’s
damaging effects. In particular, we suggest that neurotransmitter production, packing or
release decays with age and restoring these functions, even acutely, can alleviate aging-

induced deficits.

Olfactory Behavior of Aged Animals is Correlated with Lifespan

Finally, we investigated the consequences of individual variation in aged
olfactory abilities at the whole animal level by testing whether the olfactory abilities we
analyzed could be correlated with longevity. We performed chemotaxis assays and
separated the animals into two populations that did or did not navigate up an attractive
benzaldehyde gradient (Figure 4.12¢). We then assayed the lifespan of these two
populations of animals. Notably, we observed a significant extension (average of 16.2%
in three separate trials, p<0.001, Mantel-Cox test) in the lifespan of animals that
successfully chemotaxed to the odor as aged adults, compared to animals that failed to do
so (Figure 4.12f and Table 4.1). However, we found no difference in the lifespan of
animals that were sorted on the basis of their chemotaxis performance as young adults
(Figure 4.12g and Table 4.1). These results suggest that the olfactory prowess of aged
animals is indicative of whole animal physiology and health. These data also provide

further support for a conserved principle wherein inter-individual variation in aged



110

animal phenotypes contributes to heterogeneous lifespans (Pincus and Slack, 2010; Vijg,

2014).

Discussion

Our results define a new neural circuit mechanism for encoding sensory
information to drive behavior and demonstrate age-related functional declines in this
circuit. These data provide the first indication that C. elegans employ a similar olfactory
population coding strategy as in flies and mice, suggesting that this is essential for
behavioral plasticity (Oka et al., 2006; Wang et al., 2003). Moreover, we suggest that
primary olfactory neurons directly detect odors and use neurotransmission to recruit
additional secondary neurons. However, activity in the secondary neurons declines with
aging, leading to behavioral deficits.

We propose that the combination of primary and secondary neurons may be a
common motif in sensory neural circuits. We have previously shown that the C. elegans
salt neural circuit is composed of a primary salt sensory neuron, which releases different
insulin neuropeptides to recruit a secondary sensory neuron into the circuit in particular
sensory contexts (Leinwand and Chalasani, 2013). This combined primary and secondary
neuron population coding strategy is likely to increase the signal-to-noise ratios, thus
preventing failures to encode sensory information. This may enhance the ability of young
adults to successfully find food, perhaps to enhance reproductive success, while the
aging-associated declines occur in post-reproductive animals that may have reduced
nutritional demands. Furthermore, the insulin peptidergic and cholinergic signaling from

primary to secondary olfactory neurons could add salience to volatile food signals in a
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complex, multisensory environment. Previous studies have also shown that insulin
(Lacroix et al., 2008) and cholinergic receptors (Ogura et al., 2011) are expressed in
mammalian olfactory processing centers. Collectively, these results suggest a conserved
role for these signaling pathways in encoding odors. Detailed analyses of the architecture
of sensory circuits, including the neurotransmission between sensory neurons, in other
species are needed to determine whether the circuit motif described here is broadly
conserved.

We find that the activity of neurons functioning as secondary, but not primary,
neurons decays with age. These results suggest that sensory context rather than neuronal
identity is a key determinant of the reliability of sensory-evoked activity in aged animals.
Specifically, we speculate that the early aging-associated impairments are driven by
reduced neurotransmitter release from primary neurons, a mechanism likely applicable
across species. These results are consistent with reports of reduced synapse number in the
aged mammalian olfactory bulb, which should disrupt olfactory circuits (Richard et al.,
2010). We speculate that these differences in synaptic transmission explain some of the
inter-individual variability in aging phenotypes (Pinto et al., 2014; Vijg, 2014).
Subsequently, these circuit-level changes could produce hyposmia or anosmia, which
may be among the earliest predictors of lifespan and mortality across species (Liu et al.,
2013; Pinto et al., 2014; Toth et al., 2012). More generally, we suggest that alterations in
transmitter release, which disrupt neuronal communication throughout the brain

(Dickstein et al., 2007) are likely to underlie age-related cognitive and behavioral decline.

Methods
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C. elegans strains were grown and maintained under standard conditions
(Brenner, 1974). A complete listing of all strains used in this study and their genotypes is

located in Table 4.2.

Molecular biology and transgenesis

cDNA corresponding to the entire coding sequences of unc-31, daf-2, age-1 and
tom-1 and the ins-1 genomic region were amplified by PCR and expressed under cell-
selective promoters. unc-17 cDNA was synthesized (GenScript) and expressed under a
cell-selective promoter. Neuron-selective RNAI transgenes were created as previously
described by co-injection of equal concentrations of sense and antisense oriented gene
fragments driven by cell-specific promoters (Esposito et al., 2007). Cell-specific
expression was achieved using the following promoters: ceh-36deletion or odr-3 for both
AWC, str-2 for AWCY, srsx-3 for AWC?™, gpa-4 for AWA and ASI, gpa-4deletion for
AWA, gcy-7 for ASEL, gcy-5 for ASER, str-1 for AWB, sre-1 for ADL, srh-142 for
ADF, gcy-8 for AFD, ops-1 for ASG, sra-6 for ASH, trx-1 for ASJ and sra-9 for ASK.
For all experiments, a splice leader (SL2) fused to a mCherry or gfp transgene was used
to confirm cell-specific expression of the gene of interest.

Germline transformations were performed by microinjection of plasmids (Mello
and Fire, 1995) at concentrations between 25 and 200 ng/ul with 10 ng/ul of unc-
122::rfp, unc-122::gfp or elt-2::gfp as co-injection markers. For rescue and
overexpression experiments, DNA was injected into mutant or wild-type C. elegans

carrying GCaMP arrays.
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Calcium imaging

Transgenic worms expressing GCaMP calcium indicators under a cell-selective
promoter were trapped in a custom designed PDMS microfluidic device and exposed to
odor stimuli (Chalasani et al., 2007; Chronis et al., 2007). For aging experiments, a new
PDMS device with larger channels was designed to trap and stimulate day 5 adult worms
(Chokshi et al., 2010). Older, day 6 adult worms exhibit much larger variation in whole
animal size than day 5 adults and could not be trapped consistently without introducing
bias into the experiment. Fluorescence from the neuronal cell body was captured using a
Zeiss inverted compound microscope for 3 minutes. We first captured 10s of baseline
activity in chemotaxis assay buffer (SmM K;PO4 (pH 6), ImM CaCl,, ImM MgSO,, and
50mM NaCl), then 2 minutes of exposure to an odor (or salt) dissolved in chemotaxis
buffer stimulus, and lastly 50s of buffer only. Benzaldehyde refers to a 1:20,000 dilution
in chemotaxis assay buffer, except where low benzaldehyde (1:1,000,000) or high
benzaldehyde (1:1000) is specifically mentioned. Additionally, a 1:10,000 dilution of
isoamyl alcohol, 1:1000 dilution of 2-nonanone and 50mM sodium chloride were used as
indicated. For arecoline experiments, worms were pre-treated with 0.15mM arecoline in
chemotaxis buffer for approximately 20 minutes and immediately imaged in the presence
of the drug. Laser ablations of the paired AWC, AWA, ASE or ASH sensory neurons,
along with control mock ablations, were performed as previously described (Bargmann
and Avery, 1995) in transgenic animals expressing GCaMP in the AWB neurons. A
single neuron was imaged in each animal, and each animal was imaged only once.

We used Metamorph and an EMCCD camera (Photometrics) to capture images at

a rate of 10 frames per second. The average fluorescence in a 8s window (t=1-9s) was set
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as Fo. A Matlab script was used to analyze the average fluorescence for the cell body
region of interest and to plot the percent change in fluorescence for the region of interest
relative to Fy, as previously described (Chalasani et al., 2007). For all figures, average
and standard error at each time point were generated and plotted in Matlab. For statistical
analysis, the average fluorescence and standard error were calculated for each animal
over a short period corresponding to the duration of a response. Specifically, to analyze
on responses to the addition of stimulus, the average fluorescence and standard error were
calculated in the 10s period following the addition of odor (or salt) (t=10-20s). For AWA
neurons, the response duration was very brief; therefore, a 4s time period was used
instead (t=10-14s) so that small, fast responses could be appropriately quantified. To
analyze off responses to the removal of stimulus, Fy was set to the time just prior to odor
removal (t=121-129s) and then the average fluorescence and standard error were
calculated in the period following the removal of odor (t=130-140s for all cells except
ASE, and t=130-145 for the slower, longer duration ASE responses). To determine
whether there was an odor-evoked increase or suppression of the calcium signal (see
Figure 4.1f), the average fluorescence in these time windows in buffer only trials was
compared (by a two-tailed unpaired t-test) to the average fluorescence in odor stimulation
trials, for each neuron. Two-tailed unpaired z-tests were used to compare the responses of
different genotypes, and the Bonferroni correction was used to adjust for multiple
comparisons. For all aging experiments, the percent of odor responsive neurons was
calculated by determining the proportion of cells displaying an average fluorescence
(DF/F) greater than 10 percent. 10 percent DF/F was used as the cut-off for odor

responsiveness because, for any sensory neuron imaged, buffer changes only elicited
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such a response in fewer than 5% of trials, making it a conservative measure of odor
responsiveness. For aging experiments, a two-tailed Chi-Square test was used to compare
the percent of odor responsive neurons in different conditions. Wild-type controls,
mutants, and transgenic or drug treated strains for each figure were imaged in alternation,

in the same session.

Chemotaxis assays

Odor chemotaxis assays were performed as previously described (Ward, 1973).
For aging assays, worms were synchronized by hatch offs in which 8 young adult worms
were given 150 min to lay eggs on a large plate before being picked off. These eggs were
grown at 20 degrees until the appropriate day of adulthood. Chemotaxis assays were
performed on 2% agar plates (10cm diameter) containing SmM potassium phosphate (pH
6), ImM CaCl, and 1mM MgSO4. Animals were washed once in M9 and three times in
chemotaxis buffer (SmM K3PO4 (pH 6), ImM CaCl, and ImM MgSQy,). Odor
concentration gradients were established by spotting diluted benzaldehyde or isoamyl
alcohol (1:2000, in ethanol) near the edge of the plate, with a control 1ul of ethanol
spotted at the opposite end of the plate. Where noted, 1ul of neat benzaldehyde was used
for high concentration point source assays. For 2-nonanone experiments, a 1:2 dilution of
2-nonanone in ethanol was used. For salt chemotaxis experiments, salt gradients were
established by placing a control or a high salt (500mM NaCl) agar plug on the assay plate
and allowing 16-20 hours for the salt to diffuse and form a gradient (Leinwand and
Chalasani, 2013). 1ul of sodium azide was added to the odor (or salt) and the control

spots to anesthetize animals reaching the end points. Washed worms were placed on the



116

plate and allowed to move freely for one hour. The chemotaxis index was computed as
the number of worms in the region near the odor (or salt) minus the worms in the region
near the control divided by the total number of worms that moved beyond the origin.
Nine or more assays were performed on at least three different days. Two-tailed unpaired
t-tests were used to compare the responses of different genotypes or ages, and the

Bonferroni correction was used to adjust for multiple comparisons.

Correlated chemotaxis and imaging experiments

Transgenic worms bearing GCaMP arrays, synchronized by a hatch off as
described above, were grown until day 5 of adulthood at 20 degrees. Animals were tested
in a (1:2000) benzaldehyde odor chemotaxis assay as above, with two modifications.
First, no sodium azide was used to paralyze the animals. Second, animals were given
only 30 min to move freely on the chemotaxis plate. The chemotaxis assay plate was then
cut into three regions corresponding to the benzaldehyde odor side, the middle, and the
ethanol control region immediately after 30 min and worms were washed off each section
separately and allowed to recover on OP50 bacteria plates for at least 90 min. Worms
from the odor and the control sections of the chemotaxis assay were imaged in alternation

as described above.

Lifespan assays
Worms, synchronized by a hatch off as described above, were grown until day 1
or 5 of adulthood at 20 degrees. Animals were tested in a (1:2000) benzaldehyde odor

chemotaxis assay as above, but without sodium azide and with only 30 min for the
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animals to move freely on the chemotaxis plate. The chemotaxis assay plate was then cut
into a benzaldehyde odor, middle, and ethanol control region and worms were washed off
each section separately. 100 adults from the odor region or the control region were
transferred onto 10 small OP50 plates (10 adults per plate) and grown at 20 degrees.
Survival was analyzed every other day and worms were scored alive or dead based on
their response to a gentle head touch (or lack thereof) as previously described (Kenyon et
al., 1993). Worms were censored if they bagged, exploded or desiccated on the side of
the plate. The chemotaxis assay followed by lifespan analysis was repeated three times
per condition, on separate days. The percent change in mean survival was calculated as
the mean survival of animals from the odor side minus the mean survival of animals from
the control side divided by the mean odor side survival. Statistical analysis of lifespan
was performed by the Mantel-Cox Log-Rank test, using GraphPad Prism and OASIS

(Yang et al., 2011).

Speed analysis

Chemotaxis assays to benzaldehyde were set up as described above, but with
modifications to enable automated analysis of animal speed. 200mM Cu(I)SO4-soaked
filter paper was placed on a standard chemotaxis assay plate to contain the worms in a
reduced chemotaxis arena (1.25 by 1.25 inch square). 1ul of benzaldehyde (diluted
1:2000 in ethanol) and a control 1ul of ethanol were spotted at opposite corners of the
square arena, without any paralytic. After washing, only 5 worms were placed on the
chemotaxis plate; this number minimized collisions and enabled more accurate tracking.

The movement of the animals was tracked over 60 min using a Pixelink camera and
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speed was analyzed with custom Matlab code to track the centroid of the animal (Ramot
et al., 2008). The results from eleven chemotaxis plates were averaged for each age. NS

indicates P > 0.05, two-tailed t-test.

Aged worm measurements

Day 5 and day 6 adult worms from hatch offs performed on three separate days
were immobilized with tetramisole and imaged on 2% agarose pads. Images were
captured on a Zeiss Observer D1 microscope using a 10X objective with DIC. The

perimeters of 55 worms were measured using MetaMorph software.
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Figure 4.1: Population coding in a distributed olfactory circuit drives aging-regulated
olfactory behavior. (a) Image of a young adult C. elegans and schematic depicting the
twelve pairs of sensory neurons in the anterior amphid ganglia whose dendrites project to
the nose of the animal to detect sensory stimuli. (b) Chemotaxis assay schematic
depicting C. elegans attraction to the odor benzaldehyde (BZ). (c) Chemotaxis
performance of wild-type worms from young adulthood (day 1) through early stage aging
(day 6) towards a point source of benzaldehyde. (d) Speed of wild-type young (day 1)
and aged (day 5) adult animals chemotaxing towards a point source of benzaldehyde
odor. Numbers on bars indicate number of assay plates and error bars indicate s.e.m. NS,
p > 0.05, two-tailed #-test. (e) Average GCaMP fluorescence change in young adult (day
1), wild-type sensory neurons in response to benzaldehyde stimulation. Shaded box
indicates two minute benzaldehyde odor stimulation beginning at t=10s. The light color
shading around curves indicates s.e.m. and numbers in parentheses indicate number of
neurons imaged. (f) Summary chart of the calcium responses of all amphid sensory
neurons to various concentrations of benzaldehyde odor. This chart shows the
composition of the C. elegans olfactory neural circuit and depicts a sensory neuron
population code for odor concentration. The calcium signal in particular neurons (as
indicated) is suppressed by the addition of odor (see methods section). (g) Young adult
(day 1) benzaldehyde chemotaxis performance of wild-type, AWC or AWB or ASH
neuron-specific genetic ablation, AWA neuron-specific tetanus toxin expression worms
or che-1 mutants missing ASE neurons (Uchida et al., 2003). (c,g) Numbers on bars
indicate number of assay plates and error bars indicate s.e.m. *p < 0.05, two-tailed #-test
with Bonferroni correction, compared to young adults or wild-type. (c-e,g) A medium
concentration of benzaldehyde odor is used for all behavior and imaging experiments,
except as noted in Figure 4.1f.
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Figure 4.2: Olfactory population coding in young adult C. elegans. (a) Average calcium
responses of young adult, wild-type amphid sensory neurons to medium benzaldehyde.
(b,c) Average GCaMP fluorescence change in young adult, wild-type (b) AWC®™ or (c)
ASE right (ASER) sensory neurons in response to low, medium or high concentration
benzaldehyde stimulus. (d-g) Average calcium responses of wild-type amphid sensory
neurons to (d,e) low and (f,g) high concentration benzaldehyde stimulus. (a-g) Shaded
box represents two minute benzaldehyde stimulation beginning at t=10s. Light shading
around curves indicates s.e.m. and numbers in parentheses indicate number of neurons

imaged.
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Figure 4.3: Primary and secondary olfactory neurons directly and indirectly detect
benzaldehyde odor, respectively. (a,b) Average young adult (a) AWC® and (b) AWA
neuron calcium responses to benzaldehyde in wild-type, unc-13 mutants with impaired
synaptic vesicle release, and unc-31 mutants with impaired dense core vesicle release. (c)
ASEL responses to benzaldehyde in unc-31 mutants and unc-31;, AWC-specific unc-31
rescue. (d) AWB responses to benzaldehyde in unc-13 mutants and animals with AWA-
specific expression of tetanus toxin. (a-d) Shaded box indicates two-minute benzaldehyde
odor stimulation. Yellow box indicates the time period after stimulus change for which
the fluorescence change was averaged in the bar graphs. The light color shading around
curves and bar graph error bars indicate s.e.m. Numbers on bars indicate number of
neurons imaged. *p < 0.05 or +p < 0.1, two-tailed #-test with Bonferroni correction,
compared to wild-type or mutant as indicated.
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Figure 4.4: Primary and secondary olfactory neurons respond to benzaldehyde. (a-d)
Average calcium responses of young adult (a) AWC®™, (b) ASER, (¢) ASEL and (d)
AWB neurons in wild-type, unc-13 mutants with impaired synaptic vesicle release, and
unc-31 mutants with impaired dense core vesicle release to benzaldehyde stimulation. (e)
Average young adult AWB neuron responses to benzaldehyde in control mock-ablated
animals compared to animals with AWC, AWA, ASE or ASH sensory neurons laser
ablated (at an early larval stage). (a-¢) Shaded box indicates two-minute benzaldehyde
odor stimulation beginning at t=10s. Yellow box indicates the time period after stimulus
change for which the fluorescence change was averaged in the bar graphs. Numbers on
bar graphs indicate number of neurons imaged. Light color shading around curves and
bar graph error bars indicate s.e.m. *p < 0.05, two-tailed #-test with Bonferroni
correction, compared to wild-type or mock ablated animals as indicated.
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Figure 4.5: Insulin peptidergic and cholinergic transmission from two primary olfactory
sensory neurons activates two secondary olfactory neurons. (a-c) Benzaldehyde-evoked
activity in young adult ASEL neurons in (a) ins-/ insulin-like peptide mutants and ins-/;
AWC-specific ins-1 rescue, (b) daf-2 insulin receptor mutants and daf-2; ASEL-specific
daf-2 rescue, and (c) age-1 PI3-Kinase mutants and age-1; ASEL-specific age-/ rescue
compared to wild-type. (d) AWB neuronal activity in response to benzaldehyde in young
adult wild-type, unc-17 vesicular acetylcholine transporter mutants and unc-17; AWA-
specific unc-17 rescue. (e) Proposed young adult benzaldehyde circuit model. (a-d) *p <
0.05, two-tailed #-test with Bonferroni correction, compared to wild-type or mutant as

indicated.
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Figure 4.6: Odor-evoked calcium dynamics in genetic mutants. (a-c) Young adult
AWC®N neuron average responses to benzaldehyde stimulation in wild-type animals
compared to (a) insulin-like peptide ins-/ mutants, (b) daf-2 insulin receptor mutants and
(c) age-1 PI13-Kinase mutants. (d) Average AWA neuron responses to benzaldehyde in

wild-type and unc-17 vesicular acetylcholine transporter mutants. (a-d) NS, p > 0.05,
two-tailed #-test.
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Figure 4.7: Attractive odor-evoked secondary neuron activity specifically degrades with
age. (a-d) Heat maps of ratio change in fluorescence to total fluorescence for wild-type
young adult (day 1) and aged adult (day 5) sensory neuron responses to the addition or
removal (at t=10s) of benzaldehyde (BZ), as indicated by shaded box and arrow. One row
represents activity from one neuron. (e) Quantification of the percent of odor responsive
neurons shown in a-d. (f) Aged (day 5) adult benzaldehyde chemotaxis performance of
wild-type, AWC or AWB or ASH neuron-specific genetic ablation, AWA neuron-
specific tetanus toxin expression worms or che-/ mutants missing ASE neurons. *p <
0.05, two-tailed #-test with Bonferroni correction, compared to wild-type. (g,h) The
percent of wild-type young (day 1) and aged (day 5) adult (g) ASEL neurons responsive
to sodium chloride and (h) AWB neurons responsive to 2-nonanone odor. (e,g,h) Odor or
salt responsive defined as having a DF/F to stimulus greater than 10%. Numbers on bars
indicate number of neurons imaged. *p < 0.05, two-tailed Chi Square test.
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Figure 4.8: Dose-dependent odor-evoked calcium dynamics in young and aged adults.
(a) Measurement of the perimeter of day 5 aged worms and the more variable day 6 aged
worms (see Methods section). Thick red line shows mean and error bars represent
standard deviation (Day 5: 2656.3um +/- 112.07, Day 6: 2950.5um +/- 291.21, n=55
animals for each age). (b) Chemotaxis performance of wild-type worms of different ages
towards a point source of high concentration benzaldehyde. Numbers on bars represent
number of assay plates and error bars indicate s.e.m. *p < 0.05, two-tailed z-test with
Bonferroni correction, compared to young adults. (c¢) Quantification of the percent of
high concentration benzaldehyde responsive neurons. Numbers on bars represent number
of neurons imaged and odor responsive is defined as having a DF/F to odor greater than
10%. NS, p > 0.05, two-tailed Chi Square test. (d,e) Heat maps of ratio change in
fluorescence to total fluorescence for wild-type young adult (day 1) and aged adult (day
5) (d) ASEL and (e¢) AWB sensory neuron responses to high concentration benzaldehyde
stimulation. Two-minute odor stimulation indicated by shaded box and arrows. One row
represents activity from one neuron.
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Figure 4.9: Aging-associated declines in behavior and neural activity evoked by the
attractive odor isoamyl alcohol. (a) Chemotaxis performance of wild-type young (day 1)
and aged (day 5) adults towards a point source of isoamyl alcohol odor. (b) Average
GCaMP fluorescence change in young adult (day 1), wild-type sensory neurons in
response to isoamyl alcohol odor stimulation. Shaded box indicates two minute odor
stimulation beginning at t=10s. The light color shading around curves indicates s.e.m.
and numbers in parentheses indicate number of neurons imaged. (c¢) Quantification of the
percent of isoamyl alcohol odor responsive neurons in young and aged animals. (d,e)
Heat maps of ratio change in fluorescence to total fluorescence for wild-type young adult
(day 1) and aged adult (day 5) (d) AWC®N and (e) AWB sensory neuron responses to
isoamyl alcohol stimulation.
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Figure 4.10: Olfactory behavior in aged animals is correlated with reliability of odor-
evoked neuronal activity. (a) Schematic of animals from a chemotaxis assay washed and
sorted into two populations, based on success or failure in navigating up the
benzaldehyde odor gradient, for calcium imaging. (b,c) Heat maps of ratio change in
fluorescence to total fluorescence for benzaldehyde-evoked activity in wild-type (day 5)
aged (b) ASEL and (¢c) AWB neurons in animals that did or did not successfully
chemotax towards the benzaldehyde point source. (d) Quantification of the percent of
benzaldehyde responsive neurons shown in b and c.
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Figure 4.11: ASE and AWB primary responses to salt and 2-nonanone, respectively,
remain reliable with aging. (a) Chemotaxis performance of wild-type young (day 1) and
aged (day 5) adults towards a point source of 500mM NacCl. (b) Heat maps of ratio
change in fluorescence to total fluorescence for wild-type young adult (day 1) and aged
adult (day 5) ASEL neurons to +50mM NaCl stimulation. (¢) Chemotaxis performance of
wild-type young (day 1) and aged (day 5) adults towards a point source of repulsive 2-
nonanone odor. (d) Heat maps of ratio change in fluorescence to total fluorescence for
wild-type young and aged adult AWB neurons to 2-nonanone odor stimulation. NS p >
0.05, two-tailed #-test.
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Figure 4.12: Increased release from primary neurons rescues aging-associated neuronal
activity and behavioral deficits, which are correlated with longevity. (a) Schematic
representation of genetic and pharmacologic manipulations to overcome aging-associated
decay of neurotransmission. (b) Percent benzaldehyde responsive aged ASEL neurons in
wild-type, ASEL-specific daf-2 overexpression, AWC-specific ins-1 overexpression and
AWC-specific fom-1 RNAI. (c) Percent benzaldehyde responsive aged AWB neurons in

wild-type, AWA-specific unc-17 overexpression and animals treated acutely with the

cholinergic agonist arecoline. (d) Benzaldehyde chemotaxis in young and aged wild-type,
AWC-specific tom-1 RNAi and AWA-specific unc-17 overexpression animals. (b-d) *p

< 0.05, with statistics as described above. (¢) Schematic of animals from a chemotaxis

assay washed and sorted into two populations based on successful or failed navigation up
the benzaldehyde (BZ) odor gradient, for lifespan analysis. (f) Animals that chemotaxed
to the benzaldehyde odor side of the chemotaxis plate as aged adults (day 5) have a
16.2% average extension in their lifespan compared to animals from the opposite, control
side (p < 0.01 by Mantel-Cox test, see Table 4.1 for quantification). (g) Animals sorted
by their young adult chemotaxis do not have significantly different lifespans. (f,g) Mean
survival is reported in days of adulthood.
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Figure 4.13: Increased release from primary neurons rescues aging-associated neuronal
activity and behavioral deficits. (a,b) Heat maps of ratio change in fluorescence to total
fluorescence for ASEL neuron responses to benzaldehyde in wild-type animals and in
transgenic animals with AWC-specific tom-1 RNAi, AWC-specific ins-1 overexpression
and ASEL-specific daf-2 overexpression in (a) young adults (day 1) and (b) aged adults
(day 5). (c,d) Heat maps of ratio change in fluorescence to total fluorescence for AWB
neuron responses to benzaldehyde in wild-type animals, transgenic animals with AWA-
specific unc-17 overexpression and wild-type animals that received acute treatment with
the cholinergic agonist arecoline in (c) young adults (day 1) and (d) aged adults (day 5).
(e,f) Quantification of the percent of odor responsive young adult (¢) ASEL neurons
shown in A and (f) AWB neurons shown in C. NS, p > 0.05, two-tailed Chi Square test.
(g) Chemotaxis behavior in young and aged wild-type and AWC-specific ins-/
overexpression animals, showing a trend towards dampened behavioral responses to
benzaldehyde point sources in these transgenic animals. Numbers on bars indicate
number of assay plates and error bars indicate s.e.m. NS, p > 0.05, two-tailed #-test.
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Table 4.1: Animal lifespan after benzaldehyde chemotaxis. Wild-type (N2) worms were
separated into a population that successfully reached the benzaldehyde (BZ) odor side of
the chemotaxis plate and a population that failed to do so (Ctrl Side) as young or aged
adults and then their survival was analyzed. Data from three separate trials are shown. *p
< 0.05 by the Mantel-Cox test. Percent change in mean survival is the mean survival of
animals from the odor side minus the mean survival of animals from the control side
divided by the mean survival of the odor side.

Lifespan Post-Day 5 Adult Benzaldehyde Chemotaxis

Mean SEM Median | Mantel-Cox | % change
. .. # deaths/ . . . .
Trial | Condition animals survival | survival | survival Test In mean
(days) (days) (days) P-value survival
OI:(?rBéizde 83/100 20.0 0.7 19
A N2 Cirl *0.0018 +11.5%
. r 92/100 17.7 0.5 17
Side
Oljjr];izde 81/100 21.3 0.6 21
B N2 Cul *8.4e-06 +15.0%
. r 90/100 18.1 04 19
Side
Oljjr];izde 85/100 21.3 0.7 21
C N2 Cirl *2 .8e-06 +22.1%
. r 86/100 16.6 0.5 17
Side
N2 BZ

Mean Survival is 20.9 days of adulthood

Avg Oljgrcstlrclle +16.2%
. Mean Survival is 17.5 days of adulthood
Side
Lifespan Post-Day 1 Adult Benzaldehyde Chemotaxis
Mean SEM Median | Mantel-Cox | % change
. " # deaths/ . . . .
Trial | Condition animals survival | survival | survival Test in mean
(days) (days) (days) P-value survival
Ozur];izd 78/100 204 0.6 21
A Focdd 0.90, NS -0.5%
. 78/100 20.5 0.7 21
Side
Oljjr];izde 75/100 19.7 0.6 21
B N2 Curl 0.85,NS 0%
e 82/100 19.7 0.6 21
Side
Oljc?r];izde 81/100 16.6 0.7 15
C N2 Cirl 0.87,NS -1.2%
e 76/100 16.8 0.7 17
Side
N2 BZ L
Odor Side Mean Survival is 18.9 days of adulthood

Avg -0.6%

Ngigérl Mean Survival is 19.0 days of adulthood




Table 4.2: Strain list. List of all C. elegans strains.

Strain

| Genotype

Calcium imaging: wild-type GCaMP strains

CX10536

kyEx2595 [str-2::GCaMP2.2b, unc-122::gfp]

PS6253 pha-1(e2123) IIl; syEx1238 [srsx-3::GCaMP3, pha-1::pha-1]
IV388 ueEx7 [gey-7::GCaMP3, unc-122::gfp]

1V28 ueEx10 [gcy-5::GCaMP3, unc-122::gfp]
PY6554 | oyEx [gpa-4p::GCaMP2.2b, unc-122::dsRed]
PY7336 | oyEx [str-1::GCaMP3, unc-122::dsRed]
1V346 kyEx2865 [sra-6::GCaMP3, unc-122::gfp]
CX10981 | kyEx2866 [sra-9::GCaMP2.2b, unc-122::gfp]
1V413 ueEx254 [srh-142::GCaMP3, unc-122::gfp]
CX12022 | kyEx3290 [sre-1:: GCaMP3, unc-122::dsRed]
IV69 oyEx [gcy-8::GCaMP3, unc-122::rfp]

OF977 ixEx196 [ops-1::GCaMP3, lin-44::rfp]
ZD1184 | qdEx103 [trx-1::GCaMP5, unc-122::¢fp]

Calcium imaging: mutant, rescue and overexpression GCaMP strains

IV15 unc-13(e51) I; kyEx2595 [str-2::GCaMP2.2b, unc-122::gfp]

1v23 unc-31(e928) IV; kyEx2595 [str-2::GCaMP2.2b, unc-122::gfp]

IV141 unc-13(e51) I; pha-1 (e2123) I11; syEx1238 [srsx-3::GCaMP3, pha-
1::pha-1]

1vV44 unc-31(e928) IV; pha-1 (e2123) Ill; syEx1238 [srsx-3::GCaMP3, pha-
1::pha-1]

V244 unc-13(e51) I; oyEx [gpa-4p::GCaMP2.2b, unc-122::dsRed]

1V234 unc-31(e928) IV; oyEx [gpa-4p::GCaMP2 .2b, unc-122::dsRed]

IV104 unc-13(e51) I; ueEx7 [gcy-7::GCaMP3, unc-122::gfp]

V22 unc-31(e928) IV; ueEx7 [gcy-7::GCaMP3, unc-122::gfp]

1V54 unc-31(e928) IV; ueEx7 [gcy-7::GCaMP3, unc-122::¢fp]; kyEx875
[odr-3::unc-31, elt-2::gfp]

IV68 unc-13(e51) I; ueEx10 [gcy-5::GCaMP3, unc-122::gfp]

V32 unc-31(e928) IV; ueEx10 [gcy-5::GCaMP3, unc-122::gfp]

1V383 unc-13(e51) I; oyEx [str-1::GCaMP3, unc-122::dsRed]

IV381 unc-31(e928) IV; oyEx [str-1::GCaMP3, unc-122::dsRed]

IV193 ins-1(nr2091) IV; ueEx7 [gcy-7::GCaMP3, unc-122::gfp]

V245 ins-1(nr2091) IV; ueEx7 [gcy-7::GCaMP3, unc-122::¢fp]; ueEx152
[odr-3::ins-1:s12mCherry, unc-122::rfp]

CX10926 | ins-1(nr2091) IV; kyEx2595 [str-2::GCaMP2.2b, unc-122::gfp]
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Table 4.2: Strain list, continued.
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Strain Genotype

IV172 daf-2(el370) Ill; ueEx7 [gcy-7::GCaMP3, unc-122::gfp]

V224 daf-2(el1370) Ill; ueEx7 [gcy-7::GCaMP3, unc-122::gfp]; ueEx139
[gcy-7::daf-2:s12mCherry, unc-122::rfp]

IV175 daf-2(el1370) Ill; kyEx2595 [str-2::GCaMP2.2b, unc-122::gfp]

1V96 age-1(hx546) I1; ueEx7 [gcy-7::GCaMP3, unc-122::gfp]

V114 age-1(hx546) I1; ueEx7 [gcy-7::GCaMP3, unc-122::¢fp]; ueEx54
[gcy-7::age-1:s12mCherry, unc-122::rfp]

1V98 age-1(hx546) I1; kyEx2595 [str-2::GCaMP2.2b, unc-122::gfp]

1V401 unc-17(e245) IV; oyEx [str-1::GCaMP3, unc-122::dsRed]

1v487 unc-17(e245) IV; oyEx [str-1::GCaMP3, unc-122::dsRed]; ueEx305
[gpa-4deletion::unc-17:s12mCherry, unc-122::gfp]

1V539 unc-17(e245) IV; oyEx [gpa-4p::GCaMP2 .2b, unc-122::dsRed]

1V416 oyEx [str-1::GCaMP3, unc-122::dsRed]; ueEx257 [gpa-
4deletion:: TeTX:sI2mCherry, unc-122::gfp]

1V404 ueEx7 [gey-7::GCaMP3, unc-122::gfp]; ueEx247 [ceh-
36deletion::tom-1 sense:sl2mCherry, ceh-36deletion::tom-1
antisense:sl2mCherry, unc-122::rfp]

1V467 ueEx7 [gey-7::GCaMP3, unc-122::gfp]; ueEx292 [odr-3::ins-
1:s2mCherry, unc-122::rfp]

V511 ueEx7 [gey-7::GCaMP3, unc-122::gfp]; ueEx321 [gcy-7::daf-
2:s2mCherry, unc-122::rfp]

1vV497 oyEx [str-1::GCaMP3, unc-122::dsRed]; ueEx310 [gpa-
4deletion::unc-17:s12mCherry, unc-122::gfp]

Additional strains for behavior

N2 Bristol strain

PY7502 | oyls [ceh-36del::caspase-3(p12)::nz, ceh-36del::cz::caspase-3(pl7),
srtx-1::¢fp, unc-122::dsRed]

PR672 che-1(p672) 1

JN1715 pels [str-1::mCasp-1, unc-122::mCherry]

JN1713 pels [sra-6::mCasp-1, unc-122::mCherry]
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CHAPTERS.

Conclusions and future directions

In order to generate pro-survival behaviors, animals have to represent and
interpret the multisensory features of their complex and changing environments. The
preceding chapters demonstrate that previous models of sensory encoding in C. elegans
were incomplete because sensory neural circuits are reconfigured by external and internal
contexts. In response to specific sensory cues, C. elegans use peptidergic and classical
neurotransmission to recruit additional sensory neurons, acting as secondary neurons, to
chemosensory circuits. This circuit flexibility yields behavioral plasticity. Thus, sensory
context and neuropeptide signaling act in tandem to shape the active neural circuits that
drive behavior. However, these circuit mechanisms degrade with aging, resulting in
sensory behavioral declines. In this chapter, I will further discuss the conclusions that can
be drawn from this research and highlight several directions that merit additional study,

which may provide new insights into some of the mysteries of nervous system function.

Models for sensory encoding
The research described in Chapters 2-4 requires that models of C. elegans sensory
encoding be updated. Previous research in C. elegans suggested a labeled line model of

sensory encoding in which single neurons were necessary and sufficient to drive
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hardwired appetitive or aversive behaviors (Bargmann et al., 1993; Bargmann and
Horvitz, 1991; Troemel et al., 1997). However, I find that sensory neural circuits are
more complex. Multiple neurons are responsive to salt and odor. Individual cells such as
the ASE and AWB neurons can even function in both attractive and repulsive circuits
depending on the identity and concentration of a stimulus. This violates the labeled line
model’s one neuron-one behavior rule. In its place, my data supports a population coding
strategy in which activity patterns across multiple (primary and secondary) neurons
encode sensory stimuli in C. elegans. Furthermore, these flexible circuits drive different
behaviors, rather than fixed pathways driving set motor outputs. This suggests that
worms’ sensory processing is more similar to insects’ and mammals’ than previously
proposed, indicating that circuit principles uncovered in C. elegans may be widely
applicable in the animal kingdom (Honegger et al., 2011; Oka et al., 2006; Stettler and
Axel, 2009; Wang et al., 2003).

An interesting feature of this form of sensory coding is that it may support
multisensory integration and the representation of valence. For example, ASE neurons
contribute information about salt, odor and carbon dioxide (Bretscher et al., 2011; Suzuki
et al., 2008). The AWC neurons similarly sense odor and salt, along with pheromone cues
and temperature (Bargmann et al., 1993; Biron et al., 2008; Leinwand and Chalasani,
2013; White et al., 2007). These multimodal neurons are uniquely positioned to integrate
information about the environment. These neurons may also signal the saliency or
valence of the sensory stimuli detected to their downstream targets by releasing particular
complements of neuropeptides or neurotransmitters. Specifically, signaling from primary

to secondary neurons and other interneurons may strengthen the representation of a
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particular sensory cue, for example a food-like odor, which could lead to robust food-
search behavior, perhaps even when low levels of salt and other stimuli are detectable in
other parts of the environment. In support of this hypothesis, research in this dissertation
and published previously suggests that AWC neurons may release either glutamate or
neuropeptides, which are interpreted differently by the downstream circuitry (Chalasani
et al., 2010; Leinwand and Chalasani, 2013). In the odor circuit, AWC-released
glutamate inhibits the activity of interneuron, AIA; however, in the salt circuit, AWC-
released neuropeptides excite AIA interneurons (Chalasani et al., 2010; Leinwand and
Chalasani, 2013). Perhaps this signaling results in a hierarchical representation of the
relative importance of odor and salt cues in the environment to drive appropriate
behaviors. How other neurons integrate sensory information and multiplex different
neurotransmitters must be investigated more systematically.

I speculate that population codes composed of the distributed activity of
(multi)sensory neurons represent information about global environmental conditions,
rather than unitary features of the sensory environment. Two lines of future research are
required to increase our understanding of this topic. First, it will be necessary to map the
active connections from all the sensory neurons that jointly encode a given sensory
stimulus to interneurons (and ultimately motor neurons) to determine how information is
transformed to generate behavior. Blocking particular forms of neurotransmitter or
neuropeptide release in a cell-specific manner and examining the effects on downstream
activity may achieve this goal. This task may be aided by the use of new, fast selective
plane illumination microscopy techniques for visualizing the activity and network

dynamics in almost the entire nervous system (Prevedel et al., 2014; Schrodel et al.,
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2013; Wu et al., 2011). Second, as our understanding of the encoding of unitary stimuli
increases, neuronal (and behavioral) responses to mixed stimuli, which more accurately
represent the complex environment that an animal would encounter, must be also studied.
Several studies have begun to examine the encoding of odor mixtures, but the processing
and integration of multimodal stimuli must also be investigated (Howard and Gottfried,

2014; McMeniman et al., 2014; Su et al., 2012).

Circuit flexibility

Another important conclusion that may be drawn from this research is that neural
circuits are flexible, not fixed. Moreover, information can be selectively routed via many,
alternative paths in neural networks. Chapters 2-4 of this dissertation suggest that sensory
context is an essential determinant of the composition of behaviorally relevant sensory
neural circuits. Neuropeptide signaling mediates this context-dependent reorganization of
sensory neural circuits. Specifically, my research identified a circuit motif consisting of
primary and secondary neurons, whose combined activity encodes the identity and
concentration of a sensory stimulus. Primary neurons directly detect sensory cues in the
environment. The ASE neurons are primary salt sensory neurons, while the AWC and
AWA neurons are primary olfactory sensory neurons. These primary neurons release
neuropeptides and neurotransmitters to recruit secondary neurons to the circuit. The
secondary neurons are classically defined as sensory neurons, yet they function
transiently as interneurons. The ASE primary salt neurons release INS-6 insulin-like
peptides to activate and recruit the secondary AWC neurons specifically to the high salt

circuit, but not to the low salt circuit (Chapter 2). In contrast, upon benzaldehyde odor
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detection, the AWC neurons release INS-1 insulin-like peptides to recruit the ASE
neurons to the olfactory circuit (Chapter 4). The AWA neurons similarly function as
primary neurons; they release acetylcholine to activate secondary AWB neurons upon
benzaldehyde stimulation (Chapter 4). (Additional experiments are required to identify
the acetylcholine receptor(s) in AWB from the nearly 70 candidates (Hobert, 2013).)
Behavioral experiments silencing or ablating individual neurons reveal that the combined
activity of the primary and secondary neurons is essential for proper responses to
olfactory stimuli and high salt. Therefore, sensory context (i.e. salt or odor) determines
which neurons function as primary neurons, which function as secondary neurons and
which neurotransmission pathways are required within flexible neural circuits.
Multiplexing different neuropeptides, cholinergic signaling and other classical,
small molecule or amino acid neurotransmitters may offer a general mechanism to
rapidly modulate the information content of overlapping neural circuits in diverse
species. Effectively, this would increase the computational capacity of the nervous
system. From worms to flies and mammals, neuromodulators like dopamine, serotonin,
insulin, vasopressin, neuropeptide Y and their homologs are expressed throughout
sensory processing brain regions, where they alter sensory neurons’ signal to noise ratios,
sync sensory neuron activity with feeding state, and integrate social cues with other
sensory information (Bester-Meredith et al., 2015; Kuczewski et al., 2014; Leinwand and
Chalasani, 2013; Marella et al., 2012; Root et al., 2011; Savigner et al., 2009).
Furthermore, there is evidence that dopamine can regulate the flow of visual information
through different cell types in mammalian retinal circuits (Xia and Mills, 2004). This

regulation depends on the sensory context, in this instance light intensity (Xia and Mills,
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2004). However, in most other cases, it is unknown if neuropeptides can alter neural
circuit composition. The time courses and functional consequences of these peptidergic

effects in other species await further investigation.

From circuits to complete connectomes?

Given that sensory context and neuropeptide signaling reshape active neural
circuits, a single, fixed snapshot of an animal’s connectome is vastly insufficient for
inferring how the nervous system generates behavior. Moreover, sensory information can
theoretically flow in a great many different directions because dense neural networks
reciprocally connect primary sensory processing brain regions with most other brain
regions (Felleman and Van Essen, 1991; Markov et al., 2014). Nevertheless,
connectomics projects to date have largely aimed to trace all of the anatomical
connections that exist in the brain at one fixed time point, with no means of investigating
the effects of context or modulatory state (Alivisatos et al., 2012; Chiang et al., 2011;
DeFelipe, 2010; Helmstaedter et al., 2013; Takemura et al., 2013; White et al., 1986).
This approach may reveal the full set of possible connections; however, as we have
learned from C. elegans, this cannot reveal the active circuit configurations that drive
behavior. Consequently, this mapping just gets to the very tip of the iceberg, i.e. a long
list of untested hypotheses about the anatomy-function link. Instead, a different and far
more difficult approach is needed, in which detailed mapping is performed of the active
neurons and routes of information flow in many different contexts and modulatory states.
Only with such data about the functional, active neural circuits can neuroscientists draw

meaningful conclusions about brain function.
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The results described in this dissertation suggest that future studies must examine
the architecture of sensory circuits and test whether all sensory cells function as primary
neurons in all contexts in other species. Tetanus toxin and other genetic or pharmacologic
reagents may be used to determine the effects of blocking neurotransmission on the
neuronal (and ideally also the behavioral) responses to diverse sensory stimuli. The
combined activity of primary and secondary neurons may be broadly useful for reducing
failures of sensory encoding. In particular, the primary-secondary neuron circuit motif
could also increase the signal-to-noise ratio to distinguish different strength stimuli,
perhaps to improve animals’ food-seeking success and nutrition. Therefore, I suggest that
this circuit organization is not simply an adaptation for C. elegans to cope with its small
nervous system; instead, it is likely advantageous to have circuits with similar, flexible
configurations in larger and more complex brains. Taken together, these findings suggest
that wiring diagrams cannot be read like maps to understand behavior until a complete

understanding of the effects of context and neuromodulatory states is achieved.

Mechanisms for aging-associated behavioral decline

My research suggests that aging further alters the dynamics of the neural circuits
that drive chemosensory behaviors. The C. elegans chemotaxis model of aging-associated
sensory behavioral decline (Chapter 4) offers a system in which the molecular, cellular
and circuit-basis of aging may be probed with fine resolution. Using this model, my
experiments suggest that neurotransmission in the olfactory circuit is selectively
vulnerable to the deleterious effects of aging, underlying aging-associated (secondary

neuron) activity and behavioral impairments. Furthermore, I find a fascinating correlation
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between olfactory ability and lifespan; aged animals with preserved olfactory abilities
live significantly longer than those with weaker olfactory abilities. Also, experimental
manipulations to increase neurotransmission in the olfactory circuit (which rescue aged
animals’ olfactory behavior) extend lifespan. These results suggest that neuronal
functions and behavior at an early stage of aging may predict health and longevity.
Together, this data offers an exciting new mechanism for age-related behavioral decline,
which could have broad implications for a neurotransmission basis of sensory system
aging in diverse species.

My studies suggest that several different genetic and pharmacology approaches to
increasing presynaptic neurotransmitter release overcome aging-associated sensory
deficits. “Upstream” manipulations to increase the production of neuropeptides and the
packing of transmitters into vesicles rescue aged neural activity and behavior. On the
other hand, directly manipulating the “downstream” regulation of the SNARE complex
and machinery for vesicle fusion and exocytosis is also effective in improving aged
neuronal functions. This leaves open the question of what is the root cause of the aging-
associated olfactory circuit impairments? Analysis of transmitter release pathway protein
expression in the primary olfactory neurons at different ages may provide mechanistic
insights. Quantification of synaptic and dense core vesicles (by electron microscopy) or
real-time vesicular release (by a synaptic vesicle associated pH-sensitive fluorophore) in
young and aged animals may also reveal how aging degrades neurotransmission
(Richmond et al., 1999; Samuel et al., 2003). Additionally, experiments at the individual
animal level are needed to determine the precise mechanisms and implications of the

considerable inter-individual variation observed in aged animal phenotypes in my studies
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and elsewhere (Golden et al., 2008; Hsu et al., 2009; Pincus and Slack, 2010). Together,
these studies will enhance our understanding of animal aging.

More generally, my research also reveals that studying an early stage of aging can
reveal new health and physiology principles. Previously, studies of aging focused almost
exclusively on lifespan extension (Bansal et al., 2015). However, lifespan is not perfectly
correlated with health metrics, and many signaling pathways that mediate lifespan
extension simply extend a frail state of life (Bansal et al., 2015). This is highly
problematic for human therapeutics since it would only increase the time that people
spend feeling sick, leading to unsustainable increases in individuals’ lifetime healthcare
costs. In contrast, my olfactory function research suggests that information learned by
studying circuits and behavior at an early stage of aging, just after the end of the
reproductive period, might be used to improve not just the length of life, but also quality
of life. Specifically, the proper intervention delivered at an early stage of aging may
rejuvenate neuronal functions (ex. acute arecoline pharmacology or other, specific
methods of increasing neurotransmission). This could benefit elderly people whose
impaired sensory abilities threaten their nutrition, enjoyment of life and overall safety.

Taken together, the work described here provides new insights into neural circuit
function and behavior. Sensory context, neuropeptide signaling and aging all have
fascinating roles modulating neural circuit dynamics. As we continue to make progress in
understanding how environmental signals are processed at different ages, it is evident that
we will be rewarded with a greater understanding of how the nervous system generates

behavior that is appropriate for animals’ internal and external states.
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APPENDIX.
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Figure A.1: Salt chemotaxis learning behavior requires the AWC neurons. Wild-type
animals pre-conditioned by incubation in 50mM NacCl (in liquid for 1 hour) are no longer
attracted to a 500mM point source of salt, compared to mock conditioned wild-type
animals. che-1 mutants lacking ASE sensory neurons display similar chance-like
behavior after both mock and salt conditioning. Animals with AWC neurons genetically
ablated are weakly attracted to a 500mM point source of salt when mock conditioned,
however, pre-conditioned with 50mM NaCl does not significantly alter their subsequent
chemotaxis behavior, suggesting that AWC neurons may be critical for high salt
experience-dependent learning. Chemotaxis behavior was scored after 30 mins of free
movement on the chemotaxis assay plate. Numbers on bars indicate number of assay
plates. Error bars indicate s.e.m. *Significantly different from mock conditioned, as
indicated (P < 0.05, two-tailed #-test).
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Figure A.2: Salt chemotaxis behavior is reduced by amiloride pharmacology.
Preliminary data suggests that wild-type C. elegans chemotaxis to a 500mM NaCl
gradient is reduced by a 1 hour pre-treatment (in a tube, dissolved in chemotaxis assay
buffer) with the drug amiloride hydrochloride hydrate. Amiloride has previously been
shown to inhibit the epithelial sodium channels (ENaC) that are involved in mammalian
salt transduction. (Follow-up experiments are required to determine whether animal
mobility is altered by the drug treatment, to investigate different point source
concentrations of salt in the chemotaxis assay and to establish a dose-response curve.)
Numbers on bars indicate number of assay plates. Error bars indicate s.e.m.
*Significantly different from untreated wild-type, as indicated (P < 0.05, two-tailed #-
test).
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Figure A.3: srsx-34 is a candidate benzaldehyde receptor. (a) Feeding RNAi to
knockdown the predicted G-protein coupled receptor srsx-34 in the eri-1 sensitized
background reduced chemotaxis to two intermediate benzaldehyde concentrations,
compared to control (L4440) RNAI treated animals. (b) Two independent strains with
AWC neuron-specific srsx-34 knockdown show reduced benzaldehyde chemotaxis
compared to wild-type animals. (a,b) Numbers on bars indicate number of assay plates.
Error bars indicate s.e.m.
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Figure A.4: Lifespan of neurotransmission release pathway transgenic animals. (a)
Survival of wild-type, AWC neuron-specific tomosyn (fom-1) RNAi knockdown, and
AWC neuron-specific insulin-like peptide (ins-1) overexpression transgenic animals.
These AWC neuron-specific neurotransmitter release manipulations to not significantly
alter lifespan, though there may be a trend towards a small extension in lifespan.
(AWC::tom-1 RNAi: +7.3% extension compared to wild-type, NS, p>0.05; and
AWC::ins-1 (OE): +13.6% extension compared to wild-type, NS, p>0.05; in two or three
independent replicates.) (b) Survival of wild-type animals and AW A neuron-specific
vesicular acetylcholine transporter (unc-17) overexpression. Increased cholinergic
transmission from the AWA neurons significantly extends lifespan (average of + 26.6%
extension in lifespan in three independent replicates, *p<0.0001, Mantel-Cox Test). (a,b)
Numbers in parentheses indicates mean survival (in days of adulthood).
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