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Abstract

The nematodeC. eleganscan orient itself towards sensory cues. Two mechanisms of
orientation have been observed in the worm; pirouettes and steering. Past studies have
identified a number of neurons that contribute to either orientation strategy.

Here | investigate the role tie motor neuron SMB and the interneuron SAA in locomotion,
with a focus on steering. SMB motor neurons have been postulated to be part of the steering
circuit. SAA interneurons, which are close to and highly synaptically connectethe/@MB

motor neuras have not been previously explored. Here, for the first tthree function of

SAA in locomotion is investigated.

| report the generation of integrated transgenic lines where the SMB neuron and/or the SAA
neuron are genetically ablated. A twomponent blation system was used to genetically
ablate the neurons by targeted expression of a reconstituted caspase specifically in these
neuronsimaging confirmed targeted ablation.

TheSMB- and SAA ablatedstrains demonstrate similar phenotypes different tedtud the

wild type in both probabilistic and deterministic locomotion. The phenotypes suggest that
SMB and SAA suppress pirouettes, while also facilitating steering, and regulate the amplitude
of sinusoidal movement and omega turns. Double ablation nsutawealed that these two
neurons are integral to steering, but are not the sole head neurons regulating the amplitude of
undulatory movement. Dorsal asymmetric ablation strains revealed differing contributions of
SMB and SAA to each orientation strategiie expression of thep-1, trp-2 andtrp-4 genes
encoding known stretch receptors suggests that these neurons might also have a
proprioceptive function. Calcium imaging on the SMB neurons revealed increased activity of
these neurons after the onset ofeg turns.

Using these results | proposed a new neural network model that integrates both orientation
strategies, and a testable model for head movement.
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Chapter 1
General Introduction

ONow we see that the |
moved by intellectimagination, purpas

wish, and appetite. ~ And alhése are
reducible to mind and desire. For what is

painful we avoid, what is pleasing we

A

pursue. 0
Aristotle, 4" century BC

60On ani mal mo v e |

1.1 Introduction

1.1.1 On animal movement

Humans, have always been fascinated by observing, describing, congadisgmetimes

even collecting all creatures, great and small, surrounding us. As eaffycastdry BC,

when Aristotle wrote his book 60On ani mal mc
and why animals move and adapt their behaviour to differenéxts and environments. Our

ultimate aim being, consciously or not, to use this knowledge to understanding and know
ourselves.

Af ter Aristotlebébs and prior to Darwinds ti
behaviour, let alone locomotion. WhemD wi né6s book 6Origin of Sp
1859, all fields of biology, including animal behaviour, advanced faster than ever before
(Darwin, 1859. Early works on movement at this time consisted of research done mostly on
plants and motile unicellular organismsd di
movement was divided between tropism (directional turning of organisms like plambgr f

and taxis (directional movement of motile anim#&&achs, 1887 Moreover, it was also the

time that terms likgphototaxis and chemotaxis were coined, to infer the reasons behind
directed movement, from studies conducted o
fern sperms movement towards chemicgsrasburger, 1878Pfeffer, 188§. Research
conducted on multicellular animals was mostly compared with human behaviour and, as such,
interpreted in a very anthropomorphic way. The zoologists at that time seemed to have found

the work conducted in plants and unicellular orgasigrelevant to their researffraenkel,

G.S. and Gunn, 1961

A big breakthroughin he study of ani mal movement c¢came
6The orientation of ani mal s 6, where the ¢l a
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(Fraenkel, G. and Gunn, 194 classificaion system we still use today. Fraenkel and
Gunnédés book, alongside with the research o
bees), Konrad Lorenz (geese and crows) and Nikolaas Tinbergen (geese and honey bees),
established the grounds of modern anib&daviour and movemefitinbergen, 1951Frisch,

1954 Lorenz, 197) The three authors mentioned above, envisioned behaviour in a more
mechanistic way than any of their peers before, won the Nobeld?#riz873 for their work,

and are now regarded as the founding fathers of animal behaviour.

Behaviour is the final output of the integration of all sensory stimuli, both internal and
external, of an animal 6s envi r ommakekingdom Mo st
are carried out with movement. This sensamgtor integration can be quite complex and is

of high importance as it results in a variety of behaviours that allow animals to find food,
avoid predators and other noxious stimuli, find mates apdoduce, interact with other
animals, navigate and migrate. But how does this integration occur and how do neural circuits
result in the variety of behaviours we observe? This remains the most fundamental question
in behavioural neuroscience. The soil ¢ode Caenorhabditis eleganawith its simple
nervous system but wide range of behaviours, is an attractive and ideal model organism to
investigate neural function, the link from gene expression to behaviour and sewgory
integration. In this thesis,Use this animal model to investigate the role of two neurons, a
motor neuron and an interneuron, in the orientation strategies this animal employs to navigate.
Through this focused research | will try to improve our understanding of the neural circuits
controlling the orientation strategies behind navigation.

1.1.2 Caenorhabditis elegansas an animal model for behavioural

neuroscience

Caenorhabdidias mémgtamde found in nature in
Imm in | engtmMmageFiAQur &l T hbuglh it is a her map
species do exi st, but i n0O . Qle@g@Wal dw Bumhbaeds C
1979 Since its identification and i btteraduct
regarded as a powerful and weBlreasthbl!l i19¥e
Al t houd has been considered a simpleCand ha
el edhaarss been shown to have a wide range of
(de Bono and) M@hece, b2®@B®d®ufrer aging, feedir

taxis towards various soluble chemical s, (
thermotaxi sphato@arid$ s SBaardglmarn3n , C. I ; and |
Bargmanet 1898k dgecock, E. M.Waardce t Rted R & | | :
However, more complicated behaviours have a

aggregation (soci al feeding), sl éhg teend Jd rQu
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et 200Gy ay,etd 280 pdde Beoth @a0lpRa n kit n1la99d0e Bono and
Mar i c 9., 2005

Tail

Connectome of C.elegans

Figurel.1Caenor habdarnn ¢imegesiyAa image of a hermaphrodite worm
using DIC microscopy, taken and annotated by the author. B) A 3D reconstruction of
t he wor moés connect ome using t he OpenWol

(www.openworm.orlyy

All the behaviours mentioned above are remarkably regulated by a neural circuit of only 302
known neuronsC. elegansis the only animal whose entire nervous system has been
completely reconstructed by electron microscopy and this is the major reason why it ha
become such a valuable model for understanding neural control of beh&@Vard; Set al.,

1975 White, J.G.et al.,1986 Hall and Russell, 1991Due to the amount of effort put into

its circuit being reconstructed by White and colleagues, it was also one of the first animal
models to haveits onnect ome (neural wiring) created
most complet¢Chenet al.,2006 (Figure 1.1, Image B). The cell lineages of its neurons, and
their neural development, have also been described to a full ¢®@stonet al., 1983
Sulston and White, 198®ulston and Horvitz, 197Hedgecock, E.Met al., 1987. In
addition, the mapped and sequenced compact geno@eead¢gansthe available forward

and rererse genetics and RNAI techniques, all together make it an excellent animal model for
genetic manipulationgHodgkin et al., 1998. Amongst other advantages are its short
lifecycle; the worm reaches adulthood within approximately three days at a temperature of
20 C. Finally, its transparent body has proved to be somaflvantage when imaging,
identifying and laseablating neurons.


http://www.openworm.org/
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Recent technical advances in tBeelegandield, such as patch clamp recordifioodman

et al., 1999, calcium imaging(Tian et al., 2009, optogenetics(Nagel et al., 2009,
microfluidics (Lockery, S. Retal., 200§ and most importantly the combination of them,

have contributed to a fast pace progress of behavioural neuroscience and have made the worm
an even more attractive animal mo(atifer et al.,2011 Wenet al.,2012 Akerboomet al.,

2013 Li, Z. et al.,2014.

1.1.3 Anintroduction to Caenorhabditis elegar@mervous system

An adult hermaphrodit€. elegandias 302 neural cells regulating two neural systems: the
somatic and the pharyngeal. The pharyngeal nervous system is responsible for the transfer of
the food that the nematode feeds on (bacteria) through the worm. The somatic nervous system

is responsiblé or all the rest of the nematodeds be
sensing the environment, avoidance, attraction etc. Most neurons are clustered in ganglia in
the head or tail, and more than half project their processes into the ner{@/aregt al.,

1975. According to their known function and synaptic connectivity sthimaticneurons fall

into three functional groups: the sensory n
environment (i.e. detect attractant or repellant chemicals, temperature, touch, osmotic levels,
carbon dioxide etc.), the motor neurons, whiale @onnected to muscle cells via
neuromuscul ar junctions and t he i nterneurc
environment is being process@hite, J.G.et al., 1986 Chalfie and White, 1988 The

absence of voltage gated channels in the worm has resulted in the vi€w ¢fedansloes

not fire classic sodiurdependent action potentigBargmann, C. I., 1998 ockery, S. R.

and Goodman, 2009Ever since, theC.elegansresearch community has postulated that
synaptic transmission between theurons of the worm is most likely graded. Few studies

have demonstrated evidence supporting this {tl@a et al., 2009 Lindsayet al., 2017).

However, this begs the question of ham¢he worm exhibit both dynamic (in a sense graded)

and digitallike (on/off) behaviours with only graded synaptic transmissiorét ai. (2014)
demonstrated in their recent multifaceted study that this can be achieved by bifurcation of the
information flow (recruitment of two different postsynaptic neurons) and differential
biophysical properties of the postsynaptic receptors. This achiéneeregulation of two
behaviours with different mechanistic qualities (speed vs. forward/backward movement
switch) from one first layer interneuron (AlY), using remarkably one neurotransmitter (Ach),

and graded transmissighi, Z. et al.,2014

1.1.3.1 Sensory neurons

The sensory neurons are the amphid and inner labial neurons localized in the head, and the

phasmid neurons found in the t&Wareet al.,1975 Ward, S.et al.,1975. Most sensory
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neurons are located in the head, possess axons in the nerve ring and consist of two cells, one
right and one left. These cells are ciliated and sense the environment through sensory pores
in the head of the animal. Phasmid neurons are not necessaryfatakis(Ward, S., 1978

Through years of research we have quite a clear picture of which stimuli each neuron responds
to (especially for the amphid neurons that mediate chemotaxis) and have observed that they
often can be polymodal (each sensing more than one stimuli and mesiepposing ones)
(Bargmann, C. I. and Horvitz, 199Bargmann, C. let al.,1993. Recent studies however,

have shown that sensory neurons are multifunctional and more complex than initially thought
(Bargmann, Cornelia I., 201.2Some exhibit a functional left and right asymmetry (i.e. ASEL

and ASER sensing Nand Ci, and ativity increase in ugsteps and dowsteps of
concentration respectivelypuzukiet al.,2008 Thieleet al.,2009. Some sensory neurons

have been shown to asymmetrically express odorant receptors (i.e. AWCL and AWCR)
(Troemel et al., 1999. In addition, some can adapt their response and interneuron
6recruitment 6, not only to previous experie
the stimuli (i.e. the opposing responses of AWCL and AWCR to different concentrations of
isoamyl alcobl) (Yoshidaet al.,2012 (Satohet al.,2014).

In this thesis | explore part of the chemotaxis circuit of the worm, with an emphasis on the
output (lower layer of interneurons and head motor neurons) and not the sensory layer as
much. To this end, | have included a table in the Appendix Section Ghwitimphid sensory
neurons and their known role in chemotaxis, as it will aid the unaccustomed reader (Table
G1). Briefly, ASE, ASI, ADF, ASJ and ASG neurons primarily sense water soluble chemicals
(Bargmann, C. I. and Horvitz, 1991AWA and AWC neurons mediate response to odor
attractants, wereas AWB, ASH, and ADL neurons respond to odor repel{&atgmann, C.

I. et al., 1993 de Bonoet al., 2009. ASK seems to be a redundant neuron regarding
chemotaxis, with minor contributions to the avoidance response and lysine attraction
(Bargmann, C. I. and Horvitz, 1991The AFD neuron responds thanges in temperature
(Mori and Ohshima, 1995 The afractant used in the behavioural assays in this thesis is a
soluble salt (NHCI), and the sensory neurons responding to it are ASE, and to a lesser degree
ASI, ASG, ADF(Ward, S., 1973Bargmann, C. I. and Horvitz, 1991

1.1.3.2 Motorneurons

Mot or neurons are | ocated al/l over the wormnm
as well as egg laying and defecation. There are 113 motor neurons and they regulate the
characteristic undulatory movement of the animal, but also conérohtivement of the head.

The head motor system is separate from the body motor system, which is controlled by the
ventral nerve cord (VNC). VNC motor neurons are thought to excite or inhibit the muscles

that they are coupled with via neuromuscular junctididJs), resulting to the contraction
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or relaxation of the muscles respectively. There are 5 classes of VNC motor neurons, each
with a different number of cellg\[(21), B (18), D (19), VC (6), and AS (11)]. The A, B, and

D classes are further distinguishby whether they innervate the dorsal or ventral muscles
[DA (9), VA (12), DB (7), VB (11), DD (6), and VD (1BVon Stetineet al.,2005. On the

other hand, the head motor neurons are arrangetbur or six part symmetry (reflecting the
number of cells in the same neural class) [(i.e. SMB(4), RMD(6)]. Further distinction of a
head motor neuron is, using as an example the SMB neuron, as follows: SMBVL, SMBDL,
SMBVR, SMBDR. Letters D and V indicadorsal and ventral side, whereas L and R the left
and right side of the animal.

The evidence so far suggests that maeuronghatutilize the neurotransmitter acetylcholine
(ACh) are likely to be excitatory, whereas the ones that utilize GABA as their transmitter are
inhibitory to the muscles (Mcintiret al., 1993). However, a recent study has shown the
acetylcholine neurotransnettto also be used for inhibitory connectidhs Z. et al.,2014.

In this thesis | focus on the head of the worm, and therefore the motor neuron investigated
(SMB) innervates the head and neck mus@lékite, J.G et al.,1986. See section 1.2.5 for
more detail orthe SMB neurors. Amongst the other head motor neurons relevant to the
project, due to their function in the navigational system of the worm, are SMD, RME, RMD,
RIM and RIV (Gray, J.M.et al.,2005. Amongst them the motor neuron highly relevant to
the project, due to its position in the head, NMJs to the head and neck nfdaites J.G.

etal., 1986 and function is the SMD motor neuron and will be taken into consideration in
the discussion sectiofi&ray, J.M.et al.,2005 Shenet al.,20186.

1.1.3.3 Interneurons

Perhaps the least defined cell<Orelegangesearch are the interneurons. Most interneurons
have a cell body in the nerve ring and make contacts with sensory neurons and other
interneurons. Most interneurons are bilaterally symmetric comprising of two cells (i.e. AIYL,
AIYR; L for left and R for right). However, some classes consist of four cells (i.e. SAAVL,
SAADL, SAAVR, SAADR). Although, their anatomy and localization is known, their
functionality is far from defined. More often than not, a set of interneurons and not a single
interneurm are responsible for a behavioural output or for multiple outputs. This makes it
difficult for researchers to draw out functional profiles of these cells with simple laser
ablations. Recently, a combination of techniques, such as calcium imaging arehepitsy
have hel ped identify interneuron function,
and the RIA inter ne(ocabasda. 2012 Hefdeckset alt2D13) . acti
The AlY interneuron has also been shown to be part of two directionally opposing behaviours
(Satohet al.,2014). Also, a single interneuron can encode a digjital (on/off) and analog

like (graded) output (i.e speed and direction swi#d& -AlY -RIB circuit)(Li, Z. et al.,2014).
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The interneurons mostly researched to date are the ones directly regulating teahkavar

forward movement and the switch between the two, via regulation of the VNC motor neurons.
These interneurons are called 6command inte
covers the wormbs sinusoi dal onrmvestgatee isthg . I n
SAA, localized in the nerve ring, adjacent to the SMB and SMD motor neurons, and highly

synaptically connected to them (see 1.25 for more details on then8évArs).

1.1.4 The sinusoidal locomotion ofC.elegans

Behaviour inC. elegansmore often than not, involves locomotion. The worm moves on an

agar plate on its side, either left or right, by generating sinusoidal dorsoventral waves that are
propagating along the length of its body via alternate muscle contractions (Cré&l), 23

with most nematodesd | ocomotion (Grayed.amdbdy f o
Lissmann,1964). Locomotion consists of forward crawling (where waves propagate from

head to tail), backward crawling (where waves propagating from tail to head) and turns
(shallow or deep). Its undulatory movement is accompanied by rapid exploratory head
movemels at the tip of the head (often called nose) that are similar to those when the worm

is foraging on food. These foraging head movements are suppressed in backward locomotion
and during turngChalfieet al.,1985 Alkemaet al.,2005. A specific form of deep turn has

been dubbed fAiOmega turnodo because of the cha
Gr e e k Ylg&tay, &M.et d@l.,2009. In this turn, the head over flexes so much that it
touches the rest of the body before resuntméprward movement in a direction at least 90

degrees different than before the turn. The omega turns that have a dorsoventral reorientation
and where the head crosses over the mid body rather than sliding off of it, were recently coined
6del t éBdoekmanstral,2016.

During forward or backward crawling the body wall muscles positioned along the worms
body alternatively contract. When the ventral muscla dbdy bend is contracted then its
corresponding dorsal muscle is relaxed, and vice versa. Since the focus of this project is on
steering, | will focus more on the work that has been done on forward, rather than backward,
movement. | consider turns, stmll or deep, to be part of the forward movement during this

thesis, albeit distinct as well.
1.1.4.1 Body movement

The body wall muscles are coupled with and thus controlled by the 4 classes of VNC motor
neurons that drive forward movememt} (13), VB (11), DD (6), DB (7)[Chalfie et al.,
1989. It is important to mention again that VNC motor neurares arranged in repeating

groups along the body, Ovirtual | -gegmestesig me nt
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animal(Von Stetinaet al.,2005. The cholinergic Btype neurons are excitatory te&etmuscle

cells, whereas the-Bype GABAergic neurons are inhibitory to muscle céfgchmond and
Jorgensen, 199%cintire et al.,1993. VB and VD innervate ventral muscles, whereas DB

and DD innervate dorsal muscl@&'hite, J.G.et al.,1976. The Dtype inhibitory neurons

are postsynaptic to the excitatorstye motor neurons that innervate muscles on the opposite
side of the body. This neuronal architecture allows for a pattern of contralatehdtion

such that DB motor neurons can excite a dorsal muscle cell as well as VD motor neurons, and
in turn VD motor neurons inhibit the opposing ventral muscle cell, and-veisa.
Asymmetric inhibition of VD to VB resets the whole pattern, and secforth. Figure 1.2
gives a good simplified example of how the
posture.

Nerve ring

e

4 172}

I
)
@ —p excitatory

Ventral muscle —e inhibitory / :
T gap junctions Ventral Nerve
A Cord

Figure 1.2 (Left) A simplified schematic of one part of the repeated groups of VNC motor
neuronsand their connection tihe muscle gadrants Body wall muscles contracting
and relaxing along the body. Imagelited from Cohen and Sandef€ohen and
Sanders,20)4( Ri ght) A cross section schematic
in the anatomy of the body wall muscle quadrarasd the position of the VNC. Image
edited from Whiteet al.,(1986)(White, J.Get d., 1986.

VNC motor neurons are deeply synaptically connected with a set of interneurons called
command interneurons. These aMA, AVB, AVD , PVCand AVE The circuitincluding
command interneuroAVB (and to a lesser extertlde PVVC ventral cord interneurgrand the
B-typeand AS VNCmotorneuronglirects forward locomotion, wheretiee circuit including

AVA, AVD, AVE interneuronsand the Atype VNC motorneurondirects backward
locomotion(Chalfieet al.,1985.
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However, although AVAAVD/AVE are important for initiating reversals, they have been
shown to not be essential. A study by Piggkdl. (2011) showed that worms lacking these
command interneurons could still initiate reversal, thus providing evidence of two parallel
reversal circuits The first layer interneuron AIB, and the motor neuron RIM, are the
alternative circuit for backward location (Piggottet al.,201J). At this point, and having in

mind this example, it is good to emphasize to the reader the presence of a lot chmegund

in the neural circuits of the worm. Having parallel circuits for important behaviours, such as
in this case the reversals, makes the worm able to find food or escape threatening or noxious
stimuli even when part of its neural system is damaged dunctioning due to overriding
conditions in the environment. It also enables the worm to regulate the time of its response,
and act faster when it is essential for survival. Recently, another case of parallel circuits for
the same type of behaviour hasr&td to be explored and is relevant to this study. Forward
locomotion driving the worm away from a stimuli (ipsilateral steering) has been shown to
include AIlY first layer interneurons, however, curving towards the stimuli (contralateral
steering) is not dven by AlY, but most likely by one of the other first layer interneurons
(AIA, AIB, AlZ) (Satohet al.,2014).

Finally, and because it is also relevant to this project, command interneurons have been shown
not to generate the sinusoidal forward movenighénget al.,1999. Which brings us to one

of the most intriguing question in the field ©felegandocomotion.

How does the worm generate and maintain its undulatory movement? Is there any rhythm
pattern generator or is proprioception at work, or both? Neuroanatomical insights from

bi ological data and theoretical s tcamdtiore s h av
is generated by motor neuron sensory feedback via stretch receptors (a.k.a. proprioception)
(Boyle et al., 2012 FangYen et al., 2010 de Bono and Maricq, 200%on Stetinaet al.,

2005 White, J.Get al.,1986. Computational models integrated with biophysics, such as the

one proposedybBoyle and colleagues, assume that proprioception forms the rhythm the
worm requires to form and maintain the sinusoidal locomdfwyle et al.,2012). In each

repeated unit of VNC motor neurons, DB and VB excitatory neurons are represented as binary
and bistable. Input from command inteurons switches the circuit on and induces the
oscillatory response. Stretch input on the ventral side activates VB, which by activating the
ventral muscles will gradually increase stretch on the opposite side thus activating DB, which

will reset VB via hhibition from VD. When the stretch input now on the dorsal side falls

below a threshold it will release VB from inhibition (Figure 1.2 can aid in envisaging the
model). This motif can maintain a repeated rhythm that can propagate up and down adjacent
units via proprioception. In fact, Boyetald s mo d e | suggests that pr
sufficient, without the requirement of a central pattern generator (CPG). Recently, an exciting

new study has shown that the previously unresearched AS VNC motonsagiacilitate, but
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dondét play an instructive r ol e(Tolstankogetal,er at i n
2018. Soon new computation models will surely be developed, giving us even more insight

on the wormds undul atory movement .

One of the first studies using optogenetic
on the proprioceptlevieftefadilcl L ei f(e10.1tl1He WMNE a
to suppress undul atory wave propagation by
units of VB and DB mpo¢t®o®tremieaar omns .t hd hiel Ir emi
suppressed whereas the region anteriorly st.i
by Wean(&2l012), where they artificially bend t
mi croflui didedeevea, mprevevidence that prop
wor m, and is integral for the propagation o
stretchWeecdepaO@®2sln addition, mut ant wor ms
stretcht WMpciept DYA(neuron bend their b-ody ab
recenpetdoirat ed propr i oQ.eepltdlgbannestVs2alapt6, wtor ks i anc

whet her the worm | acks a CPG, or one exists
most modaellisngernther tiadiea of a centr al oscill at
proprioceptive information from stretch rec

1.1.4.2 Head movement

I n this section | want to explore a |ittle
expiementally shown to regulate head movemen
and which muscl e quacdertaatlexttdearyi venetrway egf
neurons was the first to (Grhaeyd esJoXikDS Lgher on
ablation of the SMB hdacddmhyoetnoort yrpesu ri onn st heex Hic
the wor m, hi nbrpgragultdéati amhotobi head moveme
incentives for me to focus on them in this ¢
the ventral bia®ray,eainza@fpnd dbelet 8asernabl ati o

mot or neurons resulted in shallow turns, a
Zi mmserl ab, | ocomot$MBba bilsavtaeldssb beaxiif sbaé td pw un:
movement . Rec eentt Isaf,a wiean dwiitchk scal ci um i magi n
SMB effect on head bendi n(Hemaddita a2, Gy aBIl A
et dails.c,cuss in their study, without t hough sh

cell s of SMD, RMD and SMB a gentle curvatur
seems to regul ate foraging, whi{GohhyiestltdMe. ,0s
205 This result has been&s sppdryt euds ilnyg Shad rc
and micr(®HFerniAdd)ce Their videos of ablated RN

movemamtg lad f ect ed, however, not all t he hea
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that the head bending regulation has been
body, mainly by pWeptiZ2altlepti ve feedback

RMD RME N =V
SMB SMD " ~
RIM RIV RMD i
RME SMB SMD
SIASIB X S| ,
SMB SMD ‘
VR |
DR .

Figure 1.3A schematic of the wormdébs head and the

—  SMB
RME
— SMD

RMD

muscles at the head or neck or both (left). A cross section of the head showing in a
simplified way the synaptic connectivity between head motor neurons and the body
wall muscle qudrants (right). Image edited frof@ray, J.M.et al.,2005 and(White,

J.G.et al.,19%).
Since |I am a molecul ar biologist and this i
necessary to go through all computational

across two that are based ogiwaegosdgamdunhbs
what to reseaenhonekbhganmsyl hywmr{Spkeastiactand Shi
200Kdar b oents Ra0ID.IB, wi | | explore them further in

1.1.4.3 Extrasynaptic neuromodulators affect locomotion

To add to the «c¢ompl e-smbtoryntegration,tthere is evmlenoetos s e n
extrasynaptic regulation of behaviours. This added complexity makes it harder for us to fully
understand the circuit, and reflects increased circuit flexibility thablesahe worm to

portray a big number of behaviours with a small number of neurons/subcircuits (i.e. low
developmental cost). Neuromodulators, monoamines, and peptides have been shown to affect
many aspects dE. elegandehaviour(Bargmann, Cornelia I., 2018e Bono and Maricq,

2005 Horvitz et al.,1982.
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Alkemaet al. showed in 2005 that tyramine has a role in the inhibition of egg laying and in
the regulation ofte escape respong&lkemaet al.,2005. He later went on to show with
Donnely, Pirri and other colleagudblat tyramine can inhibit head movements and forward
locomotion throup the activation of a tyramingated chloride channel expressed in neuronal
and muscle cellgRirri, J. K.etal., 2009. In addition, they showed that tyramine acts as an
inhibitory neurotransmitter in the GABAergic motor neurons that synapse onto the ventral
body wall muscles that can contribute to tharphventral turns observed during the escape
responséDonnellyet al.,2013.

Harrisetal. (2011) showed thaterotonin release from NSM neurons (stimulating response)
and ADF neurons (inhibiting response) acts differentially on AS#dliated aversive
responsefHarriset al.,2011). In the same research paper another neuropeptide was found to
inhibit serotoninrelease altogether. A study published in the same year showed serotonin to
promote swimming while dopamine promotes crawling in the wfridal-Gadeaet al.,

2011). Another example of two neuromodulators affecting two linked but different motor
outputs in the worm, is seen with serotonin and P&Fapeptide. When serotonin is released

by two motor neurons it promotes dwelling (staying in the area of food while performing
tumbles), whereas when the PDF neuropeptide is released by an interneuron it promotes

roaming (exiting the area of food whilerfming runs) in the wornfFlavell et al.,2013.

1.1.4.4 An overview of the information flow within the neural system that drives

locomotion.

To sum up everything so far, from the structure of the nervous system of the wdhm, t
connections between the neurons and the studies | referred to, and to help the reader grasp the
complex information flow within the neural system of the worm that drives locomotion, |
have drawn Figure 1.dndFigurel1.5 Figure 1.4 showsa putativesimplified schematic of

the man information flow in the worm and how the community has categorised the layers of
neuronsFigure 1.5 shows a broadened network of postsynaptic and presynaptic partners on
the neuras relevant to this projecfrom the amphd neurons to the muscles. The reader
should bear in mind that each layer sends information to almost every other layer, and possibly

each layer has its own feedback loop well.
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Head %

Motor neurons
(sharp and shallow turns)

(stimuli)
Amphid Interneurons Iuterueurnns ?
Sensory (layer 1) (layer 2) %

OUTPUT
(behaviour)

Body Wall muscles

Neurons
Motnr
Comm;m neurons
Interneurons ~ Forward (B)
(layer 3) Backward (A)

Extrasynaptic
neuromodulators

Figure 1.4 An oversimplified schematic of the main flow of information from the input
(amphid sensory neurons) to the output (muscles). Updated and adapted frosh Gray
al., (2005)Gray, J.M.et al.,2005. Studies have shown that all layers can be affected
by extrasynaptic heuromodulators, and some sensory neurons directly synapse and
affect motor neurons when the worm has to respond fast (i.e. A8t tbtommand

interneurons regulating the escape response).

L Sensory neurons for soluble salts
[ (minor contributions by ASI /ASG)

Furst layer
Interneuron

Second layer
Interneuron

Forward and Backward

—

Locomotion

Head motor neurons (NMIs to body muscles)
(NMlJs to muscles m the
head and neck area)

Figure 1.5 A broadened network of postsynaptic and presynaptic partners on the neurons
relevant to this project. Starting from the input layer (amphid sensory neurons
responding to soluble salts) to the output (muscles). In bold the neurons of high
relevance to theroject. Dashed lines are weak connections, solid lines are strong. In

red colour are the connections of high relevance to the project.
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1.2 The focus of this thesisNavigation and spatial orientation
strategies inC.elegans

It has already been emphasizedthis chapter thaf.elegansin order to explore and navigate

its environment, senses and computes a variety of stimuli, which in turn result in various
behaviours and adaptations of them. Fauneoratl. (2012) created an umbrella term for all

the behwiours described below, which are necessary for survidmbitat and resource

| oc al i(Fawmbritbdn 2012).

While feeding on bacteria the worm will stay in the area via a barrage of pauses, turns and
reversals exhibiting a behaviour described
switch to the behayv({Cwmllyld75dGmyg ¢Meatd. 2005 Fujsvard r o a mi
et al.,2002 Flavellet al.,2013. When the worm raas away from food, it exhibits long runs

until the time comes to return back to the area of the food. If the worm finds itself away from
any kind of sti muslearicthéwi IWhidpepliyn at hdlso cnaold
approximately equal numbef short and long reversals, turns and short runs. With this
behaviour the worm samples its environment for cues to follow while staying relatively close

to its starting position. As time goes by without positive or negative cues to follow or averse

from respectively, the frequency of turns and reversals decreases while it exhibits long runs
(Gray, J.Met al.,2005. In this way, the worm covers more area and increasingly gets further
away from its starting point. These 6érunséb

but these diminiahgéndit ésémer sabbdb) 6l ong

When the worm senses an attiaeicue it will reorient itself to follow it, whereas it will try

to re-orient itself away from a repellent cue (taxis). As previously mentioned in this chapter,
according to the nature of the cue, the orientation behaviour overall can be a chemotaxis,
thermotaxis, phototaxis etc. For the soluble salts used in this project the worm has been shown
to chemotaxis towards them as early as the(\i@sd, S., 1978

In simple words, the worm uses reversals, sharp turns (deep turns, omega or delta turns) and
shallow turns (that resulia gradual turning) to change directi@kim, D. et al.,2017). In

fact , it i S not much differents taon dwhtau mbrl e
Observed motifs, computational elements and repeated combinations of these behaviours
have separated them in two strategies of spatial orientation observed in the worm in the
context of various sensory inpufsockery, Shawn R., 20)1 These strategies are the
Opirouetted strategy (which is regarded as
governed by a biased rraeadomt watl &gy andar SOt We
regarded as a klinotaxis response; directional movement with continuous adjuéRiesot)
Shimomureet al., 1999 lino and Yoshida, 20Q9.ockery, Shawn R., 201 Faumontet al.,

2012 Dusenbery, 1980Ward, S., 1978 These strategies, and the sensory stimuli that can
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evoke them, are easily observed and are comparable in simple chemotaxis assays. Being a
biologist interested in researching sensorimotor integration it made sense for these strategies

to be the primarydcus of my investigation.

1.2.1 T h e irovefiedstrategy (klinokinesis response)

During the pirouette strategy the worm exhibits short runs interrupted by starenetions

via events th&€.elegang esear ch community have come to
the event where the worm stops its forward movement, reverses, performs a deep or sharp
turn and resumes forward locomotion in a trajectory at least différent than the original
(piroudtesare circled in red in Figure J.8verall, pirouettes are performed at a rate of 2 per
minute, unless the worm is moving down an attractant gradient and their rate increases until
the worm readjusts up the gradient agdPierceShimomuraet al.,1999. Indeed, pirouette
frequency is strongly regulated by the rate of change in the concentration of the attractant,
and is employed by the worm for rapid course correction, in both chemotaxis assays, but also
in silico computational model@ierceShimomuraet al., 1999 Lockery, Shawn R., 20}1

The change in attractant concentration has been shown to be computed within on/off type of
cells of sensory neurons. Specifically, for the soluble attractants that my investigation uses,
the oncells are ASEL and ADF thaense wsteps in concentration, whereas theaafis are

ASER and ASH that sense dowteps in concentrati¢8uzukiet al., 2008 Thiele et al.,

2009. When a dowsrstep in concentration is sensed, the-agffls recruit the command
interneuron network tonitiate backward movement and then perform a pirouette, as seen in
the simplified model in Figure 1(Lockery, Shawn R., 20)1lino and Yoshida demonstrated

with a large study of neural ablations and chemotaxis assays that AlZ mediates the pirouette
frequency, probably via the command interneurons AVA and Aiig and Yoshida, 2009

Their more recent study with chemotaxis assays of isoamyl alcohol confirmed previous
findings ancadded AVD command interneuron and AIB first layer interneuron to their neural
circuit model(Yoshidaet al.,2012. Looking back to their original study there was indeed a
hint of AIB mediating pirouettes, but as they commented their transgenic animals were

unreliable.

For a time this strategy was considered to be sufficient for all chemotactic behaviours
exhibited by the wornfPierceShimomuraet al.,2005. And if it is considered on its own it

is indeed a klinokinesis respon@&aenkel, G. and Gunn, 194@&lthough most metazoans
exhibit more complicated behaviours than eukaryote cells,Hikeli that exhibits only
klinokinesis(L. Gunn, 197% Differences between thia silicomodels and experimental data

hinted on another strategy existing as well, which was described (it had already been
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observed) and name@.elefansescarthecommanitye(fteerim@no t h e
and Yoshida, 2009

Figure 1.6Real andn silico worms orienting up a chemical gradief}. Actual trajectories
made by worms orienting towards a NHradial gradien{wWard, S., 1978 B) In silico
simulation of a worm going up a gradidifino and Yoshida, 2009 The red circles
indicate pirouettes. The black arrows indicate starting points of thexsvd@he red
stars indicate the peak of the gradient.

inter-
neurons

Command

int Command

Interneuron Interneuron

network network
motor
neurons
+
Pirouettes head swing  reversals

(regulating turns)

Figure 1.7 Examples of pirouette models) A simplified pirouette strategy network model.
Plus and minus symbols are excitatory and inhibitory connections respectively. Solid
lines represent monosypiac pathways. Dashed lines represent polysynaptic pathways
(Lockery, Shawn R., 2011B) A candidate neural circuit schematic for the pirouette
strategy (irred the circuit mediating pirouettes). Edited from lino and Yoshida (2009)
(lino and Yoshida, 2009
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1.2.2 T h e eatharvanestrategy (steering or klinotaxis response)

Steering in general is the term applied to the collection of components (external or internal),

and the continuous adjustments of those components, required for an organism, or any kind

of vehicle, to follow a specific cours€he motor system (output) constantly modified by

the sensory system (input) via a precise integration anduirieg. Stimuli received from the
environment establish the animal 6s positi ol
internal state of the animal. Steering reliestohi s conti nuous feedbactk

course is continuously corrected because of it during its ascent toward the stimuli it follows.

In the context ofC. elegansone could define steering as the continuous adjustment of the
body of the worm, throdga modulation of neurons and muscles, in order to move towards
the direction of the source of the cue it is sensing. The worm is steering its body, like we steer
the wheel of a car in an open long turn on the road, in order to make a long graduakturn up
gradient. The weathervane strategy, or steering, is therefore a more deterministic course
correction strategy than the pirouettes. It has been demonstrated that the worm steers by
gradually adjusting the turning angle of its head and the body follofedtand Yoshida,

2009 Kim, D. et al.,2011. This turning bias has been shown to be due to the changes in
concentration sensed during head swings, and not the concentpati@a(lino and Yoshida,

2009. Thi s was hinted at since Wardos study dec
at different parts of the body, and observed that only the ones with blisters on the héad coul
not steer up a radial NBI gradient(Ward, S., 1978 He also observed and compared the
tracks of mutants following a gradient with deficiendieshe sensory neurons or the head
muscles. His experiments indicated for the first time that the response is indeed a klinotaxis
(Fraenkel, G.S. and Gunn, 196hat orientation is mediated by sensory neurons via
dorso/ventral displacement of receptors, and therefore is facilitated by the side to side
movement of the headCourse correction via steering therefore occurs faster than the
pirouettes, as it takesgile between head swings. In the tracts of a worm, steering is observed

as very long biased runs, gradually turning towardpé#ak of the gradient (Figure ).6

lino and Yoshida demonstrated that, as with pirouettes, in this strategy ASE sensory neurons
provide most of the input, with ASER (edtll in Locke y s net wor k model i
Image A) playing a more important role than ASEho and Yoshida, 2009ASER ablation,

but less so ASEL ablation, exhibited a strong defect in the turning bias towards the peak of

the gradiat, indicating the worms could not steer properly. Full ablation of the ASE neurons
hinted at a redundancy in the steering circuit, with other sensory neurons, most likely the ones
required for chemotaxis of soluble attractants mentioned earlier, playing le as well.

Several ablations of first and second layer interneurons have highlighted candidate

interneurons mediating steering, such as AlZ and @ih6 and Yoshida, 2009It is through
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these interneurons in Lockeryos net wor k mgc
inhibition and excitation of the head motwurons is mediated (Figure L(Bockery, Shawn
R., 2011 Izquierdo and Beer, 20)16In both models a putative unknown oscillator gives

feedback information tthese head motor neurons for undulatory movement.

The head motor neurons have been postulated to be then8MMBrs by most studies, both
experimental and computationdino and Yoshida, 20Q9zquierdo and Lockery, 2010
Lockery, Shawn R., 2031 i ncl uding al l of the T zquier
(Izquierdo and Beer, 2013quierdoet al., 2015 Izquierdo and Beer, 20)§Figure 1.8

Image B). Experimental data from only one study, using a combination of odor stimulation

and optogenetic activation tfie SMB neuronshas supprted this hypothesiéKocabaset

al.,2012. These studies, Grayb6s finding that SM
and anatomical data féme SMB neuronsnake them an excellent candidate for my research

(White, J.G et al.,1986 Gray, J.M.et al,, 2005.

Again though, as with the pirouette strategy, this strategy has been shown to be only partially

efficient for chemotaxiglino and Yoshida, 2009

B
Left SIS  VAE]3) Right

-

’
\
—— ] m———

Dorsal " Ventral
neck |+ + | neck
motor motor AlZ [l AlZ
[
neurons @—”—> neurons

SMB

SMB

Ventral

Worm

Figure 1.8 Examples of klinotaxis model#\) A simplified klinotaxis (steering) network
model.(Lockery, Shawn R., 20)1Sensory on and off cells, excite and inhibit the neck
muscle motor neurons via polysynaptic pathways. The sine wave symbol represents a
putative pattern generatoB) A proposed neural circuit schematic for klinotaxis
(steering)(lzquierdoet al.,2015 Izquierdo and Beer, 20L6ASE left and right are the
on and off cells from the klinotaxis model in Image (A). AlY and AIZ are the
interneurons integrating sensory information from the on/off cells to the motor neurons

SMB. SMB excite dorsal and ventral muscles.
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1.2.3 Is there a circuit distinction between the two strategies of

orientation?

The two strategies share neurons in their regulation and have been observed in the same
sensory modalities [i.e in chemotaxisediated by ASE sensory neurdtigp and Yoshida,

2009, odor taxis (mediated by AWC sensory neurprsshidaet al.,2012 and thermotaxis
(mediated by AFD sensory neuroft¢¢dgecock, E. M. and Russell, 19Ryuand Samuel,

2002 Luo et al.,2006)]. In addition, graphical analysis of them showed that they arerdr

by the same function of concentration change over titi@ceShimomuraet al.,1999 lino

and Yoshida, 20Q9zquierdo and Lockery, 201@ockery, Shawn R., 20)1As Lockery

stated in his review in 2011 discussing computational models of these two strategies, both

strategies seem to be worlkdkarygShawnR.,20)dncer t i

Some studies have exclusively focused on one of the two strategies and consider them as
distinctive behaviours, most probably governed by distinct neural ci(RigiceShimomura

et al., 1999 PierceShimomureet al.,2005. Some studies, such as I
considered them parallel behaviours mediated by a parallel circuit, overlapping at least in the
first interneuron layer (Figure 1B)(lino and Yoshida, 2009 oshidaet al.,20129. For the

sake of quantifying and comparing these strategies amongst my transgenic and wild type
worms, | will consider them distinct to begin with. However, | amdneament with the
argument that they are part of a parallel circuit, with some differences at the sensory input
layer, but overall with a great overlap, especially at the layer of the head neurons my
investigation focuses on "Qinterneuron layer and heauotor neurons). This will be
discussed further in the General Discussion (Chapter 8), when | propose a candidate neural

circuit for orientation.

1.2.4 How does the worm steer? Izquierdo and Beer model: Integrating

forward locomotion with steering

The steering mechanism must involve the ability of the worm to rhythmically modulate the
sideto-side head swings, and the turning of these head swings should be biased towards the
source of the cue the worm is sensing. For example, if the worm is fajj@mimttractant to

its left side then the head swings will be gradually biased to the left, thus resulting in the worm
orienting itself towards the attractant. It means that, on average, the head swings to the left
must be deeper than the ones to the sigld, and on average the head muscles to the left will

be more contracted and the muscles to the right side of the head more relaxed. Steering
therefore requires a means whereby the dorso/ventral symmetry of the undulations are

O6br oken6 wi aldsicontinfioasty ind gradoa#lys How this is achieved is still not
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fully understood. Computational models have been increasingly helpful in giving insights into
how a system might work, and giving the experimental biologists potential targets to
investigde. For this reason, | would like to give a special mention to the integrated

biomechanical model that partly aided my hypoth&ggsiierdo and Beer, 2013

A model of symmetry breaking was first proposed by Izquierdd.ackery (2010) and was

revised and upgraded with the neuronal circuitry from Beer and Izquierdo in 2013, with their

| atest model integrating b o dlgquierdoand lnoekery, f r om
2010 Boyle et al., 2012 Izquierdo and Beer, 201&quierdo and Beer, 20)&igure 1.9.

In their model they used the shortest and strongest connections between neurons, and through
stochastic optimisation they inserted the variables of parameters they had no experimental
data on. The model, in addition to assuming an oscillator working with the SMB head moto
neurons, predicted that the wormdés directio
is in when the stimuli is/are being sensed. This was supported by experimental work using
optogenetic phasic activation on ASER neurons and observing theeshangead curving

that resulteqSatohet al.,2014). For example, when light wahone on the ASER and the

worm was bending ventrally it resulted on significantly different curving than when the worm

was bending dorsally.

As the experimental data on the neurons increase, the predictions of the computational models
will become be moreac ur at e, and the represent aikei on of
This is where experimental biologists, like myself, can aid with the biological and behavioural

data computational neuroscientists can use to improve their models

Izquierdo and Beer’s integrated model e

AlZ [l AlZ

SMB

SMB, <+
Head:

Ventral

Figure 1.9A proposed integrated model for steering. Model includes a head movement circuit
integrated with a body move me(Bdyleanaldel up
2012. Edited from(lzquierdo and Beer, 2016
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1.2.5 Neural focus of the project: SAA and&&MB neurons

1.2.5.1 Inspiration

At the same time as the first Izquierdo and Beer (2013) model was published, my colleague
Tom Sanders was exploring netgomputational motifs capable of steering for his PhD
(Sanders, 2026 His computational model of steering showed that reciprocal inhibitory
connectivity could function as a bistable component and facilitate gradual turning in the worm
(steering)In this model, hidden interneurons drove a maturron in antiphase via the motor

n e u r o nrécprocal énhilfition (Figure 1.30This connectivity resulted in an oscillator
generating undulations and smooth steering in response to sensoryligpsstnsory neurons

in the model were set to excitethanterneurons equally, similar to the Lockery model (2010).
However, because the small oscillations ensured that one of the two interneurons was
hyperpolarized in half of their duty cycle, during these times any sensory input produces a
stronger excitatin in the hyperpolarized than in the depolarized interneuron. This difference
is further amplified by the mutual inhibition. The interneuron cells each excite one of the two
motor neuron cells downstream, producing a bias in the undulations and thusydiieeri
worm. However, in contrast to the Beer and Izquierdo model, the worm is represented as a

dot, head movement or body is not incorporaded the pair of neurons work as one

component.
T Hidden interneurons
==ap Excitatory connection
—I Inhibitory connection
Motor neuron cells
Figure 1.10Tom Sander 6s model ¢ 0 mprocalenhibitionsmotif g e st i |

could facilitate generating undulation and steering. Image editedSeorders (2016)
(Sanders, 20106

The synaptic connectivities between RME, SMB and SAA seemed to him to be of potential
interest for a motif of reciprocal inhibition, albeit their actual connections were not reflected

by the model s component . | ¢ h osueonsta®witi o c u s
my lab experience | knew generating the transgenic strains would take time, the SMB neurons
function was then largely unknown but many models included them as the head motor neuron

implicated in steering, and the SAA interneurons had not lmeestigated at all.
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Similar computational models, but that incorporate head movement, have implicated SAA
and SMB in the head turning circuit, either due to the fact that their synaptic connectivity to
each other allows for a potential reciprocal motibecause they are hypothesized to have a
stretch receptor neuron functi¢B8akata and Shingai, 200darbowskiet al.,2008. A few
models have incorporated SMB only, without mentioning S#Ao and Yoshida, 2009
Yoshidaet al.,2012 Izquierdo and Beer, 201&quierdo and Beer, 201.6However, none

of these models have used experimental data for the neurons oftindereorm their

construction.
1.2.5.2 SMB head motor neuron

Considering the sum of all experimental studies and computational models mentioned
previously, it is strongly suggested that the regulation of head movements are the important
component in orientation of the worm. It makes sense then to focus on thebeatshwhen

exploring the orientation strategies of the wo8WB is a very good candidate for the motor

neuron of the circuit. SMBs a set of four motor neuron cells, they innervate muscles in the

head via neuromuscular junctions and send processesipdgtdown the sultateral cords

(White, J.Get al.,1986. In addition, it is one of the two head motor neurons that innervate

all anterior muscle rows in the head, the other being the SMDs, ensdidie may potentially
control head movement from t he HKWwhiteghQet of t h
al., 1986 Gray, J.M.et al.,2005 (Figure 1.3). This view is supported by the fact H#ibing

the SMB head motor neurons with lasgblations resulted in higamplitude sinusoidal
movemen{Gray, J.M.etal.,2009. Thi s behavior, ter matdthail oopy
SMB is capable of modulating the amplitude of the undulations. However, &rai

proceeded no further in examining the phenotype. The most recent experimental data for SMB
comes from Kocabas et al 6s stuadyfithe BMB asy mn
neurors they observed head bending of the worm on the direction of the side of the neurons

that were activate(Kocabaset al.,2012.

Modulating the amplitude of the head swing during forward locomotion suggests a potential

role for the neural circuits underlying the formation of undulations in the control of gradual
turning. Lebois et al study, where they observed adaptation of locombyi applying
mechanosensory pressure to the wawwuealed that the control of maximum curvature is a

key ingredient of the locomotion regulatiflreboiset al.,2012. SMB motor neuron cells

have unusual connections with eather. The ventral SMB cells, which have neuromuscular
junctions with the ventral head muscle cells, are completely separate with the dorsal SMB
cells, which in turn are connected with the dbrezad muscle cells (Figure 1)11Hence,

SMB motor neuronscul d potentially require a 6coordi

The coordinator is not absolutely required, but it would make the circuit more robust as it
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would prevent all SMB cells from being activated simultaneously. Simultaneous activation
ofbot h ventral and dorsal sides would only re
coordinator has a prerequisite; connections that would allow a breaking in the symmetry of

the undulatory movement, and dense synaptic connectivity towards SMB Isittes

connected cells are more likely to have stronger and faster interactions. SAkkédy

candidate (Figure 1.)2

Figure 1.11A simplified cross section drawing indicating the connections of the SMB motor
neurons to the body wall muscles. The nature of the connections, inhibitory or

excitatory, are unknown.

=<7
=%
=0
==

Figure 1.12 Localisation of the SAA and SMB neurons) SMBDL (top) and SMBVL
(bottom) drawings indicating localisation of the somas and the processes (only the left
side cells are showifyVhite, J.Get al.,1986. B) SAADL (top) and SAAVL (bottom)
drawings indicatingdcalisation of the somas and the processes (only the left side cells
are shownYWhite, J.G.et al.,1986. C) A 3D reconstruction of all the cells of SAA
and SMB class of neurons using the OpenWgm oj ect 6 s Vvi sual i seé

(www.openworm.oryy
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1.2.5.3 SAA interneuron

There is no experimental evidence so far implicating SAA in steering or the control of
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undulations. Due to its gene expression patterru(mgue genes being expresseth@ SAA

neuron$ and its extremely close proximity to adjacent neural cells (i.e. SMD), it has been
difficult to either laser ablate the cell or manipulate it genetically. This fact makes this class

of interneurons all thenore interesting and worthwhile to focus on. The SAA class of neurons

includes a set of four interneuron cells that send processes anteriorly up-taesallzords

in the headWhite, J.G.et al.,1986. There are humerous gap junctions between SAA and

SMB, which makes it a good candidate for aocdinator, as it can facilitate fast responses

via these electrical synaps@able 1.1 and Figure 1.13The synaptic connections Trable

1.1 are updatedvith data from recent worm wiring computational work done on the

connectomdJarrellet al.,2012 Xu et al.,2013. Other than the wiring circuit, which gives

us the chemical synapses and gap junctions between the cells, plus knowledge of their

anatomy and localization, there are no other experimental datthdoSAA neurons

Interestingly, anatomy alone can give insights into function, and White and colleagues

hypothesised the presence sifetch receptors in SAA decades ago due to their long
undifferentiated processd®Vhite, J.G.et al., 1986 O'Hagan and Chalfie2005. The
existence of them in SAA is still unknowmlthough theSAA neuronshave been included

in two computational networks modelling the movement of the head, they have not been
specifically modelled themselvéSakata and Shingai, 200darbowskiet al.,2008.

Table 1.1Table showing the synaptic connectivity of SAA and SMB neurons. In grey colour

the weak synapses that were not included in the safitenonnectivity in Figure 1.13

These synapses were weaken when t he | eft and
to show only dorsoventral symmetry between the neurons.
source target weight type | source target weight type
SAADR SMBDR 2 chemical SAADL SMBDL 3 electrica
SAADR SMBVR 1 chemical SAAVL SMBDR 2 electrical
SAAVL SAADR 5 chemical SAAVL SMBVR 17 electrica
SAAVL SMBDR 2  chemical SAAVR SMBDL 1 electrica
SAAVR SAAVR 1 chemical SAAVR SMBVL 16  electrical
SAAVR SMBDL 1 chemica] SAAVL SAAVR 1 electrica
SMBDL SAAVR 9  chemica] SMBDR SMBVR 2 electrical
SMBDL SMBVL 2  chemica
SMBDR SAAVL 8  chemical
SMBDR SMBDL 3  chemical
SMBVL SAADL 16 chemica
SMBVL SMBDL 2  chemical
SMBVR SAADR 12 chemical
SMBVR SMBDR 2  chemical

right

c

€
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1.2.6 The SAA and SMB oscillator hypothesis

Neural patterns showing reciprocal connectivity are of interest because they can function as
oscillators(Marder and Bucher, 20p1and under the right conditions they can feaiétthe

break in the symmetry required for the worm to steer as previously discussed. The synaptic
connectivity pattern of the SMB and SAA neurons that | generated, after filtering out weak
synapses to keep just the ones with a weight of 3 and above, shaived potential to fit this
hypothesis (Figure 1.12.onnection information in Left and Right neurons was merged and
the schematic shown in Figure 1.h8s a dorswentral perspective, reflecting the worms
movement on the agar plates they are kephith assayed in the lalb.is unknown whether

the chemical synapses from SMB to SAA are inhibitory or not, but in order for the putative
oscillator to work, | predict they are. Moreovtitere are numerous gap junctions from SAA

to SMB that can facilitatéast responses and render the SAAD SMBD cells as one component

and SAAV and SMBYV as another, having them work in unison but with a delay.

SAA
Dorsal
' x -
SMB SMB
' Dorsal |4~ ~""7"777°77 Ventral
I
1
O

=y Excitatory chemical synapse

SAA
Ventral

Q&

sjueIpenb appsny yooN pus peoy
Head and Neck Muscle quadrants

-y Inhibitory chemical synapse

----» Weak chemical synapse

D Neuromuscular junctions

' Gap junctions (electrical synapse)

Figure 1.13SAA and SMB connectivity diagram drawn to illustrate the potential for an
oscillator mediating a rhythmic pattern. The schematic is drawn with a-dendal
perspective. Each body wall muscle bundle represents two bundles. Solid lines
represent strong sgpses, while dotted lines represent weaker synapses. The thickness
of the solid lines are proportional to the strength of the synapses. For example the
synaptic weight of SMBV to SAAD is 28, whereas the synapse from SMBV to SAAV
is 17. Connections asselath by computational worklarrellet al.,2012 Xu et al.,

2013 done on the EMs generated by White and colleafivbite, J.Get al.,19869.
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Thus, if one of two neurons is 'on' (depolarized) the other is 'on' as well. Because of the
inhibitory connection to the other side, the other two are then 'off' (hyperpolarized). If the ‘on'
original pair starts to fall to an 'off' hyperpolarised state, the other two become less inhibited
and depolarize. In the end we have a pair going on, off, on, off, and the other pair going off,
on, off, on etc. But how it would generate the rhythm in the fitate? There are some
possibilities. There could be an intrinsic oscillator in either of the cells. Recent research has
showed that to be a possibility, especially in motor neurons, since within that study the
excitatory Aclass motor neurons exhibitedrinsic and oscillatory activity sufficient enough

to drive backward locomotiofGaoet al.,2018. The other possibility would be to have a
proprioceptive signal kicktart the oscillator and keep it at check. The asymmetry in synaptic
connectivity of the Ventral side dfie oscillator to the Dorsal side might hint towards that
way of resetting the pair. With a biased oflex on the one side stretch receptors would
activate the motor neuron on the other side. If the pair cannot maintain an intrinsic
oscillator/rhythmicpattern, or do not have a proprioceptive function then perhaps they are
kick-started by an unknown external oscillator. This oscillator would preferably show a
pattern of sefsustainable rhythm and would be highly synaptically connected to them. The
SMD motor neuron, with its dorsoventral intrinsic dense connections, and its dense
connections with SAA, see a probable target (Figure 1)1Z herefore, its known function

will be closely discussed along with the results of experiments on my neurons ot iimteres

most result chapters.

On a side note, itbés important to briefly
with AIB [two interneurons controlling backward locomotion; Piggutal.,2011(Piggottet

al., 2011)], and also the dense connections of the interneurons AlZ and RME to SMB. AlZ
has also been implicated in steer{ftigo and Yoshida, 200¥Kocabaset al.,2012 and the

RME head motor neuron has been shown to regulate the foraging méadritentip of the
head(Gray, J.M.et al.,2005 Shenet al.,2016.
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SMD SMD
Dorsal Ventral
i ‘ f

-

sjueipenb o[osnjy YoeN pue peay
Head and Neck Muscle quadrants

==y Excitatory chemical synapse D Neuromuscular junctions

=) Inhibitory chemical synapse

Gap junctions (electrical synapse
----» Weak chemical synapse ' P ( ynapse)

Figure 1.14SMD selfconnectivity diagram drawn to illustie the potential for an intrinsic
oscillator. The schematic is drawn with a devemtral perspective. Each body wall
muscle bundle represents two bundles. Solid lines represent strong synapses, while
dotted lines represent weaker synapses. The thickh#ss solid lines are proportional
to the strength of the synapses. Connections assembled by computation@anretk
et al.,, 2012 Xu et al., 2013 done on the EMs generated by White and colleagues
(White, J.G et al.,1986.

1.2.6.1Predictions andquestions | will try to answer

The minimal experimental evidence that exists has implicated SMB in the modulation of the
amplitude of head swings and in steering. | hypothesize that SAA neurons are also involved
in the mechanism of steering, and are within the same neuronal ciraidéddng as the SMB
motor neurons. | hypothesize that they indirectly control steering in the area of the head by
modulating the amplitude of the head swings via regulating SMB. The modulation is likely

mediated via their dense dorsoventral synaptic cdiwitgavith the SMB motor neurons.

In order to test this hypothesis, | will attempt to carry out a series of genetic ablations,
specifically SAA ablations, SMB ablations and SAA/SMB double ablations, including dorsal
and/or ventrally restricted ablations. wi | | t hen test the effect

performance in behavioural steering assays.

If my hypothesis is correct, and SAA is involved in the modulation of undulations alongside
SMB, then without the reciprocal indirect ibition to egh of the SAA neuronand the
feedback information from the SAA, the SMB

regards to their alternate relaxation/contraction of the muscles that they innervate in the head
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and neck. Therefore, | predict that SAAgle ablation will result in a similar phenotype to

that observed when the SMikurors were laser ablated by Gray al., (2005); in ahigh
amplitude sinusoidal movement (i.e. thead bending angle will be higher than wild type
measurements)As a side nte, SAA- ablatedworms may also exhibit a defect during
backward locomotion due to the synaptic connection SAA has with AIB and RIM, as
explained earlier in this section. For this reason, | also expect a defect in the frequency of
pirouettes when the SAAemrons are ablated.

SMB single ablation should result in a si mi
by Grayet alfollowing their laser ablations of SMB; the head bending angle will be higher
than the wild type measurements.

What effect willthe undulatory defects following SAA or SMB ablation have in the radial
chemotaxis assays? By eliminating either p
efficiency in steering be decreased? Will the results for each neuron be similar, or hint at
different functions within the oscillator motif? Is the asymmetry in connectivity from the
Ventral to Dorsal side of the oscillator mirrored in some way in the undulations of SMB

abated worms?

The double ablation of SAA and SMB should also produce informatsgults. What will

happen when the putative oscillator is gone entirely? Will the undulatory movement be
completely defective, meaning that SAA and SMB generate the undulations? Will the results

hint at another external oscillator (i.e. SMD)? Will thermde able to steer at all? Indeed, if

SAA and SMB generate or regulate undul ati on

to follow up a gradient.

Finally, Asymmetrical Dorsal and/or Ventral ablation also have the potential to give
interesting resultd-or example, with the SMBD and SAAD gone, the SAAV and SMBV wiill

be either always contracting the ventral muscles (Ventrally biased sinusoidal movement)
and/or the dorsal muscles will be permanently relaxed. In this case, | should observe a
ventrally biased sinusoidal movement over the course of many undulations, agtGrhy

(2005) observed the opposite by laser ablating the ventral half of various head motor neurons
(SMD, RMD and SMB), but did not assay furti&@ray, J.M.et al., 2005. Will ventral
asymmetrical ablations show different results to the dorsal half ablations? Will the mutants

take a longer time to reach the peak of the gradient?

The actual results will not likely be so absolute as the predictions here, because ittadye is |
to be redundancy in the circuitry of the worm, and other head motor neurons might also

generate, maintain and/or regulate undulatory movement and mediate steering.
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If my hypothesis proves incorrect, the SAA ablation will produce a distinct phenthigpke
have not considered, irrelevant to steering. SMB ablation however should still give a similar

phenotype to the one observed by Getagl.,2005.

In addition, | will try to observe the effect the neurons of interest have in the muscles in the
area0f t he head. This wil/ not only show SMB¢
mi ght also infer some relationship between
are inhibitory in contrast to what | have hypothesized here | should see an®epgffesit on

the muscle with each individual ablation.

Finally, I will try to assess the overall nature of the connectivity between the cells of interest,
and investigate if there is a proprioceptive function in either of the neurons, and what that
might mean for the steering efficiency of the worm.

1.3 Thesis outline

In this thesis, | investigate the role of the SAA and SMB neurons in the locomotion of
C.eleganswith the use of a combination of fitened genetic and molecular approaches to
experimentally answer functional questions about the neurons. In particular, | focus on the
potential role they have in the orientation strategies observed in the worm, dycting
different types of chemotaxis assays. | also try to provide for the first time some evidence of
proprioceptive function in the SAA or the SMB, or both.

In Chapter 2, | discuss the method | used to genetically and specifically target the neurons of
interest, and highlight its advantages. For the SAA interneurons, it is the first time that they
have been individually targeted.

In chapter 3, using singlworm and multiworm video tracking and manual locomotion/
behavioural analysis, | describe theepbtypes resulting from the successful ablation of the

neurons of interest.

In chapter 4, | consider the effect these neurons have on the BWMs and try to infer their

activity during locomotion via calcium imaging.

In chapters 5 and 6, | conduct chemataagsays of fully ablated and half ablated neurons that
highlight SAA and SMB6s role in steering, b
strategy and their subtle differences in function. It is also the first time, to my knowledge, that
strainswere generated with half of their neurons genetically ablated.efegans(dorsal

cells).



-31-

In chapter 7, following hints of proprioception within the neurons of interest from chapters 3

and 6, | further investigate this via the observation of the expresdiknown stretch

chapter 8,
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Chapter 2
Targeted ablation of the SAA and SMB neurons: A genetic
approach

2.1 Introduction

2.1.1 Aim of this chapter

The aim of this chapter was to generate transgenic stttimSAA neurons or SMB neurons
independently ablated. Once the genetic approach was pinned down, | had to clone the
constructs required to specifically target SAA and SMB neurons, and generate the transgenic
strains via means of microinjection. Imagingtoh e transgenic strainso

SAA and SMB6s | ocalisation and successful a

2.1.2 The advantages of targeting SAA and SMB using genetic ablation

A common goal of neuroscientists is to understand the function of individual neuratitells

respect to the behaviours they help to control in living organisms. One of the most powerful
methods to study cell function is targeted cell killitigny hypothesis for the role of neurons

SAA and SMB in the wor mbébs u wanent @gtplaimed m and
Chapter 1) is right, then the targeting and killing of one or both of these neurons should result
in a behavioural defect while the worm steers towards an attractant, or lead to an abnormal
undulatory phenotype, or both. An unexpedmrbmotion defect might also be observed,

since the function of these neurons is largely uncharacterized.

Laser ablation is a classic and commonly used approach to study the role of specific cells
C. elegansas well as many other model organig/®siston and White, 198&hah and Jay,

1993 Bernhardtet al.,1992 Bargmann, C. let al.,1993. However, the laser ablation of

cells requires prasion. The location of SAA and SMB in the nerve ring makes it difficult to
accurately ablate these cells without affecting adjacent neurons, or damaging nearby muscle
cells. Moreover, laser ablation of some cells in late larval stages does not alwaysresul
compl ete removal o(Avery amcek Honviz, UL98)3 In &dslitioh, uwould i o n
like to take my functional analysis one step further by conducting asymmetric ablation of
these neuron@.e. ablating either the dorsal or ventral neural cells; see Chapter 1 & 6), and
this is even more difficult via the laser ablation technique due to the proximity of the dorsal
and ventral cells. Finally, with laser ablations you can create and hangke smkll number

of worms for use in behavioural assays.
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Another way of conducting cell ablation is via egflecific expression of a toxin gene such

asthe diphtheria toxin Achain gengan approach that has previously been used successfully

in mice (Breitmanet al.,1987. However, diphtheria brings some obvious health and safety
implications,ad t here i s al so t Q. elegangsimde it hakpeviousit wo n
been tried only in mammalian cells. Other cytotoxic molecules that have been used in the past

in C. elegangesearch are the degenerins. Degenerins kill neural cells via the pathway of
neurodegeneratio(Hong and Driscly, 1994). However, celispecific targeting using this

approach requires expression of these toxic molecules under the control e§pec#it

promoter, which are in fact rare; not all cells @amique genes being expressed.

Recently, a photinducible cell ablation approach ©@. elegansvas established using the
genetically encoded singlet oxygen generating protein mini§@t al.,2012. miniSOG

is a 106 amino acid protein, obtained fréxrabidopsis thalianathat expresses reactive
oxygen species upon exposure to Hight. Targeted cells are killed byer-oxidation. Qiet

al. expressed it in the mitochondria in neuronsCofelegansand observed a rapid and
effective cell death within 30 minutes of light exposure. Although this system provides a
means of cell killing that is easier, better controlled as it is light inducible and more precise
than laser ablation, miniSOG would stided to be expressed under a-spkcific promoter,

and cell specific promotors have not yet been identified for the SAA and SMB neurons.

2.1.2.1 Targeted cell killing using a twacomponent ablation system

Since there is not a single cspecific promote for either the SAA or SMB neurons, it
became clear to me that | needed to find an alternative genetic approach. Fortunately, | then
discovered elegant work conducted by Chelur and Chalfie, back in 2007, in which they
overcamethecel peci f i cr @qg winrod mea n téb6a tiogompoaentesysterp i n g
for selective or conditional ablation of targeted cé&delur and Chalfie, 2007 This is a
combinatorial method where -@xpressionput notindividual expression, ofwo caspase
subunits kills the targeted cells. Caspases are a family of enzymes essential for programmed
cell death that are found across the animal kingdom. The néenedspase is encoded by the
ced3 gene(Ellis and Horvitz, 198% Chellur and Chalfie generated transgenes containing
non-overlapping fragments of theed3 gene that encoded small (p15) and large (pl7)
subunits of the CEE3 protein. In each transgene the sequence encoding the8@GHEBunit

was linked to sequence encoding atelNininal or Gterminal leucinezipper domair(Figure

2.1, Image A). The fusion preihs encoded by these two transgenes can interact via their
shared leucingipper domains such that the p15 and p17 subunits come into close proximity
and reconstitute a functional CEDprotein. This reconstituted caspase is then competent to
trigger progammed cell death. However, this will obviously only happen in cells where the

expression of both subunits overlaps. Chelur and Chalfie (2007) showed that expression of
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the subunits on their own did not cause cell death. Integrated lines, however,iggntain
interacting versions of both subunits showed apoptotic death of nearly 100% of the cells in
which they were cexpressed. Moreover, ovekpression of the caspase subunits did not

lead to norspecific cell killing.

| designed this project using exchusly the genetic cell ablation technique described above.

The expression of each caspase subunit will be driven under the control of one of two
promoter regions cloned from genes that are expressed in the targeted cells, as well as others
cells. However, girs of promotors will be carefully selected such that they only exhibit co
expression in the SAA or the SMB neurons. Therefore, a function caspase will only be
reconstituted in the neurons of interest, resulting inspEdcific ablation.

Interaction of

NZ CZ  Leucine Zippers
linker HNKEr cm—
NZ:.CED-3 CZ:.CED-3

NZ:CED-3 | p17 -
CZ:CED-3 - p15 |
aa
Reconstitution of a
functional CED-3 caspase

Figure 2.1 A schematic representation of theconstitutedCED-3 caspase components.
Same pattern applies for the reconstilueFP caspase subunits. Leuehipper
domains (blue and red) are shown connected to the linker domains (grey) which are in
turn connectetb partial subunits of the CEB caspase. Interaction between these two
leucine zipper domains will lead to the activation of the caspase subunits
(reconstitution). The caspase then becomes functional. Image editedamget al.,

(2004) (zZhanget al.,2004), on the description of the technique established by Ghosh
et al.,(2000)(Ghoshet al.,2000.

2.1.2.2 GFP reporter strains using the same twocomponent system

It was essential not only to be able to confirm the genetic ablation of the targeted neurons, but
also to ensure that the tvaemmponent system worked accurately under the promoter regions
used in this project; i.e. that there was not unexpected leakyssigmdrom a promoter, or

promoters, resulting in offarget cell ablations. Therefore, it was important to confirm that
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the selected promoter regions drove expression only in the locations originally described in
the literature. Thus, additional strainsedled to be generated expressing a reporter protein
fused to the promoter regions of the genes selected to genetically ablate the SAA and SMB
neurons. The green fluorescent protein, since its introduction as a biological marker years ago,
has been an imptant and reliable reporter protein and was therefore used throughout this
project(Chalfie et al.,1994. As an additional control, the selected promoter regions were
also cloned into the same twomponent system described above, however, this time driving
expression of two subunits of the GFP that only fluorescea wdeonstituted, following the

same principle of reconstituted CEIXZhanget al.,2004 Ghoshet al.,2000 (see Figure

2.1, Image B).

2.2 Material and methods

2.2.1 Nematode maintenance

Animals were kept at 2C at all times, fedE.coli (OP50 strain) and were maintained as
previously describe(Brenner, 1971 C. elegansariety N2 Bristol strain was provided by
the Caenorhabditis Genetics Centre (CGC), which is funded by NIH Office of Research
Infrastructure Programs (P40 OD010440).

2.2.2 Cloning of the GFP reporter and CEE3 ablation constructs

2.2.2.1 CEDS3 caspase, reconstituted GFP and GFP plasmids

CED-3 plasmids carrying the CEB large subunit (p17) and the CEDsmall subunit (p15)
were a gift from Martin Chalfie (Addgene plasmid # 16081 [TU#807] and Addgene plasmid
#16080 [TU#806], respectively). They originally carried tiec 18ppromoter region, which

had to be excised (see Figure 2.2).

Reconstitutd GFP plasmids reGFP (707) and reGFP (708) were also a gift from Martin
Chalfie (Addgene plasmid # 15276 [TU#70ahd Addgene plasmid # 15277 [TU#708],
respectively). Although the reg8FP plasmids share a similar structure with the €ED
plasmids, they did not carry any promoter region to begin with. In addition, in the place of
the CED3 caspase they each carry at jod the GFP.

pPD95_75 GFP plasmid was a gift from Andrew Fire (Addgene plasmid # 1494). All
plasmids share the pPD95_75 backbone manufactured by Andrew Fire.
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Figure 2.2 AnnotatedCED-3 caspasplasmid DNA maps. (Left) The CEB small subunit

(p15) plasmid. Underlined with red colour are the restriction enzymes cutting the touch

neurons promotemec18p (Hindlll and BamHI), the CEEB protein encoding the
sequence of the small subunit (p15) (Banaditd Xmal) and the NZ leucine zipper
domain (Kpnl and EcoRI). (Right) The CEDIarge subunit (p17) plasmid. Underlined
with red colour are the restriction enzymes cutting the touch neurons pronec&8p

(Hindlll and BamHI), the CEEB protein encodinghe sequence of the large subunit

(p17) (Agel and EcoRlI) and the CZ leucine zipper domain (Nhel or BamHI and Agel).

mec18ppromoter regions were excised (red crosses) and the constructs-ligmecck

with the promoter regions targeting the neural ceflsnterest (SAA and SMB

neurons)(thick black arrows). Original plasmid DNA maps provided by Addgene

(www.addgene.org).

2.2.2.2 Molecular biology

After thorough research amongst all genes expressed in the SAA and SMB neurons |

identified the unique germairs whose promotors would only result ineqression in either

SAA or SMB, but not any otheT.elegansell (see results of search in Result section 2.3.1).

To target the SAA neurongnc42p(2.8kb) andad-2p (4kb) promoter regions were selected

to be

amplified by PCR (see appendix Tabl e

library (Aurelio et al., 2002 Brockie et al., 2001). Those regions were then cloned in the
CED-3, reconstitutd GFP and GFP plasmids (see GB@xample in Figure 2.2). For the

GFP plasmids the selected promoter regions did not replace any existing sequences. To target

the SMB neurondlp-12sp(350bp, sp = small promoter regiofip-12Ip (2.6 kb, Ip=lage

promoter region) anadr-2p (2.4kb) promoter regions were selected to be cloned in the

A
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plasnids described above (see alsble 2.1XKim, K. and Li, 2004Chouet al.,200]) (and

Kyuhyung Kim, personal commurgtion).

Amplified regions were cloned into the ablation and reporter GFP and recods@GER
plasmids using sticky or blunt ends as showhdhleA.1of the appendix section. Diagnostic
enzymatic digestions with BamHI, Xhol, Sall or Hindlll followedch time to confirm the

constructs identity.

ApE T A plasmid editor v2.0.47 software was used for the annotation of all genomic regions,
predictions of enzymatic digestions and ligation regitsadiset al.,2004). Primer3 v0.4.0
software was used for primer desiggntergasseet al.,2012 Koressaar and Remm, 2007
Oligocalc v3.27 software was used to check-sethplementarity in primers and melting
temperature (Tm)Kibbe, 2007. The Ecl136ll restriction enzyme was purchased from
Thermosciatific. The rest of the restriction enzymes and ligase that were used were
purchased from Promega and Invitrogen respectively. Primers were purchased from Sigma.

2.2.3 Generating and integrating transgenic animals

The parent wild type strain used fgenerating the transgenic strains was Gheelegans
variety N2 Bristol strairfBrenner, 197% Transgenic worms were generated by the means of
microinjection (Mello et al., 1991, whereby the constructs described above were
microinjected into the distal gonad of a young adult worm alongside with a transformation
marker(Hobert, 2002Evans, 2006 The transformatin marker used to select the transgenic
GFP reporter lines was the pRF4 plasmid that induces a dominbet"phenotyp&Kramer

et al., 1990, whereas for the ablation lines theyo2p::mCherry plasmid was used that
expresses the red fluorophore mCherry in the pharynx. pCRI@®2p::mCherry::uneb4utr

was a gift from Erik Jorgensen (Addgene plasmid # 19327).

The extrachromosomal arrays formed after microinjection and transmittiee psdgeny of
the injected worms, were integrated into the genome using the rapid protocol for integrating

extrachromosomal arrays by Mar{dariol et al.,2013.

2.2.4 Microscopy and imaging

To confirm ablation, transgenic worms were imaged for the expression of GFP, or the
lack of it, in the neurons of interest, after being anaesthetised by the use of azide AbmM).
ZEISS stereo Lumar V12 was used to screen for transgenics. For imaging, a Leica M165 FC
fluorescent stereoscope fitted with dar@aging QiCLICK COOLLED pE300 camera and a
ZEISS Axioplan fluorescent microscope fitted with an@aging RETIGA 2000R camera
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were used. Images were captured with @ha g i rcgpture PrQ7 softwarémages were
processed with the use of FIJI softwéBehindelinet al.,2012).

2.3 Results

2.3.1 Identification and selection of unique gene pairs expressed in the
SAA and SMB neurons

Thus far, there is no evidence of a unigue gene been expressed in the SAA neurons. However,
there are four unique gene pairs that were
expression pattern (Table C.1). These pairsfgrd:2 andpdf-1, flp-12 andrig-6a, flp-7 and

syg1, lad-2 andunc42. SAA was targeted in this project using the promoters of thégohir

2 andunc42, as these genes are expressed in a relatively small number of cells, making the

subsequent confirmation of ablati easier.

The same process was followed for the SMB neurons (Table C.2). Initially, there was no
unique gene known to be expressed in the SMB neurons, but my screen of gene expression
patterns revealed two unique gene pairs. These paiffpaiandodr-2, unc42 andodr-2.
However, after personal communication wikiiuhyung Kim, | was informed that a small

part of theflp-12 promoter region of 350bp seems to drive expression solely in the SMB
neurons. Although | had already cloned the wHigel2 promoter region and thedr-2
promoter region to target the SMB neurons, only the strains generated with thipsrBsfi
promoter region were used in consequent experiments in this project, as the transmission rate

of the injected plasmids in these straivess higher.

For the genetic manipulations to be accurate and successful | decided it was necessary to: (i)
choose pairs that were expressed in the same life stage of the worm, (ii) to avoid promoter
regions that were the same both for the SAA and SMBomsuges it could introduce
unexpected implications in generating strains with both neurons ablated, and (iii) to avoid
genes that were expressed in far too many neurons alongside the ones this project targets as

it would make confirmation of neural ablatidifficult.

2.3.2 Cloned constructs and transgenic strains generated

The promoter regions selected in the previous section were cloned in the ablation, reporter
GFP and reconstitueGFP plasmids (seEableA.1). Twenty one plasmids were cloned in
total. Co-injection of those plasmids with transformation markers in wild type worms
generated eleven transgenic worm strains. Resultant plasmids and strains are Statlen in

2.5. Strain names, expected ablated cells and expression of GFP are also inchei@alile.
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Table 2.1 Generated transgenic strains for the project.

Expected
expression/localisation| Strain
Plasmids injected Marker Ablated cell of GFP name
SAA, AVA, AVD,
AVE, ASH, RMD,
unc42p:GFP pRF4 none SMB, UL4183
AIN, AVH, AVJ,
AVK, RIV, SIB, DD,
GFP PVT
SAA, SMD, ALN,
strains | lad-2p::GFP pRF4 none PLN, SDQ uUL4213
SMB, AVJ, AVH,
myo2p BAG, PDA, PVR,
flp-12Ip::GFP ::mCherry none SAA, SDQ, BDU (?) UL4237
myo2p SMB, RME, ALN,
odr-2p::GFP ::mCherry none PLN, RIG UL4238
flp12sp:GFP pRF4 none SMB UL4187
SAA, SMD, ALN,
rec-GFP | lad-2p::recGFP(707), pRF4 none PLN, SDQ uL4184
strains | lad-2p::recGFP(708)
lad-2p::recGFP(707), pRF4 none SAA uL4214
unc42p:recGFP(708)
lad-2p::recGFP(708), pRF4 none SAA UL4216
unc42p:recGFP(707)
flp12sp:CED-3 (p15), myo-2p Absence of GFP uL4230
Ablation | flp12sp:CED-3 (p17), | ::mCherry SMB expression in SMB *
Strains | flp12sp:GFP
lad-2p::CED-3 (p15), myo-2p uL4207
unc42p:CED-3 (p17), | ::mCherry SAA SMD, ALN, PLN, SDQ *
lad-2p::GFP
flp12sp:CED-3 (p15), myo2p
Control | flp12sp:GFP ::mCherry none SMB uL4224
unc42p:CED-3 (p17), myo2p SAA, SMD, ALN,
strains | lad-2p::GFP ::mCherry none PLN, SDQ UL4219
(?) =unclear

* = integrated

2.3.3 Neural localisation and confirmation of ablation by microscopy

2.3.3.1 GFP reporter strains confirmed the localisation of the SAA and SMB
neurons

The GFP strain carrying tHad-2p promoter region (UL4213) drove expression of the GFP
protein in five neurons (Figure 2.3, Images A, C and D) as expected and previously described
(Aurelio et al.,2002 Kim, J.et al.,20153. In the head and in the area of the nerve ring SAA and
SMD neurons were visible (Figure 2.3, Images A @dBy focusing in on the head area all

four cells of each of these neurons were identifiable (Figure 2.3 C). The two cells of SDQ
were observed in the anterior and posterior body flanking the general area of the vulva (Figure
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2.3, Image A). In the ared the tail four cells in close proximity to one another were observed
(Figure 2.3, Image D)hese were ALN and PLN, consisting of two cells each.

lad-2p :: GFP flp-12sp :: GFP
left view, whole body dorsal view, head

\
'\

lad-2p :: GFP % lad-2p :: GFP unc-42p :: GFP
ventral view, head "ALN ventral view, tail right view, whole body

Figure 2.3 GFP reporter strains images. Worms expressing GFP driven lagltBp (Images
A, B and C),flp-12sp(D) andunc42p (E) promoter regions. Green arrows indicate
neural cells. Red arrows indicate a temporary expression of GFP on therigrtsahd

ventraH eft SMB6s axons that was gone after ¢

The GFP strain eaying theflp-12sppromoter region (UL4187) drove expression of the GFP
protein solely in the SMB neurons (Figure 2.3, Image B) as expegedsonal
communication with Kyuhyung Kim)¥ithin the area of the nerve ring four SMB cells were
visible with fouraxons extending from the nerve ring towards the tail. The ventral axons were
always longer than the dorsal ones.

The GFP strain carrying thenc42ppromoter region (UL4183) drove expression of the GFP
in many cells, rendering them very difficult to idéy and the levels of expression varied
(Figure 2.3, Image E)
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2.3.3.2 reeGFP reporter strains showed successful expression of the two
component system

Worms expressing the two subunits of the reconsttGEP driven by the samlad-2p

region (UL4184) showed the same expression pattern adp::GFP reporter strain
(uL4213.

Furthermore, there was no nepecific GFP expression observed by theG&® strains
(Figure 2.4 ImagedA, B and C). When the twsubunits of the reconstitutésFP were driven

by the two different promoter regiorad-2p andunc42p), with expression overlapping only

in SAA, the whole GFP protein was expressed solely there (strain UL4214) (Figure 2.4, Image
D). Same expression result was observed with strbi#2WU6, were the promoter regions were
switched to different reGFP subunits. The twoomponent system thus far worked
successfully and as expeci&halfieet al.,1994.

lad-2p :: rec-GFP lad-2p :: rec-GFP
ventral view, head ventral view, tail

lad-2p :: rec-GFP(707)
lad-2p :: rec-GFP unc-42p :: rec-GFP(708)
right view, head dorsal view, head

Figure 2.4 recGFP reporter strains images. Worms expressing the two subunits of the
reconstitute: GFP driven by théad-2p (A, B and C) and by both tHad-2p and the

unc42p (D) promoter regions.
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2.3.3.3 Ablation and control strains confirmed successful genetic ablation of

the SAA and SMB neurons
GFP plasmids were dojected along the caspase ones, so that | would bet@blenfirm
ablation of the targeted neural cells via microscopy. SMB cell ablation occurred in worms
expressing the two subunits of the reconstituBED-3 caspase driven by thpl2-sp
promoter region [Figure 2.5, Image A, worm in the bottom hasSti8- ablated(strain
UL4230), whereas worm in the top has not (strain UL4224)]. When the reconlsGitiz3
caspase was driven by both thd-2p and theunc42ppromoter regions, SAA ablation took
place (Figure 2.5, Image C; strain UL4207). GFP expression in other cells, and the lack of it
in the targeted ablated cells, confirmed th
where only one of the twablation constructs were injected, the neural ablation does not take
place (Figure 2.5, Image A top worm and 2.5B; strains UL4224, UL4219 respectively).
Ablation of the targeted cells with the caspase-t@mponent system therefore occurred
successfully, & previously described with other neural célidelur and Chalfie, 2007

flp12-sp :: GFP
left view, whole body

S‘DQ

YV o]
SMD /,/

lad-2p :: GFP / S lad-2p :: GFP
left view, whole body dorsal view, head

Figure 2.5 Ablation and control strains images. Worms expressing the two subunits of the
reconstitute CEEB caspase driven by tlfk-12sp(A bottom worm), and by both the
lad-2p and theunc42p promoter regions (C). GFP expression, and the lack of it,
confirms thegenetic ablation. Control ablation strain (Image A top worm and Image B)
expresses only one of the two ablation constructs, therefore the neural ablation (SMB

and SAA respectively) does not take place.
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2.4 Discussion

In order to gain a more detailed unstanding of individual neural function in the worm, and

link that function to the role of complex neural circuits and specific behaviours, the need for
more finetuned genetic manipulations and techniques arises. In this project, the neurons of
interest vere difficult or even impossible to target by commonly used laser or genetic
techniques. The twoomponent system created by Chellur and Chalfie (2007) used here,
proved to be both specific and consistently successful.

The general anatomy and localisatioh the neurons of interest, SAA and SMB, was
confirmed as previously describéslrelio et al.,2002 White, J.G.et al.,1986. The promoter
regionsselected to target the neurons worked well with thedermponent system. Ablation
of the targeted cells was confirmed.

Ablated strains showed locomotion phenotypes different to that of theypidanimals, all
described in detail in the next chapt&@hépter 3). The SAA and SMB ablation strains

generated in this chapter are the main strains that were used throughout this project.

Although generating these strains took the better part of a year, it enabled the behavioural
assays to move forward fastélaving strains transmitting the genetic ablation to their
progeny, gave ma continuous supply of mutants, and prevented me from having to keep
doing independent laser ablations on individual worms for each and every assay. On that note,
it increased theetiability and reproducibility of the all behavioural analysis | conducted in

the following chapters.

This reconstitute system was first published in 2007 by Chelur and Chalfie, however, when |
started my project only four other studies had used it faraheblations; to ablate RIA
interneuronHaet al.,2010, BAG interneuror{Bendeskyet al.,2011), AFD sensory neuron
(Glauseret al.,2011), AWC sensory neurofBeverlyet al.,2011) and ASI sensory neuron
(Gallagheret al.,2013. ltds been gaining more attentio
that by showing how reproducible and successful it is, l@oekegangesearchers will use it

in the future to target cells that were otherwise difficult to target. Using this genetic approach,

we will also expand our mutant strain library in the CGC with strains that will be easily

accessible to all labs and directly comaiae.
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Chapter 3
Locomotion analysisof the SAA- and SMB- ablated strains

3.1 Introduction

The aim of this chapter was to observe and describe any phenotypes that resulted from the
transgenic strains generated in the previous chapter, and to assess the role of SAA and SMB

in locomotion by means of behavioural analysis.

3.1.2 Behavioural phenogpe of the SAA and SMB ablation strains

In order to infer neural cell function, neuroscientists often kill a neuron of interest and
examine the resulting behaviours of the ablated animals. Neural ablation studies and
behavioural characterisation of genetiatants have shed much light on the neural circuits
regulating the different behaviour€.elegansdemonstrates(Bargmann, C. 1., 1993
Bargmann, C. let al.,1993 Gray, J.M.et al.,2005 PierceShimomuraet al.,1999 Zhaoet

al., 2003 lino and Yoshida, 2009Such studies can also suggest functional overlap or circuit
proximity between neurons. Regarding the neurons of interest of this project, SMB has been
partially characterised whereas SAA has been largely overlooked. As prevdmesissed in
Chapter 1: Gener al I ntroducti on, SMB and S/
further than their known synaptic connectivity, and SAA has not yet been linked to any

behavioural circuit.

Therefore, in this chapter | focused on an esiee behavioural analysis of the SAA and SMB
genetically ablated strains. Waeléfined behaviours were studied, such as local search
behaviour, dispersdCroll, 1975 Gray, J.M.et al., 2005, escape response harsh touch

(Chalfie et al., 1985 Pirri, Jennifer K and Alkema, 2012nd swimming (used to be called
thrashing) in liquid M9(Vidal-Gadeaet al., 2017). The performance and frequencies of
reversals, turns and the amplituofeundulations during those behaviours were measured.

Wild type and control ablation animals, where only one of the two-@EDbunits were
expressed, were used as controls. Albeit a laborious work as everything was measured
manually, observation and degtion of the various behavioural phenotypes created a
Obehaviour al envel opbd or 6et hogramé for e

locomotion defects in comparison to the wild type animals.
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3.2 Material and methods

3.2.1 Nematode maintenancand strains

Animals were kept at 2C at all times, fecE.coli (OP50 strain) and were maintained as
previously describe@Brenner, 197% C. elegansvariety N2 Bristol wildtype strain was
provided by theCaenorhabditis Genetics Centre (CGC), which is funded by NIH Office of
Research Infrastructure Programs (P40 OD010440). Ablated strains(824207), SMB-
(UL4230) and control ablation strain (UL4223) used throughout this chapter were generated
for this project (see previous chapter for detafigsimals were assayed in the first 2 days of
adulthood.

3.2.2 Amplitude of undulations

The body bends of the wormdbs sinusoidal m
undulations. Each half undulation is either a hyperbolic or paralikdicurve (Figure 3.1,

Image A). In order to quantify and compare the undulatory phenotype of thedasiains

to the wild type worms and control worms, the degree of curve was measured (Figure 3.1,
Image B). Most commonly used by civil engineers to define and compare curves and arcs
(Schofield, 200}, the degree of curve defines the sharpness or flatness of a curve. The degree

of curve is directly proportional to curvature and inversely propottianthe radius of the

circle fitting in the curve measured.

Nematode growth medium 9cm plates were plated with OP50 bacteria in order to produce
thin lawns, and were left overnight at room temperature.-¥#dladults were transferred with

the use of anyelash to the 9cm plate and were left 1 minute to recover. Tracks left on the
thin bacterial lawn were captured by StreamPix 7 (version 7.2.1) video capturing software,
built by NorPix. Images were processed with FIJI softw@ehindelinet al., 2012 and
GeoGebra 4.4 softwar@Hohenwarter, 2002in order for the angle of the curve to be

measured. 50 random tracks were measured from 10 worms for each strain.



Figure 3.1 Angle curve measurement meth@gd.Example of arangle curve measured on
an image of a worm track. Lines G and F are the backward and forward tangents to the
circle fitted on a random undulation. Spot D is the point of intersection of the two
tangents. C is the angle referring to the degree of cunigle®)ents of a simple curve.
g is the angle depicting the degree of curve. Image obtained and adapted from
http://www.tpub.com/inteng/11a.ht(integrated Publishing, 2013

3.2.3 Behavioural assays

3.2.3.1 Locomotion analysis of localearch via singleworm video-tracking

Well-fed adults were transferred with the use of an eyelash to a fresh, foodless nematode
growth medium plate (9cm diameter). They were left 1 minute to recover because the transfer
suppresses turning for about a m@@Zhao et al., 2003. Videotracking was iniated
immediately and lasted for approximately 11 minutes as reversals, stops and turns decrease

to a minimum after 11 minutes in the absence of {éady, J.M.et al.,2005. Videos were
captured at our g r-woupt@cker consisting oha Nikon dissectisgi n g | e
microscope, a XIMEA xiQ supespeed camera and a Prior Optiscan Il (X, y) stage installed,

so that the animal coulge observed as it moved across the plate (Figure 3.2, Image A). Six
animals were tracked for each strain (control ablation n=4), resulting in approximate 4 hours

of video tracking.

Any backward movement was scored as a reversal event. How reversal \eaigitssored

is shown by the schematic in Figure 3.2, Image C. Reversals of three or more head swings or
body bends (1.5 undulation and above) were scored as long reversals. Less than three head
swings or body bends (up to 1.25 undulation) were scoreticat reversalgfZhaoet al.,

2003 Gray, J.M.et al.,2005. A body bend or head swing was scored whenever a bend
reached a maximum just posterior to the pharfikeelle and Horvitz, 1996 Backward
movement that was interrupted by a brief period of forward movement was scored as two

di stinct reversal s. Stops | onger than 1 sec
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included also all kinds of turns; omega and delta. Omegawerssvisually identified by the

head touching the mibody and sliding off the tail, the resulting posture forming the Greek
letter q (Gray, J.M.et al., 2005. Delta turns were distinguished by the head passing
underneath or above the tail the posture forming the Greek ldi@may, J.M.et al., 2005
Broekmarset al.,2016. All behaviours were scored as events (counts) and the length of time
it took forthem to be performed by the worms noted down (seconds). Videos were captured
at 25fps with StreamPix 7 (version 7.2.1) software built by NorPix. Experiments were
conducted at 2. The order in which plates and strains were used was randomised with the
useof a dice. For representative ethograms for each straiAgsendix section D (Figure

D1).

@
1/2 undulation
—>

<«
1/4 undulation
| J
|
1 undulation

Figure 3.21 mages of our groupds worm trackers an
the singleworm tracker in our group. B) Shows the mmtirm tracker seup by my
postdoc colleague Robert Holbrook. C) Schematic representation of undulation
measurements during rever sal scoring (1

undulations).

3.2.3.2 Dispersal (Longange search) behavioural assay

After the first appragimate 1015 minutes without access to food the worm enters an
exploratory behaviour of long runs and fewer tumbles to cover more area. This behaviour is
called dispersalVell-fed adults were transferred with the use of an eyelash to a drop of M9
buffer and immediately afterwards to the centre of a fresh,-fi@@d nematode growth

medium plate (9cm diameter). The base of the plate was divided into squares by an 86 square
grid petristicker (Figure 3.3). Videtracking was initiated immediately and lasted for an
hour . Squares covered by the worms6 tracks

compared between the stra{f$avellet al.,2013.

For these experiments a cwst built multrworm tracker was used, set up by my postdoc

colleague Robert Holbrook, consisting of a Navitar telemetric lense and a XIMEA xiQ super
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speed camera mounted on a Fotomate macro slider / Manfrotto 410 geared head, and a
Polytech LED red lighticcular system (Figure 3.2, Image B). Videos were captured at 4fps
with the use of StreamPix 7 (version 7.2.1) software built by NorPix. Trajectories were
visualised with FIJI softwaréSchindelinet al.,2012. Experiments were conducted at 20
Theorder in which plates and strains were used was randomised with the use of a dice. Four

animals per strain were tracked.

h
w r4

single adult worm square grid petri sticker

Figure 3.3 Simplified schematic showing the dispersal assay for measuring search behaviour
based on worm tracks formed for an haur,a plate without a cue. Number of squares
entered by the worm demonstrates an approximation of the area of the plate covered

during exploration. Image adapted fr¢riavell et al.,2013.

3.2.3.3 Escape response via harsh touch

Well-fed adults were trafierred with the use of an eyelash to a fresh, -foeel nematode

growth medium plate (5cm diameter) and were left 5 minutes to make sure they recovered
and none of the responses observed were due to the transfer. They were then poked with an
eyelash on th tip of the head. Percentage of response to the harsh touch was scored. From
those adults that responded, undulations of the reversals were scored as described in the
previous section (Figure 3.2, Image C). Whether the reversals were followed by omega or
delta turns was also scored and the turnos
visually identified as described in section 3.2.3.1. Experiments were conducte@aThé

order in which plates and strains were used was randomised with theaudie®f and their
genotypes blinded to me. Sham experiments were conducted alongside as an additional
control, whereby the worms were not poked and their spontaneous response observed. 50

worms were poked from each strain and 30 were observed for theexparnments.
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Head poke
N

NS

Reversing ?/\

Onset of omega turn ﬁ’% Head touches the body

/
Omega turn exit o

-

Resumes forward locomotion W

Figure 3.4 Escape response, coupled with an omega turn, of a wild type worm after a harsh
touch on the tip of the head with an eyelash. Original image edited®iom Jennifer
K and Alkema, 201p

3.2.3.4 Swimming in liquid M9

Assessing motility in liquid has proved useful in identifying mutants affecting locomotion
behaviourgdBrenner, 1971 Well-fed adults were transferred with the use of an eyelash to a
24 well microtiter plate filled with M9 buffer (22mM KIRQy, 34mM K:HPQ,, 86mM Nacl,

1mM MgSQin H20) and were left 1 minute to recover. Body bends, turns and reversals were
scored for a whole minute in 50 animals per strain. Experiments were conducted. a2

order in which plates and strains were used was randomisechwitls¢ of a dice, and their

genotypes blinded to me.

3.2.4 Lifespan assay

Adult worms were left to lay eggs on OP50 seeded nematode growth medium plates (5¢cm
diameter) and after 2 hours were removed. The resulting synchronised eggs were left to
developat 20 C and were observed twice daily until they reached adulthood. The adults were
then transferred to newly seeded plates and their survival rate was scored daily until all worms
were dead. A KaplaiMeier plot was drawn to depict the survival rafR&ch et al., 2010.

Initial population for all strains was 80 animals (4 plates dcdirdénhals). Those few that were

lost crawling to the lid of the plates, resulting in them drying out, were removed from the

analysis.

3.2.5 Statistical analysis

Comparisons between tested animals and matched controls were conducted by usag one

ortwoway analysis of wvariance (ANOVA) foll owe
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For the lifespan assay theg-rank (Mantel- Cox) test andsehanBreslowWilcoxon test
were used as recommended by the statistical packagalysis was performed using
GraphPad Prism (version 6.01), GraphPad Software, La Jolla California USA,

www.graphpad.com

3.3 Results

3.3.1 SAA- and SMB- ablated animals exhibit exaggerated undlation

amplitudes

The first and most apparent difference between the wild type and the ablated animals was the
amplitudes of their undulations. The curves of the undulations left on the thin bacterial lawn
by the ablated animals were deeper than the wild type and thelsdfigure 3.5, Images

A-D). The measurements of the angle of the curves revealed tigNiBreablatedstrain has

the highest curvature of the strains, with the SAA ablation strain curving less, but still

significantly higher than theontrols (Figure 3.5image E).

WT ablation control \

g\'/\ I,\\;

e \
\S ‘\\"Q;’\S\S\ /\

( x \
\ 3 : ©
> \ ? £ \( /”)
N . SAA ablatlon SMB ablation /) Strains

Degrees of curve (C™)

Figure 3.5 Images of tracks and curve angle measureméntges A,B,C and D depict
tracks of the ablated and wild type animals on thin bacterial lawns. Graph E shows the
mean degree of curves from tracks leftthg body bends of each strain examined
(n=10, average of 5 bends measured from 10 animals per strain, 50 bends in total per
strain). Statistical significance, and error bars as STDEV, are indicatedw@ne
analysis of wvariance ¢&camparigon,)**pam0dl).Tukeyods
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3.3.2 SAA- and SMB- ablatedanimals perform a coiled phenotype version

of an omega turn

Omega turn sequence

WT
Ea
les!

SAA- (UL4207)

SMB- (UL4230)

Figure 3.6 Omega turn sequence images. Images A to F depict snapshots of an omega turn
of a wild type animal. Black arrow indicates the posture resembling the Greekjletter
that gave this behaviour its name. Control ablation animals exhibited the same postures
asthe wild types. Images G to L depict snapshots of an omega turn Bé-aablated
animal and snapshots M to R frorB&B- ablatedanimal. Red arrows depict the coiled
posture observed during the omega turns of the ablated strains.
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Initial direct observiion of the ablated strains also revealed a phenotype during omega turns.

This was examined more carefully by vidieacking on fooefree plates.

When anSAA- or SMB- ablatedwvorm bent its head to initiate the omega turn, it did so with

an overstretch #it made the most of the body coil to the side it was bending (Figure 3.6,
Images O and I). The head could not then slide off the body and bent to the other side as
happens during the recovery of a wilighe omega turn. In order for the worm to exit the
podure, the head had to either lift upwards and cross over the body (Figure 3.6, Image Q), or
the animal had to roll its whole body until it uncoiled enough for the head to slide free (Figure
3.6, Image K). | have dubbed this very specific abnormal verdionean omega turn
omega turn (Figure 3.6, Images J and P). The ablated animals also exhibited normal omega

turn behaviours as well, but at a lower observed frequency relative to coiled turns.

3.3.3 SAA- and SMB- ablated animals exhibit a different local search
pattern than the wild type

The locomotion analysis via continuous single worm ittaoking highlighted not only the
obvious differences between the strains, but also the more subtle on€&sAAhablated
animals exhibit 3D movement ingtorm of a head lift, especially before performing a turn
(Figure 3.7, Images ®). Although, the time spent in forward, backward movement and
pauses was no different than the control strains (Figure 3.7, Image E), the behaviours within
those timeframes @re in some cases significantly different (Figure 3.7, Images F and G). The
SMB- strain exhibited a high frequency of all types of turns (omega, delta and coiled) leaving
its remaining forward movement as the lowest percentage across all strains. TH&EIraifA
exhibited a similar phenotype, however not as strong, and its delta turns were at control levels.
Backward movement for SMB was similar to the wijghe animals, whereas, ti®AA-
ablatedanimals exhibited a higher frequency of sort reversals dngher length of longer
reversals (Figure 3.7, Images H, | and J). Both ablated strains required more time to perform
long reversals and turns than the control strains, but this was not true for short reversals

(Figure 3.7, Image K).

(
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Figure 3.7 Spontaneus locomotion analysis. Images A to D depict a head lifting behaviour
observed in th&AA- ablatedanimals. Graph E shows the percentage of time spent in
forward, backward locomotion or pause during the recording by the animals of the
tested strains. Grap F and H show the specific behaviours performed during forward
and backward movement respectively. Graph G shows the frequency and type of turns
during forward movement, and graph | the frequency and type of reversals during
backward movement. Graph Jos¥s the mean length of the reversals (measured as
undulations) performed during long and short reversals. Graph K shows a comparison
of the time it took each strain to perform the different behaviours. Statistical
significance, and error bars as STDEV, iadkcated. [A tweway analysis of variance
( ANOVA) and Tukeyds multiple comparison

animals were tracked for 11 minutes for each strain (control ablation n=4)].
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3.3.4 SAA- and SMB- ablated animals exhibit a decrease in gloratory

behaviou

«

N
o
1

-
o
1

Percentage of area covered
o
.

—

Yoy wI Strains

Figure 3.8 Longrange dispersal behaviour of assayed strains. Image A shows a
representative example of the tracks formed by a-tyjpj@é animal for an hour, B a
representative example of the tracks formed b8Ae\- ablatedanimal and C a
representative example of the tracks formed b$MB- ablatedanimal. Ablation
control animals showed similar tracks to the wilde (data not shown). Image D
depicts the dispersal behaviour of a wildtype animal with the tumbles and turns
indicated with red and blue coloured tracks, respectively. Graph E shows the
approximate area covered by the animals tracked for 1 hour. Statistical significance,
and error bars as STDEV, are indicated. [@ag analysis of variance (ANOVA) and

T u k e y fipte caompdrison were used; ***p<0.001; n=6 for each strain].

Once their local search behaviour was analysed, | moved on to observe theangeg

dispersal behaviour (Figure 3.8, Image<CA As has been previously observed in Geay

al., (2005), tle worm, after spending the first minutes exhibiting a high frequency of reversals
and turns (Il ocal search) , switches to a be

decrease exponentially (lomgnge dispersal) (see red and blue tracks in Figurdr3agje
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D). There was a statistically significant change in the area explored between the ablated strains
and the controls. TH8AA- ablatedanimals showed atdmes decrease and the SMB animals

a 6times decrease of the area explored (Figure 3.8, Imadeda). direct observation of the
movies, this was due to the fact tB&tA- and SMB ablatedcanimals performed more tumbles

and less runs during the one hour of videxking.

3.3.5 The escape responses®AA- and SMB- ablated animals differed to

thoseof wildtype and ablation control animals.

Once spontaneous behaviour was largely covered, | next examined whether similar
phenotypes would be observed during an evoked response, a deterministic behaviour of the
worm. Moreover, | was interested in checkiwgether the ablated animals do respond to
touch, and whether the reversals are coupled to omega turns, just as happens in wildtype
animals(Croll, 1975 Gray, J.M.et al.,2005. The escape response the worm exhibits on the
application of a harsh head poke, is a vdelfined response (Figure 3.9, ImagesIj The
experiments revealed that the ablated worms do respond to harsh touch, the majority of the
reversals that follow the touch are long and coupled with turns, just like théypédvorms

(Figure 3.9Images), K and M). However, the majority of the tumsre coiled for the ablated
animals (Figure 3.9ImageN). Moreover, theSMB- ablatedanimals exhibited more long

reversals and significantly longer in length (Figure BriagesK and L, respectively).
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Figure 3.9 The escape response of ablation, control and wildtype strains following the
application of a harsh touch on the tip of the head. Images A to | show some snapshots
taken during the response from the wijge and ablated animals. Ablation control
animalsshowed similar postures to the wilghe (data not shown). Graph J shows the
percentage of animals responding to the harsh touch, compared to mock experiments.
Graph K depicts the percentage of long and short reversals as a response to the touch,
while grgph L shows the length of the long reversals measured as the number of
undulations. Graph M depicts the percentage of the reversals that were coupled with a
turn as a response to the touch, while graph N shows the relative frequencies of different
types ofturn; omega, delta or coiled. Statistical significance, and error bars as STDEV,
are indicated. (ForgraphLaOmneay anal ysi s of wvariance

multiple comparison were used; ***p<0.001; n=50 for each strain).
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3.3.6 SAA- and SMB- ablated animals exhibit a decrease in motility in

liquid compared to wildtype and ablation control animals.

In order to check the motility of ablated, control and wildtype strains in liquid, and to observe
their swimming behaviour, they were transferred into M&dimam. The body bends per
minute of SAA- and SMB ablatedanimals were considerably lower than for wijghe

animals (Figure 3.10 J) and tis&IB- ablatedwor ms 6 tur n frequency we
other strains (Figure 3.10 K). TI8AA- and SMB ablatedanimals also exhibited a coiled

turn behaviour as previously observed on agar (Figure 3.10 F and I). The difficulty they
exhibited in exiting that coiled shape, in combination with the exaggerated body bends,
contributed to the decreased motility observeain& of the liquid experiments were video
tracked and their images revealed a difference between the ablated strains. The body bends of
the ablated strains, as expected after the results in the previous section, were deeper but the
over stretch was at diffent parts of the body. TH&AA- ablatedworms overbend at the tip

of the head (arrow in D and E), whereas the SMB worms-loeed at the neck (arrow in G

and H) (Figure 3.10 D, E, G, H). Last but not least,3MB- ablatedworms demonstrate a
rod-like stiffness towards the tail, not following the curvature of the rest of the body.
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Figure 3.10 Swimming behaviour of assayed strains. Imagdsshow examples of ventral
or dorsal bends, and omega turns, of the ablation, control and wildtype strains in liquid
M9 medium. The ablation control strain showed similar bends and turns when
compared withthe wild-type animals (data not shown). Graph J shows the motility of
the tested strains depicted as body bends per minute. There was a statistically significant
decrease in the body bend rate between the ablated and thgpeildnimals. (One
wayanalys of variance (ANOVA) and Tukeyds mu
<0.001;*p <0.05; n=50 for each strain). Graph K shows the omega turn frequency of
the tested strains depicted as turns per minute. There was a statistically significant
difference in theturn rate between th&MB- ablatedstrains and the wildype.
Statistical significance, and error bars as STDEV, are indicated-vi@nanalysis of
variance (ANOVA) and Tukeyb6s multiple cor
each strain). Experiment®mparing reversal frequency across the strains revealed no
statistically significant difference amongst all animals tested (graph not shown). Red

arrows highlight head bend.
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3.3.7 SAA- and SMB- ablated animals show no obvious developmental or

survival defects

There was no statistically significant change in the trend of survival between the strains
(Figure 3.11). Moreover, with the exception of a minor delay in development of the SMB
ablated strain wring day 3, no obvious developmental defects were detected via direct

observation until animals reached adulthood (Table 3.1).

1001

== SAA-(UL4207)

== SMB- (UL4230)

501

Percent of survival

0 10 20 30
Days after hatching

Figure 3.11 Graph showing a KaplamMeier survival plot for the main strains used
throughout the project. Initial populatidar all strains was 80 animals (4 plates with
20 animals each). There was no statistically significant change in the trend of survival
between the strains. Lagnk (Mantel Cox) and GehaBreslowWilcoxon tests were
used; p > 0.1).

Table 3.1 Life stages observed during development until animals fully reached adulthood.
Synchronised populationSMB- ablatedstrain exhibited signs of a slight delay during

day 3 of direct observation.

Strain\Days after hatching Day 1 | Day 2 | Day 3 Day 4
WT 11-12 | 13-4 | young adults/adults | adults
Control ablation 11-12 | 13-4 | young adults/adults | adults
SAA- (UL4207) 11-12 | 13-4 | young adults/adults | adults
SMB- (UL4230) 11-12 | 13-4 | 14/young adults/adults| adults
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3.4 Discussion

In this chapter, | sought to shed some light on the role of SAA and SMB neurons during
probabilistic (stochastic) and deterministic behaviours (evoked) of the wAbtation of

SAA and SMB led to worms with very different behavioural phenotypes to cerdra
wildtype. Similarities in the phenotypes exhibited by SAA and SMB ablatiaimstsuggest

they may be part of the same neural circuit. However, there were some clear differences
between SAA and SMB ablation phenotypes, hinting at differences inrtieifunction

within the wormdés net wor k. Her e, | di scuss

3.4.1 SAA and SMB neurons are involved in setting the amplitude of head
swings

By comparing the curvature of the ablated strains with the controls, by means of the angle
curve, | have shown for the first time experimentally that SAA neurons are part of the circuit
that sets the amplitude of undulations. This experiment also confiniadprevious laser
ablations for SMB had shown; that it has a function in sinusoidal movement regarding the
amplitude of undulationgGray, J.M.et al., 2005. The exaggerated head swings were
apparent in all of the contexts the animals were observed under, such as on food, in liquid, off
food, prolonged period off food etc. The exaggerated flexing observed after neural ablation
suggets an inhibitory activity on the muscles by SMB motor neuron, and an indirect
inhibitory effect to the muscles for the SAA interneuron (possibly via dysregulation of SMB
motor neuron when SAA is ablated). This hypothesis will be addressed further iriChapt

by means of calcium imaging at the body wall muscle.

Being a motor neuron that innervates head and neck muscles, the SMB, was expected to have
a role in maintaining some type of body posture as it has a direct effect on the muscles.
However, the SAMas an interneuron wasnot necessari
phenotype. This result strengthens the hypothesis that SAA controls SMB activity, outlined

in the General Introduction. However, the phenotype of SAA ablation is shallower than the
SMB ore, suggesting that SAA could control another motor neuron and the effect of the
ablation that | observed is@mbinatorialresult. SMD is a good candidate. It is a motor
neuron deeply connected to SAA, locally very close and overlapping in gene expression
pattern. SMD laser ablation in previous studies has shown a control over the amplitude of
omega turns by lowering the steepness of turning dramat{&idy, J.M.et al.,2009. This

result suggests an excitatory activity on the muscles from the SMD neurons, which is the
exact opposite effect of the SMieurors. On that note, and if the SAA controls both, then

the result of the ablated wosngould be a combination of SMB and SMD dysfunction due to
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the SAA ablation. Therefore, one would expect to observe an intermediate phenotype from
the SAA- ablatedworms.

Two moreheadneurons have shown an effect in setting the amplitude of the heagisswin
RME (Gray, J.Met al.,2005 Sheret al.,2016 and RMD(Pirri, J. K.et al.,2009. However,

these motor neurons only innervate the muscles on the tip of the head, and not the neck
muscles, and as a result exhibit only a minor foraging/oscillating defgcicted to the end

of theheadwhen ablated. Thus far, no otliexadneural ablation has shown a similar effect.

These results and hypotheses will be further explored in General Discussion, where | will

propose a circuit model for the head movement and a network for chemotaxis.

3.4.2 SAA and SMB neurons set the amplitude and inhibit the frequency

of omega turns

The coiled turn phenotype observed for the first time in this project by the ablated strains,
occurred during both deterministic and probabilistic behaviours. Whe&3A2&a or SMB-
ablatedworm bent its head to initiate an omega turn, it did so with a deep flex that made the
rest of the body coil to the side it was bending. That could occur both at a ventral or a dorsal
turn, however, ventral turns were favoured, as prewalsscribed in wild typegGray, J.M.

et al.,2005 Broekmanset al.,2016 Croll, 1975. The head once coiled, could not recover

and bent to the opposite side, making the omega turn exit very difficult. It seems that without
SMB to inhibit the muscles on the side that is initially bending, the turn goes undheaokie

the posture of the head cannot recover. The same happens with the ablation of SAA, but to a
lesser extent. The absence of the interneuron seems to render the motor neuron dysfunctional
to an extent. Last but not least, in all environments testeduth frequency of the ablated
strains was significantly increased. This suggests that SAA and SMB, when functioning
normally, inhibit the frequency of the turns. As with the previous section, these overlapping

results of SAA versus SMB strengthen the diyesis that one regulates the other.

It was also interesting that the ablated animals did exhibit normal omega turn behaviour as
well, but they were deeply flexed and at a very low occurrence. This highlights the fact that
SAA and SMB do not work alonenathe circuit regulating the amplitude of omega turns.
Evidence points to SMD, where in a previous publication investigating the navigational
circuit, SMD ablation results in a decrease of omega turns and those turns are st@Hayer

J.M. et al.,2005. Therefore, whereas SMD promotes the turns, SMB and SAA inhibit them

in all tested environments. Once again, SMD seems to have the exact opposite effect on the

body posture and muscles to SMB.
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These results prompted me to check the activity of the SAASMB neurons during this

behaviour, which is explored further in the next chapter (Chapter 4).

3.4.3 SAA and SMB neurons promote runs during dispersal behaviour via

inhibiting turns

On food, all of the worms exhibited what was previously described eirty(Croll, 1975

Gray, J.Met al.,2005 Fujiwaraet al, 2002. A high frequency of pauses, turns and reversals
interrupted with the occasional short roam outside of the food boundaries. In contrast, the
ablated strains exhibited more turns than the-tyigk. This was not explored further in detail
duetotimeonstrai ns, the projectdéds focus on taxi

activities increase once it is removed from food.

Once removed from food, witype worms entered a sequence of approximately equal
numbers of reversals, and turns. With thediaviour the worm samples its environment while

staying relatively close to its starting position. As time went by, the frequency of turns and
reversals decreased. In this way, the worm
gets further away fromt s st arting point. These O6runsbd
local searches but these diminish in time too. $A&- and SMB ablatedworms exhibited

a significant higher frequency of turns than the control strains, on both local search and
disper s al behaviour . |t seems with the abl at
performed, and when they are, they are not maintained for increasing amounts of time as in
wildtype worms. This resulted in etekpboringni mal
much further than their starting point. This suggests that the neurons could be controlling the
switch between local search and dispersal. During local search mode turns are promoted
whereas on the start of the dispersal behaviour turnstabitéd. To sum up, SAA and SMB
neurons iinhibit 6tumblesd and promote Orun
important and will be explored further in Chapter 5, where the two strategies of orientation of

the worm will be examineds it hints thaSAA and SMB might be suppressing pirouettes

during chemotaxis

On a side note, the time spent in forward, backward movement and pause was no different
than the control strains during local search. This indicates that the defect introduced by the
ablatian of either cells did not affect the switch between backward and forward movement. In
fact, other than the increase in short reversals and length of long reversals when SAA is
ablated, there was no other significant difference in backward locomotion.e8his could

be down to the fact that from the two neurons explored here, SAA is the only one with strong
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synaptic connections to the backward locomotion circuit, namely RIM and AIB neurons
(Piggottet al.,2011).

3.4.4 SAA and SMB neurons might receive and compute proprioceptive

information

It has been shown that the wormdés forward 1
rhythmically coordiated due to proprioceptive information between adjacent body regions
(Leiferet al.,2011;, Wenet al.,2012). During swimming th&MB- ablatedstrain exhibited a

stiffness to the lower part of the body, not apparent in the rest of the strains. Under normal
conditions, the tail follows the undulation amplitude and general posture of th@/teadt

al., 2012. This suggests that SMB might be expressing stretch receptors that receive and
compute proprioceptive information as the body stretches. It is interesting that SMB is pre
synaptically connected to the DVA interneuron, a neurmwh for its expression of stretch
receptorstfp-4), and its regulation on undulatory movement in the lfadyV. et al.,20086.

This connection could provide SMB with feedback proprioceptive information on the extent

of muscle activity.

Additional evidence for this comes from the inability of SiB- ablatedstrain to recover

the position of the head and bend to the opposite side while exiting a coiled omega turn.
Moreover, the decreased motility observed in liquid M9 was a result of the difficulty to
recover from the exaggerated head swings and exit the ooilega turns. These observations

could be due to a defect in the flow of dorsoventral proprioception information.

Proprioception and the targeted neurons are further explored in Chapter 7, where SAA and

SMB are checked for stretch receptor expression.

34.5 SAA seems to play a role in 3D head movement

TheSAA- ablatedanimals exhibited a lot of head lifting during local searching, and especially
before a turn. This control of head movement could arise from proprioceptive information
sensed by stretch regtors and computed in the axons of the SAA neurons extending to the
tip of the head.

This evidence of regulation of 3D head movement was very interesting for our group, since
my colleague at Computing Robert Holbrook has set up a custom 3D video apphratu
conducted videdracking of SAA- ablatedvorms in the 3D apparatus, but the analysis is not
yet concluded at the time this thesis is being written. Not much is known about the circuit in

the context of 3D movement and should be explored further iutine.
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3.4.6 SAA- and SMB- ablated animals show no significant survival defects

Recently, it has been shown that there is a neuronal regulation of lifgspaat al.,2017).

The work by Linet al. (2017) focuses mainly on sensory neurons. However, it seemed
interesting to observe if there was a role of SAA or SMB in longevity. There was no evidence
of a survival defect of the ablated strains.

3.4.7 The ablation control strain shows no defects

Mock genetic ablation strain, where only one of the two ablation subunits were expressed,
didnét show any behaviour al def dypalike.This al |
confirmed what was observed in Chapter 2; that the ablation occurthahly presence of

both caspase subunits. Moreover, this control showed that no behavioural effects were caused
by the genetic manipulations the transgenic strains went through. Therefore, it will not be
used in the consequent chapters, and all comparésemsade with the wildtype strain.
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Chapter 4

Effect of the SAA and SMB neuronson the body wall muscles and
activity of SMB during locomotion

4.1 Introduction

I n order to obtain a complete knowledge of

resqred. The anatomical and behaviour al dat a
mol ecul ar and genetic data in order to iden
el ectrophysiological properties lod tthebBave:

complete picture for such dynamic processe
progress in electrophysiological techniques
photo actuator s, which ar@. elfddgeatld edi & ¢ed ail n, ¢ |
201SImedeMar gul i es an;dkEr dheota @d0l,1L3j2 6% B 2a0l L. 4,

In this chapter, I aimed to observe the eff
wal | muscles, and whether thispaetri 8i,tpycaus
genetically encoded calci@meibhn20xRtorad GECI
I investigate the activity of the SAA and S

specifical gg/ dalrtiangt wrmres . For t his pur pose
expressing a GECI in the SAA and SMB neur on.
Due to the Il ack of a multifaceted video mi

moving woaoamg dgerri ods of time combining ofter
similar to t hCoseel dfgodussd dom dalrlgebor ati on wi't
recorded short consequent videos of freely
st esrceom e, but fitted with a dynamic fast C e

section for more details).

4.1.1 Calcium imaging and GECls

Calcium imaging is based in the use of calcium indicators that show the calcium ion status of
a cell or tissue.Calcium is a messenger molecule that has an essential role in physiology.
Calcium ions (C#) are transported into neurons both by action potential firing and synaptic
input (Denk et al., 1996 Miyakawaet al.,1992. Neural activity, timing and frequency of
action potentials, as well as levels of synaptic input, can all be quantified by measuring

changes in intracellular free calcium idiRologrutoet al.,2004).
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In C.elegans calcium imaging is conducted with the use of genetically encoded calcium
indicators (GECIs) based on fluorescent proteins that are stably expressed in targeted areas in
transgenic strains. These GECls are actually fluorescent proteins fused with cadmbd

binds to 4 calcium ions and undergoes a conformational cliltigewaki et al.,1997 Baird

et al., 1999 Nagai, Takeharet al., 2001). After years of research there are a number of
available GECls to work with such as Pericams, GCamps, cameleons etc. Some are FRET
based indicators, like cameleons, where the conformational change caused by the calcium
binding to calmodulin brings two fluescent proteins close and thereby changes the energy
transfer between theMiyawaki et al., 1997 Nagai, T.et al.,2004. Some are nGRRET
indicators, like camgaroo and GCamps, where the conformational change alters the
environment of only one fluorescent protéiiakaiet al.,2001). Non-Fret indicators have

been shown to have a greater dynamic rgRgéogrutoet al.,2004. The GECI indicators

are actually showing the calcium influx into individual neurons which then we translate into
action potentials. Since it is very challenging to rddbese optical signals, a lot of research

has gone into the optimization of GECIs. A lot of focus has been put lately on GCamps, which
have been largely optimized. The GECI GCamp3, which is used in this chapter, has a higher
affinity for calcium than prewus GCamps (i.e GCamp and GCamp?2), better photo stability

and signato-noise ratio, and has been widely used since Z0id@ et al.,2009.

4.2 Material and methods

4.2.1 Nematode maintenance and strains

Animals were kepat 20C at all times, fedE.coli (OP50 strain) and were maintained as
previously describe@Brenner, 197% C. elegansvariety N2 Bristol wildtype strain was
provided by the Caenorhabditis Genetics Centre (CGC), which is funded by the NIH Office
of Research Infrastructure Programs (P40 OD010440). The ZW495 strain, which expresses a
calcium geetic indicator in the body wall muscle, was also provided by CGC. Ablated strains
SAA- (UL4207) and SMB (UL4230), generated in Chapter 2 for this project, were crossed
with the ZW495 and resulted in the strains SAAZW495 (UL4228), SMB x ZW495
(UL4227)(see Table 4.1). Neural calcium imaging strains, expressing the Gcamp3 calcium
imaging indicator in SAA and SMB, were generated in this chapter as explained in the
O0Met hods and Mat elad-2aGCanip3 @ed27d)iflpl2sp: 45C8Mp2R ; [
(UL4273), lad-2::GCamp3;SMB (UL4275), flp-12sp: GCamp3;SAA (UL4276)].
Unfortunately, the strains expressing Gcamp3 in the SAA and SMD neurons (UL4274)
(UL4275), as well as the (UL4276) were either not showing a Gcamp3 signal or the

transformation marker used ihe ablated animals, as well as the GFP expression in nearby
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neurons, became an obstacle in tracking and measurement of the targeted cells. More on this

discussed in section 4.4.4. Animals were assayed within the first 2 days of adulthood.

Table 4.1 Geneated transgenic strains via crossing with the strain ZW495, for the expression

of a calcium genetic indicator in the body wall muscle while either SAA or SMB are

ablated.
Strains crossed Screening Markers Ab!z’ltled Strain name
SAA- (UL4207) x myo-2p::mCherry and GCamp3 in th
ZW495 BWM SAA uL4228
SMB- (UL4230) x myo-2p::mCherry and GCamp3 in th
ZW495 BWM SMB uL4227

4.2.2 Generation of the neural calcium imaging strains
4.2.2.1 Plasmid used

The gcy-7p.:GCamp3 plasmid was a kind gift from the Chalasani laborgfbign et al.,
2009. It was used to drive expression of Gcamp3 calcium indicator in the neurons of interest;
SAA and SMB.

4.2.2.2 Molecular biology

Promoter regiondad-2p and flp-12sp which were amplified during work conducted in
Chapter 2, were cloned into thgcy7p:GCamp3 plasmid at the Nael(blunt)/BamHI
restriction sites once tlgey-7pregion was excised. Promoter regions were only digested wi

BamHI before ligation (see appendix Table B.3).

4.2.2.3 Microinjections

The parent wild type strain used for generating the transgenic strains w@s alegans
variety N2 Bristol strain(Brenner, 197% as well as, the main ablated strains generated in
Chapter 2 for this project [ablated strains SABL4207) and SMB(UL4230)]. Transgenic
worms were generated by the means of microinjectiMello et al., 1991), whereby the
constructs mentioned above were microinjected into the distal gonad of a young adult worm
alongside with a transformation markgtobert, 2002 Evans, 2006 The transformation
marker used was tlemet:GFP that drives GFP expression in the coelomocytes of the worm,
and was a gift from Piali Sengupta (Addgene plasmid # 8d8iyabayashietal., 1999. See

Table 4.1 below.
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Table 4.2 Transgenic strains generated for the expression of a calcium genetic indicator
(Gcamp3) in the SAA and SMB neurons. Shown in red are the strains that were not
used, as either the Gcamp3 was not expressedIf), or was not visible in the
targeted cells due to interference of the transformation marker used in the parent

animals and the GFP expression in nearby neurons.

Strain injected | Plasmids injected | Marker Expected expression of Strain
GCamp3 name
N2 flp-12sp:GCamp3 | coet:GFP SMB uL4273
N2 lad-2p::GCamp3 | coel:GFP | SAA, SMD, ALN, PLN, SDQ
SAA- . .
(UL4207) flp-12sp:GCamp3 | coel:GFP SMB
SMB- . .
(UL4230) lad-2p::GCamp3 | coel:GFP | SAA, SMD, ALN, PLN, SDQ

4.2.3 Calcium imagingexperiments of freely moving worms

4.2.3.1 Body wall muscle calcium imaging

The caps of 0.5ml eppendorf PCR tubes were glued with aquarium sealant onto a clean
mi croscope sl i de -p(llatdeusbdb) e d( stehee nkidgnuircer o4 . 1,
agar vere left to solidify in the micrplates and the miceplates were immediately sealed

with parafilm. Once the worm was transferred, with the use of an eyelash, to thelateto

there was a window of approximately 10 minutes of vittaoking before botkhe plate and

the worm dried up. Within the first minute after transfer the worm was left to recover and no
videcotracking took place. Since the platform of the fluorescent scope was fixed, the videos
were conducted in intervals of 20 seconds, as thiglvedsngest time the worm was in frame

at the magnification required to observe muscle activity. When the worm moved out of frame
the video tracking was manually terminated. To obtain base line calcium readings in the body
wall muscle, animals were anasstised by the use of azide (5mM). Images for the body wall
muscle were processed withlQma g i ncgpdusee PrQ 7 software, which automatically
subtracted the background drawn on the image from the intensity measurements (Figure 4.2).
From each worm videcaptured an independent dorsal and ventral bend was measured unless
the quality of the video rendered that impossible. Intensities of the head bends were
represented as dorso/ventral or ventral/dorsal ratios. In this way, the comparison between
differentworms was more accurate, as there is variability in the Gcamp3 expression across
i ndi vi dual wor ms. Mor eover , whil e comparing

bends, the intensity of calcium in the BWM per se is not as important as the tageih¢he
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dorsal and ventral part of the head which reflects how contracted and how relaxed each side

of muscles are.

'/\

Figure 4.1 Images of NGM agar micrplates and pad#\) Image showing the construction

of NGM agar micreplates. B) Image showing tlvenstruction of NGM agar pads.

Figure 4.2 Representative snapshot of measurements taken usingn@ g i rcapture Prq
7 software. One line had to be drawn on the area of interest (red: middle area of the
head bend), and one had to be drawn on thikegbagnd (blue: below tail of worm) so
corrections could be made for any background fluorescent signal. The line profile below
the image shows the intensities measured along the line of interesi-(igftt; dorsa
to-ventral). Red line on the graph mts the red line drawn on the bend and blue line

is the background measurement.

4.2.3.2 Neural calcium imaging

NGM agar pads were made as shown in | mage
mounting protocol described in WormBo&haham, 2006with a few changes. | used 1.7%
NGM agar for the pads, the worms were alive and freely moving. Once the worm was

transferred, with the use of an eyelash, onto the agar pad, a thin cover slip wapgeotily
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top. The cover slip not only kept the worm and the pad humid enough for longtradkimg,

but also slowed down the worm (approximately 3 times lower than its normal velocity; from
the ethograms created in Chapter 3 an omega turn takes apprbxiféteeconds to be
performed, here it took approximately 15 seconds). This facilitated the calcium reading of the
individual neurons while the worm moved freely. Within the first minute after transfer, the
worm was left to recover and no vidgacking bok place. Since the platform of the
fluorescent scope was fixed, the videos were conducted in intervals of 20 seconds, as this was
the longest time the worm was in frame at the magnification required to observe cell activity.
When the worm moved out ofdime the video tracking was manually terminated. To obtain
base line calcium readings of the neurons, animals were anaesthetised by the use of azide
(5mM). Images for the individual neural readings were processed, and neurons were tracked,
with the use of custom software scripted by my colleague Christopher Brittin, using a new
type of correlation filter for visual tracking; a Minimum Output Sum of Squared Error
(MOSSE) filter (Bolme et al., 2010 (Figure 4.3).Background was subtracted from the

measurementNeural calcium intensity was normalised towards the maximum signal and

graphed towards time (18ec).

ald momnw 0% al

Figure 4.3 Representative movie snapshots taken while tracking the SMB neurons with the
use of a custom software scripted by my colleague Christopher Brittin, using a new
type of correlation filter for visual tracking.

4.2.4 Video Microscopy

A ZEISS stereo Lumay12 was used to screen for transgenic animals. For the body wall
muscle calcium imaging on freely moving worms, a Leica M165 FC fluorescent stereoscope
fitted with a Qimaging Q+CLICK COOLLED pE300 camera was used. For the neural
calcium imaging on freglmoving worms, a Leica M165 FC fluorescent stereoscope fitted

with a high dynamic range streak Hamamatsu camera was used. Images were captured with
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Q-1 ma gi rapture PrQ7 software for the body wall muscle readings and iarager

software (version.4) for the individual neural readin{Sdelsteiret al.,2014).

4.2.5 Statistical analysis

Comparisons between tested animals and matched controls were conducted by usag one
analysis of wvariance (ANOVA) foll owed by Tu
performed using GraphPad Prism (version 6.01), GraphPad Software, La Jdiben@ali

USA, www.graphpad.com

4.3 Results

4.3.1 BWM calcium activity during head bends irSAA- and SMB- ablated

strains compared to controls.

Direct observation of the tested strains revealed a correlation between Gcamp3 expression,
and therefore calciua influx in the body wall muscles (BWM), measured as GFP intensity,
and body bends. In the part of the bend where the muscle is contracted, calcium influx was
high. On the other hand, at the direct opposite part of the bend, where the muscle was relaxed,
it was lower. To the naked eye, the dorsoventral (or ventral/dorsal) ratio in GFP intensity
seemed to be different between the wild type animals and the ablated strains (Figure 4.4,
Images A, B, D, E, G and H; Figure 4.5, Image€)A Anaesthetised worms hich mostly

did not form body bends anymore, but were rather in a straight posture, expressed Gcamp3 at
a very low level (Figure 4.4, Images C, F and I). Moreover, specific measurement of a straight
anaesthetised animal showed that at this posture musalesa low and similar calcium

influx on both sides of the body (see Appendix section F, Figure F1). Finally, as the worm
does not form perfect undulatory postures, calcium influx during body bends decreases
posteriorly down the body during forward locomoot (see Appendix section F, Figure F1,

Image C and Graph D).
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WT (ZW495)

SMB- x ZW495

SAA- x ZW495

Figure 4.4 Dorsal and ventral head bending imagepressing Gcamp3 in the BWM.iMY/
type (magesA-B), SMB- ablated(ImagesD-E) and SAA- ablated(ImagesG-H)
animals expressing Gcamp3tire BWM. Images C, F and | show worms that have just
been anaesthetised with azide (control Gccamp3 expression in BWM, for a
measurement on this see Appendix section F, Figure F1, Image A and Graph B). Green

arrows show the area of the head.

WT (ZW495) SMB- x ZW495 SAA- x ZW495

2
20
)
2
£

Figure 4.5 Omega turns formed by animals expressing Gcamp3 in the BWivisga turns
formed by wild type (A)SMB- ablated(B) andSAA- ablated(C) animals expressing

Gcamp3 in the BWM. Green arrows show the area of the head.
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Specific measurements of both dorsal and ventral head bends of the assayed animals
supported the observations described above, and the results are shown in panel E of Figure
4.6. Both theSAA- and SMBablated animals exhibited increased Dorsal/Ventral and
Ventral/Dorsal ratios in comparison to wild type animals. The difference was statistically
significant.SAA- ablatedvor ms 6 measur ed bends were twice
type.SMB-ablatedvor ms 6 measured bends wsityasthéewildee t i
type. Interestingly, dorsal head bends of the ShbEated animals were different to the ventral

ones, with the ventral bends showing a greater ratio. The other two strainsaffstéd and

wildtype) tested did not exhibit such a difference

WT (Zw495) RS

7/ 4
Dorsal

SMB- x ZW495 RS

r

104
e Il Ventral bend
8 I Dorsal bend

m

Calcium Intensity Ratio

Strains

Figure 4.6 Comparison of head bending BWM calcium intensity ratios of wild type, -SAA
ablated and SMBiblated animals. ImagesId show representative head bends (A, C)
and their respective graphs (B, D). Graph E shows the Dorsal/Ventral and
Ventral/Doral ratios of dorsal and ventral bends, respectively, for all tested strains (WT
Dorsal bends, n=9 and Ventral bends, n=8; SMEW495 Dorsal bends, n=9 and
Ventral bends, n=11; SAAx ZW495 Dorsal bends, n=9 and Ventral bends, n=10).
Statistical significace and error bars as STDEV, indicated. {A tway analysis of
variance ( ANOVA) and Tukeyos mul tiple
**p<0.01;*p<0.05.

C
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4.3.2 SMB increases its activity at the onset of an omega turn

Continuous measurements of the SMB ssraad nerve ring area from six independent
worms, showed an increase in intensity in a graded way. An increase was observed on the
onset of the omega turn behaviour (Figure 4.7, Imag&s Rigure 4.8, yellow arrow on
Graphs AF), reaching its peak aftelng onset and right before the exit of the omega turn
(Figure 4.7, Image E; Figure 4.8, red star on Graphs.AAfter the peak a decrease in
intensity was observed (Figure 4.7, Image F; Figure 4.8, blue arrow on Gré&ph$ie peak

of intensity that warsecorded after the onset of the omega turn was taking place approximately
2-3 seconds after the onset (Figure 4.8, red star on Graff)slfis at this time when the

wor ms6 over flexed head has reached &ahe bod
bend recovery from the deep turn) (Figure 4.7, Image E). The actual measurements from the
tracker depict similar results with the observations from the video footage (Figure 4.8, Graphs
A-F). Variability between the strains was obvious, however, therpah which the calcium

slightly increases on the onset and then highly increases within 2 seconds when the head starts
to bend on the other side was similar. When the worms were consequently anaesthetised with
azide (5mM), calcium intensity was low aocdnstant (grey lines in GraphsF Figure 4.8),

even in the worms expressing high levels of Gcamp3 (Figure 4.8, Images C, E and F).
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P

Start of head
bend

Reversal before turn Reversal before turn Onset of omega turn

Head touches the
body

Midway head over-bend Onset of exit of omega turn Resuming forward locomotion

Figure 4.7 Representative video tracking images of an omega turn while measuring activity
of SMB via the intensity otalcium influx in the somas of the neurons and the nerve
ring (NMJ6s | ocalisation). I mages A and
shows the head starting to bend. Image D is a snapshot midway head bending, the first
noticeable increase of lcaum starts here. Image E shows the snhapshot of
approximately the highest increase of intensity (red star), where the head has just
touched the body and the head bending resets t the opposite side. In image F the worm
has finished the turn and resumedatsvard crawling.
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starts to bend on the opposite side
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Figure 4.8 Graphs of calcium measurement intensities from freely moving worms while

4.4

4 .

performing an omega turn (black lines) vs graphs of the same worms anaesthetised with
azide (5mM)(grey lines). Measurements are shown with the background intensity
subtracted and noralised to the maximum signal. Yellow arrow indicates the onset of
the omega turn, when the head starts to bend. Red star indicates the approximate time
the measured area achieved the highest increase of intensity. Blue arrow indicates the

exit of the omeg turn, when the worm resumes its forward locomotion.

Discussion

4.1 SMB6s activity to the BWMs

excitatory working in antiphase to the SMD

When SMB is ablated it seems that the calcium influx in the muscles issecren the one

side and decreased on the other. This translates into more contracted muscles on the one side,

either dorsal or ventral, and more relaxed on the other, as explained in detail in Chapter 1:
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General Introduction. Thus, the body of the worrhibis more loopy postures, as described

in detail during Chapter 3. All of the above, suggest an inhibitory or opposite to the SMD
excitatory effect has been lifted from the muscles. This means either SMB is inhibitory to
muscles or by ablating SMBhenRME 6s i nhi bitory effect to tI
that SMB is excitatory in antiphase of the excitatory SMD. Previously it has been
hypothesised that SMB is excitatory to the musclemIsylico models(lzquierdo and Beer,

2013 Karbowskiet al.,2008 Sakata and Shingai, 2004artly due to its neurotransmitter
acetylcholine (Ach) which is mainly an excitatory neurotransmifteu et al., 2009.

However, Pereiraet al., argued recently that acetylcholine (Ach) has also an inhibitory
function in C.elegans(Pereiraet al., 2015. The only head motor neuron with known
inhibitory connections to the muscie RME, which is GABAergic, hence the inhibitory
connectiongMcintire et al.,1993 Liu et al.,2009. RME- ablation results in a milder loopy
phenotype to SMBand an opposite result to SMBblation; i.e. SMBhas is shallower than

wildtype (Gray, J.M.et al.,2005 Shenet al.,201§. RME neur onds activit
sinusoidal bcomotion was shown to act independently to the SMB neuron, but is dependent

on the SMD neuror(Shenet al., 2016. This means that the undulatory exaggerated
phenotypes | obseed because of SMB ablation, is not likely linked to lifting off inhibition

of RME through SMB/ RMEG6s synaptic connectiyv
itself inhibitory to muscles or SMB is excitatory in antiphase of the excitatory SMD.
However,the nature of connectivity of SMB to the muscles still remains unclear and both
possibilities will be taken into consideration in Chapter 8: General Discussion where | propose

a testable model circuit for head movement.

The overall indirect effect of theA®\ interneuron on the muscle seems to be similar too, but

not as much as the SMB motor neuron ablation demonstrates. In line with the hypothesis
discussed at the end of Chapter 3, it seems that what one might be observing here is a
summative result of SMdysfunction (loss of excitatory activation to the BWMs) and SMB
dysfunction (loss of inhibition or antiphase excitatory to the BWMs) due to the ablation of
the SAA that regulates both. Alternatively, it could be that ablation of SAA caused SMD to
be less etive (SAA is presynaptic to SMD and their connections are @éfisee, J.Get al.,

1986) and thereby RME became less active lifting some of the inhibition it imposes on the
BWMs of the head. Thiswébud be <cl arified if activity wa:
SAA is being ablated, just as Shetral.,did with RME, SMB and SMD head motor neurons
(Shenet al.,2016.



-78 -

4.4.2 SMB increases its activity after the onset of an omeegurn

Continuous measurements of the SMB somas and nerve ring area showed that SMB neurons
increase in activity after the onset of an omega turn, when the head over bends from the
normal undulation of a head bend. What was descriptively observed in CBagt@ow

shown in neural activity. It is interesting that calcium influx was not only observed in the
somas, but also in the area of the nerve ring, were the $\iBors are coupled with the
muscles via heuromuscular junctions. It is also interestirightbanighest activity is recorded

after the onset of the omega turn. Given the fact that SMB has just been discussed to be
inhibitory to the muscles, it seems possible that the 8klBors are [predominantly] acting

on the side of the body that needstaysn a relaxed state, so that the other side of the body
contracts even more to fulfil the whole posture of the omega turn. However, taking into
consideration the coiled omega turn postures observed in Chapter 3 and in this chapter, SMB
could also be inbiting the side of the body that contracts during the omega turn, and thus
bring it back to the relaxed state, so that the worm can slide off the body to the opposite side,
and resume forward locomotion. Again, | would like to emphasize how SMD seemskto w

as an antagonistic motor neuron to SMB as ablation of SMD results in shallow omega turns
(Gray, J.M et al.,2005, suggesting that it is excitatory to the muscles and it is the head motor
neuron applying the ovdrend during the omega turn posture.

4.4.3 Ventral bias observed at the body bends of the ablated SMB strain

Interestingly, a ventral bias was observeliley measuring BWM activity on th&MB-
ablatedvor ms 8 body b e ndSMB-aBlaaiyorms, dut mbsthe SAA abldiee
worms, had higher ventral/dorsal ratios (ventral bends) than dorsal/ventral ratios (dorsal
bends). Does the worm have an innag@tral bias in its sinusoidal locomotion that gets
accentuated with SMB ablation? We do know that the vulva of the worm is ventrally
positioned and that omega turns are ventrally bigBedekmanset al., 2016, this bias
removed by RIV ablatio(Gray, J.M.et al.,2003.

It has also been reported tladtiering the dorsal Bype motor neurons causes a ventral bias

in the bending(Goulding, 2012 B-type motor neurons have been suggested to have
proprioceptive functiorfLeifer et al.,2011, Wenet al.,2012. Could it be that by ablating

SMB sone dorsal proprioceptive information is lost and it results in a ventral over bend?
Neurons of interest will be observed for stretch receptor expression in Chapter 7.
Skeletonisation of SMBa b| at ed wor msdé body postures by

caled shapes, could also be useful in clarifying this. An experimental algorithm is being

-
C
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developed by my colleagues in Computing but has not being completed by the time this thesis

is being written.

4.4.4 Future direction and troubleshooting for theGcamp3 strains that

did not work

The transformation marker used in the ablated animals (mCherry in the pharynx), as well as
the GFP expression in hearby neurons (SMD in the case of Gcamp3 expression deden by
2p), became an obstacle in tracking and sogiag intensities of the targeted cells. Even if the
GCapm3 was expressed in the neurons, it was not visible with the equipment at hand. As far
as the SAA measurements are concerned, with our set up it was impossible to distinguish
between the SAA and tf®MVID neurons. A collaboration with the Zimmer lab that started the
month this thesis is being written will try to bypass these obstacles as their microscopy set up
tracks automatically freely moving worms, corrects for worm and neural movement inside

the worm and can track at higher magnification.

If I had to generate these strains again, | would use a transformation marker expressing in the
lower part of the body and not the head. Moreover, | would move on to use the better GECls
that have been developedthe meantime, such &Camp6 and GCamp7, developed from

the Nakai laboratory, which produce greater signals than previous versions (Smedemark
Margulies and Trapani, 2013). Finallywvould try to split the Gcamp3 into two subunits and
express them, itsad of the CEEB caspase, within the duabmponent reconstitute system
designed by Chalfie and Chellur (2007) that | used for the ablation of the neurons of interest
(Chapter 2). In this way, | could have Gcamp expression targeted to cells that dergét hav
unique promoter region, such as SAA. This has not been done yet, and if successful, it would
not only be novel but also extremely helpful in measuring activity on cells otherwise difficult

to measure.
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Chapter 5
Role ofthe SAA and SMB neuronsin chemotaxis

5.1 Introduction

Many of the wormdés behaviours are achieved
targeted destinatioWVhen the worm senses an attractive cue it withnient itself to follow

it, whereas it will try to reorient itelf away from a repellent cue (taxis). Observed behavioural
motifs and computational elementigve separated two strategies of spatial orientation
observedduring chemotaxis in the worm; the pirouettes and the weathervane (steering)
(PierceShimomureet al.,1999 lino and Yoshida, 20Q%.ockery, Shawn R., 201Faumont

et al., 2012 Dusenbery, 1980Ward, S., 1978 In Chapter 1: General introduction, both
strategies of orientation and how the worm performs them, were described in detail. Also, the
initial hypothesis for SAAan8 MB6s i nvol vement in steering,
motor neuron resulting in the control of head bending, was introduced. This hypothesis was
strengthened with the results in Chapter 3. Behavioural analysis showed that both SAA and
SMB neurons redate the amplitude of head swings during undirected locomadtidras

been demonstrated that the worm steers by gradually adjusting the turning angle of its head
swings and the body follows (tino and Yoshida, 20QXKim, D. et al.,2011). Regulating

how deep or shallow the head swings are, on either the dorsal or the ventral side, is a very
important and required element fitne worm to be able to steer in a specific direction, as it

can lead to gradual turnirtgzquierdo and Beer, 20).3The fact that the results in the same
chapter also showed that the SAA and SMB inhibit turns to facilitate runs, made me consider
that they may play a role in both strategiesjaing the pirouette strategy the worm exhibits

short runs interrupted byarp reorientation turns

This chapter focuses initially on the role of the SAA and SMB neurons in directed locomotion
generally, and consequently on steering specifically. Worms were put into chemotaxis assays
where both strategies were observed and geeformance notedAfterwards, | aimed to set

up an assay favouring steering over pirouettes, whereby | could observe whether the ablated
worms were able to steer, and if so, how efficient they were at that. Efficiency and ability of

the worms to orientself towards the NECI soluble salt attractant was shown by measuring

the chemotaxis index, frequency of pirouettes, weathervane index, time to reach peak of
gradient and the visualisation of trajectories. Unfortunately, the coiled phenotypes of the
transgeni c strains made it Iimpossible to skel
worm tracker softwar€Yeminiet al.,201)or t he o6 wor mo (Sehindelingtt i n |

al., 2012, and cormpare their trajectory angle bearing towards the peak of the gradient as lino
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and Yoshida did in their studyino and Yoshida, 20Q09An experimental algorithm that can
cope with coiled shapes is being developed by my colleagues in Computing, but has not being
completed by the timthis thesis is being writteigh definition visualisation images of the
real tracks of the worm | was able to produce though, proved to give a good comparison

between the strains.

5.2 Material and methods

5.2.1 Nematode maintenance and strains

Animals were kept at 2@€C at all times, fedE.coli (OP50 strain) and were maintained as
previously describe@Brenner, 197% C. elegansvariety N2 Bristol wildtype strain was
providedby the Caenorhabditis Genetics Centre (CG@jch is funded by the NIH
Office of Research Infrastructure Programs (P40 OD010440). The ablated strains SAA
(UL4207) and SMB (UL4230) used throughout this chapter were generated for this project

(see chapter 3pnimals were assayed in the first 2 days of adulthood.

5.2.2 Videamicroscopy

For all behavioural experiments in this chapter a custom built-wahin tracker was s,

set up by my postdoc colleague Robert Holbreoksisting of a Navitar telemetric lens
and a XIMEA xiQ supespeed camera mounted on a Fotomate macro slider / Manfrotto 410
geared head, and a Polytech LED red light circular system (Figure 3.2, In@hajger 3).

5.2.3 NHCl radial chemotaxis assay

The protocol followed for the NI radial chemotaxis assay, was adapted from previously
published protocols, after preliminary testing of what worked best in the wet lab and for the
generated strain®ard, S., 1973 PierceShimomuraet al.,1999 lino and Yoshida, 2009
Well-fed first day adults of synchronised age were transferred with the use of an eyelash to a
24 well microtiter plate filled with chemotaxis (CTX) buffer (5mM KBmM CaC}, 1mM

MgSQ: in ddH:O). They were then transferred five times from well to well, with the use of a
sterile glass Pasteur pipette, and left in CTX for one hour. The 9cm chemotaxis assay plates
(CTX agar) were prepared the day before (5mM KPi, 1ImMZlgdmM MgSQ and 1.7%

agar). The plates were seeded withed @&rop of 500mM NHCI in the middle of the platat

two different timest;andt,, bef or e t het:@ x P 2s=8 hmjeas desclibkds O
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in PierceShimomuraet al., (1999) so that the gradient formed was similar to Figure 5.1,
Image (A) The washed worms were transferred with a maiplette 2cm away from the
centre of the plate and 3 cm from each other. Figure 5.2, Image (A) illustrates-tipeofet

the plate andigure 5.3 (top left) a simplified schematic of the radial gradient formed. Video
tracking was initiated immediately and lasted until after the worms reached the peak with a
maximum of a 20 minute recording for the wild type and a 60 minute recording fablited
animals. For the wild type animals 20 minutes was enough for them to reach the peak as
previously showr{fWard, S., 1973PierceShimomuraet al.,1999 lino and Yoshida, 2009

the rare few that did not reach the peak were never aligned to the gradient and went on
crawling towards the lid. The ablated worms, however, although most were orienting
themselves to the peak their defects in navigation made them take longer totreach i
Therefore, | video tracked them for up to 60 minutes to assess their efficiency. After an hour
of recording it was deemed unnecessary to resume as the gradient would have changed largely
from the one initially formedWard, S., 1978

Videos were captured at 10fps with the og&treamPix 7 (version 7.2.1) software built by
NorPix. Parafilm was used to seal the plate during the gradient formation, and the petri dish
lid was left on throughout the experiment, but unsealed. Eighteen animals were tracked for
each strain, 3 animaper plate. Additional animals were tested in control plates wergdH
instead of NHCI, was dropped. Experiments were conducted at 20lates and strains were
randomised with the use of a dice. Trajectories were visualised with FIJI saf8ghiedelin

et al.,2012.

5.2.3.1 Chemotaxis index

In order to calculate the chemotaxis index of the tested strains, the assay plates were divided
into two regions; A and B. A was the region of ffeak of the gradient (5 mm in diameter,
which is the approximate surface thed 8rop of NHCI covers). B was the rest of the plate.

The formula used was taken from Bargmann and Horvitz (1993): CI B)& (A+B), where

A is the number of worms reachiagd staying in the area of the peak of the gradient and B
the others that do ngBargmann, C. land Horvitz, 1991Bargmann, C. let al.,1993. A

+1.0 score indicates that 100% of the worms arrived at the peak of the attractant and reflects
to high efficiency of navigation. An index €f.0 is indicates that none of the worms reached

the peak and reflects a ngational defect.
5.2.3.2 Pirouette strategy analysis

In order to quantify the extent to which the tested animals performed pirouettes, the frequency
and index of that orientation strategy was calculated. The frequency is shown as events of

pirouettes per minute. See red tracks representing pirouettes ire Fidy Image (B).

Extremely short reversals that didndét chang
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pirouettes(PierceShimomuraet al., 1999. When the ablated animals exhibited multiple
pirouettes without a run interrupting them, they were counted as individual pirouettes only if

the trajectory changed orientation.
5.2.3.3 Weathervane strategy analysis

In order to quantify the weathervane st (steering) performed by the different strains, the

index of that orientation strategy was calculated. The index is adapted from the original
chemotaxis index formuléBargmann, C. let al., 1993 and it represents the time spent on

one strategy against the other. When compar e
inability to steer. The formula is as follows: WI = (W®t) / (T), where Wt is the time they

spent on steering (weathervane), Pt is the time the worms spent pegfpinuettes and T

the total tracking time until the animal reaches the peak of the gradient (a circular area

surrounding the centre of the plate, 5mm in diameter). See Figure 5.1, Image (B).

B
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Figure 5.1 The diffusion profile of the radial chemical gradient and an example of a worm
navigating it.A) Graph showing concentration of NEl versus distance from the peak
of the gradient, formed byebdrops of NHCI at two different time points. The yellow
star shows the approximate starting point of the animals in the radial experiments
conducted for this project. The red arrow shows the peak of the gradient. Image edited
from (PierceShimomureet al.,1999. B) Image showing an actual track of a wild type
animal orienting itself up a radial gradient. Tracks while performing the weathervane
strategy (runs) are in blue and pirouettes (tumbles) are in red. Yelow gudicates
t he ani mal 6s st art i ghdrop.&Rédnatrgw ard blackncirdler o m t
indicates the area the drop occupies, which is considered here as the peak of the

gradient.
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Figure 5.2 Images showing each different experimental seéesipd radial (A), annulus (B),
circular grid (C), 12 grid (D) and linear (E) assays. The starting point of animals (X),
NH4CI drop points (red) and distances are indicated.

C radial linear
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Figure 5.3 Image showing simplified concentration decreases and increases©ffiNidach

different experimental set upsted radial, linear, annulus and circular grid assays.
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5.2.4 NHCI steering assays

After the orientation performance of the tested strains was observed, | wanted to focus more
on steering. | aimed to observestability of the ablated strains to perform the weathervane
strategy in a more deterministic way by limiting the performance of pirouettes to the
minimum. A series of preliminary gradient assays were performed at thewoutt tracker,

in order to pin dwn the ideal steering assay. The assay that gave the lowest counts of
pirouettes but the highest performance possible of steering was favoured. Figures 5.2, Images
(B-E) and 5.3 show the simplified experimental set ups and gradients formed in the steering

assays, respectively.

I called the assay depicted in Figure 5.3,
the gradient is a uniform area forming an annulus shape at the ends of the 9cm circular petri
dish. After the CTX agar (OmM of Ni&l) waspoured (15ml in volume) in the 9cm petri dish

assay plate, a sterile petri dish 1.5 cm smaller than the assay plate was used to cut the outer
rim out of the plate. The annulus shape formed was filled with CTX agar plus 50mM of
NH4CI, and the plate was leftivernight for the NHECI to diffuse. The experiments were
conducted within 134 hours after this pouring took place. The worms were treated as
described in methods swection 5.3.1, but this time their starting point was at the centre of

the plate (seeigure 5.2, Image B).

The 12 grid assays were performed as previously published, by dropping 12 drops of 200mM
of the attractant 1 hour before the assay on a 9cm CTX agar petri dish assay plate (see Figure
5.2, Image Cjlino and Yoshida, 2009

The linear gradient assay was conédcfollowing a previously published protocol (see
Figure 5.2, Image DLuo et al.,2014. 12 ml of CTX agar plus 50mM of Ni&l were poured

on a 12.5 cm x 12.5 cm rectangular plate with an inclination. After the agar solidified, the
plate was filled with 12 ml of CTX agar (OmM of NEll) while the plate was now sitting

level on the bench. The plate was left overnight for the gradient to be formed. Assays were

conducted 12 to 24 hours after the pouring of the plate as noted by thehedigirotocol.

5.2.5 Circular NH4Cl assay

I called the assay depicted in Figure 5.3,
of the gradients are formed by 8 drops of the attractanCNligdlaced in the shape of a circle
surrounding the centre of the plate. The drops have a distance of 2 cm from the centre. The
shape of the set up was drawn on a transparency placed under the petri dish so that the circle
formed was always the same siE@(re 5.3, Image E). Again the CTX plate was poured the

night before the experiment (15ml in volume), however, the drops this time were placed an
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hour before the assay as conducted in the lino and Yoshida (2009) 12 grid pratbobl (1
200mM NHCI). Theworms were treated as described in methodssegbon 5.3.1, but this

time their starting point was the centre of the plate.

Video-tracking was initiated immediately and lasted approximately 15 minutes for the wild
type (all of them reached a peak befitre original 20 minutes tracking time) and 45 minutes

for the ablated strains. The radial assay experiments conducted previously on the ablated
strains predicted the approximate times needed for recordings (average time required to
navigate 2 cm of dist@e plus the standard deviation). Videos were captured at 5fps with the
use of StreamPix 7 (version 7.2.1) software built by NorPix. Parafilm was used to seal the
plate during gradient formation, and the petri dish lid was left on throughout the experiment,
but unsealed. Twelve animals were tracked for each strain, 1 animal per plate. Additional
animals were tested in control plates were golHinstead of NECI, was dropped.
Experiments were conducted at @0 plates and strains were randomised with theofise

dice. Trajectories were visualised with FIJI softwgBehindelinet al.,2012. Chemotaxis

index, pirouette frequency and index and weathervane index were calculated as explained in

section 5.2.1, above.

5.2.6 Statistical analysis

Comparisos between tested animals and matched controls were conducted by usivayone
analysis of variance (ANOVA) foll owed by Tu
performed using GraphPad Prism (version 6.01), GraphPad Software, La Jolla California
USA, www.graphpad.com



http://www.graphpad.com/
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5.3 Results

5.3.1 Navigational tracks of theSAA- and SMB- ablated animals are

consistently different to the wild type

Both theSAA- and SMB ablatedanimals were able to sense and move up the radial gradient
and reach the peak of the radial gradient, albeit in a different manner to wildtype worms. This
observation was first and foremost obvious from the trajectories they formed while navigating
the gadient (Figure5.4,Images@) . The wil d type wormso tracdk
curvy and subtly biased when steering towards the direction of the peak. Pirouettes were
observed at the very start of the assay, where the worms are at the begitimingratiient,

and they persisted only until the worms adjusted their body up the gradient (Figure 5.1, Graph
A, yellow star). While the wild type worms moved up the gradient, from lower to higher
concentration, pirouettes were very rare. Some pirouetes also observed once they reach

the area of the peak of the gradient, although these were not counted as part of the experiment.
This behaviour ensures that the worms stay in the area of the highest concentration of the
attractant. Ablated worms, eith&AA or SMB, exhibited inconsistently loopy and thick
trajectories from start to end. Pirouettes were observed at a continuously high rate. The ablated
worms followed the same pattern in theCHcontrol experiments were direction was not
deterministic (Figee 5.4, Images ). In contrast to wild type an8MB- ablatedworms,

SAA- ablatedworms exhibited often some irregular exaggerated head swings to both the
ventral and dorsal sides (compare Images in Figure 5.5, Image A, B, C; red and yellow
arrows). The waggerated head swings were without an obvious period or rhythm.
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Figure 5.4 Images of the radial gradient experiments and their analysis. Images A, B and C
show animals from WT, SAAUL4207), SMB (UL4230) strains. Images D, E and F
are the respectiventrols, where water was used instead ofGIHNone of the animals
in the control experiments reached the area of the peak (n=9 for each strain). The black
stars indicate the animal sd &ordkOtdiomg poi
points. Graphs shows the chemotaxis index for 18 animals tested from each strain.
Graph H shows a box plot of the time required for each tested strain to reach the peak
of the gradient. Levels of statistical significance and error bars, as STDEV, are
indicated. Index ®or bars are shown as SEM. (Gmay analysis of variance
( ANOVA) and Tukeyds multiple comparison
reached the peak: WT n=15 out of 18, SABL4207) n=14 out of 18, SMEUL4230)
n=12 out of 18).
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5.3.2 SAA- and SMB- ablated animals take longer to reach the peak of the
NH4CI radial gradient

The tested animals were able to sense and reach the gradient in similar numbers. In total,
83.3% (n=18) of the wild type worms, 77.8% (n=18) of the SABlated worms and 66.7%
(n=18) of the SMB ablated worms reached the peak (examples in Figure 5.4, Ima@gs A

The reproducibility of the experiment was similar to other radial assays with an approximate
percentage of 683 % (lino and Yoshida, 20Q®PierceShimomuraet al., 1999 Ward, S.,

1973. As a result, the chemotaxis index for all tested strains was not statistically different
(Figure 5.4, Graph G). However, the time it took the worms to reach the area of the peak, was
significantly different between the wild type animals and the ablated ones (both SAA and
SMB) (Figure 5.4, Graph H). Wild type animals reached the peak within 5esinuhereas

27 minutes were required for the SA@nd 34 minutes for the SMBblated animals. These

mean average times required to navigate a 2cm distance, were considered while conducting

subsequent steering assays.

5.3.3 The frequency of pirouettesluring chemotaxis increases, while the
time spent performing the weathervane strategy is significantly

decreased, as a result of the SAA and SMB ablations

The multiworm setup allowed me to focus on the trajectories at a very high resolution and
theabiiy t o replay the movies enabled me to as
(Figure 5.5, Images &). The pirouette performance and the weathervane strategy of the
worms varied between strains. The frequency of the pirouettes was significantlyihitteer

ablated animals, more so with the ShMblated worms (Figure 5.5, Graph D). Moreover, the

ablated worms exhibited pirouettes in the same area, consisting of multiple turns and some
reversals in order to readjust the body towards the gradient, aghfmethe wild type one

reversal and one turn was sufficient (Figure 5.5, Imag€y.A he weathervane index of the

ablated strains was significantly lower compared to wild type animals (Figure 5.5, Graph E).

Long continuous and gradual steering trackseweardly ever observed in the ablated
animal s6 trajectories, whereas (SAA-ablatedas c on
wormés exhibited some t-ROasechrsls) lout werg alsodull af | tur

irregularity in their head swings (seararrows in example in Figure 5.5, Image B).
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Figure 5.5 Analysis of the NHCI radial assays. Images A, B and C show representative
tracks of the animals performing the weathervane strategy. Red circles indicate the parts
of the tracks were a single pirouette, or a sequence of pirouettes in the case of the ablated
strains, was péormed. A white arrow points to an example of a short spontaneous
reversal that does not change the bearing angle of the trajectory and so was not regarded
as a pirouette. The red arrows indicate to examples of the irregularity observed in the
SAA- ablatedvorm tracks. The yellow arrow indicates at an example of the consistency
observed in the exaggerated head swings irSt¥iB- ablatedworm tracks. Graph D
shows the frequency of pirouettes for each strain as a box plot. Graph E shows the
weathervane indexStatistical significance levels and error bars, as STDEV, are
indicated. Index error bars are shown as SEM. {@s&e analysis of variance
( ANOVA) and Tukeyds multiple comparison
animals that reached the peak: WT n=15afut8, SAA (UL4207) n=14 out of 18,

SMB- (UL4230) n=12 out of 18).
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5.3.4 The circular grid assay is the ideal steering assay

Different gradient experiments were performed in an endeavour to minimize the frequency of
pirouettes while putting the worms ia context where steering would be promoted. In
addition, | wanted to conduct an assay where the worm would be already aligned to the
gradient of the attractant from the start of the experiment and therefore, the chemotaxis index
of the wild type worms wald be equal to 1 (all of them given the opportunity would reach

the peak). In this case, the defects of the ablated worms would be highlighted. Those
preliminary experiments pointed to the ideal assay for assessing the steering ability of the
worms(Figue 5. 6) . Pirouettes were measured until
Navigating in a linear gradient the worms exhibited a frequency of pirouettes of 0.6 per minute
(n=4). The annulus assay gave a frequency of 4 per minute (n=10). The 1&gsidjave a
frequency of 2.6 per minute (n=10), and the circular grid assay a 0.5 pirouettes per minute
(n=10). The assay that gave the minimum amount of pirouettes, exhibited the highest
performance of the weathervane strategy, and where the worms aeagethe peak most
consistently, was the circular gradient assay, which was consequently used to assess the

ablated strains (Figure 5.6, Image D).

Figure 5.6 Images showing preliminary experiments of all steering assays conducted with
the wild type gtain; linear (A), annulus (B), 12 grid (C) and circular grid (D). Red star

indicates the animal sb& st &£rdtop poipts. flirearnt s ,
n=4, annulus n=10, 12 grid n=10, and circular grid n=10].
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5.3.5 SAA and SMB ablation promotegpirouettes and introduces defects

in the ability of the worm to steer

In the circular grid assay all the wild type animals tested reached a peak of the circular grid
within 3 minutes. The ablated straingsd over
was low, with the SAAablated worms reaching a peak in 26 minutes on average and the
single successful SMBblated worm in 39 minutes. Controls with drops of water instead of

the attractant did not reach any peak (Figure 5.7).

During the circular gd assays, in wild type worms pirouettes were usually observed when
the worm reached the area of the peak. At the starting points in this assay, the worms were
already aligned to the gradient and navigated via steering from low to high concentration of
theattractant (Figure 5.8, Images@). As a result, pirouettes were kept to the minimum and

in more than half of the assays (n= 10 out of 18, 55.55%) of the wild type worms they were
missing altogether. However, tBAA- and SMB ablatedvorms still exhibied a high count

of pirouettes. This can be observed both in the trajectories of the worms and in the frequency
of pirouettes measured (Figure 5.8, Imagd$, DFigure 5.9, Images & and Graph F). The
difference in the frequency of pirouettes, betweemiitebtypes and the ablated worms, was
even higher when the pirouettes were plotted as average number of events per assay and not
against time (see Appendix H, Figure H.1 for a comparative graph between the two assays).

Although both theSAA- and SMB ablaedanimals were initially aligned with the direction

of the gradient, they proved unable to gradually and continuously steer, and follow it up as
the wild types did (Figure 5.8, Images|A This was most apparent in tisMB- ablated

worms, as only one ahe 12 managed to reach the peak of the gradient, resulting in its
chemotaxis index being negative for this assay (Figure 5.9 Graph D)SNIBe ablated

worms exhibited a significantly high count of pirouettes, resulting in them revisiting the same
area,and thus never reaching the peak. B#A- ablatedwor ms 6 chemot axi s
significantly lower than the wild type but positive overall. The worms that did reach the peak
exhibited some performance of the weathervane strategy, however, with obviais defe

significantly lower in amount than the wild type (Figure 5.9, Imag&s @nd Graph G).

The defect in steering was also observed in the pattern of the tracks formed while the worms
steered (Figure 5.9, Images@. As previously described, when d@dvtype worm steers
towards one direction, a dorsoventral asymmetry in the activity of the muscles is introduced
and has to be biased towards that direction. That bias is introduced once the worm aligns itself
towards the cue sensed and the worm neeasintain that bias in order for it to slowly turn
towards the cue and reach it. Once in a while, a slightly biased head swingcmwuoests

slightly the trajectory. This can be observed visually in Figure 5.9, Image A (white arrows).

TheSAA- ablatedvorms, as with the radial assay, often exhibited some irregular exaggerated
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head swings in both ventral and dorsal sides while trying to steer (Figure 5.9, Image B; red
arrows). The exaggerated head swings were quite random and seen much more often than the
wild type, as the worm was moving towards the peak, where normally not much course
correction should have occurred. Overall though, course correction was mostly made by a
high frequency of pirouettes (Figure 5.9, Graph F). K- ablatedvorms exhibited gite

similar, but even more obvious, defects. The tracks formed by the very exaggerated head
swings are exhibiting hardly any kind of gradual turning, (Figure 5.9, Image C; yellow
arrows) but they r@rient via a higher number of pirouettes than any agsted strain (see

red circles in Figure 5.9, Image C and Graph F in Figure SMRB- ablatedanimals, as with

the radial assay, do not exhibited the same irregular exaggerated head swingS/Aes-the
ablatedanimals do while steering. Their much exagteehead swings are sequential and

consistent (Figure 5.9, Image C).

| SMB- (UL4230) |

Control Circular grid assays

Figure 5.7 Images showing circular grid control assays. The experiments were performed
with dH,O drops instead of NAECI. None of the animals in the control experiments
reached and ayed within the area of the peak of the gradient. Red star indicates the
ani mal s6 starting p o0 o pointdh WA cnk3, At s 1 n
(UL4207) n=2, SMB (UL4230) n=2].
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Circular grid steering assays
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SMB- (UL4230)

Figure 5.8 Images showing representative circular grid assays. Red star indicates the
animal s6 starting p edldrdppojnts.tOh thetlkird ichage &f | n d i
each strain trajectories have been coloured as follows: steering (runs) is in blue and
pirouettes (tumbles) are in red. White arrows indicate animals that could not steer up
the gradient (i.e. didnét reach a bl ack d
it up but didndét reach a bl aud200 0414, [ Ani

SMB- (UL4230) n=12].
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Figure 5.9 Analysis of the NHCI circular grid steering assays. Images A, B and C show
representative tracks of the animals performing the weathervane strategy. The white
arrows show biased head swings that course corrected tbetdrgjof the wild type
worm. The red arrows indicate to examples of the irregularity observed BAthe
ablatedworm tracks while steering. The yellow arrow indicates at an example of the
consistency observed in the exaggerated head swingsSiviReablatedworm tracks.

Red circles indicate the parts of the tracks were a single pirouette, or a sequence of
pirouettes, was performed. Graph D shows the chemotaxis index for each strain. Graph
E shows a box plot of the time required for each tested stragath
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the peak of the gradient. Graph F shows the frequency of pirouettes for each strain for
the wormbébs that reached the peak as a box
G shows the weathervane index. Statistical significance levels aod barrs, as

STDEV, are indicated. Index error bars are shown as SEM. ~\{@ageanalysis of
variance (ANOVA) and Tukeyds multiple <coc
<0.001; Animals reached peak: WT n=19 out of 19, SAAL4207) n=9 out of 14,

SMB- (UL4230) n=1 out of 12].

5.4 Discussion

5.4.1 SAA and SMB help set the amplitude of heaslwings and suppress

turns during chemotaxis

After covering a | ot of the wormdbs probabil
address SAA anlkemda8 Wihin that diected navigational context the
ablated animals, either SAA or SMB, demonstrated an exaggerated amplitude of undulations
driven by deep head swings and a high frequency of turns. It seems that the main phenotypic
defects observedftar ablation in Chapter 3 are not driven by external factors, or in the
computation of the input of information, but rather the output of that information; something
internally mechanistic has changed due to the ablation of SAA or SMB and their phenotypes
are visible in multiple different contexts. This is in accordance to the type of the neural cells
ablated, as SAA is a third layer interneuron with direct synaptic connections with numerous
head motor neurons, SMB, SMD, RMD, RIV, and SMB is a motor newithra direct effect

on the head muscles by neuromuscular junctions in the nerve ring. As mentioned numerous
times in this project, regulating the amplitude of the head swings is an important element for
steering(lzquierdoand Beer, 2013 In addition, regulating the frequency of turns is an
important element in chemotaxisarschet al.,2015. First of all, promoting turns is a key
element, alongside with reversadils,one of the orientation strategies, the pirouette strategy.

Secondly, suppressing turns facilitates long runs and steering during chemotaxis.

Pirouettes most likely occur when an animal is heading down a gradient and less likely when

it is following up a gradient. In that sense pirouettes function as the means to stop a run that
heads down the gradient and to co(Percect t he
Shimomureet al.,1999. | initially thought that by forming such exaggerated head swings the
ablated worms might locally sense that they head down the gradient and initiate readjustment

with a pirouette resulting in the high count of pirouetteseoved in this chapter. If that was
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the case though, then the ablated worms would not exhibit such high frequency of pirouettes
without an attractant cue (see controls of
Chapter 3). So part of the sum bétcounts of turns observed, are from the intrinsic frequency

of pirouettes of the worm, usually regulated by SAA and SMB but following the ablation of
these neurons becoming uncontrolled. On the other hand, there was an obvious difference in
the level ofpirouettes between two assays, the radial and the circular grid, suggesting
pirouettes as a means of course correction does indeed take place. It seems likely that the
initiation of pirouettes for course correction and the intrinsic frequency of turhs imdrms

are two independent functions that integrate during navigation, and the neurons of interest are
a key element to that, promoting or suppressing them according to context.

On a side note, SMBablated worms do exhibit very exaggerated undulatibosgh, and

could potentially often sense that they are locally going down the gradient when they are not.
That could explain the significant difference in the frequency of pirouettes between SMB
and SAA ablated worms during the radial gradient and #e that they exhibit no such
difference during the steering circular grid assay. Of course, more- @blBted worms

should be assayed to make that clear, as only one was able to reach the peak.

5.4.2 The weathervane strategy or both strategies are reqeid for efficient

directed navigation

From the radial assays conducted here, it can be observed that wild type animals use both
strategies to efficiently navigate towards the peak of the radial gradient. In addition when they
were assayed in a gradient favouring steering, some of them caghl ttee peak without

using the pirouette strategy at all and they did so in a remarkably short amount of time. In that
sense steering seems to be a more efficient way of course correction, at least in the context of
the assays used here. On the other hahlhted animals could not steer but used mostly
pirouettes to navigate in both assays. However, using only the pirouette strategy was sufficient
for eventually reaching the peak, albeit not as efficiently as using both demonstrated by the

time the wormsequired to reach the peak.

5.4.3 The Circular grid assay is an ideal steering assay

This assay was conducted in such a way as to favour steering over pirouettes. In the circular
grid assay the worm from the very start could only go from low to highestration of the

attractant, its body already aligned to the gradient. In addition, the head of the worm was most
of the time moving perpendicular or towards the gradient peak, as this turns out to be the more

informative body alignment for the worm geatng only small changes in concentration
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(Izquierdoet al.,2015. The circular grid gradient demonstrated that wild type animals when
required to navigate can use klinotaxis to reach the peak faster than using both strategies
together. They will navigate the same distance in significantly less time on average (3.17min)
in comparison to the radial assay (5.17min). In this context steering is much more efficient
than the pirouette strategy. Ultimately, the assay increased the weathervane index of the wild
type worms and lowered the frequency of pirouettes per assaydgp@®yer minute was
similar in both assays, as the time to reach peak in the radial assay was higher than the
circular). More than half of the wild type animals during the circular grid did not perform any
pirouettes at all (n=10 out of 18 worms, 55.55%hereas during the radial gradient assay

one third of the worms did not perform any pirouettes (5 out of 15 worms, 33%). However,
the ablated worms needed as long a time to reach the peak as they did in the radial assay, the
weathervane index of the SAAas increased (but less so than wild type), whereas the SMB
was significantly decreased, and the frequency of pirouettes was even higher than the wild
type worms. Indeed, this assay not only highlight the defects of both ablated strains, but also
revealed ssubtle difference between the effects of the SAA and SMB ablations (compare
Figure 5.4, Graph H and Figure 5.5, GraphE With Figure 5.8, Graphs-6).

5.4.4 SAA and SMB promote steering while inhibiting pirouettes: the

integration of two strategies?

It seems the circular grid steering assay put the ablated worms in a context where the inability
to steer was highlighted even moirethecase ofSMB- ablatedworms specifically, the fact

t hat al most all of them di a@méuton ablat@rcaffectedh e p e
klinotaxis substantially, confirming that SMB is part of the circuit of klinotaxis as previously
shown experimentally with optogenetic experimdKiscabaset al.,2012 and hypothesised

in a steering circuit modéh silico (Izquierdo and Beer, 201&quierdoet al.,2015. As far

as SAA is concerned, the SAAblaed worms fared a bit better than the S\dBes, with an
approximate 60% of the worms tested reaching the peak, however, still at a very slow rate.
Overall, the weathervane index was negative (Figure 5.8 G), as it was with theaBlsiigd

worms, and signi€antly lower than the wild type. This is the first time that the SAA neuron
has been shown to play a role in klinotaxis. Other neurons that have been shown to play a role
in gradual turning are AlZ and AlKocabaset al.,2012 lino and Yoshida, 20Q9though

the latter was lately challenged as AlY wsl®wn to promote negative steering (ipsilateral
curving) but not positive steering (contralateral curving), in a more recent publi¢aith

et al.,2014.

I n addi ti on to the abl ated wor mso i nabil it

frequencyof pirouettes even in the assay favouring steering over the pirouette strategy. This
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suggests that SAA and SMB might facilitate steering via suppressing pirouettes. This is the
first time SAA and SMB neurons are shown to have a role in the pirouettggtratmther
interneuron shown via ablation to suppress turning rate while facilitating steering is AlY
(Larschet al.,2015 Kocabast al.,2012 Wakabayashét al.,2004 Gray, J.M.et al.,2005.

Results from the previous studies mentioned in this section suggest the existence of parallel
circuits for steering (via AlZ and/or AlY) and the pirouette strategy (via AIA/AIB/AIY).
These circuits have some neurons overlapping (and may have more that are still not known)
and those could be the part of the circuit where the two strategies integp@toribination

of the results in this chapter suggests that the SAA, and to a lesser extent the SMB, could be
the layer of the neurons within the chemotaxis circuit were the integration of the two strategies
takes place. Interestingly, the SAA synaptic&lin a direct position to potentially recruit the
motor neurons in accordance to sensory context and strategy each time (i.e. SMB, SMD, RIV
and RMD). | will elaborate about this hypothesis in detail in Chapter 8: General Discussion,
where a potential aiuit for chemotaxis will be discussed.

5.4.5 SAA ablation results in undulation irregularity during chemotaxis

Within all chemotaxis assays of this chapter it was observed that 8Blated worms
exhibitedfew not continuougxaggerated head swings imexy short but irregular timescale

with each other and on both the ventral and dorsal sides (see Figure 5.5, Image A, B, C; and
Figure 5.9, Image A, B, C; red arrows). The exaggerated head swings were without an obvious
period or rhythmlt could be thattiis irregularity contributed to the SAAablated worms
inability to steer efficiently and for long time. They did exhibited some tracks of gradual
turning but these were short timmgse (~1020 seconds)Wi | d t ype wor ms di dn
an irregularityand were able to steer for the majority of the time required to go up the
gradient. Although, theSMB- ablatedworms exhibited even more exaggerated head swings
than theSAA- ablatedvorms, resulting in very thick and dense trajectories, their head swing
phenotype was more repetitive and consistent, and had some kind of rhythm, albeit hard to

guantify at the momentith such a coiled phenotype.

This observation will be taken into consideration in General Discussion (Chapter 8), while

di s cussi n guithib hddsallator ant ies implication in regulating undulations.
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Chapter 6
Ablating the oscillator and breaking dorsoventral symmetry:
Double and Asymmetric genetic ablations

6.1 Introduction

The aim of this chapter was to generate the half abtainsSSAAD, SMBD, SAAV, SMBV
and the Double ablation strain (SABMB-). | thentested these strains in MEl chemotaxis

behavioural assays, favouring both or one of the strategies of orientation as in Chapter 5.

The previous chapter highlighted SAAa&8dMB neur ondés individual r o
strategies. It seems both components of the SAA/SMB oscillator are important for steering.
But what will happen if the whole hypothesized oscillator is gone? First and foremost, it
would be interesting tolserve the undulatory phenotype resulted from the double ablation.

Is the SAA/SMB oscillator generating the undulations, mediate turns or facilitate steering, or
some/all of them? Also, does it act alone or an external input in whatever form, proprsceptiv
function or an additional oscillator coupled to the SBMB one, might be present? In
addition, a double ablation will also be a good way to address any redundancy, as far as the
steering circuit is concerned, at the layer of our neurons of interedDoLie ablation strain
(SAA-SMB-) was generated by crossing tsAA- ablatedand SMB- ablated strains
generated in Chapter 2 for this project.

Due to the nature of the mechanism of steering, as described earlier in the General
Introduction (Chapter 1), bio the muscles and the neurons associated with the steering circuit

must be able to introduce and regulate a deesdral (orventrad or sal ) bi as i n t
undulations. This bias need not be a result of asymmetric connections but of informational
flow (Izquierdoet al.,2015. In addition, this bias towards one side has to be maintained and
adapted according toontinuous sensory feedback for the gradual turning to occur. This
requires a dorsoventral regulation that would allow a break in the network symmetry of the
head oscillator investigated in this project (see Figure 1.12 for the SAA/SMB head oscillator
schematic). Since SMB dorsal cells lack synaptic connectivity to the SMB ventral cells, | have
hypothesized early in Chapter 1: General Introduction that SAA could act as an SMB
regulator mediating the dorsoventral activity of the SM&Irors. Assaying asymmedtally

ablated (i.e. only dorsal or ventral cells are ablated) in chemotaxis behavioural experiments,

will give us more insight into SAA and SMBrole in steering, their individual importance in

l ocomoti on and steeri ngos ely gwilualso higghtighhtow of a's
i mportant the network symmetry is during st
control of SMB.
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Half genetic cell ablation using the tweomponent system constructed by Chellur and
Chalfie, and used throughothtig project, is possible by using the promoter of a gene that is
expressed only in the dorsal or ventral cells of the neu@mslur aad Chalfie, 200y, After
researching the gene expression patterns of the SAA and SMB cells that was conducted for
Chapter 2, | noticed a gene that is expressed only in the dorsal cells of both neurons of interest,
SAAD and SMBD (sed&able C1 and C2 irhe Appendix C)The gene is calledpr-1 and its
expression was first described by Coates and de BOobates and de Bono, 200By
expressing one caspase subunit under the promoter regipnband ceexpressing it with

the other caspase subunit under eitaé+2p (for SAA dorsal ablation) ditp-12sp(for dorsal

ablation of SMB), half ablated strains can be created.

Moreover, | bund out a way to ablate the ventral cells of SAA and SMB by genetically
rescuing the dorsal cells from ablation. It has been observed that the P35 baculovirus protein
inhibits CED3 celldeath protease i@. elegangXue and Horvitz, 1995 The P35 protein is

a substrate for, and therefore a competitive inhibitor of Ghelegansell-death protease

CED-3. Sugimotcet al,showed that th€35 protein can be cleaved by CBIand found out

its cleavage site. In transgenic worms expressing the P35 protein, but wild type in all other
ways, they obser v dSlgimokdtal 4994. Theyalsmstiosvedde§cuadde | | s
cells by P35 protein in double transgenic animals expressing both the P35 protein and the
CED-3 protein.

Driving expression of the P35 protein undertipe-1 promoter will rescue the dorsal cells of

the neurons while the ventral ones will still be killed via the action of GEDable 6.1 in the

6Met hods and Materi al sé s-ipjection experintetitssthatwere | | o w
conducted in order to generate the SAABMBD-, SAAV- and SMBV strains.
Unfortunately, dorsal cell sd genetic rescue

cell rescue could be confirmed by imaging nor was anonisvphenotype different to that
seen in SAAor SMB- strains observed.

6.2 Material and methods

6.2.1 Nematode maintenance and strains

Animals were kept at 2C at all times, fecE.coli (OP50 strain) and were maintained as
previously describe(Brenner, 1971 TheC. eleganvariety N2 Bristol wildtype strain was
provided by the Caenorhabditis Genetics Centre (CGC), which is funded by the NIH Office
of Research Infrastructure Programs (P40 OD010440). Ablated strains(824207) and
SMB- (UL4230) were generated for this ot (see Chapter 3). Double ablation strain SAA
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SMB- (UL4278) and successful asymmetrically ablated strains, SAAR4279) and
SMBD-( UL4281), were generated as explained

of this chapter. Animals were assayedhe first 2 days of adulthood.

6.2.2 Generating the asymmetric ablation strains

6.2.2.1 Plasmids used

CED-3 caspase plasmids carrying the CEIrge subunit (p17) and the CEmall subunit
(p15) were a gift from Martin Chalfie (Addgene plasmid 6081 [TU#807] and Addgene
plasmid # 16080 [TU#806], respectively). They originally carried rtiee18p promoter
region, which had to be excised (see ChaptEigiire2.2).

The pPD95 75 GFP plasmid was a gift from Andrew Fire (Addgene plasmid # 1494). Its

backbone was used to carry and express 1B [Rrotein.

Thenpr-1p::GFP plasmid, a gift from Mario de BoiiGoates and de Bono, 200%as used
as a template to amplify ttmgr-1p promoter region.

ProtenP356s c¢cDNA was a (Xuednd Hofvitzol@9bakdwas cBrried ig
a pBluescript 1l vector.

All plasmids share the pPD95_75 backbone manufactured by Andrew Fire.
6.2.2.2 Molecular biology

The npr-1p 2kb promoter region was amplified by PCR from ti@-1p::GFP plasmid.
Primers are shown in Table A2 in Appendix A. The promoter region was then cloned into the
CED-3 p17 subunit plasmid cut with Hindlll/BamHI.

Sequene encoding the P35 protein was excised from the pBluescript Il vector with the EcoRI
enzyme and cloned into the pPD95_75 GFP plasmid without the GFP protein sequence that
was also cut using EcoRI. Enzymatic diagnostic digestions were used to make ®88 the
protein sequence was inserted in the correct orientation into the GFP plasmid. Diagnostic
enzymatic digestions with BamHI, EcoRlI, BstBI or Hindlll followed each time to confirm

constructs identity.

Table B2 in the Appendix B, shows the cloning stepsHe construction of the two additional
plasmids required for the asymmetric ablatiom®;1p::pl7 andnpr-1p::P35. Table 6.1 in
this section, shows the asymmetric ablation strains generated for this chapter via

microinjection.

ApE, a plasmid editor v2.0.47 software, was used for the annotation of all genomic regions,

predictions of enzymic digestions and ligation res(aradiset al.,2004). Primer3 v0.4.0
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software was used for primer desidgntergasseet al.,2012 Koressaar and Remm, 2007
Oligocalc v3.27 software was used to check-sethplementarity of primers and their
melting temperature (Tn{Kibbe, 2007. The restriction enzymes and ligase that were used
were purchased from Invitrogen. Primers were purchased from Integrated DNA Technologies
(IDT).

6.2.2.3 Microinjections

The parent wild type strain used for generating the transgenic strains w@s ¢legans
variety N2 Bristol strairiBrenner, 197} the same strain that was used to generate the ablated
strains SAA (UL4207) and SMB(UL4230) described in Chapter 3. Transgenic worms were
generated by the means of microinjectigvello et al., 1991, whereby the constructs
mentioned above were microinjected into the distal gonad of a young adult worm alongside
with a transformation markd€Hobert, 2002 Evans, 2008 The myc2p.::mCherry plasmid

that expresses the red fluorophore mCherry in the pharynx was used as a transformation
marker,. pCFJ90 myc2p.:mCherry::unes4utr was a gift from Erik Jorgensen (Addgene
plasmid # 19327fFrokjaerJenseret al.,2008. An additonal transformation marker used

was thecoel:GFP and it was a gift from Piali Sengupta (Addgene plasmid # 8937)
(Miyabayashiet al.,1999. See Table 6.1. The construngir-1p::P35 injected in thetrains

that did not result in the expected venthlation phenotypes was sent for sequencing.
Sequencing primers are shown in Appendix A section, Table A4. Sequencing BLAST results

are shown in Appendix E, Figures3l



- 104 -

Table 6.1 The transgenic asymmetric ablation strains generated for this chapter. In red are

the strains where dorsal rescue could not be confirmed and did not result in any obvious

phenotype.
Expected .

Strain Plasmids injected Marker Ablated expression/localisation Strain
. cell name
injected of GFP

flp12sp:CED-3 (p15) SMBV

myo Absence of GFP
N2 npr-1p::CED-3 (p17) 2p::mCherry SMBD expression in SMBD UL4281
flp12sp:GFP

SAAV, SMD, ALN,

lad-2p::CED-3 (p15) PLN, SDQ

. myo Absence of GFP
N2 npr-1p::CED-3 (p17) 2p:mCherry SAAD expression in SAAD uL4279
lad-2p::GFP
SAA- npr-1p::P35 .
(UL4207) coel:GFP SAAV SAAD
SMB- npr-1p::P35 .
(UL4230) coel:GFP SMBV SMBD
flp-12sp:CED-3 (p15) SMD, ALN, PLN, SDQ
Absence of GFP
SAA- , SMB VS
(UL4207) coel:GFP SAA expression in SAA and] UL4278

flp-12sp:CED-3 (p17) SMB

flp-12sp:GFP

6.2.2.4 Microscopy and imaging

To confirm ablation, transgenic worms were imaged for the expression of GFP, or the lack of
it, in the neurons of interest after being anaesthetised by the use of levamisole (2mM). A
ZEISS stereo Lumar V12 was used to screen for transgenics. For imag@ica M165 FC
fluorescent stereoscope fitted with dar@aging QiCLICK COOLLED pE300 camera and a
ZEISS Axioplan fluorescent microscope fitted with an@aging RETIGA 2000R camera,
were used. Images were captured with @ a g i rcgpture Pr@Q7 softwardmages were
processed with the use of FIJI softwéBehindelinet al.,2012).

6.2.3 Behavioural assays

For all behavioural experiments in this chapter a custom built-wahn tracker was used,
consisting of a Navitar telemetric lens and a XIMKE® supefrspeed camera mounted on a
Fotomate macro slider / Manfrotto 410 geared head, and a Polytech LED red light circular
system (Figure 3.3 B, Chapter 3). Videos were captured at 5fps with the use of StreamPix 7

(version 7.2.1) software built by NorPiXrajectories were visualised with FIJI software
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(Schindelinet al., 2019. Experiments were conducted at €0 plates and strains were

randomised with the use of a dice.
6.2.3.1 Dispersal (longange search) behavioural assay

The protocol followedhas already been described in Chapter 3 (Methods and Materials
section 3.2.3.2). Six animals per strain were vittaoked for one hour, immediately after
each worm was transferred at the middle of a 9cm plate. Experiments were conductéd at 20

plates ad strains were randomised with the use of a dice.
6.2.3.2 NHCI radial chemotaxis assay

The protocol followed for the NI radial chemotaxis assay, was the same as the one
standardised and used in Chapter 5 (Methods and Materials section 5.2.1). Ehayithr

56s chemotaxis experiments, I never exceede
strains. Videdracking beyond 60 minutes was avoided, as the gradients would change
enough for the assays to not be comparable to the wild type assagsanineals reached the
gradient peak in a much shorter time. Twelve animals were tracked for the-$BRALP79)

strain, 18 for the SMBBD(UL4281) strain and 21 for the double ablation strain (UL4278); 3
animals per plate. Additional animals were testedointrol plates were ddi®, instead of

NH4CI, was dropped (n=2 for each strain). Chemotaxis index, pirouette frequency and index,
weathervane index were calculated as explained in Chapter 5 (Methods and Materials section
5.2.1).

6.2.3.3 Circular NHsCl steeling assay

The 6circularé grid assay was conducted as
5.2.2.1). As with Chapter 56s <circular <che
times of recordings for the asymmetric ablated strains was 45 mimigesver, for the

double ablation animals, so few reached the peak of the radial gradient that | decided to give
them the maximum time possible; 60 minutes. Vittagking beyond 60 minutes was
avoided, as the gradients would change enough for the assags e comparable to the

wild type assays anymore where animals reached the gradient peak in a much shorter time.
Ten animals were tracked for each strain, 1 animal per plate. Additional animals were tested

in control plates were ddB, instead of NLCI, was dropped. Chemotaxis index, pirouette
frequency and index, weathervane index and bearing were calculated as explained in Chapter

5 (Methods and Materials section 5.2.1).

6.2.3.4 Statistical analysis

Comparisons between tested animals and matche=onere conducted by using enay

analysis of variance (ANOVA) foll owed by Tu
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performed using GraphPad Prism (version 6.01), GraphPad Software, La Jolla California

USA, www.graphpad.com

6.3 Results

6.3.1 Confirmation of half ablation in the new transgenic strains

SMBD -
flp-12sp :: GFP flp-12sp :: GFP

coel marker
SMDV
N SAAV

VA

.
~
v

SMDD

SAAD - | SAA- SMB-
lad-2 - Grp | fip-12sp :: GFP; lad-2 :: GFP

Figure 6.1 Microscopy images of asymmetric ablation, double ablation and wild type strains.
Worms expressing the two subunits of the reconstituted-8EBspase driven by the
flp-12spandnpr-1p promoter regionglmage B; strain UL4281), arldd-2p andnpr-
1pregions (Image D; strain UL4279). GFP expression in the wild type images A and
C (strains UL4187, UL4213 respectively), and the lack of it in B and D, confirms the
asymmetric genetic ablation. Double ablation strain (Image E) does not express GFP in
either SAAor SMB (yellow arrow shows were they should have been). The white

arrows show the expression of the GFP marker in the coelomocytes.

SMB dorsal cell ablation occurred in worms expressing the two subunits of the recahstitute
CED-3 caspase driven by thepr-1p andflp12-sp promoter regions (Figure 6.1 Image B;
strain UL4281). When the reconstituted GBRaspase was driven by tlag-2p andnpr-1p
promoter regions, SAA dorsal cell ablation took place (Figure 6.1 Image D; strain UL4279).
GFP expression in other cells, and the lack of it in the targeted cells, confirmed the genetic

ablation. Wild type animals carrying GFP in the neurons of interestlao included in the


http://www.graphpad.com/
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figure for comparison (Figure 6.1 Images A and C; strains UL4187, UL4213 respectively).
Both SAA and SMB cells were ablated in the double ablation strain generated (Figure 6.1
Image E; strain UL4278). Therefore, ablation of the daes@eted cells with the caspase
two-component system occurred successfully as already shown in Chapter 2 and previously
described with other neural ce(Shelur and Chalfie, 2007

Unfortunately, the strains generated for the ablation of the ventral cells of the targeted
neurons, strains UL4282 and UL4283, was not successful. The rescue of the dorsal cells by
the expression of thprotein P35 did not happen in this instance. The rescue could not be
confirmed by microscopy, nor was any behavioural phenotype observed that was different to
that seen for SAAand SMB worms.

A first visual comparison of the undulations formed by theassful half ablated strains and
double ablation strains with the wild type and the ablated strains generated in Chapter 2, is
shown in Figure 6.2. The double ablation strain gave the strongest phenotype. The curvature
of their tracts is so high that theomms seem to move by doing alternate continuous turns,
although that is not the case as there was no dorsoventral or xemgall reorientation

(Figure 6.2, Image D). However, the trajectories of the double ablation worms could follow
an approximate stight line (Figure 6.2, Image D). Interestingly, head swings of the double
ablation strain seemed to be conducted faster than the other ablated strains. This conclusion
comes from direct observations; due to the inability to skeletonize the transgengthiee

are no actual comparisons of velocities). Half dorsal ablation of SAA (Figure 6.2, Image E)
and SMB (Figure 6.2, Image F) gave a phenotype that appears more similar to the SAA full
ablation strain (Figure 6.2B) than the SBM full ablation streigyre 6.2C).

Figure 6.2 Images depict tracks of the ablated and wild type animals on thin bacterial lawns.
Images B and C are from the strains generated in Chapter 2. They have been added here
for comparison with the double and asymmetrically ablated animals.
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6.3.2 Half dorsal and double ablation animals exhibit a decrease in

exploratory behaviour

Figure 6.3 bel ow depi cahge digpdrsal behaviow.Metesvas as t r a
statistically significant decrease in the area explored between the half ablated sitdites, d

ablation strain and the control strains. The SAAblated animals showed difhes decrease,

similar to theSAA- ablatedanimals, and the double ablation animals showedtimés

decrease of the area explored, similar to the SMB ablation strain (Figure 6.3, GraptnD).

direct observation of the movies, and as seen in the higher resolution images in Figure 6.4
(Images AB and C), this was mostly due to the fact tBAA- and SMB ablatedanimals

performed more turns and less runs during the one hour of-triggdng. On the other hand,

the dorsal ablation of SMB didnot ougasul t i n
seen for the rest of the tested strains here. In adidition, SMBbited more contineuous

loopy trajectories when revisiting the same areas, rather than abrupt sharp turns as seen for
the rest of the ablated strains. This resulted in it coverisigmore area than the rest, but still

not as much as the wild type animals.
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Figure 6.3 Dispersal behaviour of asymmetrically ablated and double ablated strains,
including images from wild type, SA”andSMB- ablated animals from Chapter 5 for
compaison. Image A shows the tracks formed by an animal for a whole hour with the
dorsal SAA cells ablated (SAADJL4279), image B depicts the tracks oS&IBD-
ablatedanimal (SMBD UL4281) and C the tracks of an animal where both SAA and
SMB have been ablate(Double UL4278). Graph D shows the approximate area
covered by the animals tracked for 1 hour, including the strains assayed in Chapter 3
[see Images £ for comparison). Statistical significance and error bars, as STDEV,
are indicated. (Onway analysiso f variance ( ANOVA) and

comparison were used; ***p <0.001;*p<0.05; n=6 for each strain].
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SAAD- (UL SMBD- (UL4281) | SAA- SMB- (UL4278) |
PR r -

Dispersal behaviour

Dispersal behaviour

SAA- (UL4207) SMB- (UL4230)

Figure 6.4 Higher resolution images of the dispersal behaviour of the asymmetrically and
double ablated strairduring local searcimage(A) shows the tracks formed kan
SAAD- ablatedanimal (UL4279), image(B) depicts the tracks of a SMB@blated
animal UL4281) andC) the tracks of an animal where both SAAI&BMB have been
ablated UL4278). Images EF show tracks from wild ty@ SAA and SMB ablated
wormsfor comparison purposes. Blackdotsmdit e t he wor més start
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6.3.3 The navigational tracks of the asymmetrically ablated and double

ablation animals are inconsistent and different to the wild type

Differences in the navigational tracks of half ablated and double ablation animals compared
to wildtype were first and foremost obvious from the trajectories they formed while
navigating the gradient (Figure 6.5, Images A, C and E). The wild 844 ablatedand
SMB-ablatedvor ms &6 navi gational tracks in this as
For comparison see Figure 6.6 that was included from Chapter 5. Half ablated worms, either
SAAD- or SMBD-, exhibited quite biased trajectories from startend where course
correction could not happen by steering (modulation of head from being biased from the one
side to the other) but with exaggerated irregular undulations and short pirouettes (~75%)
(Figure 6.5, Images A and C; close up in Figure 6. ages C and D). A minority of half
ablation animals (~25%) were not consistent with their undulatory movement during
chemotaxis, and they also exhibited tracks were the head swings were very shallow (Figure
6.5, Images A and C; close up in Figure 6.7, Irsayeand B). Compare panels showing the
tract of the half ablated strains in Figures 6.5 and 6.7 with Images A, B and C in Figure 6.8,
where the tracks of wild type, SAA and SMB strains from Chapter 5 have been added for
comparison purposes. No other strgenerated in this study, or in the literature to my
knowledge, has exhibited this, only the asymmetric ablation strains here. Pirouettes were
observed at a high rate but not as high as the full ablations showed in Chapter 5, judging
initially by the thickness of the trajectories left by the worms (compare Figure 6.5 to 6.6). The
double ablation strain was generally unable to align itself with the gradient and follow it up.
The one worm that reached the peak exhibited thick trajectories directed at thdysetk

the fast exaggerated undulatory movement, but hardly any pirouettes were performed
(combination of reversals with very sharpamentation turns) (Figures 6.5, Image E and
Figure 6.8, Image F). All ablated worms followed the same undulatorympattéhe HO

control experiments were direction was not deterministic without any bias in direction and

without ever reaching the drop of water (Figure 6.5, Images B, D and F).
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NH,Cl radial assays H,O control assays

SAAD- (ULA4279)

SMBD- (UL4281)

SAA- SMB- (UL4278)

Figure 6.5 Images of the radial gradient experiments when assaying hatédfnimals and
the double ablation strain. Images A and C show animals where their dorsal neurons
have been ablated; SAAQUL4279) and SMBD (UL4281) strains respectively.
Image E depicts the trajectories of animals where both SAA and SMB has beed;ablat
double ablation strain (UL4278). Images B, D and F are the respective controls, where
water was used instead of MEl. None of the animals in the control experiments
reached the area of the peak (n=6 for each strain). The black stars indicate thé amnién
starting points and the red indicates/&Hor H,O drop points. [Animals tested: SAAD
(UL4279) n=18, SMBD(UL4281) n=15, Double (UL4278) n=18]. [Animals reached
the peak: SAAD (UL4279) n=11 (61%), SMBD (UL4281) n=8 (53%), Double
(UL4278) n=2 (11%4)
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Figure 6.6 Images of the radial gradient experiments inserted here from Chapter 5 for the
purpose of comparison with Figure 6.5. Images A, B and C show animals from WT,
SAA- (UL4207), SMB (UL4230) strains. Images D, E and F are the respective
controls, where water was used instead ofG!H . The bl ack stars in
starting points and the red indicates /&Hor H,O drop points.




































































































































































































































