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ABSTRACT

In its broad definition, active sensing consists of the integration of all sensorimotor

inputs that lead to a specific behavior. Classic examples of it are echolocation used by

bats and dolphins to optimally navigate their environment and eye movements in that

pair with visual perception in mammals. In the central nervous system, one of the main

neurotransmitters, acetylcholine (Ach), acts through nicotinic and muscarinic receptors

(mAchRs) to regulate cortical signaling. This Ach-mediated signaling contributes to

many cognitive processes and is critical to sensorimotor control. In the nematode

Caenorhabditis elegans, we identified a small circuit that integrates both sensory and

motor inputs, sharing similarities with mammalian central cholinergic signaling. It

involves a glutamatergic interneuron, RIA, which receives cholinergic feedback from

head motor neurons (SMDs) via muscarinic acetylcholine receptors (mAchRs). This

input, which is mediated through mAChR GAR-3 in motor compartments (nrV and nrD),

occurs in phase with head movement during locomotion, leading to compartmentalized

local calcium events and gait regulation.

The main goal of this work was to identify cellular mechanisms linking muscarinic

activation to glutamate release in response to this cholinergic modulation, and explore

novel components involved in this process.

First, this study has shown that sensory input is integrated and processed in the loop

region, the sensory compartment of the RIA, following a gate-and-switch model. It has

been demonstrated that the positioning of the head gates sensory responses to mediate
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directional head withdrawal away from repulsive stimuli when needed, and when the

head is mostly bent to one side or the other.

Secondly, the study has shown that motor compartment dynamics in RIA impact muscle

activity at the head level and, when this function is disrupted, lead to an abnormal novel

phenotype we call head lifting. Using this new phenotype as a correlate to screen for

genes involved in RIA circuit dynamics has proven successful in identifying candidates

that specifically impact calcium activity in RIA motor compartments. Through calcium

imaging in RIA, those specific defects have also been characterized in candidate strains

while assessing the relevant mode of action in the neuron.

As a whole, this work sheds light on the mechanisms at play in the RIA circuit dynamics,

and its implications in head orientation behavior which is an essential staple of active

sensing, at both the physiological and molecular level. Future studies could focus on the

gene candidates found here to pinpoint their exact function in the process.
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RÉSUMÉ

L’intégration de l’ensemble des signaux entrants sensoriels et moteurs menant à une

réponse comportementale spécifique peut être défini comme active sensing.

L’écholocalisation qu'utilisent les chauve-souris et les dauphins pour naviguer dans leur

environnement ou les mouvements de l'œil couplés à la détection visuelle chez les

mammifères en sont des exemples classiques. Au niveau du système nerveux central,

un des principaux neurotransmetteurs, l’Acétylcholine, agit par l’interaction des

récepteurs nicotiniques (nAchRs) et muscariniques (mAchRs) afin de réguler les voies

de signalisation corticales. Les voies de signalisation médiées par l’Ach contribuent à

de nombreux processus cognitifs et jouent un rôle critique dans le contrôle nerveux

sensorimoteur. Chez l’animal modèle Caenorhabditis elegans, un petit circuit nerveux

intégrant les signaux moteurs et sensoriels a été découvert. L'intégration de ces

signaux partagent des similarités avec la voie de signalisation principale cholinergique

chez les Mammifères. Un des acteurs importants de ce circuit est un interneurone

glutamatergique, le RIA, qui reçoit les signaux de la boucle de rétroaction cholinergique

des neurones moteur de la tête (SMDs) via les mAchRs. Ces signaux, qui sont transmis

par GAR-3, un récepteur muscarinique (mAChR) localisé au niveau des compartiments

moteurs du RIA (nRV et nRD), arrivent de façon synchrone avec le mouvement de la

tête pendant la locomotion. Cette synchronicité entre l’intégration des signaux par le

RIA et le mouvement de la tête a pour conséquence une compartimentalisation des

événements calciques locaux dans le RIA et est également impliquée dans la régulation

du maintien de la posture de la tête.
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L’objectif principal de ce travail de thèse se décline en deux parties: (i) l’identification

des mécanismes cellulaires sous jacents menant à la libération du glutamate par les

récepteurs muscariniques et régulant la dynamique du calcium en réponse l’intégration

du signal cholinergique reçu par le RIA; (ii) l'identification de nouveaux acteurs

impliqués dans ce mécanisme.

Dans un premier temps, les résultats de cette étude démontrent que les signaux

sensoriels reçus sont intégrés et traités au niveau de la boucle (loop) du RIA (suivant un

modèle “gate-and-switch”). Ils mettent en avant également que le positionnement de la

tête déclenche périodiquement des réponses sensorielles afin de réguler son retrait de

façon directionnelle en réponse à un stimuli répulsif lorsque celle-ci est principalement

tournée dans un sens. Dans un second temps, afin d’identifier de potentiels

modulateurs de la dynamique du calcium déclenchée par l'activité des mAChRs, des

phénotypes comportementaux et physiologiques corrélant avec une fonction altérée du

RIA furent investigués. Cette étude a démontré que les compartiments moteurs du RIA

jouent un rôle dans la régulation de l’activité musculaire au niveau de la tête. Une

altération de l’intégration au sein de ces compartiments moteurs génère un nouveau

phénotype spécifique que nous avons nommé: head lifting. Ce phénotype fut utilisé

avec succès pour identifier un groupe de gènes candidats qui impacte la dynamique du

calcium dans les compartiments moteurs (nRV et nRD) du RIA. En utilisant de

l’imagerie calcique cellule-spécifique au niveau du RIA, ces défauts spécifiques furent

caractérisés pour chacune des souches candidates tout en mettant en avant leur rôle

potentiel au sein du mécanisme d’action du RIA.
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Dans son ensemble, ce travail met en lumière de nouveaux mécanismes impliqués

dans la dynamique du RIA ainsi que son implication dans l'orientation de la tête du ver

qui est un comportement essentiel au active sensing, au niveau physiologique mais

également au niveau moléculaire. Comprendre l’exacte fonction de ces gènes

candidats dans ce processus pourrait être le point focal d’études ultérieures.
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CHAPTER 1

INTRODUCTION



1.1 Navigation and Orientation Strategies

Animals devise successful navigation strategies by assessing their surroundings

through the integration of multiple environmental cues, deriving sensorimotor

information from them. In this way, animals can become adapted to their surroundings

and thrive. It is through goal-directed navigation or probabilistic locomotion leading to

navigation that every species decides where it wants to go at any given point in time be

it to track food, to seek shelter or to find a mate (Bartumeus et al. 2005; Lohmann et al.

2008). For example, it has been shown that various bird species tend to migrate toward

areas where food is more easily available and environments for breeding are better

suited to them during the winter. Besides, whimbrels move from Canada to the

Caribbean each year to spend the colder months along the shore, in the same spot

each year (Watts et al. 2021).

Throughout the animal kingdom, navigation essentially depends on the starting point,

the destination and how to get from the former to the latter. To achieve this, animals use

all kinds of techniques. As such, European starlings, pigeons, honey bees, penguins

and butterflies use the sun as a compass and are able to keep track of time throughout

the day (Milius 2004), while birds that migrate during the night are dependent on star

patterns (Emlen 1967; Sauer 1958). It has even been demonstrated that birds become

disoriented when stars become dimmer or if their patterning/localisation are artificially

changed (Wiltschko and Wiltschko 2003). Interestingly, monarch butterflies use a very

precise system of polarized light to reach their destination. The part of their visual

system that is devoted to polarized light detection is enriched with UV photoreceptors
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linked to circadian clocks, allowing the integration of geographical and temporal

information (Sauman et al. 2005). The same sort of locomotory tactics have been

studied in mammals, where specific circuits have evolved to provide effective navigation

adapted to the wide arrays of habitats they live in—from the skies to the ocean all the

way to deserts and forests. Using these different strategies can make it possible for

them to evade predators, feed themselves, and is key to their survival (Hills et al. 2015).

It also allows some, like deers or wolves, to be able to return to their preferred area after

traveling away from their natural environment (Glazener; Henshaw and Stephenson

1974; Putman et al. 2014).

Within this wide range of navigation methods, some species such as bats and dolphins

use particular techniques such as echolocation to orient themselves (Ulanovsky and

Moss 2008; Au 1993). Other mammals such as shrews and oilbirds also use

echolocation even if this behavior is less studied in these species. Tree mice have been

the most recent species shown to perform echolocation (Jones 2021). Echolocation

works in such a way that the animal emits a specific soundwave pulse and analyzes its

echo when it comes back to them after rebounding from something within the

environment (Figure 1.1 A). That way, an echolocating animal is able to create a mental

representation of their environment and the distance separating them from objects

present in it, allowing them to successfully navigate (Thomas et al. 2004; Verfuß et al.

2009; Benoit-Bird and Au 2009). Notably, echolocation is of particular interest here

because it is a classic example of active sensing, a larger category of navigation

behavior.
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1.2 Active Sensing

In the central nervous system (CNS), a given sensory perception and its associated

motor response are closely connected. While stimuli come from all around in the

environment, they also occur in response to our own behaviors, causing what is known

as reafferent sensory stimulation (Brooks and Cullen 2019). It is then imperative that

each type of stimulus, whether from the environment or the individual themself, be

integrated and processed differently in order to efficiently create an accurate map of

one’s surroundings and react in accordance to it (Straka et al. 2018). To account for

reafferent sensory stimulation, our own actions are continuously monitored by our

sensory systems through a type of input called corollary discharge, which originates

from motor regions (Crapse and Sommer 2008). This system exists to predict the

outcomes of our actions and compensate when needed.

Sensorimotor integration that leads to a specific behavior is commonly called active

sensing. It is to note that active sensing is also adaptive to the changing sensory cues

and behavior in the environment. Active sensing links an animal to its environment as

the former engages in exploratory behavior in order to understand its surroundings. In

this way, the animal receives sensory information from the environment, and this is

integrated with information produced by the animal's own motor cues (corollary

discharge) (Figure 1.1 B) (Straka et al. 2018). Active sensing arises from the production

of specific motor events that lead the animal to then better gain and analyze sensory

information coming at them (Bajcsy 1988; König and Luksch 1998).
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Electric fishes, Eigenmannia virescens, use their body movement to create electric

ripples in the water that makes it possible to orient themselves with enhanced sensory

feedback (Stamper et al. 2012; Babineau et al. 2007). In this case, the electricity the fish

emits through body movements act as a corollary discharge to then gather sensory

information from the environment when those ripples encounter an object.

Vision for humans and primates depends on eye movements, that is the motor control

of ocular muscles becomes linked to the transduction of visual information (Ahissar and

Arieli 2012, 2001). The act of sniffing leads to olfaction in humans and rats (Wachowiak

2011; Ranade et al. 2013; Kepecs et al. 2006; Smear et al. 2011; Porter et al. 2007).

From insects to mammals, touch is also an active sensing mechanism used by species

to get as much feedback from their environment as possible (Schütz and Dürr 2011;

Catania 2011; Brecht et al. 2011).

Whisking in rodents—where they move their vibrissaes back and forth to come into

contact with objects in their environment—is one of the most well-known active sensing

mechanisms (Berg and Kleinfeld 2003; Hill et al. 2008). Rats are even able to

distinguish textures (Guić-Robles et al. 1989; Prigg et al. 2002; Zuo et al. 2011;

Heimendahl et al. 2007) as well as the distance and shape of objects (Harris et al. 1999;

Brecht et al. 1997; Phil et al. 2001) using this strategy as they navigate throughout their

surroundings.
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All in all, those are all key examples of active sensing from across the animal kingdom.

While a lot of those navigation behaviors which rely heavily on active sensing are not

well understood at the molecular level, some others can be linked to specific circuits.

1.3 Neural Networks, Head Orientation and Acetylcholine in Mammals

Modifying one’s head orientation in response to sensorimotor cues present in the

environment is a key feature in maintaining proper spatial orientation and accurately

adapting to one’s environment (Taube 2007).

In mammals, the circuit of spatial orientation coding has been linked to cells in the

hippocampus, including head direction cells (HD) that have been extensively studied in

rodents where they act as an internal compass (Peyrache et al. 2015, 2017; Butler et al.

2017; Winter and Taube 2014). Multiple cell types within the rodent hippocampus are

required to execute successful navigation strategies. In addition to HDs, there are space

cells that only become active when the animal discovers a specific spot in its

environment (O’Keefe and Nadel 1979; Muller et al. 1994; Fenton et al. 2008), boundary

cells (including border cells) that fire when a boundary is found (Savelli et al. 2008;

Lever et al. 2009; Solstad et al. 2008) and grid cells that, as their name implies, create a

grid leading the animals to be able to get more precise coordinates for objects present

(Barry et al. 2007; Hafting et al. 2005; Derdikman et al. 2009). These hippocampal cells

represent a neural substrate linking the animal to a precise location within its

environment.

While the neural circuitry involved in the control of head orientation has been found and

documented, much still remains unknown as to how neural networks function to
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integrate environmental signals in order to appropriately guide head orientation at the

molecular level. In terms of the molecular underpinnings of orientation, one component

that has been well documented is acetylcholine (Ach) signaling. Acetylcholine is a

primary neuromodulator in the CNS. It acts through either nicotinic (nAchRs) or

muscarinic receptors (mAchRs) which are named after their main agonist molecules,

respectively nicotine and muscarine (Tiwari et al. 2013). The nAchRs are ionic channels

whereas the mAChRs are transmembrane proteins coupled with G-proteins (Tiwari et

al. 2013). Through their activation, they trigger a plethora of signaling pathways that

contribute to cognitive processes such as arousal, attention, learning and, more

importantly here, sensorimotor control (Felder 1995; Role and Berg 1996; Picciotto et al.

2012).

As such, it has been shown that in rodents, olfaction is coupled to respiration via

cholinergic input that is in phase with breathing. This cholinergic input functions to

enhance odor detection during inhalation (D’Souza and Vijayaraghavan 2014). During

whisking, cholinergic input to the barrel cortex desynchronizes local cortical activity and

enhances discrimination of mechanosensory input. In each of these cases, an Ach

signal correlates with a motor activity, and serves to couple sensory perception to

ongoing behavior (Liu et al. 2015; Rothermel et al. 2014) (Figure 1.2).

There is a wealth of electrophysiological and pharmacological data on cholinergic

modulation in mammals. However, the understanding of the molecular mechanism by

which cholinergic input regulates transmitter release downstream of mAchRs requires

additional study.
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1.4 Caenorhabditis elegans as a model to study active sensing at the single

neuron level

Caenorhabditis elegans is a one millimeter long nematode that has a short

three-day life cycle, and is easy to maintain in culture in laboratory conditions (Figure

1.3 A). A plethora of unique characteristics render it a great model to study genetics,

cellular processes, and neuronal pathways. Among these characteristics is the fact that

C. elegans populations are mainly composed of hermaphrodites, meaning that isolated

populations consist of the same genome, passed through generations for almost

indefinite life cycles (Brenner 1974). While nematodes are predominantly

hermaphroditic, there is a small proportion of males, and modifying the genome can

therefore be easily achieved by maintaining males from strains of interest and crossing

them with the desired hermaphrodites expressing a genetic background of interest.

Furthermore, adult C. elegans are transparent, thus permitting easy monitoring of all

cellular processes through microscopy. Transgenic proteins can also be integrated into

the C.elegans genome to visualize their expression and function when fused to

fluorescent markers. Accordingly, using imaging techniques that have been optimized

for this model, multiple processes can be studied in parallel with a high level of detail

(Breimann et al. 2019) (Figure 1.3 C). Finally, of utmost importance for this project, the

whole C. elegans nervous system, consisting of 302 neurons, has been completely

mapped (White et al. 1986) (Figure 1.3 B). Altogether, these characteristics make C.

elegans a perfect model for the investigation of head orientation, in tandem with the

process of active sensing, which requires the integration of both sensory and motor

inputs at the single neuron level. As mentioned above, the nematode’s small size and
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transparency permit simultaneous stimulation and quantification of both neuronal and

physical activity, which was required to assess active sensing.

In terms of physical activity, nematode locomotion is easily tracked and quantified.

Specifically, C. elegans lie on their side and crawl in a sinusoidal motion in the

dorsoventral plane (Hart 2006). The main navigation strategy for worms is the biased

random walk, which essentially functions on the same basis as bacterial chemotaxis

(Berg 1975). The biased random walk consists of forward locomotion with some

reorientation events in the form of reversals and turns (Figure 1.4 A-B). Animals

integrate all sensory changes they encounter when moving forward to reorient

accordingly, based on probability (Pierce-Shimomura et al. 1999; Hart et al. 1995;

Faumont et al. 2012).

Isothermal tracking is a good example of sensorimotor integration in a radial

temperature gradient for C. elegans. During each undulation, the worm assesses its

preferred temperature (TS), normally near the one it was raised at, also called the

cultivation temperature (TC), and adjusts its trajectory accordingly in order to follow that

temperature (called isotherm) moving forward (Figure 1.4 C-F) (Luo et al. 2006). This

requires fine tuning of sensory inputs along with motor commands to be able to track

(Luo et al. 2014). Interestingly, it happens quite often that worms stop tracking an

isotherm and start tracking another shortly after. This can give rise to multiple tracks

during the course of an assay.

In a similar fashion, klinotaxis occurs when worms are crawling in a chemoattractant

gradient. In this case, C. elegans assess sensory changes as the head bends back and
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forth, in order to steer towards a favorable direction (towards the chemoattractant) (Kato

et al. 2014; Iino and Yoshida 2009). Klinotaxis involves more sensory-guided decision

making.

As the worm’s head swings back and forth, sensory structures located at the tip of the

nose assess any changes and transmit this information downstream for further

processing in order to guide locomotory decision making (Hart et al. 1995). So, in

addition to the biased random walk described above, which is more probabilistic, worms

use other locomotion strategies such as steering, which requires real time integration of

sensorimotor inputs to successfully navigate through their surroundings (Kato et al.

2014; Wakabayashi et al. 2015). As defined above, active steering occurs when

sensorimotor integration leads to a specific behavior, and as such steering can be

considered a form of active sensing in C. elegans. As such, steering is a form of active

sensing in C. elegans.

1.5 The RIA circuit

We previously identified a small circuit that consists of a unipolar glutamatergic

interneuron, RIA, which integrates both motor and sensory input at the single neuron

level (Hendricks et al. 2012). The axonal portion of the RIA projects to the nematode’s

nerve ring, a brain-like structure. Notably, RIA has well-defined compartments that have

been identified through synaptic innervation pattern studies and calcium physiology: the

nrV (ventral nerve ring), nrD (dorsal nerve ring) and the loop, the segment that is

outside of the nerve ring itself but close to the cell body (Figure 1.5 A) (Hendricks et al.

2012; Hendricks and Zhang 2013).

10

https://paperpile.com/c/XTvPY9/F7y7+LugT
https://paperpile.com/c/XTvPY9/F7y7+LugT
https://paperpile.com/c/XTvPY9/QuOI
https://paperpile.com/c/XTvPY9/F7y7+i3xu
https://paperpile.com/c/XTvPY9/F7y7+i3xu
https://paperpile.com/c/XTvPY9/LTfY
https://paperpile.com/c/XTvPY9/LTfY+24xc
https://paperpile.com/c/XTvPY9/LTfY+24xc


As mentioned previously, RIA receives both sensory and motor inputs (Figure 1.5 C).

These are relayed to its specific compartments as the worm crawls forward, on its side,

with its head undulating in the dorsoventral plane. The muscarinic motor inputs from the

SMD head motor neurons on the ventral (SMDV) or dorsal (SMDD) side synapse

respectively onto RIA nrV and nrD through mAchR GAR-3. This occurs in phase with

head movements while also regulating gait amplitude (Figure 1.5 D-E). For their part,

sensory events reach the RIA through the loop region of the axon and trigger whole

axon responses (Hendricks et al. 2012). This is to say, there appears to be a spatial and

functional divide between motor and sensory input, with motor input being relayed to the

nrV and nrD while sensory information is received onto the loop region. Furthermore,

this circuit shows a noticeable similarity to what is found in mammalian central

cholinergic signaling (Figure 1.2).

1.6 Rationale and objectives

We hypothesize that the functional homology between the RIA circuit in C.

elegans and central cholinergic function in mammals share some degree of homology in

terms of molecular constituents and functional logic. As such, we hypothesize C.

elegans can serve as a model system for the genetic analysis of Ach activity in the brain

and active sensing. Since the RIA interneuron in C. elegans receives feedback from

both head motor neurons and convergent sensory input (Figure 1.5 B), and that its

calcium dynamics are linked to steering, we chose to use this model to study the

molecular events underlying active sensing in a small neural network.

11

https://paperpile.com/c/XTvPY9/LTfY


The RIA circuit provides a strong platform for identifying and characterizing the

components involved in active sensing at the molecular and cellular level, as well as

analyzing physiological events at subcellular resolution in vivo. Moreover, seeing as

calcium dynamics within the RIA circuit are linked to steering behavior and a new

phenotype we named head lifting, there is a quantifiable physical readout for RIA

function.

To achieve these goals, we used a multidisciplinary approach uniting genetics,

molecular biology, live microscopy, calcium imaging and genetic engineering. This

project has been divided into three aims.

Aim 1 Study RIA function in head orientation behavior.

This first goal was directed at better comprehending how the RIA interneuron functions

to integrate sensory stimuli at its own circuit level, and how RIA is involved in head

orientation behaviors during navigation. It led to the findings published in (Ouellette et

al. 2018) and detailed in Chapter Three of this thesis under sections 3.1-3.1.4.

Aim 2 Candidate gene screen for impaired RIA circuit function.

This second aim was to identify genes implicated in RIA circuit function at the motor

compartment level, and assess function by using specific, newly-identified behavioral

correlates of compromised RIA function. The results of this aim are grouped into a

manuscript that is ready to be submitted. They can be found in Chapter Three of this

thesis under sections 3.2-3.2.6.

Aim 3 Functional analysis and characterization of genes involved in calcium dynamics.

12

https://paperpile.com/c/XTvPY9/gT4Q
https://paperpile.com/c/XTvPY9/gT4Q


The candidate genes identified in Aim 2 were submitted to further study to assess their

specific impact on the calcium dynamics within RIA motor compartments, as well as on

other known active sensing behaviors. The basis for future molecular studies of those

candidates, which involve assessment at the single cell level, has also been

established. The findings of this last aim are in Chapter Three of this thesis under

sections 3.2.5-3.2.6, as well as briefly discussed in Chapter Four.
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Figure 1.1 Echolocation and Active Sensing. A, Echolocation schematic showing

how bats and dolphins emit specific sound waves in the environment and how those get

returned to them when they get into contact with objects so the animals can create a

mental map of their surroundings. Inspired and adapted from Elizabeth Hagen.

"Echolocation". ASU - Ask A Biologist. 04 November, 2009. Available at

https://askabiologist.asu.edu/echolocation. B, Schematic of an example of mammal

active sensing doing a casual task such as picking up a glass of water. Every sensory

cue in the environment has to be monitored in real time and the motor response

adapted to successfully pick up the glass appropriately.

15

https://askabiologist.asu.edu/echolocation


16



Figure 1.2 Active Sensing and cholinergic input in rodents and C. elegans.

Cholinergic signaling pairing with inhalation and whisking in rodents behavior. Small RIA

circuit that we discovered in C. elegans shows striking similarities. Adapted from

(Hendricks et al. 2012; Rothermel et al. 2014).
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Figure 1.3. C. elegans as a neuronal circuit model. A, Life cycle of C. elegans. It

begins with an egg laid by an adult C.elegans. The embryo goes through developmental

processes until it hatches as the first larval stage. From hatching, the small worm is

going through 4 larval stages (L1-L4) to reach adulthood. B, Schematic of the whole

mapped nervous system from a C. elegans adult hermaphrodite C, Image of an adult C.

elegans expressing UNC-119::GFP, a pan-neuronal fluorescent reporter (top). DIC

image of the head of a young C. elegans adult (bottom). Adapted from (Cook et al.

2019; Ha et al. 2022; Altun and Hall).

19

https://paperpile.com/c/XTvPY9/qwcT+SKoP+nPQd
https://paperpile.com/c/XTvPY9/qwcT+SKoP+nPQd


20



Figure 1.4 Locomotion strategies in temperature gradients for C. elegans. A,

Schematic to illustrate the biased random walk in worms. Four worms were raised at

15°C and placed in a gradient. It is to note that each trajectory is unique. B, Schematic

of moves used by C. elegans to navigate toward the preferred destination/temperature.

Forward runs are punctuated by reversals and Omega turns. Reversals are often

followed by Omega turns which then leads the nematode to begin a new run. Following

the gradient it’s been put in, the biased random walk, and those reversals and turns, are

adapted in order to lead to the preferred temperature. Runs are shorter when going

further away from a preferred temperature and lengthened when going toward it. C,

Schematic of how C. elegans steers within a temperature gradient near its cultivation

temperature (TC) (isothermal tracking). By assessing temperature changes through

head sweeps (blue dot for temperatures lower than TC and red dots for temperatures

higher than TC), it adjusts its course to keep crawling within its preferred range, at TC. D,

C. elegans can also adjust its trajectory to go away from the temperature stimulation

(solid red dots). E, Isothermal tracks of wild type worms on 9 cm agar plates subjected

to a gradient of 18.5°C to 21.5°C when raised at 20°C. Dots are the worm centroid at

every 10 seconds while isotracking. F, Plot rendering of more than 400 isothermal

tracks performed by worms raised at 20°C in gradients ranging from 15°C to 25°C.

Adapted from (Garrity et al. 2010; Luo et al. 2006)
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Figure 1.5 The RIA circuit. A, Anatomy schematic of the RIA interneuron composed of

its two motor compartments (nrV and nrD) and its sensory one (the loop) as well as its

localisation in the C.elegans head/nerve ring. B, Schematic of the location of RIA in the

head neuron network of C. elegans showing its direct connections to head motor

neurons. C, Schematic of the RIA circuit as well as its sensory and motor inputs D,E

Images showing the compartmentalized calcium activity during head bending D, that

occurs in phase with head orientation as the cross correlation indicates E, When the

head is bent ventrally, there is specific calcium activity in the nrV, when it is bent

dorsally, specific calcium activity in the nrD can be observed. Adapted from (Hendricks

et al. 2012; Rothermel et al. 2014).
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CHAPTER 2

MATERIAL AND METHODS



2.1 Experimental model and subject details

Caenorhabditis elegans were raised on nematode growth medium (NGM) and fed with

E. coli strain OP50 according to standard methods (Brenner 1974; Stiernagle 2006)

Experiments were conducted on young (three day old) adult hermaphrodites. N2; AN87:

sel-12(ty11) X; BA714: sDF5/spe-4(hc78) I; CB5: unc-7(e5) X; CB101: unc-9(e101) X;

CB251: unc-36(e251) III; CB540: unc-68(e540) V; CF1038: daf-16(mu86) I; CX12708:

ggr-2(lf62) X; CZ19982: mcu-1(ju1154) IV; DA702: eat-16(ad702) I; DA1051:

avr-15(ad1051) V; DA1302: avr-14(ad1302) I ;avr-15(ad1051) V; DA1316:

avr-14(ad1305) I ;avr-15(vu227);glc-1(pk54) V; DA1370: avr-15(vu277);glc-1(pk54) V;

DA1371: avr-14(ad1302) I; DA1384: avr-14(ad1302) I;glc-1(pk54) V; DA1814:

ser-1(ok345) X; DA2250: mgl-2(tm355) I; mgl-1(tm1811) X; GS1894: sel-12(ar131) X;

GS2447: hop-1(ar179) I; GS2477: arIs37 I; cup-5(ar495) III; dpy-20(e1282) IV; GS2527:

arIs37 I; mca-3(ar493); dpy-20(e1282) IV; HBR4: goeIs3

[myo-3p::SL1::GCamP3.35::SL2::unc54 3'UTR + unc-119(+)]; HK30: unc-68(kh30) V;

JD21: cca-1(ad1650) X; JD217: gar-3(vu78) V; JT6: exp-1(sa6) II; KP4: glr-1(n2461) III;

KP2048: ric-7(nu447) V; LX702: dop-2(vs105) V; MT6308: eat-4(ky5) III; MT14680:

lgc-55(n4331) V; NL788: gpa-14(pk347) I; PS3818: unc-68(r1158); him-5(e1490) V;

RB888: casy-1(ok739) II; RB918: acr-16(ok789) V; RB1137: rig-4(ok1160) IV; RB1172:

acr-15(ok1214) V; RB1173: plc-4(ok1215) IV; RB1330: npr-1(ok1447) X; RB1667:

tax-6(ok2065) IV; RB1672: sel-12(ok2078) X; RB1690: ser-2(ok2103) X; RB1808:

glr-2(ok2342) III; RB1915: ins-3(ok2488) II; RB1990: flp-7(ok2625) X; RB2185:

glt-4(ok2961) X; RB2544: ins-4(ok3534) II; TR2170: unc-68(r1161) V; TR2171:

unc-68(r1162) V; TQ225: trp-1(sy690) III; TZ181: rap-1(pk2082) IV; VC160: trp-1(ok323)
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III; VC271: end-1 & ric-7(ok558) V; VC350: glc-2(gk179) I; VC657: gar-3(gk305) V;

VC602: trp-2(gk298) III; VC722: glc-2(ok1047) I; VC963: ppk-1(ok1411)/szT1 /

[lon-2(e68)] I; +/szT1 X; VC1125: rig-6(ok1589) II; VC1408: magi-1(gk657) IV; VC1757:

acc-2(ok2216) IV; VC1801: cnx-1(ok2234) III; VC2000: mca-1(ok2532) IV/nT1 [qIs51]

(IV;V); VC2623: nmr-2(ok3324) V; VC3024: gcy-2(ok3721) II; VM487: nmr-1(ak4) II;

MMH98: [Pglr-3::TeTx::mCherry, Punc-122::GFP]; MMH99: [Pglr-3a::GCaMP3.3,

Punc-122::DsRed]; MMH100: [Pglr-3a::GCaMP3.3; Pglr-3a::TeTx]; MMH113:

ric-7(nu447) V; [Pglr-3a::GCaMP3.3, Punc-122::DsRed] ; MMH114:

[myo-3p::SL1::GCamP3.35::SL2::unc54 3'UTR + unc-119(+); Pglr-3::TeTx::mCherry];

MMH116: [gar-3(gk305) V; myo-3p::SL1::GCamP3.35::SL2::unc54 3'UTR + unc-119(+)];

MMH117: gar-3(gk305) V; [Pglr-3a::GCaMP3.3, Punc-122::DsRed]; MMH120:

sel-12(ok2078) X; [Pglr-3a::GCaMP3.3, Punc-122::DsRed]; MMH121: mca-3(ar493) IV;

[Pglr-3a::GCaMP3.3, Punc-122::DsRed].

Some strains were provided by the Caenorhabditis Genetics Center (CGC), which is

funded by NIH Office of Research Infrastructure Programs (P40 OD010440).

2.2 Method Details

2.2.1 Isolation of strains carrying mutant alleles and transgenes

MMH113: ric-7(nu447) V; [Pglr-3a::GCaMP3.3, Punc-122::DsRed] ; MMH114:

[myo-3p::SL1::GCamP3.35::SL2::unc54 3'UTR + unc-119(+); Pglr-3::TeTx::mCherry];

MMH116: [gar-3(gk305) V; myo-3p::SL1::GCamP3.35::SL2::unc54 3'UTR + unc-119(+)];

MMH117: gar-3(gk305) V; [Pglr-3a::GCaMP3.3, Punc-122::DsRed]; MMH120:
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sel-12(ok2078) X; [Pglr-3a::GCaMP3.3, Punc-122::DsRed] and MMH121: mca-3(ar493)

IV; [Pglr-3a::GCaMP3.3, Punc-122::DsRed] were obtained by crossing either

gar-3(gk305) V, mca-3(ar493) IV, sel-12(ok2078) X , ric-7 (nu447) V or MMH98:

[Pglr-3::TeTx::mCherry, Punc-122::GFP] hermaphrodites with MMH99:

[Pglr-3a::GCaMP3.3, Punc-122::DsRed] males. Double homozygotes were isolated

from the F2 progenies as animals segregating only fluorescent progeny (from

transgene) and mutant alleles were identified in genomic DNA using PCR and

sequencing when required (Table 2.1).

2.2.2 Head lifting assays

Worms were raised under standard conditions. Reproducible assay consisted of young

adults that were individually picked and placed on a non-seeded NGM plate for a few

body bends, in order to clear off residual bacteria, then picked again and placed on a

second non-seeded plate. They were then left to crawl freely for 30 minutes before head

lifts were scored by eye during a one-minute trial. The minute-long trial period was

initiated by tail-poking, administered by a worm pick by tapping the tail once, which

triggers worms to initiate a forward run. Other conditions were tested and detailed in

(Figure 3.10).

2.2.3 Microfluidic device fabrication

Standard soft lithography methods were used to fabricate photoresist (SU8) masters for

microfluidic devices (San-Miguel and Lu 24AD) . Devices were replica mastered in a two

part epoxy resin (Smooth Cast 310, Sculpture Supply Canada #796220) according to

the manufacturer's instructions for long term use. Polydimethylsiloxane (PDMS) (Dow
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Corning Sylgard 184, Ellsworth Adhesives #4019862) was mixed at 10:1, degassed,

poured over masters, degassed again, and cured at 60°C for at least 3 hours. Inlet

holes made with a Milltex 1 mm biopsy punch (Fisher). Chips were cleaned and then

bonded to glass coverslips using air plasma generated by a handheld corona treater

(Electro-Technic Products, Chicago, IL). Coupling to fluid reservoirs was done by

directly inserting PTFE microbore tubing (Cole-Parmer #EW-06417-21) into inlet holes.

2.2.4 Calcium imaging

GCaMP3.3 fluorescence, on animals semi-restrained in a microfluidic channel (Chronis

et al. 2007) that were exposed to alternate streams of NGM buffer or a 1:10000 dilution

of IAA in NGM buffer every 10 seconds during 1 minute, was acquired at 5 frame per

second rate with 100ms exposure time. Fluid flow was controlled with a ValveBank

(AutoMate Scientific). The timelapse acquisitions were performed on an Olympus IX83

inverted microscope (Olympus Life Science) using an 40X/1.25 N.A. silicon-immersion

objective. During calcium imaging, animals were free to move the anterior portion of

their head, and these movements were captured as well. Both head position and

GCaMP3.3 fluorescence intensity (Tian et al. 2009) from axonal compartments were

measured using our custom FluoroSNNAP MatLab code (The MathWorks, R2016b).

2.2.5 Muscle imaging in semi-restrained animals and head orientation assays

Microfluidic chips were based on a design by (Tian et al. 2009; McCormick et al. 2011)

with minor adjustments to allow stimulus switching. Animals were exposed to streams of

NGM buffer and 100 𝜇M IAA (BioShop ISO900) from alternate directions, so animals

experienced the olfactory stimulus from either side of their head. Worms were loaded
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individually into the chip and, once in place, their movements were recorded for 2

minutes, with a switch between buffer and IAA occuring every 10 seconds, for a total of

2 minutes. Fluorescence intensity and head position were analyzed in MatLab

(FluoroSNNAP) as mentioned previously.

2.2.6 Muscle imaging in freely moving animals

Animals were submitted to the same conditions as the reproducible head lifting assay.

After 30 minutes on the second unseeded plate, each animal was recorded for one

minute while freely crawling using an Olympus MVX10 upright microscope (Olympus

Life Science). Usable consecutive frames were used for further processing and analysis

(at least 30 seconds per animal). Fluorescence intensity of GCaMP3.35, showing

muscle activity on both sides, was measured using image analysis software Fiji.

2.2.7 Head orientation measurements

In both calcium imaging and head orientation devices, head bending was measured at

each time point as the angle between the tip of the animal's nose and the midline of its

body at the most anterior restrained point using Matlab.

2.2.8 Isothermal Tracking Assays

Glacial acetic acid vial was put in the middle of a chemotaxis agar plate to create

gradients ranging from 16°C in the middle (under the vial) and 23°C on the outside

borders (temperature reading performed with infrared thermometer). Once the gradient

had been established for 15 minutes, worms were placed on the plate after being

washed in NGM buffer and behavior was recorded for 20 minutes.
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The percentage of total worms per strain that tracked isotherms during the assay was

assessed and duration of each track is then assessed by eye on the recording. Average

duration for every strain was plotted. Percentage of worms in each time category

(0-30s, 30-60s or more than 60s) was also defined.

2.2.9 Normalization and cross-correlation analysis

For each experiment of calcium imaging and muscle fluorescence in semi-restrained or

freely moving worms, the fluorescence intensity in each compartment (dorsal or ventral)

was scaled from 0 to 1 using a custom macro with the formula (F-Fmin)/(Fmax-Fmin) in

JMP software for each individual.

Those time series data of fluorescence intensities were derived based on time constant.

Taking also into account the head position cross-correlations were performed using JMP

Pro 16 (SAS) with +/- 25 time lags. The average value of peak +/- 5 lags of each

cross-correlation were compared. Bilateral t-tests, taking into account the difference

between sample variance, were performed to assess the significance between

comparison.

2.2.10 Statistical analysis

Statistical tests were performed using JMP Pro 13 (SAS) and MatLab. Wherever

possible complete distributions of all data points are shown. All error bars are standard

errors of the mean. Statistical tests, including sample size, test statistics, and resulting

p-values are reported in figure legends.
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Table 2.1. Primers used for genotyping. List of genotypes and sequences of primers

used for PCR to screen for their respective mutant alleles.
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CHAPTER 3

RESULTS



3.1 A Gate-and-Switch model for head orientation behaviors in Caenorhabditis

elegans

We first showed that RIA is required to bias head movement in response to

asymmetrically presented stimuli and that the loop compartment acts in a gate and

switch mechanism to lead to correct steering response (Ouellette et al. 2018).

3.1.1 RIA function in head orientation behavior

As stated previously, C. elegans undulates on its side in the dorso-ventral plane. When

the worms crawl, local compartmentalized calcium activity in the ventral and dorsal

compartments of RIA (nrV and nrD) can be detected. These local motor-evoked calcium

events (mCa2+) are triggered by muscarinic input from head motor neurons onto nrV and

nrD compartments. Input from head motor neurons is processed via muscarinic

acetylcholine receptors (mAchRs), specifically GAR-3 (Hendricks et al. 2012) (Figure

3.1 A-B). By contrast, sensory input is received from upstream sensory neurons and is

integrated within the loop region of RIA to lead to whole axon sensory calcium events

(sCa2+). While presenting an attractive stimulus results in a whole axon calcium

reduction, the removal of that attractant—thereby becoming repulsive—resulting in

whole axon calcium increase (Hendricks et al. 2012) (Figure 3.1 C). Moreover, if a

stimulus is presented symmetrically to both sides of the worm, the inhibitory RIA output

to SMDs is also symmetric. In the case where stimulus presentation is asymmetric,

though, RIA interneuron output in turn also becomes asymmetric presumably in order to

drive steering behavior (Hendricks and Zhang 2013). This sensory integration at the RIA
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level then leads to head withdrawal away from the repulsive stimulus (Hendricks et al.

2012) (Figure 3.1 D-E).

To address the hypothesis that RIA was involved to bias head movement when

presented with asymmetric olfactory stimuli, we used microfluidic devices called river

chips, where worms are semi-restrained but can freely move their heads as two laminar

streams flow on either side of the worm (McCormick et al. 2011) (Figure 3.1 F). This

allows the animals to demonstrate a preference for either stream by biasing head

movement towards one side or the other throughout the trials. Each worm was recorded

for two minutes, switching the attractive odor (in this case isoamyl alcohol—IAA)

(Chalasani et al. 2007) and buffer streams every 10 seconds after one minute to control

for any intrinsic bias in head bending direction.

In wild type animals, a clear preference for the stream containing the odor was

observed. Transgenic RIA::TeTx animals were used to examine the effect of blocking

RIA synaptic output. In RIA::TeTx animals, no preference between buffer and an

attractive stimulus was present. The same absence of affinity could be observed when

worms were treated with scopolamine, a known muscarinic acetylcholine receptor

antagonist (Broadley and Kelly 2001), mimicking the effects of a lack of function gar-3

mutant, as both conditions result in a lack of motor input to nrV and nrD (Figure 3.1 G).

These results suggest that RIA is required to correctly respond to asymmetrically

presented stimuli, and to generate a correct steering response.
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3.1.2 RIA mediates directional head withdrawal

From there, we focused on the loop compartment of RIA more closely in order to

understand what was happening as the sensory inputs reached the interneuron.

Calcium imaging microfluidic chips were used to simultaneously track head movement

and calcium activity in all RIA compartments at odor (IAA) ON or OFF. This device

allowed us to control the temporal presentation of olfactory stimuli in such a way that we

could evaluate the effect of stimulus withdrawal at specific points of the head bending

cycle. To fully visualize the phasic properties of head bending during calcium imaging,

we used a 2D position-velocity plot to associate velocity values with the head position.

Thus, positive and negative values reflect a head bending or a head withdrawal,

respectively (Figure 3.2 A,B).

When analyzing head movement directly following odor removal at each phase of the

cycle (Figure 3.2 B and D), we observed that strong ventral movements were correlated

with odor removal occurring during a dorsal head bend and clear dorsal movements

were correlated with odor removal taking place during a ventral head bend (Figure 3.2

C).

During normal locomotion, head withdrawal (return toward the worm’s midline) is set to

happen after each head bend. Knowing this we hypothesized that presenting or

removing a stimulus should change this normal oscillation.

We sought to examine stimulus-induced active head withdrawal as well as the head

movements that occur during the normal oscillatory cycle or crawling. As such, we

tracked head movements before and after odor removal or presentation, as well as
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head movements not associated with any stimulus delivery. Since responses should be

a mirror image along the dorsoventral axis, head movement on either side was labeled

as positive. Positive velocities were used to describe head bending and negative ones

were linked to head withdrawal (Figure 3.3 A).

As expected, head bending as a general rule is indeed followed by head withdrawal

(Figure 3.3 B), but we found out that only odor removal leads to a rapid head

movement. This head withdrawal away from the repulsive stimulus was only observed

to happen when the head is bent (Figure 3.3 C-D).

Furthermore, since mCa2+ events are dependent on synaptic inputs from SMDs through

GAR-3 (Hendricks et al. 2012), we performed the same head bending analysis in gar-3

mutants, a muscarinic acetylcholine receptor (mAchR) loss of function mutant which

lacks cholinergic inputs from SMDs unto RIA motor compartments, and RIA::TeTx

animals, in which the synaptic release from RIA is blocked by cleaving synaptobrevin

(Schiavo et al. 1992), to address the possibility that those mCa2+ events might play a

role in modulating head movements made in response to sensory stimuli.

Both gar-3 mutants or RIA::TeTx animals displayed no stimulus-dependent head

withdrawals. Expressing gar-3 cDNA specifically in RIA led to a partial rescue of this

behavior but it was not significantly different from gar-3 mutant responses (Figure 3.3

D).
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3.1.3 RIA sensory responses through the loop compartment are gated according

to head position

We next went on to analyze the link between head movements, mCa2+ and sCa2+. While

we observed that the motor compartments (nrV and nrD) show asynchronous

compartmentalized activity throughout head bending, the loop doesn’t have a clear

relationship with head movement (Figure 3.4 A-B).

Knowing that head movements occur very frequently while odor switches are set to

happen at discrete time points, we hypothesized that maybe the spontaneous sCa2+

events might hide a link between head movement and the stimulus-evoked events.

As such, we assessed whether loop sCa2+ events were dependent on head phase using

heatmap for data visualization. After odor removal, a higher magnitude of calcium can

be observed (dark green regions) when the head is bent towards the dorsal or ventral

side, with no clear activity if the head is parallel to the midline of the worm (Figure 3.4

C-D). This strongly suggests that the loop only responds to stimulus removal and only

when the head is bent is one side or the other.

Following these findings, we concluded that there is clear evidence of a sensory gating

mechanism present at the RIA level which makes the loop compartment of the

interneuron respond to sensory cues in accordance to the worm’s head position. This

gating ensures that large sCa2+ events occur when the motor “switch” downstream in

nrV and nrD is engaged either dorsally or ventrally due to asymmetric mCa2+ events.
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To investigate whether the sensory gating mechanism is dependent on motor feedback,

we pursued the same analysis in gar-3 mutants. As shown previously (Hendricks et al.

2012), the mCa2+ events in this mutant are non-existent while sCa2+ are intact. In our

case, gar-3 mutants showed normal sensory gating (Figure 3.4 E). This suggests that

the gating mechanism we observed is not motor compartment dependent and is located

at the interneuronal level within the RIA loop. Whether the loop alone is sufficient for

gating or whether it relies on upstream interneurons is unknown. Maybe this mechanism

could also be linked to a yet unidentified proprioceptive pathway linked to

mechanoreceptor neurons located in the head.

3.1.4 RIA axonal compartments have temporal features of sensory responses

To gain a better understanding of RIA function as a whole in this process, we analyzed

the motor compartments (nrV and nrD) individual responses during sCa2+ events. This

allowed us to dig further into how both sensory and motor signals can pair to influence

synaptic output. As previously stated (Hendricks et al. 2012), sCa2+ and mCa2+ are

additive. When quantifying motor compartment responses during head bending, we

observed a significant lag of peak responses that appeared to be dependent on head

orientation (Figure 3.5 A-B). That is to say, the motor compartment that was located in

the direction of the head bending showed a stronger calcium signal during bending, as

well as a shorter latency time to reach peak calcium level.

Head movement always precedes the mCa2+ response, possibly due to the fact that

muscle contractions are dependent on nicotinic acetylcholine receptors which are faster

to respond than the muscarinic receptors (Greenwood et al. 2009) found on nrV and
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nrD. Since the lag time is negligible, we considered that mCa2+ responses in RIA are

indicative of ongoing head movements (Figure 3.5 C).

Cross correlation analyses were performed on head velocity and calcium activity during

odor removal to study the timing of events and how it could lead to the shift we

observed in peak calcium activity. Positive peaks near the y-axis indicate a calcium

event that coincides in phase with head motion while peaks shifted to the left represent

events that are delayed relative to head motion.

During odor removal, we observed that when the head is bent ventrally, the peak

calcium activity in nrV is in sync with head withdrawal in the dorsal direction as nrD

calcium lags. The opposite is also true; during dorsal head bends, the peak calcium

activity in nrD syncs with withdrawal in the ventral direction while nrV calcium lags.

When the head is at midline position (not bent), this relationship between motor

compartment responses and head position is lost due to the lack of sCa2+ events

(Figure 3.5 D).

Once again, we performed the same analysis on gar-3 mutants to observe the impact of

motor input ablation. As expected, we observed a desynchronization of motor

compartment responses and head position in gar-3 mutant animals. Reexpression of

gar-3 specifically in RIA rescued some of this desynchronization phenotype, but this

was insufficient to fully rescue normal nrV and nrD dynamics (Figure 3.5 C-D). This was

also reminiscent of the failure to completely rescue the head withdrawal phenotype

shown previously (Figure 3.4 D).
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This could indicate that GAR-3 is playing a role outside of the RIA circuit to mediate

head withdrawal. Alternatively, the re-expressed construct may lead to insufficient

expression or could be mislocalized, leading to an inability to rescue GAR-3 function to

wild type a level in RIA.

All of this indicates that mCa2+ and sCa2+ have additive properties that decouple the

events’ timing following odor removal. This suggests that, while mCa2+ responses lag

slightly relative to head movements, these responses function additively with sCa2+ to

decrease latency, leading to quicker neurotransmitter (glutamate) release toward head

motor neurons, and on one side vs the other, leading to head withdrawal.

3.1.5 Gate and Switch Model for Head Orientation

These results led us to propose a gate and switch system for the integration of sensory

stimuli at the RIA level. Essentially, when the head is situated in the middle of an

oscillation, the gate (the loop compartment) is closed and doesn’t respond to sensory

stimuli. But when the head is bent towards one side or the other—either ventrally or

dorsally—the gate is open, allowing sensory input to signal to motor compartments,

which ultimately leads to head withdrawal away from the repulsive stimulus (Figure 3.6).

3.2 Head lifting as a novel phenotype to screen Caenorhabditis elegans

Interneurons for the molecular underpinnings of head orientation

3.2.1 Candidate Gene Screen for Impaired RIA Function

Knowing that the loop integrates sensory stimuli using the aforementioned gate and

switch mechanism, and that sCa2+ events are linked to head orientation, we next wanted
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to assess what is happening on a molecular level within the motor compartments (nrV

and nrD) in regards to behavior and mCa2+ calcium activity.

As stated previously, C.elegans normally undulates on its side in the dorso-ventral

plane. However, we noticed that when RIA function is impaired, animals exhibit an

abnormal phenotype where they display head bending in the left-right plane, which can

be observed as the worm actively lifts its head from the agar substrate (Figure 3.7).

What is happening at the RIA circuit level during this head lifting behavior is still

unknown.

3.2.2 RIA is required for proper muscle activity at the head level in

semi-restrained animals

Since RIA signals to head motor neurons (SMDs), we sought to investigate the role of

RIA signaling in SMD function. To achieve this, we quantified muscle activity using a

strain expressing the calcium reporter GCaMP3 in body wall muscles

[myo-3p::GCaMp3.35], in order to visualize muscle activity during head bending. This

strain was crossed into an N2 background, gar-3(gk305) background, and in animals

expressing the tetanus toxin light chain (TeTx) under the RIA-specific promoter, glr-3p.

To quantify calcium levels relative to head bending angle, worms were placed in a river

chip, as described previously (McCormick et al. 2011). Animals were exposed to

alternating streams of NGM buffer and IAA, so as to experience the olfactory stimulus

from either side of their head to stimulate head bending. Head position as they moved

was determined using pixel density and muscle activity at the head level was assessed
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by measuring the calcium intensity on both the ventral and dorsal side of the animals

(Figure 3.8 A-B).

Similarities between values were analyzed by plotting cross correlations to visualize

whether there was a correlation between two distinct parameters (perfect correlation =

1). Muscle activity on either side (ventral or dorsal) and head position were first

compared and showed a significant correlation difference for both RIA impaired strains

vs wild type (Figure 3.8 C). This suggests that the RIA is involved in the control of

muscle activity during head bending.

Therefore, we looked at the cross correlation of only muscle calcium activity on both

sides (ventral and dorsal). We found out that activity is mostly localized on one side at a

time in wild type (negative correlation) and significantly less so when RIA motor output

(glr-3p::TeTx) or inputs (gar-3(gk305)) are blocked (Figure 3.8 D). This suggests that

muscle activity is less compartmentalized when RIA function is impaired, leading to

aberrant muscle activity in the nrV and nrD. This observed lack of asynchrony could

give rise to overactivation and/or inhibition of both dorsal and ventral muscles, leading

to incorrect gait.

3.2.3 RIA is required for proper muscle activity at the head level in freely-moving

animals

Due to the physical constraints associated with the PDMS microfluidic chip described in

the previous section (chip depth: 30um), semi-restrained worms were unable to perform

the head lifting behavior that was observed in freely-crawling worms. However, the

possibility remained that worms were capable of the intent to perform head lifting, even
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if they were unable to correctly perform the motion. In order to address this possibility,

we chose to analyze calcium muscle activity while worms are freely moving.

We recorded freely moving worms on non-seeded NGM plates and measured the

calcium intensity for both ventral and dorsal muscles as they crawled (Figure 3.9 A-B).

Head lifts were observed in gar-3(gk305) and RIA::TeTx backgrounds throughout the

trials. Bouts of crawling behavior, with and without head lifting, were recorded and

analyzed in order to get a better sense of the complete head bending strategy at the

head muscle level.

A negative correlation between dorsal and ventral muscle activity was obtained for wild

type animals once again, with the asynchrony even more striking than was observed in

semi-restrained worms (Figure 3.9 C). Moreover, blocking the cholinergic input

(gar-3(gk305)) or the glutamate output (RIA::TeTx) of RIA reduced that negative

correlation significantly. This corroborated that, even in a more natural environment in

which animals can freely crawl and head lift, muscle activity is impaired and less

compartmentalized when RIA dynamics are impaired.

3.2.4 Head lifting as a correlate to identify genes implicated in RIA dynamics

Through the observation of crawling behavior and testing different conditions (as

described in Figure 3.10 A-E), three different types of head lifts, differing by magnitude

of the lift, were found to occur. These head lift variants formed three categories: types

1-3, varying from very shallow (type 1) to highest lift (type 3) (Figure 3.11 B-E).

Following that, a reproducible assay was optimized to reduce variability and obtain more

consistent results (see Materials and Methods 2.2.2). More than sixty different genes all
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involved in calcium signaling or coding for GPCRs or subunits of glutamate receptors

were submitted to the assay (Table 3.1).

Each candidate strain was submitted to this assay, although only type 2 and 3 head lifts

were scored because these tended to vary the most strongly by strain and therefore

allowed for better distinction between wild type and RIA-impaired strains. For example,

gar-3(gk305) almost exclusively showed type 2 and 3 head lifts. It is also important to

note that type 1 head lifts were excluded due to the variability and difficulty involved in

scoring low-magnitude (shallow) head lifts. In addition, all strains engage in consistent

type 1 head lifting and therefore monitoring this particular behavior did not add to our

analysis.

Head lifting was then manually scored for candidate strains (Figure 3.11 F). This screen

identified some promising candidates and several genes of interest were retained for

further investigation (Figure 3.11 F, blue boxes). They were curated from the top ten

highest head lifters (plus one that was head lifting significantly less). Amongst these

candidates, we observed an increase in overall head lifting frequency in strains already

known to have impaired RIA function, as is the case for the aforementioned

gar-3(gk305) and RIA::TeTX. The following strains were noted as interesting candidates

due to their frequent head lifting, which was observed to be significantly different than

wild type and often on par with known candidates. These strains are presented below

according to their potential involvement in the RIA circuit.

The mca-3(ar493) mutant strain had the most striking phenotype and displayed only

type 3 head lifts throughout the trials. mca-3 encodes a plasma membrane calcium

ATPase (PMCA). PMCAs actively pump calcium from the cytosol into the extracellular
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space, and as such play a prominent role in regulating calcium signaling (Di Leva et al.

2008; Carafoli et al. 2001).

Another retained candidate identified by the screen is ric-7, which has been shown to be

localized in mitochondria and at the synapse. While ric-7 is a nematode-only gene, it is

involved in neuropeptide secretion from dense core vesicles (DCVs) (Rawson et al.

2014) and is essential for correct localization of mitochondria in axons (Rawson et al.

2014; Hao et al. 2012). A recent study linked those two events together by showing that

DCVs release is impaired when there is an incorrect distribution of mitochondria in

axons (Zhao et al. 2018).

Furthermore, mitochondria can interface with and uptake Ca2+ from the endoplasmic

reticulum (ER), which is a major source of calcium in cells (de Brito and Scorrano 2008,

2010). Again, further studies could focus on RIC-7 involvement in RIA, in order to

elucidate the role of mitochondrial function, specifically as it relates to calcium

dynamics. Further study of RIC-7 could provide some insight as to how calcium enters

the RIA neuron, where it comes from, and how calcium is regulated within RIA motor

compartments.

In addition to ric-7, other genes involved in mitochondrial calcium dynamics were

submitted to the screen and one stood out as a high head lifter. Three genes belonging

to the C. elegans presenilin (PSEN) family, namely spe-4, sel-12 and hop-1, along with

the mitochondrial calcium uniporter, mcu-1, were tested. PSEN are transmembrane

proteins that are expressed in the ER and have been shown to be enriched in ER

compartments that are in contact with mitochondria; accordingly, it has been suggested

that PSEN proteins might play a role in calcium exchange between the two (Sarasija
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and Norman 2015). Out of the three PSEN family members, sel-12 was retained for

screening because of its direct involvement in mediating calcium release from the ER,

as well as the role it plays in maintaining the mitochondrial structure and function

(Sarasija and Norman 2015; Sarasija et al. 2018). Upon screening, the sel-12 strain was

categorized as a top tier head lifter and retained for further analysis (Figure 3.11 F).

3.2.5 Top head lifters show impaired calcium dynamics within RIA motor

compartments

To confirm whether our retained chosen candidates play a role in RIA function, calcium

imaging was performed and a custom MatLab script, FluoroSNNAP (Figure 3.12 A-F),

was used to analyze results. Every candidate strain was submitted to imaging in a

glr-3p::GCaMP3 background, which expresses the calcium indicator GCaMP3

specifically in RIA neurons.

As described previously, cross correlations were plotted, this time for calcium activity (in

either nrV or nrD motor compartments) and head bending (tracking the head position

through time) (Figure 3.13 C). Interestingly, while mca-3(ar493) and gar-3(gk305)

mutants, as well as RIA::TeTx, all showed significantly decreased compartmentalization,

sel-12(ok2078) and ric-7(nu447) seem to demonstrate more complex calcium dynamics.

While the correlation between head bending and calcium activity is significantly different

from wild type on the ventral side, sel-12 mutants showed no significant difference on

the dorsal side. A slight shift to the left can also be observed on the ventral side, hinting

at a potential lag in response. This suggests that sel-12 may control motor compartment

dynamics in a temporal manner, though differently in both compartments.
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When looking at the cross correlation of compartments only (nrV and nrD) (Figure 3.13

D), we found out that activity is synchronous in both compartments and significantly

different than wild type animals in mca-3(ar493), ric-7(nu447), sel-12(ok2078) or

gar-3(gk305) background (shown by a higher correlation value) (Figure 3.13 B and D).

A lower correlation value, observed in wild type worms, is indicative of normal

compartmentalized Ca2+ activity (Figure 3.13 A and D). These results suggest and

further confirm that high head lifting genes identified from the candidate screen do

appear to play a role in RIA motor compartments, and are essential for normal calcium

dynamics in the interneuron.

It is important to note that ric-7, while being a high head lifter, showed no significant

difference from WT in calcium activity relative to head position. However, ric-7 was

significantly different from WT in terms of the compartments themselves, which showed

abnormal synchronous calcium activity. Knowing that ric-7 has been shown to regulate

the correct localization of mitochondria along axons in C. elegans (Rawson et al. 2014),

whole axon calcium responses could occur in ric-7 mutants due to spatially

dysregulated mitochondria. The fact that it has also been involved in the correct release

of neuropeptides (Hao et al. 2012) could be a clue that it can potentially act at the level

of the output the motor compartments have.

Moreover, the same analysis was performed with a strain that was a low head lifter,

unc-68(kh30). This strain showed a significant difference when looking at calcium

activity compartmentalization, as well as abnormal calcium activity in the dorsal motor

compartment during head movement. These deficits could suggest that unc-68 plays a

role in synaptic partners downstream of RIA. This hypothesis could be plausible as
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unc-68 codes for a ryanodine receptor that has been shown to be involved in body wall

muscle contractions (Maryon et al. 1996; Umanskaya et al. 2014; Forrester 2018).

Since RIA outputs to head motor neurons that, in turn, signal to head muscles, unc-68

could link both.

3.2.6 Top head lifters show impaired isothermal tracking behavior

Since isothermal tracking is an efficient way to gauge the correct pairing of sensory

inputs of the environment to motor commands, we tested it with chosen candidate gene

strains. We optimized a protocol based on (Mori and Ohshima 1995) and the defined

period of time they track each isotherm is identified as an individual forward track. A

forward track was defined as a single motion track during which the worms do not

reverse or change orientation. Duration of each forward track was assessed and

showed that the ability of worms to track isotherms is impaired in candidate strains vs

wild type (Figure 3.14 A-B). The average length of tracks is significantly different than

wild type for all and the percentage of worms that follow isotherm during the course of

the assay is also significantly diminished (Figure 3.14 C-E). These results show that,

when RIA function is unbalanced, sensory-motor coupling is compromised. This further

suggests that RIA has a direct role to play in active sensing.
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Figure 3.1 RIA overview and requirement for control of head orientation. A, RIA is

a unipolar interneuron whose axon extends into the ventral nerve cord and throughout

the nerve ring. There are two RIAs, left and right, one is shown. B, Two axonal

compartments within the nerve ring, nrV and nrD, encode head movements via local

calcium signals (mCa2+) triggered by muscarinic input from SMD head motor neurons.

C, Sensory pathways synapse on the loop domain of the RIA axon in the ventral nerve

cord. Attractive stimuli lead to whole-axon reduction in calcium, while attractant removal

causes whole axon calcium increases (sCa2+) D, Model for RIA function in steering

behaviors. Where stimuli are symmetric across head bends, inhibitory output from RIA

to motor neurons is symmetric. E, If the stimulus changes across head sweeps, RIA

output to motor neurons become asymmetric, driving steering behavior. F, Schematic of

head orientation measurement in response to a unilaterally presented stimulus. G,

Estimation plot of difference between wild-type preference for odor as measured by

percentage of the assay time (120 s) with their head within the odor stream and

RIA::TeTx animals or animals treated with scopolamine. ANOVA F(2,50) = 5.7771, p =

0.0055, *p < 0.05, **p < 0.01 post hoc Student’s t test, n = 13, n = 20, n = 20. V, ventral;

D, Dorsal. Open circles and lines are mean +/- SD (top). Closed circles and lines are

mean differences from control +/- 95% confidence interval, shown with distribution of

estimated means. (Ouellette et al. 2018)
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Figure 3.2 Responses to odor removal depend on posture. A, Schematic of

position-velocity plots to illustrate oscillatory head movements. B, Position-velocity

trajectories from odor removal (circles) to 2 s after (arrowheads). C, Head displacement

in the 2 s immediately following odor removal, with the start position normalized to head

orientation at the odor switch. D, Relationship between head position at odor removal

and the change in head position 2 s later. Linear regression F(1,124) = 132.3145, p <

0.0001; n = 126.
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Figure 3.3 RIA mediates directional head withdrawal. A, To analyze head withdrawal

behaviors, which are mirror-symmetric across the dorsoventral axis, head deflection in

either the dorsal (D) or ventral (V) direction is defined as positive. Positive velocities

correspond to bending away from the body axis and negative velocities indicate head

withdrawal. B, Mean plots of peristimulus head orientation at odor off, odor on, or in

constant odor (no switch), binned according to whether the head is unbent (top) or bent

in either direction (bottom) at the time of stimulus change (t = 0). Dashed “pre” and

“post” boxes indicate time windows used for quantitation in D. C, Comparison of head

velocity in response to stimulus changes (or no switch) when the head is bent or

unbent. Arrow indicates characteristic head withdrawal in response to odor removal

when the head is bent. D, Paired mean pre- and post-switch head velocities (upper

panels, open circles and lines are mean +/- SD) and estimations of the size of the head

velocity change (lower panel, closed circles and lines are mean difference +/- 95%

confidence interval, along with probability distribution of means, see Materials and

Methods). Odor switch (on, off, or constant odor) has no effect on head movements

when the head is not bent (left panel, repeated measures ANOVA F(2,263) = 0.9386, p

= 0.3925, n = 100, n = 82, n = 84). Sharp decreases in velocity are seen when odor

removal occurs when the head is bent, but not for odor presentation or constant odor

(middle panel, repeated measures ANOVA, F(2,109) = 7.7932, p = 0.0007, n = 26, n =

44, n = 42). In gar-3 mutants and animals expressing tetanus toxin in RIA these sharp

decreases in head velocity are absent (right panel, repeated measures ANOVA F(3,85)

= 4.4105, p = 0.0062, n = 42, n = 12, n = 18, n = 17); ***p < 0.001, **p < 0.01 post hoc

Student’s t test between odor conditions (on, off, no switch) for wild-type animals; ##p <
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0.01, #p < 0.05 post hoc Student’s t test between genetic manipulation (wild type, gar-3,

gar-3 rescue, RIA::TeTx) for odor off responses during head bending.
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Figure 3.4 Head orientation gates sensory responses. A, Head position-velocity

trajectories color-coded by dnr (= nrV – nrD), a measure of normalized mCa2+

asymmetry in nrV and nrD. B, Head position-velocity trajectories color-coded by loop

calcium signal, n = 126, 40 s each. C, Spontaneous head movements (left) and sCa2+

signals in the loop region of the RIA axon (right). Rows are matched and sorted

according to head orientation at odor off (t = 10 s). A linear regression of loop response

magnitudes and head deflection in either direction was significant (F(1,124) = 29.98, p <

0.0001, n = 126). D, Mean traces of loop calcium responses 5 s before and after odor

removal binned by head orientation at the odor off time point. Shading is SEM. Left to

right, n = 14, n = 6, n = 18, n = 22, n = 23, n = 21, n = 13, n = 9. E, Comparison of the

magnitude of loop calcium responses to odor removal when the head is bent (head

orientation > 0.5 or < – 0.5) or unbent (head orientation between – 0.5 and 0.5). Pre-

and post-measurements are mean loop Ca2+ levels in 1s windows just before odor OFF

and centered on the peak of the mean response, respectively, shown as paired

responses (lines) and mean +/- SD (open circles and lines). Estimations of the mean

changes are shown below as mean difference +/- 95% confidence interval (closed

circles and lines) along with probability distributions of the means (see Materials and

Methods). In both wild-type (n = 84, n = 42) and gar-3 (n = 20, n = 12) animals, the loop

response magnitude is larger when the head is bent (repeated measures ANOVA

F(1,154) = 41.4529, p < 0.0001, ***p < 0.001 post hoc Student’s t test). gar-3 mutants

have larger responses under both head orientation conditions, but there is no significant

interaction between loop Ca2+ responses, head position at odor off, and genotype

(repeated measures ANOVA F(1,154) = 0.2145, p = 0.6439).
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Figure 3.5 Temporal features of sensory responses in RIA axonal compartments.

A, Mean nrV, nrD, and loop responses on odor removal. Shading is SEM, dashed lines

indicate position of nrV and nrD mean peaks. B, Head orientation predicts the mean lag

between nrV and nrD peaks post-odor removal. ANOVA F(1,124) = 13.47, p = 0.0004.

C, Cross-correlation of nrV, nrD, and mCa2+ asymmetry (dnr) and head orientation,

showing mCa2+ lag with head movements. gar-3 mutants lack mCa2+ and do not show

head correlations. Re-expression of gar-3 cDNA in RIA partially rescues this

relationship. D, nrV and nrD cross-correlations with head velocity for wild-type, gar-3,

and RIA-specific gar-3 rescue in a 6-s time window comprising 2-s pre-odor removal

and 4-s post-odor removal in relation to head orientation at odor off. When the head

was bent, we observed no lag between head withdrawal and peak calcium responses in

the nerve ring compartment ipsilateral to the direction of bending. gar-3 mutants show

no distinction between nerve ring compartments. Expression of gar-3 cDNA in RIA in

gar-3 mutants does not rescue the temporal features of sensory responses in the nerve

ring. Analysis groups are the same as Figure 4.
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Figure 3.6 Gate and switch model for RIA function in head orientation behaviors.

A, RIA circuit diagram, with major upstream sensory pathways and head motor

connections. Gating of sensory inputs to the loop domain and the nerve ring

connections that constitute the dorsal-ventral switch. B, Ethological model in which

head movements simultaneously produce proprioception-gated reafference and

efference copies that converge on RIA. RIA output to motor neurons biases the

undulatory gait dorsally or ventrally when reafferent stimuli are asymmetric across head

sweeps.
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Figure 3.7 RIA interneuron dynamics in C. elegans. A, RIA schematic showing its

localization and compartments (nRV and nRD) along its single axon B RIA

compartmentalized and reciprocal interactions with head motor neurons. C,

Cross-correlation analysis showing compartmentalized response of GAR-3 in both nRV

or nRD in sync with head movement as well as a complete depolarization during head

withdrawal. D, Schematics showing local Ca2+ responses to head bends in the RIA

(motor inputs) as well as synchronous influx or efflux when worms are faced with

different kinds of stimulus (sensory inputs) E. F, Worms with impaired RIA function show

head lifting phenotype (schematic on left) up to 20 times per minute. Adapted in parts

from (Hendricks et al. 2012; Hendricks and Zhang 2013).
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Figure 3.8 RIA is required for proper muscle activity at the head level in

semi-restrained animals. A, Sample acquisition of pmyo-3::GCaMP3.35 worms in a

microfluidic river chip (shown on left). Dotted area used for calcium intensity

measurements. B, Cross correlation of ventral muscle calcium activity (positive values,

top) or dorsal muscle calcium activity (negative values, bottom) in regards to head

position showing a significant difference between strains (t-test p value < 0.001). C,

Cross correlation of both muscle calcium activity showing no correlation in wild type but

an even greater non-correlation when RIA function is impaired (RIA::TeTX and gar-3

mutants) t-test p-value < 0.001. Suggesting that muscle activity is less

compartmentalized when RIA function is impaired. Bold lines are mean. n ≥ 20. Scale

Bar: 50 µm
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Figure 3.9 RIA is required for proper muscle activity at the head level in

freely-moving animals. A, Sample acquisition of freely moving myo-3p::GCaMP3.35

(top) and myo-3p::GCaMP3.35;gar-3(gk305) (bottom) worms on agar surface. B,C

Close-ups of sample acquisitions from myo-3p::GCaMP3.35 (top-B) and

myo3p::GCaMP3.35;gar-3(gk305) (bottom-C) worms. Red ellipse shows the area used

for calcium intensity measurements. Red asterisk identifies ongoing head lifting. D,

Cross correlation of both ventral and dorsal muscle calcium activity showing no

correlation in wild type but an even greater non-correlation when RIA function is

impaired (in RIA::TeTX and gar-3 mutants) *correlation peaks range t-test p value

<0.0001. Bold line is the mean of all trials. n ≥ 15 runs. Scale Bar: 50 µm.
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Figure 3.10 Dismissed head lifting assays conditions because of their degree of

variance. A,B,C, Different assays conditions were tested ranging from non-seeded

plates (NSP) where 1- worms were picked, put on NSP, left for one hour and a half and

then head lifts were scored A 2- Picked, washed in NGM buffer with 50mM salt during

20 minutes (rinse in same buffer at 10 minutes), put on NSP plates, wait 5 B or 20 C

minutes and then head lifts were score. D,E, Assays were also tried on seeded plates

(SP) where 1- worms were picked, put on SP, left for an hour and a half and then head

lifts were counted D or 2– worms were picked blindly from experimenter by a colleague,

left for an hour and a half on the new seeded plate and head lifts were score E. All

these conditions showed a great amount of variance and it was decided to not use any

of them for future studies to be able to draw conclusions.
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gene family gene coding protein strains

sel-12 Suppresor/Enhancer of
Lin-12

ortholog of presenilin -
transmembrane protein

AN87-GS1894-
PS3818-RB1672-
MMH120

spe-4 defective
SPErmatogenesis

ortholog of presilin family -
transmembrane protein

BA714

unc-7 UNCooridnated encodes for innexin required
for gap junction formation

CB5

unc-9 UNCooridnated encodes for innexin required
for gap junction formation

CB101

unc-36 UNCooridnated encodes alpha2/delta subunit
voltage gated calcium channel

CB251

unc-68 UNCooridnated encodes a ryanodine receptor
ortholog

CB540-HK30-
TR2170-TR2171

daf-16 abnormal DAuer
Formation

encodes FOXO homolog CF1038

ggr-2 Ligand-Gated ion
Channel

encodes a predicted member
of the GABA/ glycine receptor
family of ligand-gated chloride
channels

CX12708

mcu-1 Mitochondrial Calcium
Uniporter

predicted to be part of
mitochondrial transmembrane
calcium exchange system

CZ19982

eat-16 EATing: abnormal
pharyngeal pumping

encodes for a protein from the
family of regulator of G protein
signaling

DA702

avr-15 altered AVeRmectin
sensitivity

encodes for two
glutamate-gated chloride
channel

DA1051-DA1302
-DA1316-
DA1370

71



avr-14 altered AVeRmectin
sensitivity

encodes for an alpha type unit
of glutamate-gated chloride
channel

DA1371-
DA1384-
DA1302- DA1316

glc-1 Glutamate-gated
ChLoride channel

encodes for an alpha type unit
of glutamate-gated chloride
channel

DA1370-DA1384

ser-1 SERotonin/octopamine
receptor family

encodes for putative ortholog
of mammalian 5-HT2
metabotropic serotonin
receptor

DA1814

mgl-2 Metabotropic
GLutamate receptor
family

encodes a Group I
metabotropic glutamate
receptor

DA2250

mgl-1 Metabotropic
GLutamate receptor
family

encodes a Group II
metabotropic glutamate
receptor

DA2250

hop-1 Homolog Of Presenilin encodes one of The C.
elegans presenilins

GS2447

cup-5 Coelomocyte
UPtake-defective

encodes an ortholog of the
human mucopilin1 gene

GS2477

mca-3 Membrane Calcium
ATPase

encodes for a plasma
membrane calcium ATPase
PMCA

GS2527-
MMH121

cca-1 Calcium Channel,
Alpha subunit

encodes a calcium channel
alpha subunit

JD21

gar-3 G-protein-linked
Acetylcholine Receptor

encodes a G protein-linked
muscarinic acetylcholine
receptor

JD217-VC657-
MMH116-
MMH117

exp-1 EXPulsion defective
(defecation)

encodes an excitatory,
cation-selective GABA
receptor

JT6
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glr-1 GLutamate Receptor
family (AMPA)

encodes an AMPA-type
ionotropic glutamate receptor

KP4

ric-7 Resistance to Inhibitors
of Cholinesterase

KP2048-VC271-
MMH113

dop-2 DOPamine receptor homologous human gene
dopamine receptor D2

LX702

eat-4 EATing: abnormal
pharyngeal pumping

encodes an ortholog of the
mammalian BNPI vesicular
glutamate transporter

MT6308

lgc-55 Ligand-Gated ion
Channel

encodes an amine-gated
chloride channel

MT14680

gpa-14 G Protein, Alpha
subunit

encodes a member of the G
protein alpha subunit family of
heteromeric GTPases

NL788

him-5 High Incidence of
Males (increased X
chromosome loss)

PS3818

casy-1 CAlSYntenin/Alcadein
homolog

encodes a type I
transmembrane protein
calsyntenin/alcadein ortholog

RB888

acr-16 AcetylCholine Receptor encodes an alpha-7-like
homomer-forming subunit of
nAChR superfamily

RB918

rig-4 neuRonal IGCAM RB1137

acr-15 AcetylCholine Receptor homolog of an alpha type
nicotinic acetylcholine
receptor subunit

RB1172

plc-4 PhosphoLipase C encodes a phospholipase C
delta homolog

RB1173

npr-1 NeuroPeptide Receptor
family

encodes a predicted G
protein-coupled neuropeptide

RB1330
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receptor

tax-6 abnormal CHEmotaxis encodes an ortholog of
calcineurin A

RB1667

ser-2 SERotonin/octopamine
receptor family

encodes 4 tyramine
7-transmembrane domain
receptors (GPCRs)

RB1690

glr-2 GLutamate Receptor
family (AMPA)

encodes an AMPA (non
NMDA)-type ionotropic
glutamate receptor subunit

RB1808

ins-3 INSulin related encodes one of several
insulin-related peptides

RB1915

flp-7 FMRF-Like Peptide encodes an
MVRFamide-containing
peptide

RB1990

glt-4 GLutamate Transporter
family

encodes an ortholog of
glutamate/aspartate and
neutral amino acid
transporters

RB2185

ins-4 INSulin related encodes an insulin-like
peptide

RB2544

trp-1 TRP (transient receptor
potential) channel
family

encodes a transient receptor
potential (TRP) channel

TQ225,-VC160

rap-1 RAP homolog
(vertebrate Rap
GTPase family)

encodes a member of the Ras
superfamily of small GTPases

TZ181

end-1 ENDoderm determining encodes a GATA-type
transcription factor

VC271

glc-2 Glutamate-gated
ChLoride channel

encodes the beta subunit of a
glutamate-gated chloride
channel

VC350, VC722
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trp-2 TRP (transient receptor
potential) channel
family

encodes a transient receptor
potential (TRP) channel

VC602

ppk-1 PIP Kinase encodes a putative
phosphatidylinositol-4-
phosphate 5' kinase PPK

VC963

rig-6 neuRonal IGCAM encodes a protein with Ig and
fibronectin type III domains
ortholog contactins

VC1125

magi-1 MAGI (Membrane
Associated Guanylate
kinase Inverted)
homolog

encodes a multi PDZ-domain
containing tight
junction-associated protein

VC1408

acc-2 Acetylcholine-gated
Chloride Channel

VC1757

cnx-1 CalNeXin encodes the C. elegans
ortholog of calnexin, type I
Ca2+ binding integral
membrane protein of the ER

VC1801

mca-1 Membrane Calcium
ATPase

encodes one of the PMCA VC2000

nmr-2 NMDA class glutamate
Receptor

encodes an ionotropic
glutamate receptor (iGluR)
subunit

VC2623

gcy-2 Guanylyl CYclase encodes a receptor-type,
transmembrane guanylyl
cyclase

VC3024

nmr-1 NMDA class glutamate
Receptor

encodes an NMDA-type
ionotropic glutamate receptor
subunit

VM487
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Table 3.1 List of genes and associated strains used for this study and the head

lifting assay. All strains were outcrossed against N2 strain (wild type) at least 3 times.

Coding protein information was extracted from wormbase search (WormBase website,

http://www.wormbase.org, release WS286, date 2022). See Material and Methods 2.1

for genotype information of the different strains.
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Figure 3.11 Head lifting phenotype as a correlate to identify genes implicated in

RIA dynamics. A, Schematic of head lifting phenotype when worms lift their head off

the surface in the z (left-right) plane. B,C,D,E, Control (N2) worm showing no head

lifting compared to sample worms showing light (type 1) C, medium (type 2) D and

heavy (type 3) E head lifting phenotype through time. Yellow asterisk shows head

position and head lift occurrence. Last captured frame before head lifts starts is T=0.

Time is in seconds. F, Selected head lifting assay for mutants of genes involved in

neuronal calcium dynamics or G-protein signaling and glutamate receptors. Experiment

was done as single-blind from the experimenter to reduce potential bias. Retained

candidates are labeled in blue. Black is wild-type. * Student t-test vs wild-type p value <

0.001. n ≥ 15 for each strain.
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Figure 3.12 Calcium imaging procedure and analysis using Matlab. A,B,C, Picture

of the calcium imaging PDMS chip used for imaging calcium response in neurons A as

well as head movement B following buffer or stimulus stream C when switching valves

ON/OFF. D,E,F, Sample acquisition in chip of Pglr-3::GCamP3 strain showing RIA

interneuron D and Fiji software processing for tracking head movement E as well as

calcium signal intensity F in RIA compartments. Matlab processing with FluoroSNNAP

code shown. Each time is analyzed according to the angle difference between the

defined line (arbitrarily chosen) and the average of pixels from the tip of the head to

determine head movement (E-right panel) and defined ROI fluorescence intensities at

each time is also analyzed (F-right panel) to get a movement and fluorescence

intensity pattern for further data analysis. Adapted in parts from (Chronis et al. 2007).
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Figure 3.13 Top head lifters impact motor calcium dynamics in RIA. A,B, Sample

acquisition in calcium imaging chip of Pglr-3::GCamP3 A showing RIA interneuron

motor compartments (arrowheads) in sync with head movement and sample acquisition

of Pglr-3::GCamP3; mca-3(ar493) B showing sustained activity in both compartments

(dashed line outlines head). C, Cross correlation of compartmentalized activity of motor

compartments with head movement in wild-type animals (black). No significant

difference in ric-7(nu447) background and on the dorsal side in sel-12(ok2078) and

unc-68(kh30) background. All other backgrounds significantly downgrade this response

(*T test p values < 10-18 ). D, Compartmentalized activity in either nrV or nrD is

represented in cross-correlation form, when one compartment has calcium activity, the

other activity is downgraded in wild type. Due to the punctual activity of the loop in

response to sensory cues, a slight positive correlation can be observed in wild type. In

gar-3(gk305), mca-3(ar493), ric-7(nu447), sel-12(ok2078) and unc-68(kh30)

backgrounds, this synchronous activity between nrV and nrD is significantly increased

and the compartmentalized activity is downgraded (*T test p value < 10-20).

FluoroSNNAP code used in Matlab for analysis, plotted in JMP Pro. Bold line is the

mean of all individual trials. n ≥ 15
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Figure 3.14 Isothermal tracking is weakened in candidate strains. A,B, Schematics

of sample individual forward tracks as rendered after image processing in Fiji

(Schindelin et al. 2012) using Particle Tracker (Sbalzarini and Koumoutsakos 2005;

Chenouard et al. 2014) for wild type A and RIA::TeTX B, asterisks show worms. Glacial

acetic acid vial is put in the middle of a chemotaxis agar plate to create gradients

ranging from 16°C in the middle (under the vial) and 23°C on the outside borders. Once

the gradient has been established for 15 minutes, worms are placed on the plate after

being washed with NGM buffer and behavior is recorded for 20 minutes. C,D,E,

Percentage of total worms per strain that tracked isotherms during the assay was

assessed C and duration of each track is then assessed by eye and average duration

for every strain is plotted D. Percentage of worms in each time category (0-30s, 30-60s

or more than 60s) is also defined E. It is possible to see that isothermal tracking

behavior is impaired in all strains where RIA function is impaired and the percentage of

worms that track isotherms significantly reduced. This suggests that RIA plays an

important role in active sensing and that it is modulated by some of its molecular

components as well as his own input (through gar-3) and output (RIA::TeTX). *

significantly different from wild type; p value (t test) ≤ 0.01. n ≥ 105 for each strain.
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CHAPTER 4

DISCUSSION



4.1 RIA loop as a new integrator of sensory cues for active sensing

The uniqueness of RIA in regard to its positioning in the nerve ring of C. elegans and

the fact that it gets motor feedback as well as sensory cues, makes it a perfect

candidate to study active sensing at the single-neuron level. In this thesis we shed light

to new links between RIA function and head orientation at the molecular level in C.

elegans. Indeed, it had been shown previously that in response to odor and temperature

cues RIA is involved in steering (Mori and Ohshima 1995; Liu et al. 2018a). The latter is

considered as an active sensing process and head movements play an important role in

C. elegans active locomotion. Here, we have added another layer of the RIA function by

showing that the loop region of the RIA integrates sensory stimuli and leads to head

withdrawal in response to asymmetrically presented stimuli, in a

head-orientation-dependent manner. This was observed through calcium imaging data

which showed that the loop is active only when the head is bent mostly ventrally or

dorsally (Ouellette et al. 2018). Interestingly, it was demonstrated that C. elegans

display more curved and deeper head bends in one direction if neurotransmitter release

is suppressed asymmetrically from RIA (acting as if an attractive odor was presented on

one side) (Liu et al. 2018a). In this project, we described a complementary behavior

which displays a head withdrawal paired with a reduced head bending when attractive

odor is removed (this odor removal is considered to be a repulsive stimulus). Both

behaviors have a role to play in steering. Moreover, we also showed that there is a

posture-dependent gating mechanism for incoming sensory cues. This gating

mechanism functions such that RIA selectively responds to the stimuli the worm

encounters as it bends its head and not when the stimuli is mostly symmetric. This
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showed that head movements regulate not only the RIA outputs, as we have shown

previously, but also sensory responses. The signal that directs the response of the loop

and the sensory calcium (sCa2+) events is still unknown, but appears to be

posture-dependent. Further studies are needed to look into upstream neurons signaling

to the loop and finding which one/which circuit could be responsible for this gating

mechanism.

4.2 RIA motor compartments as a feedback regulator

Other findings from this work showed that the calcium (mCa2+) events from the motor

compartments act as a switch to lead to asymmetric outputs from the nrV and nrD

(Ouellette et al. 2018). Those mCa2+ events decrease the time it takes for the response

to peak in the contralateral compartment of head withdrawal (Ouellette et al. 2018). To

dig more into this, and truly understand this proposed gate-and-switch mechanism,

analyzing the synaptic release from RIA as well as how the postsynaptic neurons

respond is essential. In order to address this, future studies should include the

expression of a glutamate sensor specifically in RIA such as iGluSnFR (Marvin et al.

2013) or SynaptopHluorin (Burrone et al. 2006), in order to track RIA neurotransmitter

release through head bending sensory events (Figure 3.1 A-G). Adding such a sensor

to a GCaMP strain would also make it possible to track calcium levels and how Ca2+

dynamics correlate with synaptic release in RIA. This would greatly help the global

understanding of how RIA functions at the circuit level.
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4.3 Unraveling potential motor neuron pathways involved in C. elegans head

movements

As mentioned previously, we hypothesized that the RIA circuit could act in similar

fashion as mammalian cholinergic signaling, wherein reafferent stimulation occurs with

sensory gating in phase with the olfactory behavior and whisking (Rothermel et al. 2014;

Eggermann et al. 2014). However, the head withdrawal we observed occurred on a

rapid timescale and cannot be explained solely by the inhibition of the ipsilateral motor

neurons. Rather, head withdrawal likely depends on the activation of contralateral motor

neurons as well as muscle contraction. RIA receives feedback from SMDV only on the

nrV and input from SMDD is received onto nrD, however both compartment outputs go

to either head motor neurons (SMDD and SMDV) (Results Figure 3.6 A). As such, there

may be target-specific differences in mCa2+ signaling. To delve further into this, it would

be essential to identify the receptors involved in this process at the head motor neuron

level, as well as directly assessing the effect of RIA input on these motor neurons.

4.4 Potential new calcium dependent pathway to transmit information through the

RIA

In a second aim, we also showed that when RIA function is impaired, muscle activity at

the head level is defective and worms are unable to maintain a correct gait. This

disruption leads to a novel phenotype we named “head lifting”, where the head of the

animal moves off the surface in the left-right plane instead of the usual ventral-dorsal

undulations. This phenotype allowed us to conduct a successful candidate screen and

identify genes involved in the RIA circuit dynamics. Several genes were retained from
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the screen, and were subsequently submitted to calcium imaging to assess their impact

at the RIA level. Interestingly, the genes of interest standing out from the screening

assay as heavy headlifters had been previously implicated in calcium dynamics.

Compared to the other candidate genes, mca-3 had the most striking phenotype (only

type 3 head lifts) and encodes a PMCA as mentioned previously. PMCAs have been

well studied in vertebrates, where they were found to spatially regulate calcium in

dendrites as well as maintaining the time course of neuron excitability (Scheuss et al.

2006; Garrity et al. 2010). This may point to a role of MCA-3 in regulating calcium

dynamics at the RIA level. Further studies could address the degree of homology

between RIA compartments and dendritic compartments in the way calcium is spatially

controlled in both to better understand this mechanism and assess whether similar

dynamics are at play.

Two other candidates, ric-7 and sel-12, show a potential link to calcium dynamics as

they are both implicated in mitochondrial function and mitochondria are required for

correct calcium buffering and dynamics (Sarasija et al. 2018; Rawson et al. 2014). It

was stated earlier that ric-7 is a nematode only gene involved in the correct placement

of mitochondria along axons. Moreover, sel-12 is part of the PSEN family of genes

which mediate calcium release from the ER to the mitochondria, and plays a role in

maintaining the mitochondrial structure and function (Sarasija and Norman 2015;

Sarasija et al. 2018). Evidence continues to mount supporting the importance of calcium

trafficking between the ER and mitochondria, and a link between this type of calcium

transport and certain neurodegenerative diseases is strongly suggested (Hirabayashi et

al. 2017; Gómez-Suaga et al. 2018; Lau et al. 2018; Stoica et al. 2014). As such, sel-12
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may play an important role in maintaining RIA function by regulating the interplay

between the ER and mitochondria, in regards specifically to calcium dynamics.

Mitochondria continue to be a subject of study, and increasingly so in relation to calcium

dynamics. Mitochondria undergo calcium uptake through two processes: (1) calcium

internalization by voltage-dependent anion channels (VDAC), which permit transport

across the outer mitochondrial membrane (OMM) (Rapizzi et al. 2002; Báthori et al.

2006; Tan and Colombini 2007), and (2) a Ca2+ uniporter (MCU) which permits transport

across the inner mitochondrial membrane (IMM) (Oxenoid et al. 2016; Tsai et al. 2017).

Interestingly, transport through MCU has recently been linked to synaptic release, as

mitochondrial calcium uptake appears to play a role in clearing calcium from the

presynaptic compartment of glutamatergic neurons (Kwon et al. 2016). Knowing all of

this, a potential link between mitochondria and calcium in RIA motor compartments that

involves ric-7 and sel-12 wouldn’t be farfetched.

In addition to mca-3, ric-7 and sel-12, the candidate gene gar-3 was also of particular

interest to us as we knew this gene to be expressed in the nrV and nrD from previous

studies, and that gar-3 encodes a GPCR known to be involved in RIA dynamics

(Hendricks et al. 2012; Hendricks and Zhang 2013). Notably, gar-3 is known to encode

a muscarinic receptor orthologous to mammalian M1, M3 and M5 muscarinic receptor

subtypes (Hwang et al. 1999). Such receptors are known to interact with type q

G-proteins, which triggers the phospholipase C pathway (PLC); a signaling pathway that

increases intracellular calcium levels through IP3, and subsequently activates protein

kinase C (PKC) through DAG (Ishii and Kurachi 2006). More specifically, in C. elegans,

it has been shown that GAR-3 interacts with EGL-30, which is an ortholog of a
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mammalian Gq protein (Chan et al. 2012), and that GAR-3 regulates

calcium-dependent processes during pharyngeal muscle contraction in C. elegans

(Steger and Avery 2004). Taking into account the localisation of GAR-3 in the RIA

(Hendricks et al. 2012), this adds another potential player to the calcium dynamics of

RIA at the motor compartments level, where the interneuron receives feedback from the

SMDs.

Finally, mutants for unc-68 clearly display alternated RIA dynamics while being a low

head lifter. It has been shown that unc-68 codes for a ryanodine receptor that is

expressed in muscles (Maryon et al. 1996; Forrester 2018). Moreover, ryanodine

receptors release calcium into the cytoplasm upon activation from the endoplasmic or

sarcoplasmic reticulum (Fill and Copello 2002). Therefore, the observed results could

be due to a change inside the RIA itself or to muscles sending different corollary inputs

to RIA, making its function look different.

To address all of those hypotheses and dig deeper into the fine tuning of the RIA circuit

in regard to those genes, the logical next step is to express those candidate genes

specifically in RIA and perform cell specific rescues to link them undeniably to RIA

function. As such, during the course of this project, different approaches were tried but

none led to stable transgenic lines expressing the genes in the RIA interneuron. All

constructs were done using the Gateway system and the following extrachromosomal

arrays injections did not render results (Figure 4.2 A-B). A new approach was designed

based on the work of (Silva-García et al. 2019) to use CRISPR/Cas9 to insert single

copies of the constructs directly into RIA using the SKI LODGE system (Figure 4.3 A).

As such, a cassette with a chosen promoter (in our case, pglr-3 for specific expression
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in the RIA) is inserted in a stable chromosomal region and a part of that cassette is then

interchangeable for any gene or probe to be expressed in the desired tissue/neuron/cell

type as driven by the promoter that was picked. The whole background work to

establish that system has been put in place (Figure 4.3 B). Moving forward, it will be

possible to test and hopefully use it to continue the study of the role of those genes in

regard to the RIA circuit.

4.5 Another way to transmit signals in the RIA?

Neuronal calcium acts as the main second messenger in neurons, and plays a key role

in the release of neurotransmitters. Indeed, throughout scientific literature it is broadly

documented that the release of neurotransmitters through the exocytosis of synaptic

vesicles at the neuromuscular junction is initiated by an increase in calcium

concentration within the presynaptic region (Jahn and Südhof 1994; Katz and Miledi

1967). Moreover, the increased concentration of intracellular calcium at the presynaptic

region is induced by the opening of voltage-activated calcium channels, which are

triggered by action potentials that depolarise the membrane (Bargmann 1998).

However, it is broadly known in neurobiology that the C. elegans neuronal system is

mainly isopotential and that no sodium-dependent action potentials have been detected

in the nematode (Goodman et al. 1998). Interestingly, an all-or-none calcium-dependent

action potential firing has recently been shown in the C. elegans sensory neuron AWA

(Liu et al. 2018b), and was very recently suggested to also occur in the AVL and DVB

motor neurons (Jiang et al. 2022). This suggests that C. elegans may be capable of

employing a hybrid approach, seeing as neuronal responses appear to vary depending

on the type of neuron. Taking into account the fact that we have shown that the RIA acts
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as a gate-and-switch to correctly respond to sensory cues, as well as extensive

involvement of the candidate genes in calcium regulation, perhaps future study may

address whether action potentials occur in the RIA circuit as a means to deliver

accurate input to muscles. Notably, local calcium events have already been observed in

the RIA (Hendricks et al. 2012). In addition, the loop has been shown to responds to

repulsive stimuli most strongly when the head is mostly bent on one side or the other,

which triggers a whole axon calcium response that leads to the correct behavior when

paired with the motor compartments’ own calcium response (Ouellette et al. 2018). As

such, maybe a certain level of intracellular calcium must be achieved in order to drive

the appropriate behavior. This possible explanation is supported by the fact that several

candidate genes are known to be involved in calcium dynamics at the level of the

mitochondria or endoplasmic reticulum (ER),as well as encode calcium pumps (PMCA),

all of which could regulate the firing and the transmission of action potentials through

interactions with intracellular calcium.
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Figure 4.1 iGluSnFR and SynaptopHluorin fluorescent probes to visualize

synaptic output. (A) Schematic of RIA specific construct to be injected to produce

stable transgenic line to visualize glutamate dynamics using iGluSnFR (B) Schematic of

iGluSnFR structure and change of conformation when binding glutamate, that triggers

bright fluorescence (C) AVA glutamatergic neurons and the stable expression of

iGluSnFR as well as RCaMP to track calcium (D-E). (F) Schematic of RIA specific

construct of synaptopHlorin to be injected to visualize synaptic output. SynaptopHlorin

rely on the fact that synaptic vesicles have acidic pH when at rest (low fluorescence)

and content becomes more basic when it fuses the membrane so the fluorescence,

which is pH dependent in this probe, peaks when content is released (G). Both probes

give the possibility to see both glutamate (output) release and calcium dynamics

simultaneously with the use of different fluorescence colors tags. Adapted in parts from

(Marvin et al. 2013; Burrone et al. 2006).
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Figure 4.2. Transgenic lines (non) expression (A) Table of all constructs made and

injected with associated number of lines obtained and their (non) expression in the RIA

(B) Sample acquisitions of transgenic lines showing expression of the co-injection

marker in coelomocytes but no specific expression of the desired genes driven in the

RIA.
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Figure 4.3. New SKI LODGE strategy progress (A) Schematic of the specifics of the

SKI LODGE system adapted from (Silva-García et al. 2019) (B) Specifics of the

components successfully purified and obtained through optimized protocols to lead to

expression of SKI LODGE master strain following injection.
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CHAPTER 5

CONCLUSION



Using the RIA circuit in C. elegans as a model to study active sensing at the single

neuron level, we showed that, in this neuron that integrates both sensory and motor

inputs, the sensory cues are gated through a specific compartment called the loop. This

sensory gating is also dependent on head position and relies on the activated switch

from its two motor compartments (nrV and nrD). We also demonstrated that using head

lifting as a novel phenotype to screen for genes involved in RIA dynamics led to

identifying good candidates that not only impair gait and head orientation but also

specifically motor compartments calcium dynamics at the RIA level.

We have identified behavioral and physiological correlates of compromised RIA function

to identify candidate mediators of mAChR function. We show that motor compartments

of RIA impact muscle activity at the head level and, when function is disrupted, lead to

an abnormal phenotype: head lifting. Using calcium imaging and cell-specific rescue in

RIA, we characterize physiological and specific defects in candidate strains while

assessing the relevant mechanisms of actions in RIA. While the screen put to light

some top tier head lifters, some of those have a direct impact on all calcium dynamics in

RIA as seen by performing calcium imaging. This phenotype can then be used paired

with calcium imaging to determine which one plays a direct role in the RIA and which

ones are involved in the broader downstream circuitry of it. These findings will be part of

a paper we are submitting to introduce the new head lifting phenotype as a correlate to

screen for molecular components involved in head orientation behavior in C.elegans.

Further cell specific studies are necessary to assess the localization of each of these

genes and their specific activity in regard to RIA by performing rescue experiments. This

is still being worked on right now and will be pursued by other members of the
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laboratory based on the obtained component and the strategy that is well underway. All

in all, this work led to shed light on active sensing at the single neuron level and allowed

us to find and explore novel components of this process.
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