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Robust and sensitive GFP-based cGMP reporter for real time imaging of intact

neurons and neural circuits

by

Sarah Rongavilla Woldemariam

cGMP is a ubiquitous second messenger implicated in a multitude of neurobiological pro-

cesses, including sensory transduction, learning and memory. FRET-based and GFP-based

cGMP reporters have been developed to complement the genetic and biochemical tools used

to probe the role of cGMP in these processes. While FRET-based cGMP sensors have been

expressed in C. elegans to explore the spatiotemporal regulation of cGMP in sensory neurons

in response to stimuli, their use requires a dual emission system, which limits their ability

to be coexpressed with other fluorophores, such as red calcium sensors that can indirectly

read out neural activity. This work demonstrates that WincG2, a GFP-based cGMP sensor

codon-optimized for use in C. elegans, can report changes in cGMP levels in living, behaving

C. elegans. We demonstrate that coexpression of WincG2 and light-activatable guanylyl

cyclases in body wall muscle cells results in an increase in WincG2 fluorescence upon light

exposure that corresponds with the rate of cGMP production. Furthermore, WincG2 fluores-

cence changes in the cell bodies of the gustatory neuron ASER and the phasmid neuron PHB

in response to [NaCl] step changes and sodium dodecyl sulfate, respectively. This provides

the first visual evidence that suggests cGMP levels change in these neurons in response to

stimuli. Intriguingly, preliminary data suggest that in ASER, cGMP levels decrease linearly

in the cell body while increasing transiently in the cilia in response to a [NaCl] downstep,

which could have implications for cGMP’s potential role in both sensation and memory in

ASER. Finally, we demonstrate that cGMP could act as a neuromodulator in a nociceptive

neural circuit. WincG2 fluorescence increases in the nociceptive neuron ASH - which is not

known to express guanylyl cyclases - in the absence of food while remaining relatively con-

stant in the presence of LB. These results suggest that cGMP could be flowing from other
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neurons into ASH to signal food status, resulting in the modulation of ASH activity. Taken

together, this work demonstrates that WincG2 could be used the uncover cGMP’s role in

diverse neurobiological processes in living, behaving C. elegans.
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Introduction



2

Chances are, you have gone to the grocery store hungry. Maybe it is right before lunchtime

on a Saturday, and you realize you do not have what you need to prepare a meal. You go

to the store with a list in hand, readying yourself to get in and get out with only what you

need. But then there are chocolate chip cookies. And dense fudge brownies. And rich dark

chocolate. Sure, these all sound good anytime, but now? They seem essential. They will

make a perfect dessert, you think to yourself. Why not get them?

It is probably fair to say that going to the grocery store hungry is a markedly distinct

experience from going there full. Why is that? What is it about our experience of hunger

that leads us to behave di�erently? This illustrates an important aspect of our behavior:

our experiences, including our external environment and our internal state, shape how we

move in the world that is in line with what we desire.

What underlies this behavioral plasticity? How do we and other organisms respond ro-

bustly and flexibly to our environment? This thesis aims to propose a potential strategy to

piece together a small part of this complicated puzzle by characterizing a tool that can report

the activity of a proposed neuromodulator [1] with cellular resolution in intact, behaving C.

elegans. Importantly, this tool can work with existing reporters of neural activity to provide

a fuller picture of the dynamic processes by which information is assessed and integrated

in a sensory neuron. This introduction will begin by giving a brief and broad overview of

the general principles underlying anatomical and functional connectivity in nervous systems.

Then, I will delve deeper into specific findings on anatomical and functional connectivity us-

ing C. elegans. I will propose, based on work done by Krzyzanowski et al., that the canonical

second messenger cGMP (cyclic guanosine monophosphate) is a potential neuromodulator

that signals food status in a nociceptive circuit in C. elegans [1, 2]. I will go over the role of

cGMP as a canonical second messenger in biology in general and neurobiology in particular,

and I will provide a general overview of published tools to visualize cGMP. I will review how

one tool, the FRET-based sensor cGi-500, has been used to study cGMP dynamics in two

sensory modalities in C. elegans. I will then introduce an optimized version of a GFP-based



3

cGMP sensor as a potential probe for uncovering cGMP dynamics in C. elegans neurons,

both in the context of its role as a second messenger and in the context of its potential role

as a neuromodulator. Work on this tool will be elaborated in subsequent chapters.

1.1 Anatomical Connectivity

Neuroscientists have peered into the brain anatomy of many organisms to investigate

how nervous systems integrate environmental signals with internal state to flexibly drive

adaptive behavior. Ramón y Cajal used silver staining to identify and illustrate individual

cells in the brain, revealing that these cells were discrete physical units rather than contin-

uously connected with one another [3]. This finding o�ered clues into how these cells could

potentially communicate with one another in the brain [3]. He hypothesized that the neural

networks these cells form balance the physical cost of creating and maintaining connections

in the brain with the evolutionary advantage of having those connections [4]. Ramón y Cajal

hypothesized that the physical limitations of biological material, conduction time and space

converge to constrain and shape nervous systems [5]. Over 100 years later, numerous studies

provide evidence for Ramón y Cajal’s hypothesis across species.

Data revealing the anatomical connectivity of a diverse range of nervous systems have

been collected using techniques that are amenable to the size of the organism’s nervous sys-

tem. For instance, electron microscopy has been used to obtain the complete wiring diagram

of the nematode Caenorhabditis elegans. The hermaphrodite, which is the predominant sex

studied in research laboratories, contains 302 neurons. Due to its relatively small nervous

system, C. elegans was the first organism with a complete wiring diagram that details how

individual neurons are connected with one another [6]. For nervous systems with a much

higher number of neurons, techniques such as tracer injection and serial tomography have

been used to look at neural connectivity in organisms such as mice, and magnetic resonance
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imaging (MRI) has been used to look at neural connectivity of chimpanzees and humans

across distinct brain regions [7].

Graph theory has been used compare and contrast this vast amount of data across species

[5, 7]. Graph theory quantitatively describes nodes (i.e. neurons or brain regions) and their

connections with one another (i.e. synapses). Neuroscientists can use graph theory to

investigate and describe both common principles underlying connectivity across species as

well as distinct properties of specific nervous systems [5, 7]. Below is a brief summary of

findings on anatomical connectivity using graph theory in species’ nervous systems.

Distinct species often have overlapping motifs that are preserved across neuroanatomical

scales, from the level of individual neurons to brain regions [7]. Command interneurons in C.

elegans, for instance, are often hubs; hubs are neurons that are connected to a relatively high

number of other neurons [7]. These hubs are often part of rich clubs; rich clubs are composed

of hub neurons that are highly interconnected with one another [4, 5, 7, 8]. Hub neurons

and rich clubs are conserved in species ranging from Drosophila and pigeons to mice [7]. In

Drosophila, pigeons, mice and rats, hub regions are associated with distinct sensory domains

[7]. These sensory domains are organized into distinct modular networks; a modular network

is composed of neurons that cluster together and form connections with one another [4]. Hub

regions form connections with other hub regions, forming a rich club [7]. Remarkably, tracer

experiments and MRI studies in macaques and humans revealed that this neuroanatomical

organization is conserved [7].

Micro-connectomic studies, which investigate the connections between individual neu-

rons, have also been done across species. Canonically, the bulk of micro-connectomic studies

focused on the nervous systems of C. elegans and Drosophila, but more recent work has

been done on analyzing partial micro-connectomes of mammalian brains by using trans-

synaptic tracers and light microscopy [5]. Potential evidence of Ramón y Cajal’s hypothesis

of minimizing biological costs arises from the organization of the dendritic arborization of

Purkinje cells; this dendritic arborization, which is characterized by dense branching that
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resembles the branches of trees, is optimized for conservation of cytoplasm and conduction

time [5]. Clustered, modular connectivity is also maintained at the micro-connectomic level

across species. C. elegans neural circuits, for example, are often organized into small worlds;

a small world is a cluster of neurons that are connected with one another via equivalent,

short connection paths [5]. This leads to highly intra-connected neurons and sparsely inter-

connected neurons in space. This small world organization, which is characterized by clusters

of neurons that are primarily connected with one another, is conserved in mammals, as evi-

denced by the organization of the L5 somatosensory cortex in rats and the V1 L2/3 principal

cells in mice [5].

Taken together, these studies reveal that there are neural network motifs that are con-

served across species. Evidence suggests that rich clubs and hubs, which are found in all

nervous systems surveyed, function as integrators of external and internal signals, which

illustrates the evolutionary advantage of having nervous systems capable of integrating cues

e�ciently [9–15]. This organization can be materially costly, since hubs of distinct modules

often form long-distance connections with one another; this results in rich clubs (i.e. highly

interconnected hubs) that integrate environmental signals [4]. This costly organization is

balanced by the ubiquity of small-world organization, characterized by localized clusters of

neurons that form connections with one another; these clusters are often functional domains

responsible for receiving specific environmental signals, such as light and sound [5, 7]. It is

important to note, however, that distinct neuroanatomical di�erences across species can il-

lustrate variations in organisms’ genes, environment and development that result in di�erent

connectome properties.

1.2 Functional Connectivity

The anatomical connectivity of nervous systems, however, is only part of the puzzle of

discovering the general principles underlying neural circuit function and its relationship to
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behavior. An essential complement to the connectome is investigating the activity of neural

circuits. Once the connectivity is understood, the study of neuromodulators that shape this

activity will be the next challenge. The function of neuromodulation is distinct from neu-

rotransmission. The function of neurotransmission is to communicate information from one

neuron to another neuron via synaptic signaling; these synaptic connections can be visual-

ized in a wiring diagram [16]. In contrast, the function of neuromodulation is to shape neural

circuit activity, with neuromodulators often acting extrasynaptically on longer time scales;

the action of neuromodulators cannot be visualized in a wiring diagram [16]. The most

widely studied neuromodulators are amines (e.g. serotonin and dopamine) and neuropep-

tides [17, 18]. Work on neuromodulators has focused on “small circuits” that are amenable

to studies with cellular level understanding: C. elegans, Drosophila and crustaceans [18].

The ability of neuromodulators to function extrasynaptically opens up remarkable flexibility

for what can comprise a functional circuit in nervous systems. Moreover, neuromodulators

can vary the output of circuits considerably through various mechanisms, including tar-

geting multiple neurons in a circuit and having di�erent neuromodulators target the same

neuron [17, 18]. Neuromodulator activity can also alter the membrane potential of neurons

as well as shape the train of action potentials that arise from individual neurons in a cir-

cuit [17, 19]. Interestingly, neuromodulators can also recruit neurons that are canonically

involved in one behavior and incorporate them into a functional circuit involved in another

behavior [17, 18]. A classic example illustrating these principles comes from the crustacean

stomatogastric ganglion (STG), which produces feeding-related rhythms; amines and neu-

ropeptides shape the “circuit composition” and function of the STG to give rise to di�erent

rhythms [17]. Importantly, neuromodulators shape functional circuits as a function of the or-

ganism’s internal state and environment; for example, studies investigating the feeding-state

dependent Drosophila response to sugar suggest a role for neuropeptide signaling for tuning

behavior that is in line with the fly’s level of satiety [17, 20, 21]. Taken together, these studies
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reveal that functional connectivity, which are often shaped by neuromodulators, cannot be

deduced from wiring diagrams alone.

1.3 Studying Anatomical and Functional Connectivity

in C. elegans

Given the conservation of neural network motifs and the general principles governing

neuromodulation across organisms, C. elegans is uniquely poised to provide insight into the

relationship between neural circuit activity and behavior that could be generalized to other

species. C. elegans, a 1 mm transparent nematode, was chosen by Sydney Brenner because

of its compact size, potential genetic tractability and relatively small number of neurons

and other cells that can be tracked during development [22]. The C. elegans hermaphrodite

contains 959 cells, 302 of which are neurons [22]. This is remarkably small compared to the

number of neurons of other organisms such as Drosophila (100,000), zebrafish (1,000,000)

and mice (75,000,000) [7, 23]. Because of its small nervous system, C. elegans was the first

organism with a complete wiring diagram [6]. Work uncovering the principles of functional

connectivity in neural circuits with cellular resolution, which is an essential complement

to the anatomical connectivity uncovered through wiring diagrams, have also been driven

in part by studies done in C. elegans. An important advantage to using C. elegans is its

compact size and small, stereotyped nervous system, which provides an opportunity to link

neural circuit activity with behavior. When these features are combined with genetic and

laser ablation tools, researchers can map which genes and neurons are required for specific

behaviors. Excitingly, advances in imaging and quantitative analysis have brought e�orts to

quantitatively describe whole brain activity to the forefront [24, 25]. Below, I will provide

three examples of work done in C. elegans that illustrate its utility in uncovering principles

underlying anatomical and functional connectivity.
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1.3.1 Hub and Spoke Circuit: Insights Into Principles Underlying

Both Anatomical and Functional Connectivity

An example that illustrates the utility of C. elegans in uncovering principles underlying

anatomical and functional connectivity is a hub and spoke circuit comprised of the hub

interneuron RMG and six “spoke” sensory neurons (as well as one interneuron), which are

connected to RMG via gap junctions [6]. These neurons are the nociceptive neuron ASH, an

ascaroside-sensing neuron ASK, an oxygen-sensing neuron URX, an olfactory neuron AWB,

the sensory neurons IL2 and ADL, and the interneuron RMH [6]. Anatomically, the central

location of the hub interneuron RMG and its connection to neurons that sense distinct

sensory modalities suggest that RMG functions as an integrator of distinct environmental

signals. Additionally, RMG is presynaptic to command interneurons and motor neurons,

including AVA, a command interneuron that drives backward locomotion, AVB, a command

interneuron that drives forward location, and the motor neuron HSN, which drives egg laying,

suggesting that the output of RMG activity shapes behavior [26, 27].

The behavioral output that the RMG hub and spoke circuit is canonically associated

with is aggregation, which is mediated by the neuropeptide NPR-1. These social C. elegans

strains isolated in the wild often aggregate along the border when placed on a nematode

growth media (NGM) plate seeded with a lawn of OP50 E. coli bacteria [28]. These aggre-

gating strains express “low-activity” NPR-1 (215-F), while solitary strains, such as Bristol

N2, the “wild-type” strain most often used in labs, express “high-activity” NPR-1 (215-

V) [28]. Low oxygen levels, sensed by URX, as well as neurons associated with detecting

noxious stimuli, ASH and ADL, promote this aggregation behavior [29]. Reconstituting

“high-activity” NPR-1 in npr-1(ad609) animals (which contain a loss-of-function mutation

of NPR-1 and behave similarly to aggregating strains found in the wild) specifically in RMG

rescued aggregation behavior, indicating that the neuropeptide acts in the integrating hub

neuron to modulate aggregation [29]. Intriguingly, NPR-1 inhibition of RMG activity drives

aggregation behavior in solitary strains; in contrast, RMG activity is required for aggrega-
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tion in npr-1(ad609) animals [29]. In npr-1(ad609) animals, reduced aggregation behavior is

observed when these animals express tetanus toxin in RMG, which leads to an inhibition of

RMG synaptic output[29]. At the cellular level, aggregation behavior is mediated by URX,

ASK and ASJ (which forms a synapse to ASK) [29]. Aggregation behavior was rescued in

tax-4;npr-1(lof) mutants when TAX-4 - which codes for an a subunit of a cGMP-gated cation

channel and is involved in sensory transduction in numerous sensory neurons - was expressed

in URX, ASK and ASJ, suggesting that cGMP-mediated sensory signaling in these neurons

is required for aggregation [29]. Interestingly, this aggregation behavior is prosocial, as expo-

sure to C. elegans’-produced ascarosides (which are analogous to pheromones in mammals)

results in hyperpolarization of ASK and subsequent depolarization of the interneuron AIA;

this results in RMG-dependent aggregation behavior [29].

As a neuromodulator, NPR-1 can expand the repertoire of behavioral outputs associated

with sensory neurons. For example, NPR-1 activity is not required for ASH-mediated avoid-

ance to high osmolarity, even though it is required for ASH-mediated aggregation [17]. Thus

the neuropeptide NPR-1 can specifically modulate one behavior associated with a sensory

neuron while keeping other behaviors associated with that same sensory neuron intact.

1.3.2 How can probabilistic behavior arise from neural circuit ac-

tivity?

Investigating with cellular resolution how neural circuits give rise to behavior is a unique

strength of C. elegans. Observations from previous studies show that while sensory neurons

respond reliably and deterministically to stimuli presentation, behavior outputs associated

with stimuli presentation are often characterized by variable, probabilistic outcomes [30].

How can neural circuits give rise to probabilistic behavior? To address this question, Gordus

et al. investigated how interneurons downstream of sensory neurons interact with one another

to give rise to di�erent neural network states that respond di�erently to sensory inputs, which

then leads to distinct behavioral outputs.
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AWC are a pair of olfactory neurons that respond to attractive odorants, and this ulti-

mately influences movement towards attractive odors through their interaction with down-

stream interneurons [31]. As OFF neurons, they respond to odorant removal [31]. When

animals are exposed to an attractive odorant, reversals are suppressed, and upon odorant

removal, animals reverse in a probabilistic manner [31, 32]. Reversals generally require the

activity of the command interneuron pair AVA, which synapse onto motor neurons that drive

reversals [33]. Since there are relatively few connections between AWC and AVA (as evi-

denced by the wiring diagram), neurons interacting with AWC and AVA were hypothesized

to potentially drive probabilistic reversal behavior.

Previous work from the wiring diagram and other studies suggest that the interneurons

AIB and RIM could be important players in the transmission and integration of sensory input

with current neural network state [6, 34, 35]. AIB, which forms synaptic connections with

AWC, has been shown to be important for reversal behavior [31, 34, 35]. While AIB has some

synaptic connections with AVA, it synapses much more strongly with RIM [6], suggesting

that RIM could also play a role in driving probabilistic reversal behavior. Calcium levels

(an indirect readout of neural activity) of AIB, RIM and AVA decrease upon addition of the

odorant isoamyl alcohol and increase upon isoamyl alcohol removal, which is similar to the

AWC response to isoamyl alcohol [36].

Intriguingly, the network state of AIB, RIM and AVA was variable, which provided insight

into how these distinct network states integrate sensory input to drive behavior. Gordus et

al. observed primarily three network states prior to odor exposure. Around two-thirds of

the time, AIB, RIM and AVA were all on; this is the all-ON state. One-sixth of the time,

they were all o�; this is the all-OFF state. The remaining one-sixth of the time, only AIB

was on (i.e. RIM and AVA were o�); this is the AIB-ON state. [36]. Upon odor addition,

the all-ON state usually - but not always - switches to the all-OFF state (the all-OFF state

remains all-OFF) [36]. Interestingly, the AIB-ON state switches to the all-OFF state upon

odor addition at a higher frequency relative to the all-ON state; AIB-ON also switches to
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the all-OFF state faster relative to the all-ON state upon odor addition [36]. This suggests

that RIM and AVA could be antagonizing the AIB response; since AIB activity is important

for reversal behavior, antagonizing AIB activity could lead to probabilistic reversals.

How do these network states relate to behavior? Calcium imaging of AIB, RIM and AVA

in freely moving animals show that calcium levels in AIB, RIM and AVA increase as the

animal begins a reversal and decrease when the animal ends a reversal [36]. This is in contrast

to AWC, which remains relatively quiet during reversals [36]. Interestingly, when synaptic

signaling is silenced in RIM neurons expressing tetanus toxin, the animals’ behavior becomes

more reliable [36]. This corroborates the calcium imaging data that suggest RIM antagonizes

AIB activity; this antagonization could lead to more probabilistic reversals. When RIM is

silenced, the AIB response is less probabilistic, leading to more reliable reversal behavior.

This work suggests that understanding how neural circuits give rise to behavior requires

an integration of anatomical associations derived from wiring diagrams with functional con-

nectivity studies. While the wiring diagram provided an important starting point – namely,

the fact that 1) AWC is connected to numerous interneurons, and 2) AIB synapses strongly

to RIM – calcium imaging studies in restrained and freely moving animals elucidated how

the wiring diagram informs potential behavioral outcomes. Taken together, this study illus-

trates how feedback responsive network states allow animals to respond probabilistically to

“ambiguous” sensory inputs that are not clearly rewarding or dangerous, which is potentially

adaptive as this allows for di�erent behavioral outcomes.

1.3.3 How do neurons coordinate activity to drive behavior?

Since the transparent C. elegans hermaphrodite has a nervous system composed of only

302 neurons, it is conceivable that one could get an “omniscient” view of “whole brain” ac-

tivity that corresponds with behavior at the level of individual neurons, which is currently

not feasible with other model systems. To this end, Kato et al. quantitatively described how

coordinated whole brain activity corresponds with specific motor commands to drive contin-
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uous behavior in C. elegans. Between 107 and 131 neurons expressing a nuclear-localized,

genetically-encoded GCaMP calcium sensor were simultaneously imaged in immobilized an-

imals in a microfluidic device for 18 minutes at 21% O
2

[24]. The time derivatives of these

Ca2+ traces were used to obtain principal components (PCs) that yielded clusters of neuron

classes that shared similar temporal patterns [24]. The first principal component revealed

an oscillatory pattern that was largely due to the antagonizing activity between two sets of

neuron classes that corresponded with opposite behavior (e.g. forward versus reverse crawl-

ing) [24]. The next two principal components were largely composed of motor neurons in the

head [24]. Together, these three PCs revealed that neurons are clustered into classes that

participate in global, cyclical and coordinated activity.

To test whether the neural activity of immobilized animals corresponded with movement,

freely moving animals expressing GCaMP in representative neurons from each principal com-

ponent were recorded. Animals were imaged within ten minutes upon food removal; these

animals move in “pirouettes” in order to search for food. During pirouettes, worms slow

down forward crawling, reverse, then resume forward crawling with a concomitant turn

[34, 37]. The interneurons RIM, AVA and AVE were chosen as representative neurons for

the first principal component. In RIM and AVA, increased Ca2+ levels in these neurons

corresponded with reversals in the vast majority of cases, with the slope of the Ca2+ trace

indicating the speed of these reversals [24]. Increased Ca2+ activity in the interneuron AVE

also corresponded with reversals [24]. The Ca2+activity observed in RIM, AVA and AVE

of freely moving animals corresponded with the Ca2+ activity observed in RIM, AVA, AVE

and other neurons in immobilized animals [24]. The motor neuron SMDV was chosen as a

representative neuron of the second and third principal components. Increased Ca2+ activ-

ity in SMDV was observed when the animal transitioned from a reversal to a resumption of

forward crawling with a concomitant ventral turn [24]. Qualitatively, the main di�erence in

Ca2+ activity observed in freely moving animals versus immobilized animals was an extended

high Ca2+ activity phase observed only in immobilized animals; this suggests that immobi-
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lization leads to extended high Ca2+ activity [24]. Nevertheless, taken together, these results

suggest that neural activity recorded in immobilized animals likely correspond with discrete

motor commands that contain information about the characteristics of behavioral outputs,

including locomotion speed and side of turn (i.e. ventral versus dorsal), as demonstrated by

Ca2+ imaging of representative neurons in freely moving animals.

Next, Kato et al. classified six di�erent classes of neural activity that correspond with

specific behaviors (relative to the AVA, which functions as reference neuron for analysis).

These six classes are LOW, RISE1, RISE2, HIGH, FALL1 and FALL2. LOW corresponds to

sustained low Ca2+ activity. RISE1/2 correspond to an increase in Ca2+ activity; RISE1 and

RISE2 are di�erentiated by timing of Ca2+ activity. HIGH corresponds to sustained high

Ca2+ activity. FALL1/2 corresponds to a decrease in Ca2+ activity; FALL1 and FALL2 are

comprised of non-overlapping head motor neurons [24]. These classes of neural activity cor-

respond with specific motor commands; these corresponding motor commands were inferred

from Ca2+ imaging data of representative neurons from freely moving animals. RISE1/2

correspond with reversals; HIGH likely corresponds with commanding extended reversals in

immobilized animals; LOW corresponds with forward movement; FALL1 corresponds with

post-reversal forward movement with a concomitant ventral turn; and FALL2 corresponds

with post-reversal forward movement with a concomitant dorsal turn [24]. This sequence

corresponds with the pirouette sequence observed in freely moving animals that were taken

o� food, with specific aspects of neuron classes’ activity - including slopes of Ca2+ transients

and magnitude - correlating with locomotion speed [24]. Together, these six neuron classes

participate in a continuous, directional manifold that represents continuous behavior.

Kato et al. then tested whether the activity of this manifold, which represents motor com-

mands, is internally driven. To answer this question, Kato et al. attenuated the activity of

the command hub interneuron AVA with histamine in animals expressing a histamine-gated

chloride channel (HisCl) in AVA [24]. C. elegans do not use histamine as a neurotransmitter,

allowing for the silencing of specific neurons that express HisCl when the animals are exposed
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to histamine [38]. Animals expressing HisCl in AVA and exposed to histamine cannot exe-

cute reversals, and whole brain imaging of these animals revealed that AVA neural activity,

as expected, is attenuated [24]. With the exception of attenuated neural activity in A-class

motor neurons (which receive synaptic inputs from AVA), AVE and RIM (both of which form

gap junctions with AVA), the neural activity manifold of AVA HisCl-silenced animals stayed

relatively the same compared to wild-type animals [24]. There was also a relative absence

of an extended HIGH state in AVA HisCl-silenced animals, which suggests that AVA plays

a role in this state in wild-type animals [24]. These results suggest that the neural activity

manifold is internally driven and not reliant on movement-generated feedback.

To test whether the neural manifold responds to an environmental cue, Kato et al. ex-

posed immobilized animals with alternating 21% and 4% O
2

. Animals exposed to 4% O
2

do

not perform pirouettes to the same extent as animals exposed to 21% O
2

[24]. The neural

manifold generally remained unchanged in response to alternating O
2

levels with some nu-

anced exceptions [24]. The probability of transitioning to a particular subclass of the neural

manifold, for instance, depended on O
2

levels; animals exposed to 21% O
2

are more likely to

transition to neural states commanding reversals relative to animals exposed to 4% O
2

[24].

This result is in line with the observation that animals exposed to 21% O
2

perform more

pirouettes relative to animals exposed to 4% O
2

[24]. The shape of the neural manifold was

not a�ected by alternating O
2

levels; in contrast, the probability of transitions amongst neu-

ral subclasses of the manifold was a�ected by alternating O
2

levels [24]. This suggests that

the probability of transitions between neural subclasses in the manifold could be influenced

by environmental cues.

Overall, this work demonstrates that the whole brain activity of C. elegans can be quanti-

tatively described by a neural manifold composed of six distinct subclasses that directionally

coordinate with one another cyclically to command continuous behavior. In the future, it

may be possible to investigate how the global brain state responds to changing environmen-

tal cues and internal states as a function of time. It may be also be possible to see how the
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brain state changes as a function of the animal’s status (e.g. in the absence versus presence

of food, or before and after associative learning).

1.4 Shaping Functional Connectivity: cGMP as a Neu-

romodulator

While neuropeptides and amines are the most commonly known neuromodulators, recent

genetic evidence suggests that a canonical second messenger, cGMP, which is involved in

signal transduction in distinct sensory modalities in C. elegans (discussed below in Subsection

1.5.2 in Section 1.5), may also act as a neuromodulator in a nociceptive neural circuit.

Krzyzanowski et al. revealed a role for cGMP in C. elegans’ avoidance of the bitterant

quinine [1, 2]. This avoidance behavior is modulated by food status; in the absence of food,

C. elegans exhibit attenuated avoidance behavior in response to quinine [2]. This attenuation

of avoidance behavior depends on the activity of the cGMP-dependent protein kinase (PKG)

EGL-4 in the multimodal nociceptive neuron ASH [2]. Genetic evidence suggests that EGL-

4 dampens sensitivity to the bitterant quinine by phosphorylating (and thus activating)

regulators of G protein signaling proteins (RGS) RGS-2 and RGS-3 [2]. G protein signaling

is thought to be activated by ligand (i.e. quinine) binding to G-protein-coupled receptors

(GPCRs) in ASH; this initiates a signaling cascade that generates Ca2+ influx in the neuron,

leading to depolarization [2]. This signaling cascade is mediated in part by the Ga proteins

ODR-3 and GPA-3, the Ser/Thr kinase GRK-2, QUI-1 (a protein that contains a WD40

domain) and transient receptor potential vanilloid (TRPV) cation channel subunits OSM-

9 and OCR-2 [39, 40]. The resulting increase in ASH neural activity corresponds with

avoidance behavior [2, 41]. RGS-2 and RGS-3 act on GTP-bound Ga to downregulate G

protein signaling by facilitating GTP-ase activity; this results in reduced Ca2+ influx in ASH

in response to quinine [2].
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Dampening sensitivity to bitterants such as quinine to reduce avoidance behavior is an

illustration of the importance of generating context-dependent behavior in response to a

stimulus. The animal’s sensitivity to quinine is modulated by feeding status; animals o�

food exhibit decreased avoidance to quinine, possibly demonstrating a need for the animal

to locate food sources even in the presence of a noxious stimulus.

How does feeding status modulate avoidance behavior? EGL-4 is hypothesized to play a

role in downregulating the ASH response to the bitterant quinine, and cGMP-bound EGL-

4 phosphorylates RGS-2 and RGS-3 [2]. Where is cGMP coming from? Intriguingly, no

guanylyl cyclases (GCs), which produce cGMP, are known to be expressed in ASH, which

suggests that cGMP production could be occurring in other neurons. Indeed, four receptor

guanylyl cyclases (rGCs) – ODR-1, GCY-27, GCY-33 and GCY-34 – were shown to be

required for modulation of avoidance behavior in the absence of food [2].

One hypothesis for this result is that cGMP could be acting as a neuromodulator to signal

feeding status in the nociceptive neural circuit to shape ASH activity. To test this hypothesis,

ODR-1 expression was rescued in AWB, AWC and ASI, - sensory neurons that normally

express ODR-1 and sense food-related signals - in odr-1(lof) mutant animals. These animals

exhibited reduced avoidance behavior to quinine in the absence of food relative to odr-1(lof)

animals, which are hypersensitive to quinine [1]. This genetic evidence suggests that cGMP

production from AWB, AWC and ASI is required for dampening quinine sensitivity [1].

How is cGMP modulating EGL-4 activity in ASH when its production is required in

sensory neurons? One hypothesis is that cGMP flows into ASH via gap junctions. In

C. elegans, gap junctions are formed by innexins, which are analogous to the genetically

unrelated connexins, which form gap junctions in vertebrates [42]. Six subunits of innexins

form hemichannels, called an innexon [42]. Innexons can be composed of the same innexin or

di�erent innexins. Two innexons from two di�erent cells can then connect to one another to

form a transmembrane gap junction between them. Homotypic channels are composed of one

innexin, while heterotypic channels are composed of di�erent innexins, in which each innexon
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is composed of one innexin [42]. Finally, heteromeric channels are composed of di�erent

innexins, in which at least one innexon is composed of di�erent innexins [42]. Previous work

showed that numerous second messengers, including calcium and cyclic nucleotides, can flow

through gap junctions [43–48]. Based on this, Krzyzanowski et al. hypothesized that cGMP

can flow through gap junctions into ASH.

To test whether innexins are required for modulation of avoidance behavior,

Krzyzanowski et al. tested whether 16 out of 25 C. elegans-expressed innexins were re-

quired for avoidance to quinine after ruling out that transmitter release from AWB, AWC

and ASI modulated this behavior [1]. They found that inx-4(lof) and inx-20(lof) mutant ani-

mals were hypersensitive to 1 mM quinine, consistent with the hypothesis that gap junctions

could be important for modulating avoidance behavior [1]. Krzyzanowski et al. followed up

on INX-4’s potential role in modulating avoidance behavior due to its expression being ob-

served in numerous neurons including ASH. Expressing INX-4 in inx-4(lof) mutant animals

specifically in ASH rescued these animals’ hypersensitivity to quinine in the absence of food,

suggesting that INX-4 expression is required in ASH to modulate avoidance behavior [1].

Does cGMP production from AWB, AWC and ASI modulate avoidance to quinine in

the absence of food by flowing through gap junctions into ASH? To test this hypothesis,

Krzyzanowski et al. generated odr-1(lof);inx-4(lof) mutant animals, which lack the rGC

ODR-1 and the innexin INX-4. These animals are hypersensitive to quinine in the absence

of food. Rescue of the hypersensitivity phenotype was only achieved when both ODR-1 and

INX-4 expression was rescued in these double mutant animals [1]. Interestingly, simultaneous

expression of ODR-1 specifically in AWB, AWC and ASI and INX-4 specifically in ASH also

rescued hypersensitivity to quinine [1]. Furthermore, cGMP production in ASH results in

dampened quinine sensitivity; animals expressing the blue-light activated GC bPGC (also

known as BlgC) in ASH exhibited reduced avoidance behavior when exposed to blue light

[1]. Additionally, neurons that form gap junctions with ASH – ADF, AFD and AIA – were

also shown to be required for modulation of avoidance to quinine [1]. Taken together, genetic
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Figure 1.1: cGMP is modulated to signal food status in a nociceptive neural circuit
(figure reproduced from [1]). In the absence of food, cGMP is hypothesized to be pro-
duced in sensory neurons such as the AWC. cGMP from these sensory neurons are then
hypothesized to flow through gap junctions and eventually into ASH, where it can bind
to the PKG EGL-4. EGL-4 then phosphorylates and activates regulators of G protein
signaling RGS-2 and RGS-3, which inhibit G protein signaling in response to quinine.
Inhibition of G protein signaling leads to reduced ASH neural activity.

evidence suggests that cGMP production from food-sensing sensory neurons in the absence

of food could be flowing through gap junctions to modulate EGL-4 activity in ASH, thereby

reducing Ca2+ influx into ASH (Fig. 1.1) [1].

While there is strong genetic evidence that cGMP flows from sensory neurons and into

ASH via gap junctions, a visual reporter for cGMP can be used to visualize whether cGMP is

indeed flowing from sensory neurons through other neurons and eventually into ASH in a gap

junction dependent manner as a function of feeding status. More generally, characterizing a

tool to monitor second messengers and neuromodulators could give significant insight into
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how they influence neural activity. Indeed, work has been done on a neuropeptide reporter in

Drosophila to investigate how neuropeptides modulate neural activity [17, 20]. To this end,

this thesis will focus on the characterization of a GFP-based cGMP reporter in C. elegans.

This tool can be used to explore cGMP’s role as a canonical second messenger in sensory

transduction and as a potential neuromodulator.

1.5 cGMP as a canonical second messenger

cGMP is a ubiquitous second messenger that is involved in biological processes as diverse

as vascular smooth muscle relaxation, phototransduction and long-term potentiation and

depression [49–52]. cGMP is produced by guanylyl cyclases (GCs), which catalyze the con-

version of metal-bound GTP into cGMP (+ PPi) [53]. GCs are classified into two subtypes,

soluble guanylyl cyclases (sGCs) and receptor guanylyl cyclases (rGCs). sGCs are found in

the cytosol, where they bind to gasses such as NO and O
2

[53–57]. rGCs are localized to the

plasma membrane and are canonically activated by natriuretic peptides in mammals [53].

GCs are primarily composed of dimers, with sGCs generally composed of heterodimers and

rGCs generally composed of homodimers [53]. GCs contain a dimerization domain as well

as a catalytic domain at the C-terminal end; sGCs contain a heme-binding domain, while

rGCs contain an extracellular ligand-binding domain [53]. Interestingly, there are many GCs

expressed in C. elegans, which express 27 rGCs and 7 sGCs [58]. In contrast, humans only

express 5 rGCs and 3 sGCs [53]. Perhaps unsurprisingly, GCs in C. elegans are involved in

sensing multiple, distinct sensory modalities (discussed in Subsection 1.5.2).

Once cGMP is made, it can interact with multiple downstream e�ectors as a second

messenger. cGMP interacts with cGMP-gated cation channels (CNGs), PKGs and phospho-

diesterases (PDEs). In vascular smooth muscle cells, cGMP leads to a reduction in Ca2+ to

promote muscle relaxation, while in retinal cells and C. elegans sensory neurons, the gating

of cation channels by cGMP leads to an influx of cations into the cell and thus depolarization
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[49, 50, 52, 59]. The cooperative binding of two cGMP molecules to PKGs leads to active

serine/threonine kinase activity, which leads to the phosphorylation of multiple targets to

mediate signaling cascades; its targets are as diverse as RGS proteins, ion channels and

heterochromatin binding proteins [2, 60, 61]. This suggests that cGMP can induce short-

and long-term signaling cascades through PKG. The spatiotemporal regulation of cGMP is

shaped by the action of PDEs, which hydrolyze cGMP and cAMP [62]. PDEs that contain

a GAF (cGMP-activated PDEs, adenylyl cyclase and Fh1A) domain can be allosterically

regulated by cGMP, resulting in increased PDE activity and thus negative feedback; PDEs

can also be regulated by cAMP [62]. PDE activity can also be increased via phosphorylation

by PKGs, providing another potential route for negative feedback (see Paragraph 1.6.1.1.1

in Section 1.6) [63–66]. Yet another indirect mechanism for negative feedback is through

the interaction of the calcium-binding protein calmodulin with PDEs [62]. In this context,

calmodulin is activated by increased Ca2+ levels in the cell; increased Ca2+ levels resulting

from Ca2+ influx through CNG channels can therefore indirectly regulate PDE activity [62].

1.5.1 Overview of cGMP’s canonical roles in neurobiology

cGMP’s role as a second messenger in neurobiology has been studied in mammals and

invertebrates. Below is an overview of the role of cGMP in phototransduction, long-term

potentiation and depression, and other processes.

1.5.1.1 Phototransduction

cGMP has been extensively studied in the context of vision. Rod and cone cells in

the retina are responsive to light and send light-dependent electrical signals to the brain,

where higher levels of visual processing convey specific information about the organism’s

visual environment [49, 52]. cGMP has been quantitatively described in rod cells, which

are the retinal cells exclusively used for night vision. cGMP is particularly important in

phototransduction - the process that converts photon signals to electrical signals - which
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occurs in the outer segment of rod and cone cells [49, 52]. In the dark, [cGMP] in rods cells

is relatively high (in the low µM range) [52]. Thus, CNG channels in these rods cells are

open, leading to constitutive depolarization of the rod cell and glutamate release.

The interaction of photons with the GPCR rhodopsin in the outer segment of rod cells

initiates a signaling cascade that results in a tightly spatiotemporally controlled decrease in

[cGMP] [49, 52]. This decrease in [cGMP] leads to the closing of CNG channels, which results

in hyperpolarization of the rod cells and a reduction in glutamate release [49, 52]. Photon-

activated rhodopsin activates transducin, a G protein, and the a
t

subunit of transducin

activates PDE6, which hydrolyzes cGMP; this leads to a fall in [cGMP] [49, 52]. As a result,

CNG channels close, leading to a reduction in cation flux and hyperpolarization.

Ca2+-mediated feedback mechanisms reestablish a homeostasis of [cGMP] after exposure

to light. The decrease in Ca2+ influx due to the closing of CNG channels indirectly leads

to the activation of GCs in rod cells. Ca2+ binds to and inhibits guanylyl cyclase activat-

ing proteins (GCAPs); decreased Ca2+ levels, however, lead to Mg2+ binding to GCAPs

instead, resulting in disinhibition of GCAPs and thus activation of GCs [52]. This feedback

mechanism allows for tight temporal control of phototransduction.

1.5.1.2 Long-term potentiation and long-term depression

cGMP has been implicated in long-term potentiation (LTP) in mammals. LTP, which is

characterized by the activity-dependent increase in synaptic strength between neurons, can

depend on cGMP signaling [67] cGMP is an e�ector for NO, a putative retrograde messenger

that is released from the dendrite of a postsynaptic neuron and binds to sGCs located in

the axon of the presynaptic neuron [67]. cGMP has been implicated in LTP in brain regions

associated with learning and memory, such as the hippocampus and amygdala [51, 54, 55, 68–

71]. When GCs or PKGs are inhibited in these brain regions, LTP is blocked; in contrast,

activating PKGs lead to enhanced LTP [68]. cGMP-mediated LTP partially depends on

the activity of NMDA receptors that increase NO production, which then leads to cGMP
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production through NO activation of sGCs [51, 54]. In the hippocampus, the temporal regu-

lation of cGMP signaling is tightly controlled to promote LTP. Tetanic stimulation (in which

neurons are stimulated at a high frequency) leads to a relatively transient increase in cGMP

levels that peak at ten seconds before decreasing within five minutes [71]. Concurrently, sGC

activity and PDE activity are also increased in the order of minutes after stimulation [71].

Inhibiting GCs, PKGs and PDEs in this context leads to an abrogation of LTP, suggesting

that the temporal regulation of cGMP levels and cGMP e�ectors are important for LTP

[71]. Interestingly, in the amygdala, the canonical NO/cGMP/PKG pathway interacts with

the MAPK/ERK pathway to promote fear conditioning. In this context, enhanced cGMP

signaling through cGMP analogues or activators of sGC leads to a MEK-dependent increase

in LTP at thalamic inputs to the amygdala; in contrast, inhibition of cGMP production

leads to impaired LTP [69].

cGMP-mediating signaling has also been implicated in long-term depression (LTD),

which is characterized by activity-dependent decreases in synaptic strength between neu-

rons. cGMP-dependent LTD has been primarily observed in the cerebellum, where it plays

a role in modulating the synapses of Purkinje cells [70]. NO is hypothesized to bind to a sGC

to promote cGMP production [70]. In LTD, NO likely functions as an anterograde messenger

produced in presynaptic interneurons, and as in LTP, this process depends on the activity

of NMDA receptors [70]. cGMP production then leads to the activation of PKGs. PKGs,

which are highly expressed in Purkinje cells, then phosphorylate targets known to modulate

LTD, such as G-substrate [70, 72]. Taken together, these studies reveal that cGMP plays a

role in synaptic plasticity in mammals, both in the context of LTP and LTD.

1.5.1.3 cGMP signaling in invertebrates

cGMP-mediated signaling has been primarily implicated in foraging behavior in inverte-

brates outside of C. elegans. Honey bees use cGMP-mediated signaling to convert a bee’s

role in a bee colony throughout its life [73, 74]. Honey bees function in highly organized
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social structures and perform distinct duties in bee colonies [73, 74]. The ability of honey

bees to transition from working in the hive to foraging for food (e.g. pollen) correlates with

the activity of the foraging gene, which encodes a PKG [73, 74]. Increased PKG levels lead

to foraging behavior in bees by promoting phototaxis [74]. Interestingly, the foraging gene

in Drosophila also mediates foraging behavior and also codes for a PKG [75]. Drosophila

can either be rovers or sitters, which move relatively less than rovers; rovers have increased

PKG activity, similar to the foraging honey bees [75]. The social behavior of distinct ant

castes is also modulated by PKG levels [76]. The major and minor castes are responsible

for defending nests and foraging, respectively; interestingly, in contrast to honey bees and

Drosophila, lower levels of PKG activity in ants are associated with foraging behavior, while

higher levels of PKG activity are associated with defense [76]. Together, these studies in-

dicate that cGMP-mediated signaling through PKGs is implicated in maintaining complex,

organized social structures and behavioral strategies in invertebrates.

1.5.2 Signal transduction in C. elegans

1.5.2.1 Overview

cGMP is implicated in sensory transduction in distinct sensory modalities, including the

sensation of O
2

, CO
2

, temperature, light, odorants and gustatory cues. Animals that lack

functional TAX-2 or TAX-4, which encode a b and a subunit of a CNG channel, respectively,

were found to exhibit chemotaxis defects towards numerous environmental cues, including

temperature, ions and odorants, which suggests that cGMP-mediated signaling in sensory

transduction is implicated in multiple sensory modalities [59, 77]. Additionally, GCs are

widely expressed in C. elegans, with the majority of rGCs (25/27) expressed in the nervous

system [58]. This suggests that cGMP signaling could be involved in numerous neurobiolog-

ical processes in C. elegans. Indeed, cGMP-mediated signal transduction has been shown to

play an important role in the sensation of a rich variety of environmental cues in C. elegans

[78]. Below is an overview of cGMP-mediated signaling in sensory modalities.
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1.5.2.2 O2

C. elegans in the wild are often social feeders; in contrast, the canonical lab strain Bristol

N2 are solitary feeders [28]. Social feeders often aggregate, accumulate at the border of a

bacterial lawn and display enhanced locomotory behavior relative to solitary feeders [79].

Whether animals are social feeders depends on the isoform of the neuropeptide Y homolog

NPR-1. Animals expressing NPR-1 215F are social feeders while animals expressing NPR-1

215V are solitary feeders [28]. The aggregation behavior of npr-1(ad609) animals, which

contain a loss-of-function allele of npr-1, requires TAX-4 [79]. This suggests that cGMP-

mediated signaling is required for social feeding.

Gray et al. demonstrated that this social feeding behavior was strongly mediated by O
2

levels [56]. Animals prefer O
2

levels between 5 - 12% and generally avoid O
2

levels that are

below or above this preferred range [56]. O
2

binds to the sGC GCY-35, which is expressed in

AQR, PQR and URX [56]. In contrast to wild-type animals, gcy-35(ok769) mutant animals,

which lack a functional GCY-35, do not avoid hyperoxic conditions, suggesting that GCY-

35 is required to sense elevated O
2

levels [56]. Like mammalian sGCs, GCY-35 contains

a heme-binding domain [56]. However, unlike mammalian sGCs, which selectively bind to

NO, GCY-35 binds O
2

, similar to the heme domains of hemoglobin [56]. cGMP generation

from GCY-35 was hypothesized to gate the TAX-4/2 CNG channel to generate cation influx

in AQR, PQR and URX, which would eventually lead to hyperoxia avoidance. Consistent

with this hypothesis, tax-2(lof) and tax-4(lof) mutant animals phenocopied gcy-35(ok679)

mutant animals in no longer avoiding hyperoxic conditions [56]. Additionally, tax-4;gcy-35

double mutant animals also shared this phenotype, suggesting that GCY-35 and TAX-4 are

acting in the same pathway [56].

From this result, the authors hypothesized that social feeding is regulated by NPR-1

in AQR, PQR and URX in an O
2

-dependent manner. tax-4;npr-1 animals are not social

feeders; that the social feeding behavior of npr-1(ad609) animals requires TAX-4 suggests

that sensing O
2

in the environment is implicated in this behavior [79]. Consistent with this
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hypothesis, npr-1(ad609) animals exposed to 7% O
2

(as opposed to the ambient level of 21%

O
2

) no longer exhibit the aggregation and bordering behaviors associated with social feeding

[56]. From this result, Gray et al. concluded that these behaviors occur only in npr-1(ad609)

animals exposed to ambient levels of O
2.

The bacterial lawn that the animals are grown in

tend to have a thicker border, which is characterized by higher levels of bacteria that consume

O
2

at a higher rate, resulting in decreased O
2

levels at the border of the bacterial lawn [56].

Indeed, the border of a bacterial lawn contains O
2

levels of around 12.8%; in contrast, the

middle of a bacterial lawn contains O
2

levels of around 17.1% [56]. Thus, npr-1(ad609)

animals likely aggregate at the border of the bacterial lawn because of their preference for

lower O
2

levels. O
2

levels also modulate aggregation and bordering behaviors in wild-type

N2 animals, albeit to a lesser extent than npr-1(ad609) animals, which indicates that O
2

levels regulate social feeding in parallel to NPR-1 activity [56]. Taken together, these studies

suggest that social feeding requires the activation of a sGC that binds O
2

in AQR, PQR and

URX; this initiates a GMP-dependent signaling cascade that leads to hyperoxia avoidance.

1.5.2.3 CO2

Animals respond to CO
2

, which can serve as an indicator of hosts, predators and bacteria.

Some C. elegans strains, including N2, avoid CO
2

under well fed conditions, possibly because

it could indicate the presence of predators [80]. CO
2

avoidance behavior requires TAX-2 and

TAX-4, and TAX-4 expression in the BAG neurons of tax-4(lof) mutant animals rescued their

CO
2

avoidance defect [80]. This implies that cGMP-mediated signaling is required for the

avoidance response [80]. Indeed, CO
2

-evoked Ca2+ transients in BAG neurons require TAX-

2 and TAX-4 [81]. Moreover, GCY-9, a rGC, is required for CO
2

avoidance, and there were

no CO
2

-evoked Ca2+ transients in the BAG neurons of gcy-9(lof) mutant animals [81]. Ca2+

transients were partially rescued in these animals when GCY-9 was expressed specifically in

BAG neurons [81]. This suggests that GCY-9 could be a direct receptor for CO
2

, a CO
2

metabolite (like the rGC GC-D expressed in the olfactory sensory neurons of mammals,



26

which detect bicarbonate [82]), or a downstream e�ector of CO
2

sensation. Taken together,

these results suggest that CO
2

sensation and avoidance require cGMP-mediated signaling in

BAG neurons, in which cGMP production from GCY-9 leads to cGMP gating the TAX-4/2

channel, resulting in cation influx and depolarization of the neuron.

1.5.2.4 Temperature

Worms sense temperature primarily through the AFD neuron pair. These thermosensory

neurons, which are required for C. elegans to move towards preferred temperatures, are

extremely sensitive to small fluctuations in temperature (as small as 0.005°C/s) above a

certain threshold (T*) [83]. C. elegans exhibit a preference for cultivation temperature (T
c

),

which is the temperature they experience in the presence of food [84]. T
c

preference is

flexible, as animals that are transferred to a new temperature in the presence of food prefer

that new temperature in the order of hours [83]. C. elegans move towards T
c

through negative

thermotaxis (i.e. when the animal is at T > T
c

), positive thermotaxis (i.e. when the animal

is at T < T
c

; this only occurs in specific circumstances) and isothermal tracking (i.e. when

the animal is at T ~ T
c

) [83]. T
c

is related to T*; the AFD neurons of animals cultivated

at a new temperature for several hours have a shifted T* reflecting the new temperature

[85]. However, although T
c

preference occurs in the order of hours, T* occurs in the order of

minutes (i.e. the AFD neurons of animals transferred to a new temperature have a shifted

T* to reflect this new temperature within a few minutes) [85, 86].

How can AFD simultaneously sense minute fluctuations in temperatures above T* and

store the memory of T
c

? AFD exhibits a TAX-4 dependent Ca2+ response to warming,

and electrophysiology experiments corroborated and extended this finding, demonstrating

that the AFD response to warming above T* depends on both TAX-4 and TAX-2 [85, 87].

Additionally, these electrophysiology experiments also demonstrated that AFD responds to

cooling above T* [85]. This suggests that cGMP gating of the TAX-4/2 channel could

be required for thermosensation. Importantly, the membrane current in response to rapid
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temperature changes has a latency of approximately 100 ms, which is enough time for the

production of a second messenger like cGMP [85]. Mutant animals that lack the three AFD-

specific rGCs - GCY-8, GCY-18 and GCY-23 - lack AFD responses to changing temperatures,

suggesting that cGMP acts upstream of TAX-4/2 to gate the CNG channel in response to

temperature fluctuations [85].

Interestingly, the three AFD-specific rGCs expressed in the ciliated endings of the neuron

could be thermosensors [88]. Takeishi et al. demonstrated that T* in AFD was determined

in part by the rGCs, as double mutants and gcy-8(lof) single mutants exhibited a lower T*

relative to wild-type animals [88]. To test whether GCY-8, GCY-18 and GCY-23 were ther-

mosensors, Takeishi et al. misexpressed these three rGCs or GCY-23 alone in the chemosen-

sory neurons AWB and ASE [88]. These neurons express TAX-4/2 but are nonetheless

unresponsive to temperature fluctuations [88]. When misexpressing the AFD-specific rGCs,

however, these neurons become sensitive to temperature changes in the physiological range

(13 - 25 °C) [88]. AWB and ASE also respond to temperatures in the noxious range (above

28 °C) when they express GCY-18 [88]. Taken together, this suggests that the AFD-specific

rGCs function as thermosensors that produce cGMP in response to temperature fluctuations.

1.5.2.5 Light

While C. elegans do not have eyes, they respond to and avoid UV light and, to a lesser

extent, violet and blue light [89]. C. elegans are hypothesized to avoid these wavelengths of

light because they may be harmful to them; indeed, animals exposed to UV light eventually

become paralyzed and die [89]. Forward-moving animals cease forward movement and reverse

when these wavelengths of light are directed to the head, while animals move forward when

these wavelengths of light are directed to the middle of the body and tail [89].

Light is sensed through a cGMP-mediated signaling cascade in C. elegans. ASJ, ASK,

AWB and ASH were found to be involved in sensing light [89]. tax-2(lof) mutant animals

exhibited a phototaxis defect, which was rescued by TAX-2 expression in ASJ, ASK or AWB,
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which are sensory neurons with ciliated endings that express TAX-2 [89]. This suggests that

cGMP is involved in the sensation of light. Supporting this hypothesis, perforated whole-

cell recordings revealed that inward current in ASJ in response to UV light required CNG

channels, as this response was blocked in animals exposed to the CNG channel inhibitor

L-cis-diltiazem and in tax-2(lof) mutant animals [89]. Additionally, introducing cGMP into

ASJ through dialysis resulted in an inward current in the neuron, which was blocked by

L-cis-diltiazem and the GC inhibitor LY83857; the inward current was also blocked in tax-

2(lof) mutant animals [89]. Taken together, these results suggest that cGMP gates CNG

channels in response to light.

Phototransduction in ASJ is distinct from phototransduction in mammalian rod and cone

cells. While the signaling cascade for phototransduction in rod and cone cells involves the

activation of PDE6 by the G protein transducin to decrease [cGMP], phototransduction in

ASJ leads to an increase in [cGMP] through the activation of rGCs by G protein signaling

[49, 52, 90]. The inward current in ASJ in response to light requires LITE-1, which is a seven

transmembrane protein and a member of the taste receptor family [90]. LITE-1 may be a

photosensor; an inward current in response to light occurs when LITE-1 is misexpressed

in ASI, which is normally unresponsive to light [90]. Like rhodopsin, LITE-1 functions

upstream of G protein signaling; indeed, light-evoked inward current in ASJ is blocked by

mSIRK, an inhibitor of Ga, while an inward current in ASJ occurs in response to the G

protein activator GTPgS [90]. This GTPgS-evoked inward current can be blocked by L-

cis-diltiazem; this current is also blocked in tax-2(lof) and tax-4(lof) mutant animals [90].

This suggests that G protein signaling functions upstream of CNG channels. Indeed, CNG

channel-dependent inward currents in ASJ also occur in response to the G
i/o

protein activator

mastoparan; in contrast, no light-evoked inward current in ASJ occurred in animals exposed

to the G
i/o

protein inhibitor pertussis toxin, suggesting that G
i/o

proteins are involved in

G protein signaling in phototransduction [90]. Supporting the hypothesis that G protein

signaling is required in phototransduction, there is no light-evoked inward current in ASJ in
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goa-1;gpa-3 animals, which are double mutant for Ga genes, nor is there an inward current

in ASJ in these animals in response to GTPgS [90]. In contrast, there is an inward current

in ASJ in goa-1;gpa-3 animals when they were exposed to cGMP [90]. Taken together,

this suggests that G protein signaling in phototransduction functions upstream of cGMP

production and the TAX-4/2 CNG channel.

In contrast to phototransduction in rod and cone cells, which activates PDEs, photo-

transduction in ASJ does not directly involve PDE regulation. Interestingly, the light-evoked

inward current in ASJ increased fivefold in pde-1;pde-2;pde-5 triple mutant animals and in

pde-1;pde-2;pde-3;pde-5 quadruple mutant animals relative to wild-type animals [90]. The

recovery to baseline potential also occurred much more slowly in these mutants relative

to wild-type animals [90]. Interestingly, the input resistance of ASJ was not di�erent be-

tween wild-type and these mutant animals, suggesting that PDEs are not modulating the

amount of CNG channels open [90]. These results suggest that PDEs are not involved in

the phototransduction signaling cascade in C. elegans, although they seem to play a role in

reestablishing cGMP homeostasis. By contrast, the rGCs DAF-11 and ODR-1, which are

expressed in ASJ, AWB and ASK, do seem to be modulated in response to light, as no (or

severely reduced) light-evoked inward current in ASJ occurred in daf-11(lof) and odr-1(lof)

mutant animals [90]. Additionally, in contrast to wild-type animals, no inward current in

ASJ occurs in daf-11(lof) and odr-1(lof) mutant animals in response to GTPgS, further sup-

porting the hypothesis that activation of GCs occurs downstream of G protein signaling [90].

Inward current in ASJ in these mutant animals does occur when cGMP is introduced into

ASJ, placing the activity of GCs upstream of CNG channels [90]. Together, these experi-

ments demonstrate that phototransduction occurs in ASJ when light, which likely interacts

with LITE-1, leads to G protein signaling; this then directly or indirectly activates rGCs,

which then leads to the gating of CNG channels by cGMP.
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1.5.2.6 Olfaction

C. elegans are able to sense and chemotax toward odorants [91]. Attractive odorants

are sensed by AWA and AWC, while repulsive odorants are sensed by AWB [78]. Odorants

are hypothesized to bind to the multitude of GPCRs expressed in these neurons [92]. This

implies that each of these neurons can sense a myriad of odorants in the environment. This

is in contrast to mammalian olfactory bulbs, where individual neurons generally express one

odorant receptor each [93]. Interestingly, even though multiple receptors are expressed in

individual neurons, C. elegans are able to discriminate between distinct odorants even when

they are sensed by the same neuron [94].

Much work has been done on dissecting the mechanisms underlying olfactory sensory

transduction and plasticity in the AWC neuron pair. AWC senses benzaldehyde, butanone,

isoamyl alcohol and other odorants [91]. Downstream of odorant binding to GPCRs, olfactory

sensory transduction in AWC requires G protein signaling through the Ga protein ODR-3

[95] as well as the TAX-4/2 CNG channel, implying a cGMP-mediated signaling cascade

[59, 77]. When odorants presumably bind to the GPCRs expressed in AWC, cGMP levels

are hypothesized to decrease, leading to the closing of the TAX-4/2 CNG channel; this

hypothesis is supported by the observation that odorant removal results in depolarization of

AWC [31]. Thus, AWC are OFF neurons. AWC expresses two rGCs in the cilia, ODR-1 and

DAF-11 [96–99]. odr-1(n1936) loss-of-function mutant animals exhibit defective chemotaxis

towards all odorants sensed by AWC, suggesting that rGC activity is required for chemotaxis

[91, 99]. When these mutant animals expressed ODR-1 with a deleted extracellular domain,

this chemotaxis defect was rescued; in contrast, mutant animals that expressed an ODR-1

protein that lacked cyclase activity were chemotaxis defective [99]. This suggests that the

cyclase activity of ODR-1 is required for AWC to sense odorants.

Interestingly, ODR-1 also seems to be required for plasticity. Animals can adapt to

odorants; animals that are exposed to an inherently attractive odorant in the absence of

food eventually learn to ignore that odorant, and the odorant eventually becomes repul-
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sive when the animal is exposed to it when paired with the absence of food for over two

hours [94, 100]. odr-1(n1936) mutant animals that overexpress ODR-1 are unable adapt to

butanone, and this adaptation defect was not rescued when odr-1(n1936) mutant animals

overexpressed an ODR-1 protein that lacked cyclase activity [99]. This suggests that, while

sensory transduction requires ODR-1 cyclase activity, adaption to butanone does not.

Additionally, ODR-1 plays a role in odorant discrimination. C. elegans are able to locate

an odorant even in the presence of a saturating second odorant on assay plates, suggesting

that they are able to discriminate between di�erent odorants [94, 99]. odr-1(n1936) mutant

animals that overexpress ODR-1 are not able to locate benzaldehyde or isoamyl alcohol in

the presence of saturating butanone [99]. In contrast, odr-1(n1936) mutant animals that

overexpress an ODR-1 protein that lacked cyclase activity were able to discriminate either

benzaldehyde or isoamyl alcohol in the presence of butanone [99]. These results suggest

that excessive cGMP levels may lead to defects in odorant discrimination in the presence of

saturating butanone.

What is the role of cGMP in AWC plasticity? To investigate this question, the role of the

PKG EGL-4 was examined. egl-4(ky95) mutant animals, which likely express EGL-4 with

reduced activity, exhibit normal chemotaxis to AWC-sensed odorants while being unable to

adapt to these odorants when paired with the absence of food [101]. egl-4(n479) null mutant

animals exhibit chemotaxis defects toward isoamyl alcohol and butanone and no chemotaxis

defect toward benzaldehyde [101]. Like egl-4(ky95) mutant animals, egl-4(n479) mutant

animals also exhibit an adaptation defect toward benzaldehyde [101]. This adaptation defect

can be rescued when egl-4(n479) mutant animals express hsp::egl-4 at elevated temperatures;

these animals express EGL-4 when the animals are subjected to heat shock [101]. Together,

these results suggest that EGL-4 plays a role in adaptation as well as, for isoamyl alcohol

and butanone, sensory transduction.

Where is EGL-4 required for plasticity? While egl-4(K459E) mutant animals - which

express EGL-4 with a mutated nuclear localization sequence - are able to adapt to odorants
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on short time scales (i.e. around 30 minutes), they are not able to adapt to odorants on longer

time scales (i.e. around one hour or more) [101]. Imaging wild-type animals that express

a GFP-tagged EGL-4 revealed that EGL-4 is primarily localized in the cytoplasm of naïve

animals that have not been exposed to an odorant in the absence of food [100]. In contrast,

animals that have been exposed to an odorant in the absence of food for a prolonged period of

time accumulate EGL-4 in the nucleus, with an exponential increase in EGL-4 nuclear entry

occurring 45 to 60 minutes after the animals were exposed to an odorant in the absence of

food [100]. This corresponded with adaptation; as chemotaxis towards the initially attractive

odorant decreased, EGL-4 nuclear entry increased [100]. Interestingly, EGL-4 nuclear entry

is odorant specific. Animals that were exposed to butanone in the absence of food exhibited

nuclear entry in only one AWC neuron, while animals that were exposed to benzaldehyde

in the absence of food exhibited nuclear entry in both AWC neurons; this is presumably

due to the fact that butanone is sense by one AWC neuron while benzaldehyde is sensed

by both AWC neurons [100]. EGL-4 nuclear entry is only required to initiate adaptation,

as imaging animals that express GFP-EGL-4 revealed that EGL-4 is in the cytoplasm in

animals that have been and remain adapted to an odorant [100]. These results suggest that

EGL-4 nuclear entry promotes longer-term adaptation to specific odorants.

How does cGMP a�ect EGL-4 activity and localization to promote adaptation? Imaging

animals that express a GFP-EGL-4 that lacked functional cGMP binding revealed that EGL-

4 stays in the cytoplasm even when animals are exposed to an odorant in the absence of food

for prolonged periods of time; these animals are adaptation defective [100]. When animals

lacked a functional ODR-1 or DAF-11, GFP-EGL-4 was constitutively nuclear localized;

additionally, these animals were chemotaxis defective for AWC-sensed odorants [102]. This

suggests that decreased cGMP levels in the cilia (where ODR-1 and DAF-11 are localized)

leads to EGL-4 nuclear entry. In contrast, quadruple pde-1;pde-2;pde-3;pde-5 mutant animals

that lack any functional cGMP-hydrolyzing PDEs exhibited constitutively cytoplasmic GFP-

EGL-4, even when they were exposed to an odorant in the absence of food [102]. While these
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animals exhibited normal chemotaxis to AWC-sensed odorants, they were unable to adapt

to odorants when paired with the absence of food [102]. Cilia morphology seems to play a

role in these cGMP-dependent processes as well, since GFP-EGL-4 is constitutively nuclear

in mutant animals that exhibit morphological defects in the cilia [102]. These results suggest

that cGMP levels are modulated in the AWC cilia in response to odorants to promote nuclear

entry of EGL-4, which leads to odorant-specific adaptation.

cGMP also acts in the AWC axon to shape neural plasticity. The gcy-28 gene encodes

multiple isoforms of the rGC GCY-28 [103]. gcy-28.d in AWC is expressed primarily in the

axon [103]. gcy-28 mutant animals that lack functional GCY-28 exhibit repulsion to bu-

tanone as opposed to attraction [103]. This repulsion can be rescued in these animals upon

expression of the gcy-28.d isoform specifically in AWC, suggesting that decreased GCY-28

activity in the AWC axon switches attraction to butanone into repulsion [103]. Behaviorally,

this means that, instead of exhibiting decreased turning frequency in response to an increas-

ing butanone gradient, gcy-28(lof) mutant animals exhibited increased turning frequency in

response to an increasing butanone gradient [103]. Consequently, these animals exhibit a

biased random walk away from butanone [103].

What role does GCY-28 play in this behavioral switch from attraction to repulsion?

GCY-28 could be a�ecting synaptic function by modulating diacylglycerol (DAG)/protein

kinase C (PKC) signaling. Animals that lack a functional DAG kinase, DGK-1, are presumed

to have increased DAG signaling; gcy-28;dgk-1 animals exhibit chemotaxis towards butanone,

rescuing the butanone avoidance phenotype of gcy-28(lof) mutant animals [103]. Addition-

ally, gcy-28(lof) animals that were treated with the DAG signaling agonist b-phorbol ester

phorbol 12-myristate 13-acetate also exhibited attraction to butanone [103]. Together, this

suggests that increased GCY-28 activity could increase DAG signaling to promote butanone

attraction. DAG signaling activates PKC; consistent with the hypothesis that increased

GCY-28 activity could activate the DAG/PKC signaling pathway, pkc-1 mutant animals

that lack a functional PKC avoid butanone, phenocopying gcy-28(lof) mutant animals [103].
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Additionally, pkc-1;gcy-28 double mutants avoid butanone as much as gcy-28(lof) and pkc-

1(lof) single mutant animals, suggesting that PKC-1 and GCY-28 could be acting in the same

pathway [103]. Furthermore, the avoidance phenotype of gcy-28(lof) animals can be rescued

by expressing a constitutively active PKC-1 [103]. Together, these results suggest that a

decrease in GCY-28 activity in the AWC axon switches the animal’s attraction to butanone

into repulsion by downregulating DAG/PKC signaling to modulate synaptic function.

1.5.2.7 Gustatory

C. elegans can sense ions and salts primarily through the gustatory neuron pair ASE

(Fig. 1.2). Out of the 27 rGCs expressed in C. elegans, 11 are expressed in ASE and

are hypothesized to be chemoreceptors [58]. While the ASE neuron pair are anatomically

symmetric, they are functionally asymmetric and respond to di�erent ions [104]. Underlying

this functional asymmetry is the asymmetric expression of rGCs; nine are expressed either

in ASE left (ASEL; gcy-6, gcy-7, gcy-14 and gcy-20 ) or ASE right (ASER; gcy-1, gcy-3,

gcy-4, gcy-5 and gcy-22 ) [58]. Calcium recordings suggest that ASEL primarily responds to

ion concentration upsteps, while ASER primarily responds to ion concentration downsteps

[104, 105]. Behaviorally, this results in forward locomotion or turns, respectively, which

leads to a biased random walk towards higher ion concentrations [105]. The ASE response

to changes in ion concentration seem to depend on a cGMP-mediated signaling pathway,

as no responses to [NaCl] changes were observed in the ASE neuron pair in tax-2(lof), tax-

4(lof) and egl-4(lof) mutant animals [105]. This suggests that cGMP-mediated signaling

plays a role in gustatory sensory transduction. Asymmetrically expressed rGCs underlie the

functional lateralization of ASE. Ca2+ recordings revealed that ASEL specifically responds

to increased levels of the cations Na+, Li+, K+ and Mg2+ while ASER specifically responds

to decreased levels of the anions Cl-, I- and Br- as well as the cation K+ [104]. Animals

mutant for specific gcy genes generally exhibit chemotaxis defects towards one or a few

specific ions. For example, gcy-6(lof) mutant animals, which lack a functional GCY-6 in
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gcy-22
tax-2
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Figure 1.2: ASEL/R are a gustatory neuron pair that respond to salts and other small
molecules. Figure adapted from [58]. gcy-22, which codes for a rGC, is exclusively ex-
pressed in ASER; its role in cGMP-mediated signaling in response to [NaCl] step changes
will be discussed in Chapter 2. cGMP production from the rGCs in ASEL/R is hypoth-
esized to lead to the gating of the TAX-4/2 channel.
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ASEL, have chemotaxis defects specifically towards Mg2+; in contrast, these animals exhibit

normal chemotaxis towards other ions, such as Na+, Li+, Cl-, Br- and I- [104]. Moreover,

Ca2+ recordings revealed that ASEL is specifically unresponsive to Mg2+ increases in gcy-

6(lof) mutant animals; ASEL remains responsive to upsteps of Na+ and Li+ [104]. These

findings indicate that these asymmetrically expressed rGCs in ASE underlies the functional

lateralization of the ASE response to changing ion concentrations.

The rGCs in ASE are hypothesized to be chemoreceptors that initiate the cGMP-

mediated signaling cascade in response to changing ion concentrations. Chimera studies, in

which specific gcy mutant animals are rescued with either the wild-type rGC or a chimeric

rGC composed of the extracellular domain of one rGC and the intracellular domain of an-

other rGC, revealed that the extracellular domain was required for rescue of chemotaxis

defects exhibited by these mutant animals [106]. For example, gcy-4(lof) mutant animals

exhibit chemotaxis defects towards I- [106]. This chemotaxis defect is rescued when wild-type

GCY-4 is expressed in gcy-4(lof) mutant animals [106]. Additionally, the chemotaxis defect

of gcy-4(lof) mutant animals can also be rescued by chimeras composed of the extracellular

domain of GCY-4 and the intracellular domain of either GCY-1 or GCY-22 [106]. In con-

trast, gcy-4(lof) mutant animals still exhibit chemotaxis defects toward I- upon expression

of chimeras composed of the extracellular domain of either GCY-1 or GCY-22 and the intra-

cellular domain of GCY-4 [106]. Similar results were obtained for gcy-1(lof) and gcy-22(lof)

mutant animals [106]. Taken together, these results suggest that the rGCs in ASE could be

chemoreceptors and that the extracellular domain could be interacting with ions, resulting

in the modulation of GC activity.

To test whether the rGCs in ASE are chemoreceptors, Smith et al. misexpressed GCY-4

and GCY-22 in the sensory neuron ASI, which normally does not respond to ions. che-1(lof)

mutant animals, which lack functional ASE, exhibit chemotaxis defects towards I- [106]. This

chemotaxis defect can be rescued by expression of GCY-4 and GCY-22 in ASI [106]. Inter-

estingly, GCY-4 and GCY-22 need to be expressed together to rescue this chemotaxis defect,
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suggesting that GCY-4 and GCY-22 may form a heterodimer [106]. Consistent with this

interpretation, gcy-22(lof) mutant animals are chemotaxis defective toward a variety of ions,

including Cl-, Br-, Li- and Mg2+ [106]. This suggests that GCY-22 may form heterodimers

with other rGCs to confer responsiveness to distinct ions in ASER.

1.6 Tools for Reporting cGMP

What existing tools have been developed to report cGMP in real time? Two main classes

of cGMP sensors, Förster Resonance Energy Transfer (FRET)-based and GFP-based, have

been characterized and used in cells and, in the case of the FRET-based sensor, C. elegans.

1.6.1 FRET-based sensors

The first cGMP indicators were FRET-based and characterized in 2000 and 2001 to

address the need for tools that can assess the spatiotemporal dynamics of cGMP in cells

[107, 108]. Before the use of cGMP sensors, absolute levels of cGMP from a large num-

ber of cells were measured using radioimmunoassays, which lack spatiotemporal resolution.

FRET occurs when excitation of one fluorophore (e.g. CFP) leads to emission fluorescence

that excites a nearby fluorophore (e.g. YFP). The emission ratio of the fluorophores (e.g.

CFP/YFP) could be modulated by the presence of ligand-binding domains that induce con-

formational changes that either brings the two fluorophores closer together or further apart

upon ligand binding. All of these first generation FRET-based sensors have the same basic

characteristic: a cGMP-dependent protein kinase Ia (PKGIa) flanked by ECFP on the N-

terminal side and EYFP on the C-terminal side [107, 108]. PKG1a, which binds two cGMP

molecules cooperatively, was chosen due to previous work suggesting that it undergoes a con-

formational change upon cGMP binding [109]. Many permutations to the basic structure of

the sensor were tested, including using a full length PKG1a, using a PKG1a that contains
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deletions of its dimerization domain to prevent the possibility of intermolecular FRET, and

using linkers to potentially aid in increasing CFP/YFP emission ratio [107, 108].

The first paper that characterized FRET-based cGMP sensors focused on CGY-Del1,

which contains a PKG1aD1-47

flanked by ECFP on the N-terminal side and EYFP on the

C-terminal side [107]. This sensor was chosen for further study based on its relatively robust

change in the CFP/YFP emission ratio compared to the other sensors tested [107]. FRET

between CFP and YFP increases when CGY-Del1 binds to cGMP, which means that cGMP

binding decreases the fluorescence emission ratio of CFP/YFP (note that in this section on

FRET-based cGMP sensors, the emission ratio is always in the context of the fluorescence

emission ratio of CFP/YFP) [107]. CGY-Del1 was found to accumulate primarily in the

cytosol [107]. CGY-Del1 responded to a 100-fold lower concentration of 8-Br-cGMP relative

to 8-Br-cAMP when the sensor was expressed in CHO-K1 cells, suggesting that CGY-Del1

is selective for cGMP [107]. Sato et al. also tested the sensor’s response to pharmacological

modulators of cGMP [107]. HEK293 cells expressing CGY-Del1 were exposed to 500 µM

NOC-7, which releases NO. The sensor’s emission ratio decreased for tens of seconds before

slowly increasing in the order of minutes [107]. This subsequent increase in the emission

ratio was blocked by 100 µM zaprinast, a PDE inhibitor, and 10 µM ODQ, a GC inhibitor,

suggesting that the increase was due to decreasing [cGMP] [107]. Interestingly, di�erent

concentrations of NOC-7 elicited distinct responses, with higher concentrations (1, 10 and

100 µM) leading to a transient decrease followed by a slow increase in emission ratio at

varying rates, and lower concentrations leading to an oscillatory response [107].

At around the same time, Honda et al. tested di�erent FRET-based cGMP sensors using

a very similar approach with some key di�erences. The sensor that Honda et al. primarily

focused on, cygnet-2, contains PKG1aD1-77

flanked by ECFP at the N-terminus and EYFP

at the C-terminus; it also contains a T516A mutation that abolishes kinase activity [108].

CFP/YFP emission ratio increased in 68% of cygnet-2-expressing RFL cells in response

to the NO donor 0.1 mM Na+ (Et
2

NNONO)-, suggesting that, in contrast to CGY-Del1,
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cGMP binding to cygnet-2 resulted in decreased FRET [108]. Interestingly, all of the cells

that did not respond to the NO donor responded when the NO donor was paired with IBMX,

a PDE inhibitor [108]. Honda et al. also demonstrated that 1 µM of CNP, a natriuretic

peptide that activates rGCs, led to increases in emission ratio [108]. Overall, the responses to

cGMP-modulating stimuli occurred in the order of minutes with a relatively subtle increase

in emission ratio [108]. Taken together, this suggests that the sensor is monitoring changing

[cGMP] in RFL cells.

Honda et al. also imaged cygnet-2-expressing Purkinje cells [108]. Stimulation of these

cells with Na+ (Et
2

NNONO)- resulted in rapid increases and decreases in emission ratio,

with decreases inhibited by IBMX [108]. The transient changes in the emission ratio suggest

that PDE activity in these cells is robust [108]. Cygnet-2 was also imaged in di�erent

subcellular compartments of the neuron, demonstrating that it can be used to monitor the

spatiotemporal dynamics of cGMP [108].

A second generation of FRET-based cGMP sensors were then characterized to improve

on the limitations of the first generation of sensors. These limitations include relatively slow

response kinetics and low dynamic range, in which the emission ratio change increased at a

maximum of 1.5-fold [107, 108]. After testing di�erent lengths of two main cGMP-binding

domains – cNMP-BD utilized in PKGs and GAF domains utilized in PDEs - that either

included one cGMP binding site or both in tandem, Russwurm et al. found that the sensor

worked only if both sites were present [110]. Since the sensors containing the GAF domains

had slow association and dissociation kinetics, Russwurm et al. focused on the FRET-based

sensors made with the cNMP-BD domain [110]. Unlike the first generation FRET-based

sensors, these sensors do not contain the catalytic domain of PKGs, and they also include

or delete amino acids at the N-terminal and C-terminal region of the cNMP-BD [110]. The

three sensors Russwurm et al. characterized and named based on their EC
50

– cGi-500,

cGi-3000 and cGi-6000 – displayed fast association and dissociation kinetics, indicating that

they could be used to faithfully report the spatiotemporal dynamics of cGMP in cells [110].
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The sensors also exhibited improved dynamic range relative to first generation FRET-based

sensors, ranging from 58% (cGi-6000) to 77% (cGi-500) FRET change upon cGMP binding;

in contrast, CGY-Del1 and cygnet exhibited a 24% and 40% FRET change upon cGMP

binding, respectively [110]. Like cygnet-2, cGMP binding to cGi-500, cGi-3000 and cGi-6000

leads to a decrease in FRET, resulting in an increase in CFP/YFP emission ratio [110]. They

are also as selective for cGMP over cAMP as first generation FRET-based sensors [110].

To image cGMP dynamics in vivo, the sensors were expressed in HEK-293 cells [110]. NO

stimulation led to rapid increases in the sensors’ emission ratio followed by a plateau within

40 seconds [110]. This was followed by a slow decrease in emission ratio that corresponded

with the sensitivity of the indicators; more sensitive indicators led to slower decreases in

emission ratio [110]. This emission ratio then rapidly increased upon administration of YC-

1, a drug that activates and inhibits GCs and PDEs, respectively; this demonstrates that the

sensors respond faithfully to changes in [cGMP] [110]. Together, these results demonstrate

that these sensors can be used to monitor the spatiotemporal dynamics of cGMP in cells.

1.6.1.1 Use of cGi-500 in C. elegans

The cGi-500 FRET-based sensor was used to examine cGMP dynamics in three C. elegans

neurons: the O
2

-sensing neurons PQR and AQR, and the olfactory neuron AWC.

1.6.1.1.1 O2-sensing neurons Genetic evidence (as discussed in Subsubsection 1.5.2.2

in Section 1.5) suggests that cGMP plays a role in sensing O
2

in C. elegans [56, 79]. To

test whether cGi-500 could detect changes in [cGMP], animals expressing the sensor in the

O
2

-sensing neurons AQR and PQR were exposed to changing O
2

levels [63]. CFP/YFP

emission ratio in these animals generally increased when O
2

levels increased from 7% to

21% [63]. However, in around a quarter of animals expressing the sensor (28%), there

was a decrease in CFP/YFP emission ratio when O
2

levels increased from 7% to 21% [63].

After verifying that the change in CFP/YFP emission ratio depended on cGMP production



41

by the sGC GCY-35, Couto et al. asked whether regulation of cGMP production could

account for the two di�erent phenotypes [63]. To test whether PDE regulation played a

role in the observed decrease in CFP/YFP emission ratio, cGMP responses were imaged in

pde-1(db40) and pde-1(ok2924) mutant animals expressing cGi-500 in PQR [63]. In these

animals, CFP/YFP emission ratio only increased when O
2

levels increased [63]. This suggests

that PDE-1 activity leads to a decrease in [cGMP] in a subset of animals when O
2

levels

increase. pde-1 codes for a PDE regulated by calmodulin, indicating that calcium levels

indirectly modulate the activity of this enzyme. Interestingly, in contrast to pde-1(lof)

mutant animals, pde-2(tm3098) mutant animals - which lack functional PDE-2, a PDE that

is likely activated by cGMP binding - only showed either decreases or no change in CFP/YFP

emission ratio in PQR in response to O
2

increase, indicating that di�erent PDEs, which are

modulated by distinct second messengers, can have opposing e�ects on cGMP production

[63]. Interestingly, egl-4(n478) mutant animals and egl-4;pde-2 mutant animals phenocopied

pde-2(tm3098) mutant animals; in both of these animals, CFP/YFP emission ratio either

decreased or did not change when O
2

levels increased [63]. One interpretation for this result

is that the PKG EGL-4 phosphorylates PDE-2 to enhance PDE-2 activity, which would in

turn oppose the calcium-mediated activity of PDE-1.

Couto et al. also asked whether Ca2+ responses and cGMP responses were correlated

in PQR. Interestingly, they found that Ca2+and cGMP responses were inversely correlated;

when [cGMP] deceased, [Ca2+] increased in PQR [63]. Furthermore, when there was no

change in [cGMP], [Ca2+] also did not change [63]. This indicates that cGMP production

could be tightly regulated by Ca2+ levels, which is consistent with the O
2

-evoked cGi-500

responses observed in PQR of pde-1(lof) mutant animals discussed above. This could also

indicate that cGMP levels are spatiotemporally regulated. Mutants containing a loss-of-

function allele for tax-2, tax-4 or cng-1 – which all code for subunits of CNG channels – only

show an increase in the cGi-500 CFP/YFP emission ratio in PQR when O
2

levels increase,
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suggesting that Ca2+ influx is required for the observed decreases in CFP/YFP emission

ratio in response to increased O
2

in a subset of animals [63].

There are a several important takeaways from this study. First, cGMP dynamics seemed

tightly controlled by the orchestrated action of calmodulin-regulated PDEs, cGMP-regulated

PDEs and a PKG. This in turn controls the neural activity of PQR and perhaps other O
2

-

sensing neurons. Second, simultaneous cGMP and calcium recordings indirectly suggest that

cGMP dynamics are spatiotemporally regulated in PQR. Based on the putative subcellular

localization of GCY-35, an O
2

-binding sGC GCY-36 and CNG channels, increased O
2

is

hypothesized to increase cGMP production in the cilia, which would lead to the gating of

CNG channels that are also located at the ciliated endings of O
2

-sensing neurons. The

increased cGMP production and resulting Ca2+influx could then lead to the modulation of

PDEs to shape cGMP levels throughout the neuron.

1.6.1.1.2 Olfactory-sensing neuron (AWC) Genetic evidence suggests that AWC

uses cGMP signaling in both sensory transduction and adaptation (see Subsubsection 1.5.2.6

in Section 1.5). Given its dual role in sensation and plasticity, cGMP dynamics were hy-

pothesized to be compartmentalized in AWC. To test this, animals expressing cGi-500 in

AWC were exposed to isoamyl alcohol and benzaldehyde. Upon odor addition, there was a

transient decrease in CFP/YFP emission ratio in the cilia and a relatively slow increase in

CFP/YFP emission ratio (in the order of tens of seconds) in the cell body [111]. Responses

in the dendrite depended on the odorant: there was a slow increase in CFP/YFP emission

ratio when the animal was exposed to isoamyl alcohol, and there was a transient decrease

when the animal was exposed to benzaldehyde [111]. Isoamyl alcohol-evoked increases in

cGi-500 CFP/YFP emission ratio in the cilia and cell body were generally inversely corre-

lated with odor concentration, while cGi-500 CFP/YFP emission ratio in the dendrite was

relatively insensitive to odor concentration [111]. Additionally, the responses in the cilia de-

creased upon repeated stimulus presentation, which is possibly due to habituation [111]. The
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response in all imaged compartments of AWC depended on the rGCs ODR-1 and DAF-11,

indicating that cGMP is responsible for the observed changes in CFP/YFP emission ratio

[111]. Taken together, this indicates that, in AWC, cGMP decreases transiently in the cilia

and increases slowly in the cell body in response to odorant addition.

1.6.2 GFP-based sensors

While FRET-based cGMP sensors have uncovered the spatiotemporal dynamics of cGMP

in cells and intact organisms, there are limitations to their use. FRET-based cGMP sensors

require a dual emission system, and they are not very sensitive to changes in [cGMP], which

can result in no detection of cGMP changes even when there are biologically significant

changes in cGMP dynamics occurring.

To address these limitations, GFP-based sensors called FlincG (Fluorescent indicator

for cGMP) were designed [112, 113]. FlincGs contain the regulatory domain of a cGMP-

dependent protein kinase (Ia or Ib) that is composed of two tandem cGMP-binding sites [112,

113]. This domain is C-terminally fused to circularly permuted EGFP, the same fluorophore

used to make the widely used GCaMP Ca2+ indicators (Fig. 1.3) [112–114].

One of the three FlincG sensors, d-FlincG, was characterized for further study in cells

due to its low K
D

of 170 nM and its lack of interaction with endogenous PKGs due to its

deleted N-terminal region that contains the dimerization domain [112]. d-FlincG, which

is 280-fold more sensitive to cGMP over cAMP, is excited at 410 and 480 nm, making it

amenable to ratiometric imaging (the authors opted to use the 480 nm excitation wavelength;

interestingly, there is a decrease in emission in the presence of 1 µM cGMP when the sensor

is excited at 410 nm) [112]. Additionally, its pK
a

of 6.1 demonstrates that it is relatively

resistant to pH changes in vivo [112]. d-FlincG’s very fast association and dissociation

kinetics of t
1/2

= 0.12s and t
1/2

= 0.16s, respectively, demonstrate that the sensor can detect

changes in [cGMP] and report real-time changes in cGMP levels [112].
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Figure 1.3: FlincG is a GFP-based cGMP sensor (figure reproduced from [112]; Copy-
right 2008 National Academy of Sciences). The cGMP-binding domain of PKG I is fused
to cpEGFP at the C terminus. When two cGMP molecules bind cooperatively to the
PKG I binding site, a conformational change occurs that leads to the formation of the
beta barrel of cpEGFP, resulting in increased fluorescence.

d-FlincG was expressed in vascular smooth muscle (VSM) cells to characterize its per-

formance in vivo using epifluorescence microscopy [112]. Like cygnet-2, its expression was

primarily cytosolic [112]. Half-maximal fluorescence in these cells was achieved with 150 nM

cGMP, indicating that it is likely sensitive enough to detect endogenously changing cGMP

levels [112]. To test this, Nausch et al. introduced NO producers DEA-NO (0.75 - 6.50 nM)

and PROLI-NO (25 nM) at low nanomolar concentrations in VSM cells to mimic the low

changes in [NO] for NO-mediated signal transduction and found that d-FlincG fluorescence

increased transiently in response to NO production [112]. This NO-dependent transient in-

crease can be stopped by using the sGC inhibitor ODQ; in contrast, d-FlincG fluorescence

remained increased when using the PDE inhibitor Sildenafil [112]. This suggests that the

change in fluorescence is due to changing cGMP levels. Interestingly, activation of a rGC

through the activator atrial natriuretic peptide (ANP) led to an increase in the sensor’s flu-
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orescence, followed by a plateau; this was also observed in previous radioimmunoassay work,

which suggests that the sensor is able to report temporal cGMP dynamics [112].

Nausch et al. also tested whether the spatial dynamics of cGMP can be elucidated in

d-FlincG-expressing VSM cells using confocal microscopy [112]. They hypothesized that d-

FlincG fluorescence would increase in the cytosol upon NO stimulation due to NO activation

of sGCs; in contrast, they hypothesized that d-FlincG would exhibit a pattern of fluorescence

upon natriuretic peptide stimulation due to its activation of rGCs in the plasma membrane

[112]. Indeed, they found that while d-FlincG fluorescence increased transiently in the cy-

tosol in response to 1 nM NO, it exhibited sustained, increased fluorescence specifically in

proximity to the plasma membrane in response to 10 nM ANP [112]. To test whether the

spatially localized increase in fluorescence seen with 10 nM ANP activation was due to PDE

activity, Nausch et al. preincubated the cells with 100 µM Sildenafil prior to ANP applica-

tion and found that d-FlincG fluorescence increased throughout the whole cell [112]. This

suggests that the restricted spatial landscape of cGMP in VSM cells in response to ANP is

shaped by PDEs. Interestingly, PDEs seem to shape the spatiotemporal regulation of cGMP

in other types of cells, as PDE-dependent spatial restriction of cGMP in response to ANP

was also observed in cardiac myocytes [57, 115, 116].

A next generation FlincG sensor, FlincG3 (also called H6-FGAM), carried a M335K

point mutation in the cpEGFP region to improve the sensor’s response to cGMP relative

to d-FlincG, as measured by its response to 8-Br-cGMP and 1 nM NO when expressed in

HEK
GC/PDE5

cells [113]. This point mutation was made because it (in addition to another

mutation that was not made for FlincG3 due to the fact that other FlincG variants containing

this mutation did not have improved responses to cGMP) increased the basal fluorescence

and dynamic range of the calcium sensor GCaMP3 relative to GCaMP2 [117]. FlincG3

also contains an N-terminal tag containing hexahistidine, a site for enterokinase cleavage

and a Protein S-tag for protein purification [113]. These modifications improved the basal

fluorescence of the sensor as well as cGMP response amplitude [113]. Like the previous cGMP
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sensors, this sensor maintains its selectivity for cGMP; it is 230-fold more selective for cGMP

relative to cAMP [113]. Its EC
50

of 890 nM reveals that it is less sensitive to cGMP relative

to d-FlincG (d-FlincG’s EC
50

= 170 nM) [112, 113]. Based on 1 nM NO recordings, Bhargava

et al. determined that the sensor detects 0.1 - 10 µM cGMP in vivo [113]. Additionally, based

on administration of 1 nM NO pu�s to HEK
GC/PDE5

cells, the change in sensor fluorescence

coincided with NO presentation and removal, indicating that the sensor exhibits fast kinetics

that cannot be measured in this context [113]. Importantly, the basal fluorescence of FlincG3

displayed sensitivity to pH as assessed with the pH modulator NH
4

Cl in FlincG3-expressing

HEK293
GC/PDE-5

cells with a measured pK
a

of 7.5; this sensitivity to pH was confirmed with

purified FlincG3 using a spectrofluorometer, where the pK
a

was measured to be 7.9 [113].

This means that potential changes in pH levels in the cell must be accounted for when using

the sensor to ensure that changes in sensor fluorescence are not due to changing pH levels.

Another di�erence is that there is no dimming of FlincG3 at 410 nm excitation, which means

that it is not amenable to ratiometric imaging [113].

1.7 Overview of Chapters: how has the GFP-based

cGMP sensor been used to study cGMP dynamics

in C. elegans?

While a FRET-based cGMP sensor has been expressed in O
2

-sensing and olfactory neu-

rons in C. elegans, its broad application is potentially limited by the requirement of a dual

emission system. A C. elegans codon-optimized version of FlincG3, named WincG2 (Worm

Indicator of cGMP – 2), can open up investigations into the spatiotemporal landscape of

cGMP that is currently more di�cult to do with a FRET-based sensor [63, 111]. Addition-

ally, WincG2 could be coexpressed with a red calcium sensor so that cGMP and (indirectly)

neural activity can be monitored simultaneously in a dual emission system. This gives
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researchers the ability to investigate the relationship between these two canonical second

messengers and discover whether and how the spatiotemporal regulation of cGMP shapes

neural circuit activity with cellular resolution in an intact organism.

The second chapter of the thesis is a version of a submitted manuscript (that is out for re-

view) characterizing WincG2 in intact C. elegans in three di�erent contexts. First, WincG2

was coexpressed with blue-light activated guanylyl or adenylyl cyclases in body wall mus-

cle cells. The results of these experiments demonstrate that WincG2 fluorescence increase

correlates with the rate of cGMP production by di�erent blue light-activated guanylyl cy-

clases, although there is a possibility that the sensor responds to (potentially high levels of)

cAMP as well. Second, WincG2 was expressed in the gustatory neuron pair ASE, where

it was shown to respond to changing [NaCl] that depended on the expression of the rGC

GCY-22. Third, WincG2 was expressed in the phasmid PHB neuron and shown to increase

in fluorescence when the animal was exposed to sodium dodecyl sulfate.

The third chapter of the thesis highlights preliminary data that suggest that ASE has a

spatiotemporally regulated cGMP landscape. The second chapter showed that WincG2 flu-

orescence decreased in the ASER cell body in response to a [NaC] downstep and increased in

response to a [NaCl] upstep, which is an intriguing observation since cGMP was hypothesized

to gate a CNG channel to allow for Ca2+ influx in response to a [NaCl] downstep in this neu-

ron [105]. One hypothesis for this result is that cGMP responses could be spatially regulated

in the cell in response to changing [NaCl]. Consistent with this hypothesis, preliminary data

revealed that WincG2 fluorescence increased transiently in the cilia in response to a [NaCl]

downstep, showing that cGMP is potentially spatially regulated in ASER, which could have

implications for this second messenger’s role in both signal transduction and plasticity.

The fourth chapter of the thesis will provide an overview of the preliminary data on

WincG2 recordings in ASH in the (putative) presence and absence of food signals. We tested

the hypothesis that cGMP flows into ASH in the absence of food in order to modulate the

PKG EGL-4, which eventually dampens G protein signaling and ultimately neural activity
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[1, 2]. Consistent with this hypothesis, WincG2 fluorescence increased steadily throughout

the duration of the recording in the absence of food signals and did not exhibit an increase

in fluorescence in the (putative) presence of food signals. However, interpretation of this

result remains to be resolved, as the ASH WincG2 fluorescence of animals that lack the

gap junction INX-4, which is required for modulating the behavioral response toward the

bitterant quinine in the absence of food, phenocopied wild-type animals. Potential reasons

for this discrepancy and current attempts to resolve it will be discussed.

The final chapter of the thesis will summarize the work highlighted in the previous three

chapters and will elaborate on future directions and conclusions.
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Chapter 2

Robust and sensitive GFP-based

cGMP sensor for real time imaging of

intact Caenorhabditis elegans
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2.1 Authors and a Summary of Findings

2.1.1 Authors

The coauthors are listed in the order that they appear in the submitted manuscript: Sarah

Woldemariam, Jatin Nagpal, Joy Li, Martin W. Schneider, Raakhee Shankar, Mary Futey,

Aruna Varshney, Kristine Andersen, Benjamin Barsi-Rhyne, Alan Tran, Wagner Steuer

Costa, Chantal Brueggemann, Scott Hamilton, Denise Ferkey, Miri VanHoven, Alexander

Gottschalk, Noelle L’Etoile

2.1.2 Summary of Findings

The following chapter was published as a preprint in bioRxiv [118] and is currently under

review in Genetics. In this chapter, I introduce a C. elegans codon-optimized GFP-based

cGMP sensor, WincG2. The characterization of WincG2 is detailed in this chapter. Briefly,

WincG2 is based on FlincG3, which has been characterized in vitro and in mammalian

cell lines [113]. We demonstrate here that WincG2 can be used to monitor the temporal

dynamics of cGMP in living, behaving C. elegans. First, we coexpressed WincG2 with two

di�erent blue light-activatable GCs in body wall muscle cells, which lack most endogenous

GCs. These two GCs produce cGMP at di�erent rates. We found that, upon exposure to

blue light, the increase in WincG2 fluorescence correlates with the rate of cGMP production

by these two GCs. We also coexpressed the sensor with a blue light-activatable adenylyl

cyclase in body wall muscle cells and found that WincG2 may also be responsive to cAMP

production, so care must be taken to control for cAMP production when interpreting WincG2

fluorescence changes. Second, we expressed WincG2 in the gustatory neuron ASER, which

responds to [NaCl] changes. In this context, we found that WincG2 fluorescence decreases

linearly in the cell body in response to a [NaCl] downstep and increases (or stops decreasing)

in response to a [NaCl] upstep. These responses depend on the rGC GCY-22, which is

expressed exclusively in ASER [58]. Importantly, we found that WincG2 expression in ASER
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could a�ect [NaCl] cultivation preference; animals that express WincG2 prefer higher [NaCl]

after being cultivated at various [NaCl] relative to animals that do not express WincG2.

Therefore, care must be taken to control for potential changes in behavior when expressing

WincG2. Finally, we show that WincG2 fluorescence increases in the cell body of the phasmid

neuron PHB when C. elegans are exposed to sodium dodecyl sulfate (SDS). Importantly, the

avoidance behavior of animals expressing WincG2 in PHB in response to SDS is not di�erent

from wild-type animals, demonstrating that WincG2 expression does not perturb behavior

in this context. Overall, we demonstrate that WincG2 can respond to changes in [cGMP] in

living, behaving C. elegans. Furthermore, we provide the first visual evidence that suggests

cGMP levels are modulated in the cell bodies of ASER and PHB in response to stimuli.

2.2 Abstract

cGMP is a ubiquitous second messenger that plays a role in sensory signaling and plastic-

ity through its regulation of ion channels and kinases. Previous studies that primarily used

genetic and biochemical tools suggest that cGMP is spatiotemporally regulated in multiple

sensory modalities, including light, heat, gases, salt and odor. FRET- and GFP-based cGMP

sensors were developed to visualize cGMP in primary cell culture and Caenorhabditis elegans

to corroborate these findings. While a FRET-based sensor has been used in an intact animal

to visualize cGMP, the requirement of a multiple emission system limits its ability to be

used on its own as well as with other sensors and fluorescent markers. Here, we demonstrate

that WincG2, a codon-optimized version of the cpEGFP-based cGMP sensor FlincG3, can

be used in C. elegans to visualize rapidly changing cGMP levels in living, behaving animals

using a single fluorophore. We coexpressed the sensor with the blue light-activated guanylyl

cyclases BeCyclOp and bPGC in body wall muscles and found that the rate of WincG2

fluorescence correlated with the rate of cGMP production by each cyclase. Furthermore, we

show that WincG2 responds linearly upon [NaCl] changes and SDS presentation in the cell
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bodies of the gustatory neuron ASER and the nociceptive phasmid neuron PHB, respec-

tively. Intriguingly, WincG2 fluorescence in the ASER cell body decreased in response to a

[NaCl] downstep and either stopped decreasing or increased in response to a [NaCl] upstep,

which is opposite in sign to previously published calcium recordings. These results illustrate

that WincG2 can be used to report rapidly changing cGMP levels in an intact animal and

that the reporter can potentially reveal unexpected spatiotemporal landscapes of cGMP in

response to stimuli.

2.3 Introduction

The canonical second messenger molecule cGMP (cyclic guanosine monophosphate) reg-

ulates richly diverse functions in an animal’s nervous system. cGMP signaling underlies

the outgrowth of axons and the transduction of light, scent and other environmental cues to

electrical signals in the brain [53]. Because so many neurobiological processes revolve around

cGMP, having a robust, easy to use visual reporter for cGMP with precise temporal and spa-

tial fidelity is critical to complement the primarily pharmacological, biochemical and genetic

approaches used to study this second messenger’s role in these processes. Such a reporter

can be used to illuminate how producers and regulators of cGMP shape the landscape of

this cyclic nucleotide in neurons.

Since cGMP is used in diverse cell types as a second messenger, its levels need to be

regulated in ways that serve the cells’ distinct functions. cGMP production can be regulated

directly by stimuli such as ions, peptides, temperature and gases that interact with guanylyl

cyclases (GCs) that convert GTP to cyclic GMP [63, 81, 104, 106, 119–121]. Recent evidence

suggests that stimuli such as ions, peptides, Ga and temperature appear to largely regulate

transmembrane receptor guanylyl cyclases (rGCs), while membrane permeable gases such

as nitric oxide, carbon dioxide and oxygen have been shown to directly activate soluble

guanylyl cyclases (sGCs) [63, 81, 121]. Opposing the activity of GCs are phosphodiesterases
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(PDEs) that hydrolyze cGMP; they can be regulated by cGMP, cAMP, Ca2+, kinases and

the g subunit of heteromeric G proteins [62, 122, 123]. cGMP e�ectors, including cyclic

nucleotide-gated channels and kinases, can act rapidly by changing the membrane potential

of a cell (e.g. the visual system); they can also have slower, more long lasting e�ects on gene

expression [61, 100]. Thus, the precise subcellular localization of GC and PDE proteins and

their temporally regulated activities are likely to produce a complex and dynamic landscape

of varying cGMP levels and restricted localized activation of e�ector proteins.

In neurobiology, the spatial localization of cGMP signal transduction pathways suggest

that spatiotemporal regulation of cGMP could play a role in sensory transduction and plas-

ticity, which is likely to be di�erent in distinct neurons [52, 124]. To this end, the transparent

nematode C. elegans is an ideal model system to visualize cGMP in neurobiological processes.

While the use of genetic manipulations in this animal yielded valuable insights into the role

of cGMP in sensory transduction, a visual tool that complements this approach has the

potential to reveal how this neuromodulator is spatiotemporally regulated in real time. For

instance, while mutants lacking distinct, functional rGCs revealed that cGMP signaling was

required for sensing specific gustatory cues and [NaCl] cultivation preference in C. elegans, it

is unclear whether this second messenger is spatiotemporally regulated [104, 106, 125]. Ad-

ditionally, while genetic evidence suggests that the cGMP-dependent protein kinase EGL-4

and GCs regulate C. elegans’ sensitivity to quinine through the flow of cGMP from sensory

neurons to the nociceptive neuron ASH through gap junctions [1, 2], a visual tool could

greatly enhance our understanding of the process and its dynamics. In another nociceptive

neuron, PHB, genetic evidence suggests that the G protein coupled receptor SRB-6 is re-

quired to sense noxious liquids including sodium dodecyl sulfate (SDS) and dodecanoic acid

[126], and calcium recordings suggest that avoidance of isoamyl alcohol is at least partially

mediated by the cGMP-gated cation channel TAX-2/TAX-4, both suggesting that cGMP

flux is required for sensing some nociceptive cues [127]. Thus, genetic tools demonstrate the

importance of cGMP signaling in distinct sensory modalities, and a tool to visualize cGMP
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fluxes with precise temporal and spatial fidelity could deepen our understanding of these im-

portant processes, o�ering a more complete picture of the cGMP landscape and dynamics in

cells. Such a tool will provide an essential complementary approach to the primarily genetic

approaches that have been used to examine cGMP dynamics in this animal [102].

Though a Förster resonance energy transfer (FRET)-based tool has been used to this end,

a single channel fluorophore tool provides additional flexibility as it would allow for more

wavelengths to be used, making it more amenable for visualization with other reporters (e.g.

calcium sensors and fluorescent markers for organelles). In the olfactory neuron AWC, this

FRET-based sensor showed compartmentalized cGMP dynamics in response to odorants

[111]. Additionally, in the oxygen-sensing neuron PQR, simultaneous imaging of the cGMP

sensor with a calcium sensor in response to a 7% to 21% increase in O
2

revealed that a

decrease in cGMP correlated with an increase in Ca2+, suggesting potential compartmen-

talization of cGMP dynamics [63]. While these studies demonstrate that the FRET-based

sensor can be used to visualize the cGMP landscape in neurons, the complexity of a multiple

emission system might raise a barrier to its use. Thus, having a robust, single fluorophore

sensor for cGMP will complement the use of calcium sensors in this animal, providing a

way to investigate how the spatiotemporal regulation of cGMP influences neural activity in

vivo. Such a tool would be maximally e�cient for probing the interplay between cGMP and

calcium dynamics within sensory compartments in this transparent organism.

Here, we show that WincG2 (Worm Indicator of cGMP – 2), the C. elegans codon-

optimized version of the GFP-based circularly permuted cGMP sensor FlincG3, reports

cGMP dynamics in vivo in C. elegans [113]. We characterize the biochemical and biophysical

properties of WincG2 upon cGMP binding in vivo by ectopically expressing the blue light-

activated guanylyl cyclases BeCyclOp and bPGC in muscle cells [128]. Using the WincG2

reporter, we show for the first time that sensory stimulation of either gustatory or nociceptive

neurons triggers cGMP changes. We demonstrate that cGMP reliably decreases in response

to [NaCl] downsteps and increases in response to [NaCl] upsteps in the salt-sensing neuron,
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Figure 2.1: WincG2 is a GFP-based cGMP sensor codon optimized for use in C. ele-

gans. WincG2 is the C. elegans codon-optimized version of the mammalian cGMP sensor
FlincG3 (figured adapted from Garthwaite) [113]. This GFP-based sensor contains two
in-tandem protein kinase G (PKG) Ia cGMP binding domains that bind cGMP coop-
eratively (PKG1a (77-356); maroon); this regulatory PKG domain is attached to the N
terminus of circularly permuted EGFP (cpEGFP; green). Changing the methionine at
position 335, located outside the beta barrel of the cpEGFP domain, to lysine (M335K),
improved the response amplitude of the sensor to cGMP [113]. GGTGGS is a linker be-
tween the two GFP halves. This linker, along with the 6xHis-tag region (H6) and the Tag
Region, were retained from FlincG3. This C. elegans codon-optomized sensor, prepared
by Genscript, was inserted into a worm-specific Fire vector, pPD95.75, which contains
synthetic introns (SynIVS.A and SynIVS.L; blue) to facilitate expression, a multiple
cloning site (MCS) and the 3’ untranslated region of unc-54 (unc-54 3’ UTR; orange).

ASER, which is opposite in sign to calcium transients that increase in response to [NaCl]

downsteps [104, 105, 129]. Additionally, we demonstrate that cGMP flux can be observed

in the phasmid PHB neurons in response to a repulsive stimulus. Our results demonstrate

that the GFP-based WincG2 is a versatile tool for the study of cGMP dynamics in di�erent

sensory modalities in intact animals using a single fluorophore.

2.4 Results

2.4.1 WincG2 is a codon-optomized circularly permuted cGMP

sensor derived from the mammalian sensor, FlincG3

WincG2, a genetically-encoded, circularly permuted EGFP-based cGMP sensor, is the

C. elegans codon-optimized version of FlincG3, which was initially characterized both in

vitro and in cell lines [113]. FlincG3 is based on FlincG, an earlier version of the sensor.
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Like FlincG, FlincG3 contains the N-terminal region of protein kinase G (PKG) I which

is comprised of two cGMP-binding domains that bind cGMP cooperatively. The first 77

amino acids of the N-terminal region of the cGMP-binding domain were deleted to prevent

interactions with endogenous PKG [112]. This region of PKG I is appended to the N-

terminus of circularly permuted EGFP (cpEGFP) [112, 113]. In the presence of cGMP,

FlincG3 fluorescence increases, presumably due to the conformational changes of the sensor

upon cGMP binding that allow the beta barrel of GFP to form and create the appropriate

environment for fluorophore maturation [112, 113]. The response amplitude of the FlincG3

sensor to cGMP was enhanced by a M335K substitution located outside the beta barrel of

the cpEGFP domain (Fig. 2.1) [113]. FlincG exhibits rapid kinetics, and FlincG3 retains

this property as it rapidly detects changes in endogenous cGMP levels in the nanomolar

to low micromolar range in response to nitric oxide when expressed in HEK
GC/PDE5

cells

[112, 113]. Additionally, FlincG3 fluorescence increases in vitro in response to a 230-fold

lower concentration of cGMP than cAMP, suggesting that it preferentially binds to cGMP

[113]. For our study we codon optimized FlincG3 for C. elegans and inserted it into a

standard C. elegans expression vector (Fig. 2.1).

2.4.2 Stimulation of blue light-activated guanylyl cyclases in-

creases WincG2 fluorescence

To test whether WincG2 can detect rapid changes in cGMP levels in an intact animal, we

utilized the C. elegans body wall muscle cells, which lack most endogenous GCs. We coex-

pressed the reporter along with heterologous light-inducible GCs that have di�erent cGMP

production rates [128, 130]. BeCyclOp is a microbial rhodopsin from Blastocladiella emer-

sonii that is linked to a cytosolic GC domain (Fig. 2.2A). It detects photons by absorption

using the retinal chromophore and transmits this signal into activation of the GC domain

[128]. bPGC (Beggiatoa sp. photoactivated guanylyl cyclase) is a BLUF-domain photosen-
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[131]. (F) (F-F
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)/F
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for WincG2 fluorescence intensity in myo-3p::bPAC::SL2::mCherry,
myo-3p::WincG2 animals. n = 7. Inset shows average of traces during the first two
seconds of recording.
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sor that is coupled to a GC domain (Fig. 2.2C). It originates from bPAC (Beggiatoa sp.

photoactivated adenylyl cyclase) that was mutated to generate cGMP [130].

To test whether changes in WincG2 fluorescence and dynamics correspond with cGMP

production by BeCyclOp, animals coexpressing WincG2 and BeCyclOp were grown with or

without all-trans retinal (ATR), which is required for BeCyclOp activity. When WincG2

and BeCyclOp were coexpressed in body wall muscle cells in the presence of ATR, an acute

increase in WincG2 fluorescence (peak F-F
0

/F
0

= 0.218 ± 0.023 at 0.49s) was observed upon

continuous blue light illumination, which activates BeCyclOp. This was followed by a slight

decay over the duration of the recording (Fig. 2.2B: top green trace). By contrast, animals

grown without ATR and thus having no BeCyclOp activation exhibited an apparent decrease

in WincG2 fluorescence (F-F
0

/F
0

plateaued at approximately -0.310 to -0.312 beginning

at 8.98s) when exposed to blue light (Fig. 2.2B: bottom blue trace). The initial signal

decayed; F-F
0

became negative, then plateaued and remained steady for the duration of the

recording. Notably, the initial fluorescence intensity F
0

(as measured in the absence of the

rhodopsin cofactor ATR; bottom blue trace in Fig. 2.2B) exhibited a rapid drop, possibly

due to photoswitching behavior that was previously observed for other fluorescent proteins

[132, 133]. Taken together, we interpret these results to indicate that WincG2 fluorescence

correlates with activation of BeCyclOp by blue light.

bPGC, a blue light-activated GC derived from the corresponding adenylyl cyclase bPAC

(also known as BlaC), produces 50-fold less cGMP per unit time relative to BeCyclOp

[128, 130]. WincG2 fluorescence increased in the order of minutes upon continuous activation

of bPGC with blue light (peak F-F
0

/F
0

= 0.122 ± 0.023 at 145.2s) (Fig. 2.2D). Note that at

the onset of blue light illumination, WincG2 fluorescence increased, then decreased rapidly;

this is presumably the same rapid photoswitching observed in the BeCyclOp experiment (the

time constants for decay of the signal were essentially identical: 0.383s for the experiment

in Fig. 2.2B, and 0.297s for the experiment in Fig. 2.2D, in line with the hypothesis that

this is due to the same photophysical process). We chose F
0

after this photoswitching at
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1 second after light onset (Fig. 2.2D: inset). At this time, meaningful amounts of cGMP

begin to develop, as judged from experiments in which bPGC was coexpressed in body wall

muscle with the cGMP-gated cation channel TAX-2/TAX-4; muscle contractions from ion

influx begin to be observable after 1 second of blue light (Supp. Fig. 2.6).

After photoswitching, we observed a slow rise in WincG2 fluorescence, which we interpret

to be due to the slower kinetics of bPGC relative to BeCyclOp. By contrast, WincG2

fluorescence increased acutely upon activation of BeCyclOp, suggesting that the rate of

change of WincG2 fluorescence correlates with the rate of cGMP production by each GC.

Bhargava et al. showed that FlincG3 has a 230-fold lower EC
50

for cGMP relative to

cAMP [113]. To assess whether WincG2 fluorescence changes with increasing cAMP levels in

vivo, WincG2 was coexpressed with bPAC, a bacterial blue light-activated adenylyl cyclase,

in body wall muscle cells (Fig. 2.2E) [131]. Following a fast drop in fluorescence, these

animals showed a 10% increase in WincG2 fluorescence upon blue light stimulation of bPAC

that peaked and decayed in a manner similar to that of the WincG2 response to BeCyclOp,

albeit with slightly slower kinetics (Fig. 2.2F). Thus, WincG2 appears to respond to cAMP.

Indeed, bPAC is an e�cient adenylyl cyclase that produces cAMP at the rate of 10 ± 2

nmol per minute per mg [131]. Thus, it is not surprising that WincG2 responds to the

high production of cAMP by bPAC. There are no amino acid changes between WincG2 and

FlincG3. Therefore, it is expected that WincG2 may also be activated more e�ectively by

cGMP relative to cAMP. However, these results indicate that it is important to control for

WincG2 response to cAMP.

2.4.3 WincG2 fluorescence in ASER cell body changes in response

to [NaCl] steps and depends on the rGC GCY-22

Genetic and calcium imaging studies indirectly suggest that cGMP in the gustatory

neuron ASER mediates both acute sensation of NaCl removal and the food-mediated gradual

resetting of [NaCl] cultivation preference [105, 125]. ASER expresses multiple rGCs and may
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Figure 2.3: WincG2 fluorescence in the ASER cell body changes linearly in response
to 50 mM NaCl step changes and depends on the receptor guanylyl cyclase GCY-22.
(A) Average fluorescence response (DF/F

0

) of WincG2 in ASER cell body responding to
either 10 second steps between 50 and 0 mM NaCl or switch control (represented at the
bottom of the panel). WincG2 fluorescence in wild type (N2): n = 17, blue trace, bottom;

gcy-22(tm2364): n = 23, teal trace, middle; wild type exposed to switch control: n = 11
pink trace, top. Regression analysis was applied to the data for the first 50 to 0 mM NaCl
downstep. R2 = 0.9962, R2 = 0.0436 and R2 = 0.1515 for wild type, gcy-22(tm2364) and
wild type switch control, respectively. (B) WincG2 fluorescence in the ASER cell body
decreases in response to a 50 to 0 mM NaCl downstep and stops decreasing in response to
a 0 to 50 mM NaCl upstep in wild-type animals. Wild type (N2): n = 17, first set, blue;
wild type exposed to switch control: n = 11, third set, pink; gcy-22(tm2364): n = 23,
fifth set, teal. The slope values between the first 50 to 0 mM NaCl downstep and 0 to 50
mM NaCl upstep are di�erent in wild-type animals. Wild type (N2): n = 17, first pair,
blue; wild type exposed to switch control: n = 11, second pair, pink; gcy-22(tm2364):
n = 23, third pair, teal. (C) WincG2 fluorescence in the ASER cell body increases in
response to the second 0 to 50 mM NaCl upstep in wild-type animals. Wild type (N2):
n = 17, blue; wild type exposed to switch control: n = 11, pink; gcy-22(tm2364): n
= 23, teal. * p < 0.05; **** p < 0.0001; ***** p < 0.00001. P values obtained from
permutation tests. See Materials and Methods for details of statistical analysis.
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use cGMP to gate the cyclic nucleotide-gated TAX-2/TAX-4 cation channel upon [NaCl]

changes [104]. Consistent with this hypothesis, [NaCl] downsteps trigger an influx of calcium

into ASER which was blocked in animals lacking TAX-2 or TAX-4 [105]. Additionally, a

study indicating that cGMP could be a putative second messenger in ASER revealed that

loss of the rGC GCY-22 blunts chemotaxis to Cl- [106]. This suggests that cGMP levels

could be modulated by changes in [NaCl] [104].

To explore this hypothesis, we expressed WincG2 in the ASE neuron pair and monitored

the sensor’s response in the ASER cell body to ten 10-second steps between 50 and 0 mM

NaCl. WincG2 fluorescence decreased linearly (R2 = 0.9962) in response to a 50 to 0 mM

NaCl downstep and stopped decreasing in response to the first 0 to 50 mM NaCl upstep (Fig.

2.3A: blue trace, bottom). The slopes between the first downstep and upstep are di�erent

(p < 0.00001; see Materials and Methods for statistical analysis), suggesting that WincG2

responds quickly to changing [NaCl] (Fig. 2.3B: first pair, blue).

To test whether changes in WincG2 fluorescence were due to changing [NaCl] or to the

potential fluctuation in pressure due to the change in flow of the stimulus presentation

stream, we examined the sensor’s responses to ten 10-second switches of 50 mM NaCl.

WincG2 fluorescence did not change in these animals in response to switching (Fig. 2.3A:

pink trace, top; Fig. 2.3B: second pair, pink). Additionally, the slopes of the first downstep

between animals recorded in response to changing [NaCl] and animals recorded in response

to simply switching the bu�er stream are di�erent (p < 0.00001), suggesting that WincG2

fluorescence changes were due to [NaCl] steps and not to fluctuations in fluid pressure on

the exposed nose of the animal (Fig. 2.3B).

WincG2 has a cGMP-binding motif that could also potentially accommodate cAMP,

albeit with lower a�nity [112, 113]. To assess whether WincG2 fluorescence was dependent

on cGMP or cAMP, we recorded ASER WincG2 fluorescence in animals lacking the rGC

GCY-22. Though other rGCs are expressed in ASER [104, 125], loss of GCY-22 produces

the most severe behavioral defects in Cl- and NaCl chemotaxis [104]. Consistent with these
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findings and in contrast to wild-type animals, WincG2 fluorescence did not change in gcy-

22(tm2364) animals in response to [NaCl] downsteps or upsteps (Fig. 2.3A: teal trace, ns;

Fig. 2.3B: third pair, teal). This finding indicates that changes in WincG2 fluorescence

require GCY-22 and likely result from changes in cGMP rather than cAMP.

Wild-type WincG2 fluorescence also increased relative to switch control and gcy-

22(tm2364) animals in response to the second, third and fourth 0 to 50 mM NaCl upstep

(Fig. 2.3C and Supp. Fig. 2.7) and was dependent on both an actual change in [NaCl]

(Fig. 2.3C, compare blue trace with pink trace, p<0.0001) and the rGC GCY-22 (Fig. 2.3C,

compare blue trace with teal trace, p<0.05). Together, these results suggest that WincG2

can report rapidly changing increases and decreases in endogenous cGMP levels.

2.4.4 Animals expressing WincG2 in ASER prefer higher [NaCl]

relative to animals that do not express the reporter

C. elegans require ASER activity to adjust their preferred [NaCl] to the concentration at

which they were last fed; if ASER is killed, the animal’s movement is less directed in response

to a linear NaCl gradient [129]. Plasticity requires NaCl sensation, which in turn requires

cGMP signaling; thus it is not surprising that gcy-22(tm2364) animals which we showed

to not respond to [NaCl] changes (Fig. 2.3) do not exhibit a preference for the [NaCl] at

which they were cultivated [125]. To assess whether WincG2 expression a�ected an animal’s

ability to exhibit a preference for its cultivation [NaCl], the behavior of WincG2-expressing

wild-type animals were compared to their nontransgenic siblings that did not express the

WincG2 array and wild-type animals. Animals were cultivated for approximately six hours

in the presence of OP50 E. coli bacteria on an NGM plate containing 25 mM, 50 mM, or

100 mM NaCl, then placed onto a chemotaxis assay plate containing a NaCl gradient from

approximately 40 to 90 mM NaCl (Fig. 2.4A, adapted from [125]). A chemotaxis index

(CI) of 1 indicates the animals’ preference for the higher [NaCl], and a CI of -1 indicates

the animals’ preference for the lower [NaCl]. Wild-type and nontransgenic siblings behaved
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slopes for the 1st 50 to 0 mM NaCl downstep in WT animals injected at 7.5 ng/µl and
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not significant. See Materials and Methods for details of statistical analysis.
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as previously described; animals that were cultivated at 25 mM, 50 mM, and 100 mM

NaCl had a CI approaching -1, 0 and 0.75, respectively (Fig. 2.4B: first and second set of

three bars, respectively) [125]. The WincG2-expressing animals’ [NaCl] preference at each

cultivation [NaCl] was higher, though not significantly di�erent from wild-type animals (Fig.

2.4B: third set of three bars); however, their preference for a higher [NaCl] was significantly

di�erent from their nontransgenic siblings when they were cultivated at 100 mM NaCl (p

< 0.05). Additionally, the animals’ preference for a higher [NaCl] seemed di�erent from

their nontransgenic siblings when they were cultivated at 50 mM NaCl, though this was not

significant (p = 0.15), presumably due to variability of the transgenic animals’ chemotaxis

to NaCl when cultivated at 50 mM NaCl. Other lines injected at the same concentration

exhibited NaCl seeking behavior that was significantly di�erent from both wild-type animals

and their nontransgenic siblings (Supp. Fig. 2.8). This may indicate that WincG2 expression

lowers free cGMP levels and therefore interferes with an aspect of cGMP dynamics in ASER

that is required for food to reset the animals’ preference to their cultivation [NaCl].

WincG2 fluorescence was recorded for the line that exhibited behavior that was not signif-

icantly di�erent from wild-type animals. Importantly, in these animals, WincG2 fluorescence

decreased linearly in response to a 50 to 0 mM NaCl downstep and stopped decreasing in

response to a 0 to 50 mM NaCl upstep, with the slopes between the first downstep and

upstep being di�erent (Fig. 2.4C: red trace, bottom; Fig. 2.4D: second pair, red; p <

0.00001). This finding is similar to that observed with WincG2 injected at a lower concen-

tration (Fig. 2.4D: first pair, blue; note that these data points are reproduced from Fig.

2.3A: blue trace, bottom and Fig. 2.3B: first pair, blue, respectively). The slopes of the

first downstep of wild-type animals injected at a lower versus higher concentration are not

di�erent, indicating that the concentrations injected did not influence recordings (Fig. 2.4D:

compare first blue trace with third red trace; p ns). Thus, though WincG2 reliably reports

the stimulus-induced changes in the gustatory sensory neuron ASER, its expression may
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subtly alter behavior and this must be controlled for by comparing behavior in transgenic

lines to the nontransgenic siblings.

2.4.5 WincG2 fluorescence increases in PHB chemosensory tail

neurons in response to SDS

To examine the ability of WincG2 to report cGMP changes in a neuron with a di�erent

modality, we expressed WincG2 in the nociceptive PHB neurons, which had been predicted

to use cGMP as a second messenger. The PHBs are a pair of bilaterally symmetric sensory

neurons located in the lumbar ganglia that extend ciliated dendrites into the phasmid struc-

tures within the tail of C. elegans. PHB neurons are chemosensory cells that are required for

the avoidance of noxious chemicals such as SDS, dodecanoic acid and other cues (Fig. 2.5A)

[126, 127, 134, 135]. TAX-4 is required for PHB-mediated SDS avoidance (Fig. 2.5C), and

calcium imaging has shown that PHB responds to SDS [127]. This suggests that PHB may

exhibit changes in cGMP levels in response to SDS that could be monitored by recording

changes in WincG2 fluorescence.

To test whether WincG2 a�ects the function of the PHB circuit, SDS response assays

(Fig. 2.5B) were performed on wild-type animals and animals expressing WincG2 in PHB

neurons. On average, wild-type animals halt movement into a drop of 1 mM SDS in less

than a second. If PHB function is impaired, as in tax-4 mutants, animals continue moving

into a drop of SDS as if it were a control bu�er (M13). This increases the relative response

index to ~ 300% (Fig. 2.5C). We found that behavioral responses to SDS were una�ected

by WincG2 expression, indicating that WincG2 does not a�ect PHB function (Fig. 2.5C).

To determine if cGMP changes in PHB neurons could be detected using WincG2, the

sensor’s fluorescence in the cell body was measured in animals that were first exposed to

control bu�er (M13), then to 1 mM SDS in M13 bu�er. WincG2 fluorescence remained

largely steady in the absence of 1 mM SDS, but began to increase linearly (R2 = 0.9633)

upon exposure to 1 mM SDS (Fig. 2.5D). The area of the curve for the traces before and after
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Figure 2.5: WincG2 allows visualization of cGMP production in PHB chemosensory
neurons in response to the repellent SDS. (A) Diagram of the PHB circuit [126, 134, 135].
The primary postsynaptic partners of PHB neurons are the AVA backward command
interneurons and the PVC forward command interneurons. (B) Diagram of the sodium
dodecyl sulfate (SDS) behavioral assay, which tests the PHB circuit response to 1 mM
SDS [126, 134, 135]. Animals are induced to move backwards with a nose touch from
a hair pick. A drop of 1 mM SDS is placed behind them on a dry NGM plate, so that
the drop quickly absorbs into the media, preventing wicking along the worm. The time
that the animal backs into the drop before stopping is measured. (C) WincG2 does not
a�ect the response of animals to SDS. For reference, loss of TAX-4 cyclic nucleotide-gated
channel causes a severe defect in the ability to sense SDS [134]. (D) When WincG2 is
expressed in PHB neurons, F/F

0

increases steadily after introduction of 1mM SDS. n=16
(E) The area under the curve for traces before and after SDS presentation is di�erent
(permutation test, p<-0.00001).



67

SDS presentation is di�erent (permutation test, p < 0.00001), which suggests that cGMP

increases in response to SDS and that WincG2 responds acutely to endogenously produced

cGMP that is induced by an external stimulus (Fig. 2.5E).

2.5 Discussion

2.5.1 WincG2 is a sensor for cGMP dynamics in C. elegans

The cGMP sensor WincG2 was successfully used to monitor the dynamics of this sec-

ond messenger in a number of cells in C. elegans. First, WincG2 was used to monitor the

kinetics of cGMP production in body wall muscles that lack most endogenous GCs. The

rate of increase in WincG2 fluorescence corresponded with the rate of cGMP produced by

coexpressed blue light-activated GCs. WincG2 fluorescence increased within less than a sec-

ond of activation of BeCyclOp, which produces 17 cGMP molecules per second. In contrast,

WincG2 fluorescence increased in the order of minutes upon activation of bPGC, which pro-

duces cGMP at a 50-fold lower rate relative to BeCyclOp [128]. WincG2 fluorescence slightly

increased in the presence of cAMP in C. elegans in response to activation of bPAC. Thus,

care must be taken to control for fluctuations in cAMP by imaging in backgrounds that lack

cGMP production. The high rate of cAMP production due to bPAC, however, is likely ex-

ceeding any intrinsic cAMP production by several fold, thus side e�ects from intrinsic cAMP

fluctuation may a�ect cGMP imaging only to a minor extent.

2.5.2 WincG2 reveals cGMP dynamics in sensory neurons that

use cGMP as a second messenger for sensory stimuli

We expressed WincG2 in sensory neurons that use cGMP as a second messenger and

found that the sensor responds robustly to changing stimulus presentation. In the gustatory

neuron ASER, changes in WincG2 fluorescence in response to repeated [NaCl] steps suggest
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that the sensor can respond reliably to changing cGMP levels, providing, for the first time,

visual evidence that cGMP levels in ASER are modulated by [NaCl] changes. Importantly,

we demonstrated that WincG2 fluorescence changes require the rGC GCY-22. This has

two implications: 1) the sensor responds to cGMP in a physiologically relevant setting and

2) GCY-22 seems to be the primary rGC that produces cGMP for the NaCl response.

Interestingly, the changes we observe in WincG2 fluorescence in ASER suggest that cGMP

levels may be inversely correlated with calcium in response to a [NaCl] change. Previously

reported genetic and calcium imaging evidence suggested that cGMP levels would directly

correlate with calcium levels; cGMP is hypothesized to bind and open the TAX-2/TAX-4

cyclic nucleotide-gated cation channel to allow for calcium influx [105]. A recent cryo-EM

study showed that cGMP gates the homomeric TAX-4 channel in the open state [136].

Additionally, physiological investigations of the heterologously expressed heteromeric TAX-

2/TAX-4 cation channel indicated that it opens in response to cGMP binding [137, 138].

The unexpected result that WincG2 fluorescence decreases in response to [NaCl] downsteps

could be due to the tight regulation of cGMP levels by PDEs. Resolution of this apparent

paradox, however, awaits further investigation.

In the nociceptive phasmid neuron PHB, genetic evidence suggesting that it uses cGMP

to signal the presence of SDS was corroborated by changes in WincG2 fluorescence. This

is the first visual evidence for a cGMP-based signal in PHB, showing that it increases in

response to an environmental cue. Importantly, expression of WincG2 did not perturb the

function of the phasmid neurons, as SDS repulsion was as robust in the WincG2-expressing

line as in wild-type animals. This is in contrast to WincG2 expression in ASER, which

caused a slight preference for higher [NaCl] but minimally a�ected the plasticity of the

[NaCl] cultivation preference.
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2.5.3 Prospects for optimizing WincG2 and extending its use

Like WincG2, the first generation of calcium sensors a�ected the behavior of neurons in

which they were expressed: the FRET-based YC2.12 acted as a calcium sponge, a function

that was exploited by Ferkey et al. to study nociceptive signaling [139], and the GFP-

based GCaMP2.2 blocked olfactory plasticity (personal communication, Brueggemann and

L’Etoile). Mutations that increased the quantal yield of GCaMP allowed the reporters to

be expressed at lower levels that did not interfere with cellular function, yet were bright

enough for imaging. Indeed, if WincG2 was enhanced to mimic the properties of GCaMP6s,

which contains (among other mutations) a K78H mutation in the cpEGFP domain that

improved sensitivity relative to GCaMP3, the fluorescence might be bright enough to allow

for lower expression of this reporter and thus reduce the possibility of it interfering with

cellular functions [140]. Until such optimizations are made, it will be necessary to select for

lines that express WincG2 at the lowest levels that allow for imaging thereby minimizing

the potential for behavioral e�ects. Addition of a subcellular localization signal may also

mitigate o�-target e�ects.

We think WincG2 could be acting as a cGMP sponge due to its e�ects on NaCl-seeking

behavior when expressed in ASE (Fig. 2.5B). These behavioral results suggest that WincG2

could be altering free cGMP levels in ASER, which could lead to tuning the [NaCl] cultivation

preference to be higher relative to nontransgenic siblings and wild-type animals. If WincG2

can be shown to act as a cGMP sponge, this could also be exploited to specifically and locally

perturb cGMP levels. For example, if one could localize a non-fluorescent form of WincG2

at the cilia, this may perturb function in a di�erent way from when it is localized to the cell

body. This would reveal specific functions for cGMP signals at the sensory dendrites that

are di�erent from those in the cell body.

The subcellular landscape of cGMP can also be probed using WincG2. For instance,

adding a tag that localizes WincG2 to specific regions of the cell along with a red protein

for ratiometric imaging may reveal important aspects of the subcellular landscape of cGMP.
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Though FRET-based cGMP sensors have been useful for uncovering cGMP dynamics in

biological processes in an intact animal [63, 111], the single fluorophore WincG2 provides

the possibility of using additional fluorophores of di�erent wavelengths to mark subcellular

regions. This advantage of WincG2 will provide a simple and powerful tool with which to

visualize changes in cGMP concentration across the subcellular landscape. Additionally, the

ability to simultaneously visualize cGMP and calcium by using WincG2 with a red calcium

sensor will allow us to investigate the dynamics of these second messengers at any marked

subcellular location [141]. Our results demonstrate that WincG2 can be used to rapidly and

specifically measure cGMP dynamics in the intact, behaving organism.

2.6 Materials and Methods

2.6.1 Molecular Biology

FlincG3 was codon optimized by Genscript for use in C. elegans. The C. elegans codon-

optimized FlincG3, WincG2, was inserted into a worm specific expression (Fire) vector,

pPD95.75, which facilitates transcription and translation of the sensor by providing worm

specific introns [142].

The gcy-5 promoter (2003 bp upstream of start site) was inserted using XbaI and EagI

into pPD95.75 to make gcy-5p::WincG2. myo-3p::CyclOp::SL2::mCherry was made as de-

scribed [128]. The plasmid gcy-5p::WincG2 was digested with XbaI and PciI and the gcy-

5 promoter fragment was replaced with the myo-3 promoter fragment to yield the myo-

3p::WincG2 plasmid construct.

pCFJ104 [myo-3p::mCherry::unc-54] was a gift from Erik Jorgensen (Addgene plasmid #

19328) [143]. To generate myo-3p::bPAC::SL2::mCherry, a 1193 bp long bPAC fragment was

amplified using primers 5’-TCCATCTAGAGGATCCTTCCGCATCTCTTGTTCAAGGG-

3’ and 5’-CAGCGGTACCGTCGACTTACTTGTCGTTTTCCAGGGTCTG-3’. This 1193

bp long bPAC fragment was ligated into the myo-3p::SL2::mCherry backbone, obtained
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by digestion with BamHI and SalI, using ‘in-fusion cloning’ (Clontech). To gener-

ate myo-3p::bPGC::SL2::mCherry, a 3486 bp long myo-3p::bPGC fragment was ampli-

fied using primers 5’-ATTACGCCAAGCTTGCGGCTATAATAAGTTCTTGAA-3’ and 5’-

TACCGTCGACGCTAGTTACTTGTCGTTTTCCAGGG-3’. This 3486 bp long myo-

3p::bPGC fragment was ligated into a SL2::mCherry backbone, obtained by digestion with

NheI and SphI, using ‘in-fusion cloning’ (Clontech).

To generate the nlp-1p::WincG2 construct, WincG2 from gcy-5p::WincG2 was

inserted into the vector nlp-1p::pSM� [144] using the NEBuilder High-Fidelity

DNA Assembly Cloning Kit (NEB) and the following primers: MVP598 WincG

FWD (5’-ggattggccaaaggacATGGCACACCACCACCAC-3’), MPV599 WincG REV

(5’-ggtcctcctgaaaatgttcTTATCGTCCGAATCCTCCG-3’), MVP597 pSM�::nlp-1p

FWD (5’-GAACATTTTCAGGAGGACCC-3’), and MVP596 nlp-1p::pSM� REV (5’-

GTCCTTTGGCCAATCCCG-3’). The construct was then sequence-verified.

To generate the flp-6p::WincG2 construct, the flp-6 promoter fragment was

amplified from flp-6p::GCaMP6, a gift from the Lockery lab, using the primers

5’- ATTACGCCAAGCTTGCATGGCAGCGCTTGACTTCTGATG-3’ and 5’-

CCGGGGATCCTCTAGTGCAGGCATGCAAGCTTGTC-3’. The plasmid nlp-1p::WincG2

was digested with XbaI and SphI-HF and the nlp-1 promoter fragment was replaced with

the flp-6 promoter fragment to yield the flp-6p::WincG2 plasmid construct using ‘in-fusion’

cloning (Clontech). The plasmid str-2 ::jRCaMP1b, a gift from the Bargmann lab, was di-

gested with HindIII-HF and XmaI and str-2 was replaced with the flp-6 promoter fragment

to yield the flp-6p::jRCaMP1b plasmid construct using ‘in-fusion’ cloning (Clontech). The

plasmid str-2p::jRGECO1a, a gift from the Bargmann lab, was digested with HindIII-HF

and AscI and the str-2 promoter fragment was replaced with the flp-6 promoter fragment

to yield the flp-6p::jRGECO1a plasmid construct using ‘in-fusion’ cloning (Clontech).

pJN55 [myo-3p::tax-2::GFP] and pJN58 [myo-3p::tax-4::GFP] plasmid construction were

previously reported [128]. pWSC13 [myo-3p::bPGC::eYFP]: pPD96.52 was cut with NheI
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and BamHI to yield a 6010 bp fragment, and bPGC synthetic construct, a gift from Peter

Hegemann, was cut with BamHI and NheI to yield a 2106 bp fragment that was then inserted

into cut pPD96.52. pJN59 [myo-3p::bPGC(K265D)::eYFP]: K265D was introduced into the

parent plasmid pWSC13 (myo-3p::bPGC::eYFP) using the Q5 site-directed mutagenesis kit

(New England Biolabs Inc.) and primers oJN146 (5’-CCTGAAGATGGACCACGGCCTGC-

3’) and oJN147 (5’-CTGCTGCCCATGTTGCCC-3’).

2.6.2 Transgenic Strains

Transgenic C. elegans were obtained by microinjection of DNA into the gonads of ne-

matodes by standard procedures [145]. ZX1921 (zxEx895[myo-3p::CyclOp::SL2::mCherry,

myo-3p::WincG2]): 15ng/µl myo-3p::CyclOp::SL2::mCherry and 15ng/µl myo-3p::WincG2

were microinjected into N2 worms. ZX1757 (zxEx893[myo-3p::mCherry, myo-3p::WincG2]):

5 ng/µl myo-3p::mCherry and 20 ng/µl myo-3p::WincG2 were microinjected into N2

worms. ZX1922 (zxEx896[myo-3p::bPAC::SL2::mCherry, myo-3p::WincG2]): 15ng/µl

myo-3p::bPAC::SL2::mCherry and 15ng/µl myo-3p::WincG2 were microinjected into N2

worms. ZX1756 (zxEx892[myo-3p::bPGC::SL2::mCherry, myo-3p::WincG2]): 15ng/µl

myo-3p::bPGC::SL2::mCherry and 15ng/µl myo-3p::WincG2 were microinjected into N2

worms. JZ1997 (ASE WincG2 in N2 injected with 15ng/µl WincG2): 15ng/µl flp-

6p::WincG2, 30 ng/µl flp-6p::jRCaMP1b and 20 ng/µl ofm-1::GFP were microinjected

into N2 worms. JZ2089 (ASE WincG2 in N2 injected with 7.5 ng/µl WincG2):

7.5ng/µl flp-6p::WincG2, 60 ng/µl flp-6p::jRGECO1a and 20 ng/µl ofm-1::GFP were

microinjected into N2 worms. JZ2118 (ASE WincG2 in gcy-22 ): JZ2089 animals

were crossed with OH4839 (gcy-22(tm2364)) animals to generate transgenic animals ho-

mozygous for gcy-22(tm2364). PHB WincG2 in N2: MKV937 (iyEx222 [15ng/µL

nlp-1p::WincG2 and 45ng/µl odr-1p::RFP in N2 worms]). ZX1738 (zxEx886[myo-

3p::bPGC::YFP, myo-3p::tax-2::GFP, myo-3p::tax-4::GFP]): 15ng/µl myo-3p::bPGC::YFP,

5 ng/µl myo-3p::tax-2::GFP and 5 ng/µl myo-3p::tax-4::GFP were injected into lite-1(ce314)
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worms. ZX1739 (zxEx887[myo-3p::bPGC(K265D)::YFP, myo-3p::tax-2::GFP, myo-3p::tax-

4::GFP]): 15ng/µl myo-3p::bPGC(K265D)::YFP, 5 ng/µl myo-3p::tax-2::GFP and 5 ng/µl

myo-3p::tax-4::GFP were injected into lite-1(ce314) worms.

2.6.3 Imaging WincG2 coexpressed with BeCyclOp, bPGC or

bPAC

Transgenic strains were kept in the dark on standard NGM plates (5.5 cm diameter;

8 ml NGM) with OP50-1 bacteria with or without ATR at 20°C. Plates containing ATR

were prepared by spreading 200 µl of OP50-1 culture containing 100 mM of ATR (diluted

in ethanol). L4 animals were put on ATR plates overnight and young adults were used for

imaging the following day.

For cGMP/cAMP imaging, animals were immobilized on 10% M9 agar pads with

polystyrene beads (Polysciences, USA). The fluorescence measurements were performed with

a 25x oil objective (Zeiss 25x LCI-Plan / 0.8 Imm Corr DIC) on the inverted microscope

Axio Observer Z.1 equipped with two high-power light emitting diodes (LEDs; 470 and 590

nm wavelength, KSL 70, Rapp Optoelektronik, Germany) coupled via a beam splitter and a

double band pass excitation filter permitting wavelengths of 479/21 nm and 585/19 (F74-423

479/585 HC Dualband Filter AHF Analysentechnik) to obtain simultaneous dual-wavelength

illumination. DIC microscopy using white light filtered with a red optical filter was used

to focus on the body wall muscle cells prior to video acquisition. The 470 nm and 590 nm

excitation was switched on simultaneously after the start of video acquisition. For bPGC

experiments, yellow light was used to focus the cells, and thereafter the blue illumination

was turned on. Fluorescence was acquired by an ORCA-Flash 4.0 sCMOS camera (Hama-

matsu) through a Dual-View beam splitter (DV2, Photometrics) with a 540/25 nm emission

filter used for WincG2 green channel and a 647/57 emission filter for mCherry red channel.

Videos were acquired using µManager [44], and frames were taken at 100 Hz (corresponding
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to exposure times of 10 ms) and 20 Hz (for bPGC) with 4◊4 spatial binning. The optical

power was 3.3 mW/mm2 at 470 nm and 2.6 mW/mm2 at 590 nm.

Image analysis was performed in ImageJ (NIH). Regions of interest (ROIs) were drawn

around single body wall muscle cells that did not show major movement and a region outside

the animals was chosen as background ROI. The mean fluorescence intensity of the ROIs for

both channels was analyzed with ImageJ. Background subtracted values were used to calcu-

late the change in fluorescence intensity for each time point: (F-F
0

)/F
0

where F represents

the intensity at this time point and F
0

represents the peak intensity at the onset of light

stimulation. For bPGC experiments, F
0

represents the intensity five seconds after the onset

of light stimulation.

2.6.4 Imaging WincG2 in ASER and PHB

WincG2 imaging was performed essentially as described for calcium imaging [2]. Briefly,

for imaging ASER, day 1 adults grown at 20°C were transferred from NGM plates containing

OP50 to a 35 mm x 10 mm petri dish containing chemotaxis bu�er with 50 mM NaCl (25

mM K
3

PO
4

, pH 6.0, 1 mM CaCl
2

, 1 mM MgSO
4

, 50 mM NaCl, adjusted to 355 ± 2

mOsm with sorbitol). The worms were then placed in a microfluidic device that can expose

the animal to stimulus [146]. A Zeiss 40x air objective on an inverted microscope (Zeiss

Axiovert 200) was used for imaging, and images were taken at rate of 1 Hz with a blue light

exposure time of 30 ms using an ORCA-Flash 2.8 camera (Hamamatsu) for a total of 103

frames. Recordings were taken within eight minutes of the animal’s exposure to chemotaxis

bu�er with 50 mM NaCl, and the animals were subjected to either ten second steps between

chemotaxis bu�er with 50 and 0 mM NaCl (each containing 1 mM levamisole) or switches

between chemotaxis bu�er with 50 mM NaCl (each containing 1 mM levamisole (Sigma-

Aldrich), and one containing fluorescein). Images were obtained using µManager (Version

1.4.22). Fluorescence intensity was measured using ImageJ. To calculate the fluorescence

intensity at a given time point (F), the fluorescence intensity from the region of interest
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(ROI) encompassing the neuron was subtracted from the background ROI. The fluorescence

intensity F of the first three frames was averaged to calculate F
0

. We used �F/F
0

(F-F
0

/F
0

)

to calculate the change in fluorescence intensity at a given time point.

To image WincG2 in PHB neurons, animals were picked from NGM plates containing

OP50 onto a petri dish containing M13 control bu�er, then placed tail-first into the microflu-

idic device. They were exposed to control bu�er for 15 seconds, and then to 1 mM SDS in

M13 for 15 seconds. They were imaged at a rate of 2 Hz. To calculate the fluorescence

intensity of PHB at each frame, ImageJ was used to measure the total intensity of the cell

body. Background fluorescence was calculated by using ImageJ to measure the minimum

pixel value in the area surrounding the cell body, and this pixel value was multiplied by the

area of the cell body to get the total background. The total background was subtracted from

the total intensity of the cell body to calculate the fluorescence intensity. The PHB WincG2

fluorescence intensities were adjusted for photobleaching using the following method. The

decrease in fluorescence during the first 29 frames when the animal was exposed to control

bu�er was presumed to be due to photobleaching. Therefore, the average di�erence between

the values for the nth frame and the n+1th frame (up to the 29th frame) were calculated, and

this average photobleaching value was then added back to each value in the series. F
0

was

the average of the response to bu�er adjusted for photobleaching over the first 15 seconds,

rather than only the first 3 data points.

2.6.5 NaCl cultivation assay

The NaCl cultivation assay was essentially performed as described [125]. Briefly, day 1

animals grown at 20°C were transferred from OP50-containing NGM plates containing 50

mM NaCl to OP50-containing NGM plates containing 25 mM, 50 mM, or 100 mM NaCl for

approximately six hours before being placed on a chemotaxis assay plate containing regions

of higher and lower NaCl for 45 minutes. Afterward, worms were stored in 4°C for at least

16 hours before calculating the chemotaxis index. Chemotaxis index = [# animals at higher
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NaCl region – # animals at lower NaCl region]/ [# animals at higher NaCl region + #

animals at lower NaCl region + # animals outside origin].

2.6.6 Behavioral assay response to the repellent SDS

SDS dry drop behavioral assays were conducted by using a hair pick to touch each worm

on the nose to stimulate backward movement into a dry drop of 1 mM SDS in M13 bu�er

[134, 135]. A dry drop is obtained by incubating an NGM plate overnight at 37°C so that

the SDS drop dries quickly into the plate, preventing wicking along the animal that might

activate neurons in the head. An animal’s response time was defined as the amount of time

it backed into the dry drop before terminating backward movement. The average response

time to the dry drop of dilute SDS in M13 bu�er was compared to the average response time

to a drop of control M13 bu�er. A response index was calculated by dividing the average

response time to SDS by the average response time to M13 bu�er. nlp-1p::WincG2 and

tax-4 mutants were each compared to wild-type animals assayed on the same day, and the

wild-type response index is normalized to 100%. At least 80 animals of each genotype were

tested: 40 for a response to M13, and 40 for a response to SDS.

2.6.7 Muscle Contraction Assay

The muscle contraction assay was essentially performed as described [128]. L4 animals

were exposed to 0.9 mW/mm2 blue light (450-490 nm) for approximately 20 seconds, and

relative body length was measured with a custom LabView script.

2.6.8 Statistical Analysis for ASER and PHB WincG2

To compare the sum of slope values of the first 50 to 0 mM NaCl downstep with the

1st 0 to 50 mM NaCl upstep, as well as the sum of slope values of the first 50 to 0 mM

NaCl downstep and the second, third, and fourth 0 to 50 mM NaCl upstep, an approximate
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p-value ranked permutation test was performed on the data. To compare the sum of slope

values of the first 50 to 0 mM NaCl downstep with the first 0 to 50 mM NaCl upstep, the sum

of slopes for randomly rearranged data is calculated and ranked relative to the sum of slopes

for the first 50 to 0 mM NaCl downstep. For example, to compare the sum of slope values

of the first 50 to 0 mM NaCl downstep with the first 0 to 50 mM NaCl upstep for wild-type

animals, the 34 slope values of the first downstep and upstep were combined in a list then

randomly rearranged, and the sum of the first 17 slope values of that randomly rearranged

list was calculated and ranked relative to the sum of 17 slope values for the first 50 to 0 mM

NaCl downstep. To compare the sum of slope values of the first 50 to 0 mM NaCl downstep

between conditions, the sum of slopes for the randomly rearranged data is calculated and

ranked relative to the sum of slopes for wild type. For example, for comparing the sum of

slope values of the first 50 to 0 mM NaCl downstep between wild-type and gcy-22(tm2364)

animals, the 40 (n = 17 for wild-type and n = 23 for gcy-22(tm2364)) slope values were

combined in a list then randomly rearranged, and the sum of the first 17 slope values of that

randomly rearranged list was calculated and ranked relative to the sum of 17 slope values

for wild-type. This type of test was also performed for comparing the second, third, and

fourth 0 to 50 mM NaCl upstep between conditions. The sum of slopes from at least 500,000

randomly selected permutations were calculated and ranked using a custom Python script.

To compare the sum of slope values of the first 50 to 0 mM NaCl downstep with the first 0

to 50 mM NaCl upstep for wild-type switch control; to compare the sum of slope values for

the first 50 to 0 mM NaCl downstep between wild-type and wild-type switch control; and

to compare the area under the curve for the first 30 frames of PHB WincG2 (corresponding

to M13 bu�er) with the next 30 frames of PHB WincG2 (corresponding to 1 mM SDS), an

exact p-value ranked permutation test was performed. For this test, the sum of slopes for all

possible permutations of the data were calculated and ranked using a custom Python script.
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2.7 Supplemental Information

2.7.1 Supplemental Figures
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Figure 2.6: Coexpression of bPGC with the cGMP-gated cation channel TAX-2/TAX-4
in body wall muscle cells results in muscle contraction within two seconds upon exposure
to blue light (n = 10). bPGC(K265D) contains a point mutation that abolishes guany-
lyl cyclase activity. Animals coexpressing bPGC(K265D) with TAX-2/TAX-4 did not
contract to the same extent (n = 12).
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Figure 2.7: WincG2 fluorescence in the ASER cell body increases in response to the
third and fourth 0 to 50mM NaCl upstep in wild-type animals. The di�erence in slopes
for the third and fourth 0 to 50 mM NaCl upstep between wild-type and gcy-22(tm2364)

animals is significant (n = 17 (blue; wild-type), n = 23 (teal; gcy-22 ); permutation test
p < 0.05 for third upstep and p < 0.01 for fourth upstep). In wild-type animals, the
di�erence between the slopes in response to the third and fourth 0 to 50 mM NaCl
upstep is also significant from those of the switch control (n= 17 (blue; wild-type), n =
11 (pink; switch control); permutation test p < 0.01).
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Figure 2.8: Other lines generated from injecting 15 ng/µl flp-6p::WincG2 exhibit a
preference for higher [NaCl] while maintaining behavioral plasticity. This preference is
significantly di�erent from wild-type animals and nontransgenic siblings.
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From Dr. Noelle L’Etoile, Research Advisor: In this manuscript, Sarah Woldemariam inves-

tigated whether WincG2 fluorescence in the ASER cell body responded to changing [NaCl].

She also tested whether WincG2 fluorescence expression in ASE a�ected [NaCl] cultivation

preference, which requires ASER function. The results of this work are shown in Figures

2.3 and 2.4, as well as Supplemental Figures 2.7. and 2.8. In addition to these experiments,

Sarah Woldemariam wrote the paper and interpreted results from collaborators’ work. This

work is comparable to a standard thesis and dissertation in that she designed and executed

these experiments, wrote a manuscript describing not only her work, but her collaborators’

work, and prepared the manuscript for publication.
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Chapter 3

cGMP may be spatiotemporally

regulated in the gustatory neuron

ASER
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The previous chapter demonstrated that, in ASER, there is a decrease in WincG2 fluo-

rescence in the cell body in response to a 50 to 0 mM NaCl downstep (Fig. 2.3). This is

an intriguing result, as we hypothesized that cGMP would increase in ASER in response to

a [NaCl] downstep. Increased [cGMP] would lead to gating of the TAX-4/2 CNG channel,

resulting in cation influx. This model would be consistent with the observation that cal-

cium sensor fluorescence in ASER increases when animals are exposed to [NaCl] downsteps

[105, 125, 129]. Our results, however, seemed to be inconsistent with this model.

One hypothesis that could explain this seemingly contradictory result is that cGMP sig-

naling is compartmentalized in ASER. GCY-22 (Servaas van der Burght, Suzanne Rademak-

ers and Gert Jansen, personal communication) and TAX-4/2 [59, 77, 147] may be localized

to the ciliated sensory endings of the neuron, so we decided to image WincG2 fluorescence

at the ciliated dendrite tip of ASER in response to [NaCl] step changes (see Section 2.6 in

Chapter 2 for how the animals were imaged). Our preliminary data suggest that cGMP

levels are spatially regulated in ASER in response to [NaCl] downsteps. There is a transient

increase in WincG2 fluorescence in ASER in response to 50 to 0 mM NaCl downsteps at the

ciliated dendrite tip (Fig. 3.1; top trace). This increase does not seem to be the result of

pressure changes from switching between channels of the microfluidic device, as there was

no change in WincG2 fluorescence in response to switches between 50 mM NaCl (Fig. 3.1;

bottom trace). In contrast, WincG2 fluorescence decreases linearly in response to a 50 to

0 mM NaCl downstep (Fig. 2.3). We think that cGMP compartmentalization in ASER

could underlie ASER’s ability to simultaneously sense [NaCl] changes and store [NaCl] cul-

tivation memory. Proposed experiments designed to test whether compartmentalized cGMP

signaling underlies both of these processes are described in detail in Chapter 5.

The observation that WincG2 fluorescence increases transiently in the ASER cilia in

response to 50 to 0 mM NaCl downsteps is consistent with the hypothesis that cGMP gates

the TAX-4/2 CNG channel in the cilia in response to [NaCl] downsteps, resulting in cation

influx in and thus depolarization of ASER. A main outstanding question is how cGMP is
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Figure 3.1: Preliminary data suggest that WincG2 fluorescence increases transiently
in the cilia of ASER in response to a 50 mM NaCl downstep (top trace; n = 4). The
amplitude of the increase decreases with each subsequent 50 mM NaCl downstep, which
may indicate habituation. This increase seems to be dependent on changing [NaCl], as
there is no change in WincG2 fluorescence in response to 50 mM NaCl switches (bottom
trace; n = 5).

tightly spatiotemporally regulated in this neuron. Evidence suggests that cGMP signaling

can be compartmentalized in cells by spatially segregating producers (i.e. GCs), degraders

(i.e. PDEs) and e�ectors (i.e. PKGs) of cGMP [64, 65, 115, 116, 148–150].

In vertebrates, PDE activity can hydrolyze cGMP from distinct sources. PDE2 and

PDE5, for instance, degrade cGMP production from natriuretic peptide-activated rGCs (also

referred to as particulate GCs) and NO-activated sGCs, respectively [150]. PDE2 is hypoth-

esized to localize to the plasma membrane to act on cGMP produced by rGCs, suggesting

that the compartmentalization of PDEs could explain their selective action [148, 150]. This

compartmentalization of cGMP signaling by PDE activity has been suggested to play a role
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in diverse range of cells, including cardiomyocytes [115, 116, 149], smooth muscle cells [66]

and platelet cells [64].

PKGs are also hypothesized to contribute to the spatial regulation of cGMP. PKGs,

for instance, may colocalize in complexes with GCs, and there is some evidence that they

can phosphorylate rGCs to promote cGMP production specifically in the plasma membrane

[148, 150]. Additionally, PKGs can phosphorylate specific compartmentalized PDEs to en-

hance PDE activity [150]. Moreover, there is evidence that PDEs and PKGs can be part of

macromolecular complexes that could lead to compartmentalized cGMP signaling; in platelet

cells, for instance, PKG and PDE5 are members of a signaling complex, where PKG can

phosphorylate PDE5 to enhance PDE5 activity [64]. In cardiomyocytes, the spatiotemporal

regulation of cGMP is similarly achieved by PKG phosphorylation of PDE5 [65]. In C. ele-

gans, there may be some evidence that suggests that the PKG EGL-4 can enhance PDE-2

activity in O
2

-sensing neurons (for more details, see Paragraph 1.6.1.1.1 in Chapter 1).

Taken together, these studies suggest that compartmentalized cGMP signaling is tightly

controlled in cells through the action of often spatially restricted PDEs and PKGs that can

hydrolyze and be e�ectors for specific sources of cGMP, respectively. Future experiments in

ASER could explore whether PDEs and PKGs could also spatiotemporally regulate cGMP.

If PDEs and/or PKGs are important for the spatiotemporal regulation of cGMP in ASER,

it would be interesting to explore whether NaCl sensory transduction and/or NaCl memory

storage is a�ected in mutant animals that lack functional PDEs and/or PKGs.
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Chapter 4

Food status may modulate cGMP

flow into the nociceptive neuron ASH
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In Chapter 1 (Section 1.4), we introduced the hypothesis that cGMP could be acting as

a neuromodulator in the context of a nociceptive neural circuit. Genetic evidence suggests

that, in the absence of food, cGMP travels from sensory neurons and eventually into the

nociceptive neuron ASH through gap junctions, where it can then bind to the PKG EGL-4

[1]. EGL-4 activity in ASH leads to a decrease in G protein signaling, resulting in reduced

ASH neural activity and thus a decrease in quinine sensitivity [1, 2]. We hypothesized that

in the absence of food, cGMP would increase in ASH, while in the presence of food, cGMP

levels would remain relatively constant. Furthermore, we hypothesized that this food signal-

dependent modulation of cGMP levels in ASH depends on the innexin INX-4, as genetic

evidence suggests that this innexin is required for the modulation of quinine sensitivity in

the context of food signals [1]. To test these hypotheses, we imaged WincG2 fluorescence

in ASH in wild-type (N2) and inx-4(lof) mutant animals in the presence and absence of

putative food signals.

The animals were imaged as described in Chapter 2, Section 2.6, with several modifi-

cations. First, the animals were imaged for 610 seconds at a rate of 0.2 Hz. Second, the

exposure time used was 22 ms. Third, the animals were imaged in M13 bu�er (adjusted to

pH = 7.4), mock conditioned media (i.e. MCM; LB in M13 bu�er), or bacterially conditioned

media (i.e. BCM) for the whole duration of the recording [151]. To prepare BCM, OP50 E.

coli was grown overnight at 37°C at 190 - 225 RPM in MCM, then diluted with MCM until

OD
600

= 1; the resulting solution was then sterile-filtered for imaging.

We found that, in wild-type (N2) animals, ASH WincG2 fluorescence increased in M13

bu�er, suggesting that cGMP levels rise in ASH in the absence of food signal (Fig. 4.1:

top purple trace). In contrast, ASH WincG2 fluorescence remained relatively constant in

BCM, with a slight increase in fluorescence by the end of the recording, which suggests

cGMP levels are relatively constant in ASH in the presence of food signal (Fig. 4.1: bottom

blue trace). These results suggest that cGMP levels in ASH could be modulated by the

presence of food signals. Since BCM contains both LB and, potentially, bacterially-produced
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Figure 4.1: WincG2 fluorescence in ASH in wild-type (N2) animals increases in M13
bu�er (top purple trace) and remains relatively constant in BCM (bottom blue trace).

compounds, we wanted to test whether WincG2 fluorescence remained relatively constant

in the absence of bacterially-produced compounds. To this end, we imaged ASH WincG2

fluorescence in animals exposed to MCM. We found that ASH WincG2 fluorescence remained

relatively constant, similar to animals imaged in BCM (Fig. 4.2: MCM, red trace; BCM, blue

trace). This suggests that cGMP levels remain relatively constant in ASH when the animal

is exposed to M13 bu�er supplemented with LB alone. We think that it is possible that

ingredients in LB, such as tryptone or yeast extract [152], could be acting as a food signal.

To test this hypothesis, future experiments can be done to ascertain which ingredient(s) in

LB modulates cGMP levels in ASH by adding individual LB ingredients into M13 bu�er

and imaging ASH WincG2 fluorescence in animals exposed to these solutions. We could also

image sensory neurons that have been shown to respond to bacterially conditioned medium

and ask whether they also respond to MCM and BCM. For instance, it has been shown

previously that AWC and ASI, two of the sensory neurons hypothesized to produce cGMP

in the absence of food in the nociceptive neural circuit, respond to bacterially conditioned
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Figure 4.2: ASH WincG2 fluorescence is relatively constant in wild-type (N2) animals
exposed to BCM and MCM. WincG2 fluorescence in ASH in wild-type (N2) animals
remains relatively constant in MCM (red trace) and BCM (blue trace), with a slight
increase in fluorescence by the end of the recording that did not exceed 12% DF/F0; in
contrast, WincG2 fluorescence of wild-type (N2) animals by the end of the recording was
~ 40% DF/F0. BCM trace is duplicated from Fig. 4.1.

medium [1, 31, 153]. If AWC and ASI also respond to MCM and BCM, this could suggest

that LB could indeed be acting as a food signal.

Next, we wanted to test whether the increase in ASH WincG2 fluorescence observed in

the absence of food (i.e. M13 bu�er) requires the innexin INX-4. ASH WincG2 fluorescence

increased in inx-4(lof) animals exposed to M13 bu�er, similar to wild-type (N2) animals

(Fig. 4.3: N2, purple trace; inx-4, green trace). This suggests that the increase in ASH

WincG2 fluorescence observed in the absence of food does not require INX-4. ASH WincG2

fluorescence remained relatively constant in inx-4(lof) animals exposed to MCM and BCM

(Fig. 4.4: MCM, light blue trace; BCM, purple trace), similar to wild-type animals exposed

to MCM and BCM (Fig. 4.2: MCM, red trace; BCM, blue trace). However, the shape of
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Figure 4.3: WincG2 fluorescence in ASH increases in M13 bu�er for both wild-type (N2)
animals (purple trace) and inx-4(lof) mutant animals (green trace). N2 trace duplicated
from Fig. 4.1. Two lines were imaged for inx-4(lof) mutant animals for all recordings.

ASH WincG2 fluorescence seemed to di�er between inx-4(lof) animals and wild-type animals

exposed to MCM and BCM. In inx-4(lof) animals, ASH WincG2 fluorescence peaked at

approximately 8% DF/F
0

five to six minutes into the recording, followed by a slow decrease

in fluorescence for the remainder of the recording (Fig. 4.4: MCM, light blue trace; BCM,

purple trace). WincG2 fluorescence decreased linearly in these animals for the last 200

seconds of the recording (R2 = 0.883 for MCM and R2 = 0.809 for BCM). In contrast, ASH

WincG2 fluorescence of wild-type animals remained relatively constant, with a slight increase

in WincG2 fluorescence by the end of the recording, with the last 200 seconds exhibiting

nonlinear changes in fluorescence (R2 = 0.546 for MCM and R2 = 0.217 for BCM) (Fig.

4.5). However, it is unknown whether there is any biological significance to the di�erences in

ASH WincG2 fluorescence observed between wild-type (N2) animals and inx-4(lof) mutant

animals exposed to MCM and BCM.
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Figure 4.4: WincG2 fluorescence in ASH of inx-4(lof) mutant animals is relatively
constant in MCM (light blue trace) and BCM (purple trace). The fluorescence peaks
around five to six minutes into the recording before decreasing for the remainder of the
recording.

There are several experiments that could be done to test whether changes in ASH WincG2

fluorescence indeed depend on the presence of food signals and gap junctions. For instance,

instead of M13 bu�er, nematode growth media (NGM) solution can be used as the absence

of food signal condition, as NGM solution would contain the same salts found on NGM

plates used to grow C. elegans [152]. In this context, bacteria can be grown in the NGM

solution, and the resulting bacterially conditioned NGM solution can be used for imaging

ASH WincG2 fluorescence; this would be the presence of food signal condition. It may also

be worthwhile to image ASH WincG2 fluorescence in animals that are mutant for multiple

innexins (e.g. inx-4;inx-20 mutant animals) and ask whether there is a food signal-dependent

change in ASH WincG2 fluorescence. To test whether cGMP is indeed flowing into ASH

from sensory neurons, we could express a red light-activatable GC in AWC in the presence of
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Figure 4.5: ASH WincG2 fluorescence in inx-4(lof) mutant animals decreases linearly
during the last 200 seconds of the recording (inx-4(lof) MCM: light blue trace; inx-4(lof)

BCM: purple trace), which is in contrast to wild-type (N2) animals, which do not exhibit
a linear change in fluorescence (N2 MCM: red trace; N2 BCM: dark blue trace).

putative food signals (e.g. MCM) and test whether there is a subsequent, innexin-dependent

increase in ASH WincG2 fluorescence [154].

Taken together, these results suggest that cGMP levels in ASH could be modulated by

the presence of food signals; cGMP increases in the absence of food (i.e. M13 bu�er), while

cGMP levels remain relatively constant in MCM and BCM. However, care must be taken

with this interpretation, as it is unknown whether the presence of LB in MCM and BCM

could signal food for C. elegans. Additionally, ASH WincG2 fluorescence in animals exposed

to MCM and BCM are very similar, which suggests that the presence of potential bacterially-

produced compounds did not substantially alter cGMP dynamics under the conditions tested.

Imaging ASH WincG2 fluorescence in animals exposed to NGM solutions conditioned with
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or without bacteria (as discussed above) will allow us to test whether bacterially-produced

compounds a�ect ASH WincG2 fluorescence.
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Chapter 5

Conclusions and Future Directions
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5.1 Summary

In this thesis, we explored the role of cGMP in sensory signaling and plasticity in C.

elegans using the genetically-encoded GFP-based cGMP sensor WincG2. We found that

coexpression of WincG2 with blue-light activated GCs in body wall muscles resulted in

increased WincG2 fluorescence in response to blue light, suggesting that the sensor is re-

sponding to cGMP production from these GCs. We also found that WincG2 can detect

endogenous changes in cGMP levels in the cell bodies of the gustatory neuron ASER and

the phasmid neuron PHB in response to [NaCl] step changes and SDS, respectively. This

demonstrates that the sensor can report the temporal dynamics of cGMP in distinct sensory

modalities. Furthermore, this provides the first visual evidence that cGMP levels are mod-

ulated in these neurons in response to stimuli. Intriguingly, for ASER, our preliminary data

suggest that cGMP dynamics are not only temporally regulated, but spatially regulated as

well in response to [NaCl] step changes. In response to a [NaCl] downstep, WincG2 fluores-

cence in ASER decreases linearly in the cell body and increases transiently in the cilia. This

spatiotemporal regulation of cGMP in ASER could underpin ASER’s ability to both sense

changes in [NaCl] and store [NaCl] cultivation memory [125, 129]. Finally, we showed that

cGMP could be acting as neuromodulator in a nociceptive neural circuit. In this context, we

showed that WincG2 fluorescence increases in the nociceptive neuron ASH in the absence of

food (i.e. M13 bu�er); in contrast, WincG2 fluorescence remains relatively constant in the

presence of M13 bu�er containing LB (i.e. MCM) and bacterially conditioned medium (i.e.

BCM). This provides support for the hypothesis that cGMP could be flowing from sensory

neurons to ASH in the absence of food. However, more experiments need to be done to

determine whether sensory neurons are indeed the primary source for cGMP, whether gap

junctions are required for the increased ASH WincG2 fluorescence observed in the absence

of food, and whether LB could be acting as a food signal.

The following sections of this thesis will highlight the potential future directions for two

main projects. First, we will delve into potential future experiments that could be done to
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test whether the spatiotemporal regulation of cGMP in ASER is required for ASER’s ability

to both sense [NaCl] changes and store [NaCl] cultivation memory. Second, we will propose

future experiments that could test whether cGMP flows from sensory neurons and into ASH

through gap junctions to modulate nociceptive circuit activity in the context of food status.

5.2 Future Directions: ASER

In the introduction, we reviewed literature that showed that the ASE neuron pair is

functionally asymmetric and responds to changing [NaCl] [104, 105]. ASEL is activated

by increases in [NaCl], while ASER is activated by decreases in [NaCl] [105]. ASER is

also responsible for tuning the animal’s [NaCl] preference. Animals that are cultivated at

a specific [NaCl] in the presence of food learn to prefer that [NaCl] in the order of hours

[125, 129]. This [NaCl] cultivation memory seems to be stored in ASER, as animals that

lack a functional ASER fail to prefer the cultivation [NaCl]. For instance, otls204 animals,

which have “2-ASEL” neurons, fail to exhibit cultivation [NaCl] preference [129]. Killing

ASER through either genetic or laser ablation also results in animals that fail to exhibit

cultivation [NaCl] preference [125, 129]. Taken together, these studies suggest that ASER

not only detects changes in [NaCl], but also stores the memory of cultivation [NaCl].

How does the activity of ASER lead to chemotaxis towards cultivation [NaCl]? Studies

suggest that the synapses between ASER and the interneuron AIB could be modulated in the

context of cultivation [NaCl] to guide behavior. AIB is active when the animal encounters a

[NaCl] that is lower than the cultivation [NaCl], and inactive when the animal encounters a

[NaCl] that is higher than the cultivation [NaCl] [125]. AIB activity correlates with increased

turning, as animals that express the blue light-activatable cation channel ChR2 in AIB

exhibit increased turning upon blue light exposure [125]. AIB was also shown to be active in

freely moving worms during reversals [129]. These results suggest that the increased turning
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correlated with AIB activity in response to [NaCl] lower than the cultivation [NaCl] could

lead to reorientation and eventually movement towards cultivation [NaCl].

The synapse between ASER and AIB may be modulated by the Gq/DAG/PKC path-

way. Animals treated with phorbol 12-myristate 13-acetate (PMA), a DAG analog, exhibit a

preference for higher [NaCl] regardless of cultivation [NaCl] [125]. Furthermore, egl-30(gof)

mutant animals, which express a gain-of-function mutation of Gq, prefer higher [NaCl] re-

gardless of cultivation [NaCl] [125]. The activation of PKC-1 correlates strongly with chemo-

taxis towards higher [NaCl] as well; pkc-1(gof) mutant animals exhibit a preference for higher

[NaCl] regardless of cultivation [NaCl], while pkc-1(lof) mutant animals and animals express-

ing RNAi-inactivated PKC-1 in ASER prefer lower [NaCl] regardless of cultivation [NaCl]

[125]. This suggests that activation of the Gq/DAG/PKC pathway leads to preferences for

higher [NaCl], while inactivation leads to preferences for lower [NaCl].

PKC-1 activity has also been shown to be important for modulating behavioral responses

in other sensory neurons. In the introduction, we reviewed literature that suggests that de-

creased PKC-1 activity in the olfactory neuron AWC is required for switching the behavioral

response towards an innately attractive odorant from attraction to repulsion; conversely, in-

creased PKC-1 activity, as well as GCY-28 activity, leads to attraction [103]. This introduces

the intriguing possibility that the rGC GCY-28 is acting in the same pathway as PKC-1 to

modulate the animal’s behavioral response towards odorants in the sensory neuron AWC.

In AFD, PKC-1 has been shown to play a role in modulating thermotaxis [86]. As in

[NaCl] cultivation preference, animals prefer temperatures that they were cultivated in (in

the presence of food) [84]. pkc(lof) mutant animals migrate towards higher temperatures re-

gardless of cultivation temperature, resulting in positive thermotaxis; conversely, pkc-1(gof)

mutant animals, which express a gain-of-function mutation of PKC-1 specifically in AFD,

migrate towards lower temperatures regardless of cultivation temperature, resulting in neg-

ative thermotaxis [86]. In this context, PKC-1 activity in AFD is thought to shape the

interneuron AIY response through its modulation of synapses between AFD and AIY. In
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AIY, there is a decreased frequency of activity in animals cultivated at cooler temperatures

and exposed to relatively warmer temperatures, resulting in negative thermotaxis; conversely,

there is an increased frequency of AIY activity in animals cultivated at warmer tempera-

tures and exposed to relatively cooler temperatures, resulting in positive thermotaxis [86].

The frequency of AIY activity in pkc-1(gof) animals, which exhibit negative thermotaxis,

is decreased, phenocopying AIY activity in animals cultivated at cooler temperatures and

exposed to relatively warmer temperatures [86]. Conversely, the frequency of AIY activity

in pkc-1(lof) animals, which exhibit positive thermotaxis, is increased, phenocopying AIY

activity in animals cultivated at warmer temperatures and exposed to relatively cooler tem-

peratures [86]. This suggests that PKC-1 activity in AFD modulates the synapses between

AFD and AIY such that lower PKC-1 activity results in increased frequency of AIY activity

and thus positive thermotaxis, while higher PKC-1 activity results in decreased frequency

of AIY activity and thus negative thermotaxis.

We could test whether the spatiotemporal regulation of cGMP in ASER contributes to

ASER’s ability to encode cultivation [NaCl] memory in part by modulating cGMP-mediated

signaling in the axon as a function of cultivation [NaCl]. GCY-28 is an rGC that is widely

expressed in C. elegans, so it is possible that it could act in the axons of sensory neurons

beyond AWC [58, 103]. cGMP levels in the ASER axon could be modulated as a function

of cultivation [NaCl]. To test whether this is the case, we could generate gcy-28(lof) mutant

animals and/or mutant animals that have GCY-28 knocked down specifically in ASER to

determine whether cultivation [NaCl] preference is a�ected. If GCY-28 is acting in ASER

upstream of or in parallel to PKC-1, perhaps it is possible that, as in AWC, animals that lack

functional GCY-28 would have potentially less active PKC-1. If this is the case, we would

expect gcy-28(lof) mutant animals and/or mutant animals that have GCY-28 knocked down

specifically in ASER to exhibit a preference for lower [NaCl] regardless of cultivation [NaCl],

mimicking the phenotype of pkc-1(lof) animals.
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If we see behavioral results consistent with this hypothesis, we could image WincG2 fluo-

rescence in the ASER axon to test whether cGMP changes in the ASER axon are modulated

as a function of cultivation [NaCl] and if so, whether GCY-28 is involved in this modulation

of cGMP changes. Even if we obtain behavioral results suggesting that animals that lack a

functional GCY-28 nevertheless exhibit a preference for cultivation [NaCl], it is still possible

that cGMP levels could be modulated in the ASER axon independent of GCY-28. WincG2

fluorescence could be measured in the ASER axon in response to [NaCl] step changes after

being cultivated at either 0, 25 mM or 50 mM NaCl. If GCY-28 in particular or cGMP

in general is acting upstream of or in parallel to PKC-1, we could see WincG2 fluorescence

changes in the axon that reflect the relationship between the animals’ sensation of [NaCl]

and cultivation [NaCl] memory. For example, if the animal is cultivated at 50 mM NaCl and

subjected to a 50 mM to 25 mM NaCl downstep, WincG2 fluorescence in the ASER axon

could increase to a greater extent relative to animals cultivated at 0 mM NaCl and subjected

to same 50 mM to 25 mM NaCl downstep. This is because, if cGMP is acting upstream of

PKC-1, increased cGMP levels would lead to increased PKC-1 activity and thus chemotaxis

toward higher [NaCl]. Animals cultivated at 50 mM NaCl and exposed to 25 mM NaCl

would be expected to exhibit chemotaxis towards higher [NaCl], while animals cultivated at

0 mM NaCl and exposed to 25 mM NaCl would be expected to exhibit chemotaxis towards

lower [NaCl]. Thus, we would expect that exposure to 25 mM NaCl would result in increased

cGMP levels and decreased cGMP levels in animals cultivated at 50 mM NaCl and 0 mM

NaCl, respectively.

cGMP levels could also change in the cilia as a function of cultivation [NaCl]. It has

been shown previously that calcium responses in ASER were modulated as a function of

cultivation [NaCl] [125]. Ca2+ levels in ASER in response to a 50 mM to 25 mM NaCl

downstep increase as a function of cultivation [NaCl], with animals cultivated at 0 mM

NaCl exhibiting the smallest Ca2+ response and animals cultivated at 50 mM NaCl and 100

mM NaCl exhibiting the largest Ca2+ response. It is possible that cGMP levels in the cilia
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could similarly change as a function of cultivation [NaCl], which in turn could lead to the

modulation of the Ca2+ response. If this is the case, we would expect that, in response to

a 50 mM to 25 mM NaCl downstep, an increase in WincG2 fluorescence in the ASER cilia

would be largest in animals cultivated at 50 mM NaCl (animals cultivated at 100 mM NaCl

will not be tested, as the magnitude of the Ca2+ response in animals cultivated at 50 mM

NaCl and 100 mM NaCl was very similar [125]), while WincG2 fluorescence would increase

to a lesser extent in animals cultivated at 0 mM NaCl and 25 mM NaCl.

Ideally, we should be able to ask questions concerning the spatiotemporal regulation

of cGMP in the cilia and axon, as well as the dendrite and cell body, simultaneously by

imaging WincG2 fluorescence in the whole ASER neuron by using a confocal scope that can

image Z stacks. This way, we could e�ciently gather data on how cGMP levels in the whole

ASER neuron change in response to [NaCl] step changes and test whether the spatiotemporal

regulation of cGMP could be modulated as a function of cultivation [NaCl].

Since ASER is the site of [NaCl] cultivation preference, it is possible that cGMP is di�er-

entially regulated in ASER and ASEL. To test whether this is the case, WincG2 fluorescence

in ASER and ASEL could be imaged in response to [NaCl] step changes after being culti-

vated at di�erent [NaCl]. Very preliminary data suggest that, in response to a 0 mM to

50 mM NaCl upstep, there is no change in WincG2 fluorescence in the ASEL cell body in

animals cultivated at 50 mM NaCl, even though an increase in calcium is observed in ASEL

in response to a [NaCl] upstep (Fig. 5.1 and not shown). It could be interesting to test

whether changes in WincG2 fluorescence in ASEL in response to [NaCl] step changes are

distinct from ASER.

Finally, we could manipulate cGMP levels in ASER to disrupt compartmentalized cGMP

signaling. First, we could test whether animals mutant for the four cGMP-hydrolyzing PDEs

– PDE-1, PDE-2, PDE-3 and PDE-5 – have altered WincG2 fluorescence in ASER and test

whether these animals still exhibit [NaCl] cultivation preference. Second, we could disrupt

the localization of signaling proteins in the cilia and ask whether cGMP dynamics have
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Figure 5.1: ASEL WincG2 fluorescence in the cell body may not change in response to
a 0 to 50 mM NaCl upstep.

altered spatial regulation in this context. For example, the TAX-4/2 CNG channel has been

shown to be localized to the sensory cilia; this localization can be disrupted by mutations

in proteins required for ciliary structure and function, such as those involved in maintaining

transition zones and vesicular transport [59, 77, 147]. However, care must be taken to

check whether these mutations indeed alter TAX-4/2 localization in the ASER cilia, since

these mutations often have di�erent e�ects in distinct sensory neurons [147]. DAF-25 (also

known as CHB-3) - a protein that contains a MYND-binding domain and is required for the

tra�cking and localization of rGCs in the cilia of other sensory neurons - is also required

for GCY-22 localization in the ASER cilia (Jacque-Lynne Johnson, Michel Leroux, personal

communication) [155, 156]. We could test whether WincG2 fluorescence in ASER is altered

in mutant animals that do not express DAF-25; we could also test whether these animals

exhibit [NaCl] cultivation preference. Additionally, we could test whether other proteins

shown to be generally required for ciliary structure and function, such as HYLS-1, could

alter WincG2 fluorescence in ASER as well as [NaCl] cultivation preference [157]. Finally, it

may be possible to locally perturb cGMP levels. For example, we could coexpress WincG2
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with a red light-activated GC tethered to mitochondria in the cell body and test whether

WincG2 fluorescence and [NaCl] cultivation preference in altered in this context [154]. We

could also coexpress WincG2 with a “dead” WincG2 that does not fluoresce; if WincG2 is

acting as a cGMP sponge, we could perturb cGMP levels in specific compartments of ASER

to test whether WincG2 fluorescence and [NaCl] cultivation preference could be altered.

The following two tables summarize these proposed experiments:

Strain Cultivation
(mM NaCl)

Neuron(s) Step

N2 (wild type) 0, 25, 50 ASER, ASEL 50 to 25 mM NaCl
gcy-22(lof) 0, 25, 50 ASER 50 to 25 mM NaCl
gcy-28(lof) 0, 25, 50 ASER 50 to 25 mM NaCl

pde-1;2;3;5(lof) 0, 25, 50 ASER 50 to 25 mM NaCl
mutants with altered cilia

function; mis-localized CNG
channels; mis-localized rGCs

0, 25, 50 ASER 50 to 25 mM NaCl

subcellular-localized red
light-activated GCs

0, 25, 50 ASER 50 to 25 mM NaCl

subcellular-localized “dead”
WincG2

0, 25, 50 ASER 50 to 25 mM NaCl

Table 5.1: Proposed ASE WincG2 imaging experiments for investigating the spatiotem-
poral regulation of cGMP.

Strain Cultivation (mM
NaCl)

N2 (wild type) 25, 50, 100
gcy-22(lof) 25, 50, 100
gcy-28(lof) 25, 50, 100

pde-1;2;3;5(lof) 25, 50, 100
mutants with altered cilia function;

mis-localized CNG channels;
mis-localized rGCs

25, 50, 100

subcellular-localized red light-activated
GCs

25, 50, 100

subcellular-localized “dead” WincG2 25, 50, 100

Table 5.2: Proposed [NaCl] cultivation preference assay experiments to investigate the
behavioral e�ects of perturbed cGMP signaling in ASER.
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5.3 Future Directions: ASH

In addition to the potential future experiments discussed in Chapter 4, we could further

probe the role of cGMP as neuromodulator that signals food status in a nociceptive neural

circuit. The following proposed experiments were conceived in collaboration with Dr. Denise

Ferkey at SUNY Bu�alo.

First, in addition to AWC, we could express the red light-activatable GC in AWB and

ASI, as genetic evidence suggests that these sensory neurons may also produce cGMP in the

absence of food [1, 154]. ASH WincG2 fluorescence could then be measured in the presence

of food signal before and after red light activation of the GC. We expect that ASH WincG2

fluorescence would increase in red light-exposed animals that express the red light-activatable

GC in AWB, AWC and ASI.

Second, we could test whether odr-1(lof) animals exhibit changes in ASH WincG2 fluo-

rescence in the absence of food. Genetic evidence suggests that the rGC ODR-1 functions

in AWB, AWC and ASI to modulate quinine sensitivity by producing cGMP that flows into

ASH through gap junctions in the absence of food [1]. If this is the case, we would expect

that ASH WincG2 fluorescence would remain relatively constant in the absence of food in

odr-1(lof) mutant animals.

Third, we could test whether there are other innexins required for cGMP flow in this

nociceptive circuit. A previous screen identified INX-4 and INX-20 to be required for modu-

lating quinine sensitivity in the absence of food, as inx-4(lof) and inx-20(lof) mutant animals

are hypersensitive to quinine even in the absence of food [1]. However, some of the innexin

genes have not been tested for quinine sensitivity, either due to the lethality of homozygous

loss-of-function alleles or due to the uncoordinated movement phenotype observed in a sub-

set of innexin mutant animals, which makes behavioral assays with these animals impossible

[42]. To circumvent these limitations, CRISPR-Cas9 could be used to selectively knock down

these innexins in subsets of neurons in the nociceptive neural circuit to test whether they

are important for modulating quinine sensitivity in the absence of food [158]. If any of these
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innexins are required, ASH WincG2 fluorescence could be measured in animals that lack

these specific innexins in the relevant neuron(s). We would expect that, in these animals,

WincG2 fluorescence in ASH would remain relatively constant in the absence of food.

Finally, we could potentially image the whole nociceptive neural circuit simultaneously.

For instance, we could generate animals that express nuclear-localized WincG2 panneu-

ronally and/or in the relevant subsets of neurons involved in the nociceptive circuit. We

could then expand the proposed experiments outlined above to the whole nociceptive cir-

cuit. This means that we will not only be looking at WincG2 fluorescence in ASH, but also

in sensory neurons (such as AWB, AWC and ASI) and interneurons (such as ADF, AFD and

AIA). One caveat with this approach, however, is that it is possible that cGMP flow could

be localized in specific compartments of these neurons that exclude the nucleus. Thus, it

may be prudent to look at WincG2 fluorescence in whole neurons individually if there are

no observed changes in WincG2 fluorescence in these neurons in the absence of food.

5.4 Conclusions

We demonstrated that the GFP-based cGMP sensor FlincG3 can be codon-optimized for

use in C. elegans. This codon-optimized sensor, WincG2, reports changes in cGMP levels in

live animals in the context of distinct sensory modalities. We show that it can be used to

probe the spatiotemporal regulation of cGMP, which opens up a plethora of questions that

can be asked about this second messenger’s potential dual role in sensation and plasticity.

Furthermore, this tool can be used to test whether cGMP can act not only as a second

messenger, but also as a neuromodulator. We anticipate WincG2 can be used to clarify

cGMP’s role in learning and memory in C. elegans, with findings that could be relevant to

other species as well.
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