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Abstract

Sleep is a behavioural state that is conserved throughout the animal kingdom. However, the
function of sleep is still unknown. The Synaptic Homeostasis Hypothesis (SHY) proposes that
the increased synaptic strength during wakefulness must be renormalized by sleep. Some
evidence from both rodents and Drosophila in favour of SHY include obserue@dses in
synaptic protein levels during waking and a populatvade reduction of synapse size during
sleep. However, the most powerful test for SHdirectly observing synapse dynamics in the

same neuron across sleep/wake statdsas not been performedat date.

In this project, we modified a genetic marker for synapses, Fibronectin Intrabodies Generated
with mRNA display (FingRs), to visualize both excitatory and inhibitory synapses in vivo in the
optically translucent zebrafish. We demonstrated that Redabel bona fide synapses with
high fidelity and dynamically change over time in vivo. Using FingRs to image synapse
dynamics across multiple day/night cycles, we found that at the populational level, net
excitatory synapse number of optic tectal neuromereased during the day phase and
decreased over night, consistent with the predictions of SHY. However, individual neuron
synapse trajectories are diverse, such that only certain subtypes of tectahoeksrongly
rhythmic across the dayWhile synagse dynamics in tectal cells do not correlate with prior
total sleep duration or waking activityextended wakefulnesacutely increase synapse
number, with a reduction in synapses in tisebsequent sleep period. Together, these data
indicate that daynight rhythms in synapse number are influenced by the slagke cycle,

but this is not observed universally in all neurons.



Impact statement

Why do we sleep? We spém third of our lives sleeping. Animals from jellyfisthtamans
undergothis periodwhere they go offlindrom the outside worldwhen theycannot protect
themselves from predators, hunt for food, or mate. Sleep is clearly evolutionary important,
yet we do not understand the function of sleef).This thesis developed a method to observe
changes in the tiny structures involved in neuronal camnicatiort the synapse over sleep

and wake states repeatedly in the same animalll® manipulation ofluration and strength

of sleep revealed that synapses are modulated by the skeale cycle, by lighting conditions,
and by timeof-day. 3) This thesitherefore is an important direct test of a major theory for
why we sleep, namely to regulate our synapses. 4) The tools developed here are of wide utility
in a variety of neuroscience fields, including development, circuit function, behaviour, and
disease5) Finally, since this work uncovers an important function of sleep, the thesis may

have an impact on our understanding how sleep disorders affect cognitive abilities.
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Chapter lintroduction

1.1SLEEP AND SYNAPSES

Sleep is a behavioural state that takes up a large fraction of the day and occurs throughout an
FYAYLFEQa ftAFSP {§{SSLI A& faz O2yaSNISR (KN d:
lineage such as jellyfisbassiope#o arthropods and nematodes teertebrates(Hendrickset

al., 2000; Trojanowski and Raizen, 2016; Nattlal, 2017) This reversible disconnect from

the environment, usually along with immobility, not only risks the animal losing vigilance
against danger, but also represents time not participating in productive behaviours such as
feeding or mating. This suggests that gleserve some important function. Furthermore, the
lack of sleep disrupts cognitive, metabolic, and immune funct{@oser, 2016)indicating

that sleep is essential. Shadrm sleep deprivation results in deficits in performance on
memory, attention, and perceptual tasks in human subjébtan Dongeret al., 2003) This

has led to the hypothesis that some forms of synaptic plasticity associated with cognitive

processes like learning occur preferentially during sleep.

1.1.1 Synaptic Homeostasis Hypothesis (SHY)

One of the most influential theories of sleap recent years, the Synaptic Homeostasis

| 8L GKSAAE 6{1 , 0 LINRPLIRA&ASE GKIF{G 3&f(ohlakla Wi K!
Cirelli, 2014) SHY assnes that through learning and adapting to the ewlanging
environment, wakefulness brings about a net increase in synaptic strength and number. Such

an increase is unsustainable, as stronger synapses consume more energy and require more
cellular supplis within the neuron and from supporting cells such as glia. Importantly,

L2 GSYGAlrGSR aeylrLasSa Olyy2i 0SS FTdzZNHIKSNI LI2GS)
to learn(Tononi and Cirelli, 2006Acording to SHY, renormalization of synaptic strength is
required to reduce the burden of plasticity on neurons and restore the ability to learn (Figure

1.1). Such processes could also enhance stgrabise ratios at synapses, leading to the

consolidationof memories.
SHY proposes that renormalization of synaptic strength should happen primarily during sleep.

¢tKS oFaA0 2dzifAyS 2F {1, Q& | NBdzySyid 3I2Sa | &

outside world, there is no incoming stimuli, sensorymotor, from the environment that can

15



bias neuronal activity one way or another. Neurons can then comprehensively sample the

ONI AYyQa 20SNItf SYy@BANRYYSY (G [ yRonohiawvdCHaliSa & A (
2014) During certain stages of sleep (stawave sleep), many neurons exhibit synchronized
depolarized and hyperpolarized firing patterns. These firing patterns occur duringapah

eye movement(NREM) sleep and are conducive to synaptic renormalizgiononi and

Cirelli, 2014)Furthermore, during this sleep phase, changes innagromodulatory milieu,

such as low levels of noradrenaline, ensure that synaptic activity is not followed by synaptic
potentiation (Walling and Harley, 2004; Tononi and Cirelli, 2086)Y argues that low levels

of neuromodulator combined with spontaneous slow oscillatory agtivipermit
O2YLINBKSYyaA@dS alYLXAy3a 2F GKS oNIAyQa 2@SNI

renormalization to occur.

In the early form of SHY, the repeated sequences of depolarizatigperpolarization were
proposed to cause the homeostatic downscalingll synapses of every neuron throughout

the brain proportionally(Tononi and Cirelli, 2006According to this model, all synapses
decrease in strength proportionally, for example by 20%. In this, casaller synapses prior

to downscaling would end up below a minimal threshold and become eliminated. This
attractive idea that neurons globally downscale together raises multiple questions: How do
neurons communicate to each other to downscale proportiyntaroughout the brain? What

is the baseline level of synaptic strength? Is this baseline the same throughout all neurons and

circuits?

a2NBE NBOSyid GSNERAZ2Y 2F {|I, LINRLRaSSt{6RLA2¥O
where after sleep, some synsg@s become less effective than oth€f®noni and Cirelli, 2016)

It is unclear whethedown-selection implies a scenario where stronger synapses undergo less
depression in strength than weaker ones or stronger synapses are spared from depression all
together. In the latter scenario, the highly activated synapses during the day are protected

and become consolidated, while synapses that are comparatively less activated during the

day are depressed. Either scenario of desatection would result imn enhanced signaio-

noise ratio. Both the early and the more recent desaiection versions dbHY propose that

at SSLI gAftf NBadzZd Ay WySiQ gSI1SyTonopdand ¥ aey
Cirelli, 2014)
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Overall, SHY proposes that wakefss brings about a net increase in synaptic strength that
is needed to be downscaled during sle@&gcording to the theory, thisicrease in neuronal
signalto-noise ratio through homeostatic synaptic downscaling is the reasorthe nervous
system evoled sleep. However, it is still unclear whether downscaling, as proposed by SHY,
occurs globally throughout the brain or only in some neurdhss also unknownvhether

other synapse types such as inhibitory synapses also need to be renormalized after wake
Critically, whether sleep itself is enough to drive synaptic downscaling is still unclear. We will

explore the various evidences for and against SHY in the next sections.

SLEEP
High metabolic demand Low metabolic demand
Synaptic potentiation Synaptic downscaling

and renormalization

Synaptic strength

Figurel.1l: Synaptic Homeostasis Hypothesis (SHM)rough learning and interacting with

the environment, wakefulness brings about a net increase in synaptic strength and number
(indicate by the illustration of increase in spine sized aaumber). Such an increase is
unsustainable due to high metabolic demands and excessive potentiation and excitability. The
sleep period serves to promote systematic renormalization of synaptic strength throughout
the brain, with the relative strength &fynapses preserved. SHY proposes that this mechanism
allows for further strengthening, thereby learning, to take place during the next wakefulness
period. Taken fronfRantamé&ki and Kohtala, 2020)
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1.1.2Evidence for Wak®ependent Strengthening and SleBgpendent Synaptic

Weakening

Synaptic Protein Expression

The first experiments to test the core ideas of SHY examined how genes and proteins
associated with synaptic plasticity changed during extended wakefulness and sleep. Early
studies found that gene expression of components of synapses change during pafriods
sleep, wake, and sleep deprivation. Sleep decreases and wake increases expression of a
subset oflong term potentiation (TH-related genes such aarc, cfos bdnf, narp, and
homerlain different parts of the braiiMackiewiczt al,, 2007; Abeét al., 2012) These gene
expression data are consistent with SHY and support the idea that widespread activity
mediated synaptic plasticity occurs mostly during wake compared to sleep. ldoveanges

in gene expression does not always mirror protein levels at the same timeframe. Therefore,
a critical question is whether the rate of synaptic protein translation is dependent on

sleep/wake states.

Using a combination of singhaolecule fluorescence in situ hybridization and mass
spectrometrybased methods, Noya et al. found that nearly all synaptic mMRNAs and proteins
showed circadian cloetontrolled oscillations in synaptoneurosomes under natural
sleep/wake cycle(2019) However, under high sleep pressure, the daily oscillations in mMRNA
expression were unaffected, while the dnal rhythms of synaptic proteins were completely
abolished, suggesting sleep/wake statesldriven regulation that is independent of time of

day. Transcriptomic and proteomic studies such as Noya et al. revealed the synaptic protein
levels are dependentrosleep/wake states. Other studies also found changes in synaptic
protein levels during sleep and wake. In Drosophila, the level of Bruchpilot protein, a protein
essential to the active zone of all synapses, was higher in flies that were awake compared to
those that were asleefGilestroet al., 2009) Moreover, flies that had been sleep deprived
produced even higher signals of Bruchpilot immunofluorescence than controls. In rodents,
AMPAR expression level in cortex and hippocampus, as well apbstsynaptic densities
(PP9 taken from the whole forebrain, are high during the circadian wake phase compared
to the sleep phaséWazovskiyet al.5 2008; Dieringet al,, 2017) These findings indicate that
GKSNBE INBE Y2NB lat!w Fd 0KS adaéyl Ll&AS RdzNAyYy3

view that synapses are strengthened during wake and not in sleep. However, thestsare
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contradictory data from these studies. WhN&azovskiy et afound that AMPAR subunits
levels increased after sleep deprivation comghte sleep,Diering et al. found thaAMPAR
subunits remained constanacrosssleep, sleep deprivation, and sleep deprivation with
recovery sleep in mouse forebrain synaptosonf¥yazogkiy et al, 2008; Dieringet al.,
2017) Overall, in both Drosophila and rodents, the global levels of proteins associated with
synaptic strengthening are consistent with the predictions of  Sd¥not all of the data are

wholly consistent

Despite laving levels that follow sleep and wake cycles predicted by SHY, these gene and
protein expression studies must be taken with reservations. Firstly, gefsed to synaptic
strengthening that were found at higher levels after wakefulness relative &psige also
involved in synaptic weakening. For exampie; mediates not only synaptic strengthening
mechanism like LTP, but also weakening mechanism such g§Shé&jiherd and Bear, 2011)

It also is not clear whether changing levet8dnfin relation to sleep and wake is caused by
changes in excitatory synaptic strengBdnfpromotes glutamatergic synaptic potentiation

as well as synthesis of GABA in inhibitory neur@@sttmann, Mittmann and Lessmann,

2009)

Secondly, while these proteniynamics studies have suggested subtle decreases in synaptic
strength across the brain after a period of sleep when compared to wake, consistent with
SHY, they lack spatial clarity of the underlying mechanisms. Furthermore, they give snapshots
of wholebrain or regionwide synapse profiles between animals in different behavioural
states. These studies accrue different types of neurons, excitatory and inhibitory, into one
story. For exampleYyazovskiy et ali2008) using Western blot, measured the levels of
AMPAR subunit in synaptosomes from the entire cortical and hippocampal homogé&iate.
overcome some of these issues, more recent studies have attempted to tease apart the

synapse dynamics of different types afurons by investigating synapse morphology.

Synaptic Morphology

Additional evidence consistent with SHY comes from the examination of synaptic
morphology. It has long been observed that synaptic strength is associated with changes in
dendritic spine sizéMatsuzakiet al, 2004; Hollert al, 2021) To see if synaptic strength
change as a function of sleep statarious studies have usddifferent techniques such as

electron microscopy and in vivo imaging to study changes in spine size.
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Using serial blockace scanning electron microscopy, De Vivo e(2017)found that the

axonspine interface decreased appimately 18% in mice that slept compared to mice that

were awake. Unexpectedly, this sledppendent decrease in spine size was not uniform

across all synapses. Sleggpendent synaptic scaling is found in small and medium size
synapss (constituting about80% of total synapses) and not in the largest synapses. These
findings indicate downscaling may not be uniformly experienced across all synapses and thus

Ada y20 F w3af20lfQ LIKSYy2YSy2ys |4 adzaA3ISaisSR o
SHY, thiss consistent with the idea that dowselection occurs in some synapses and not

others, as more recent iterations of SHY predict.

Diering et al., using twphoton imaging of supekecliptic pHIuorintagged GluAl in dendritic
spines in the primary motocortex, found that on average the spine AMPAR subunit signal
was reduced during the sleep phase compared to wake. However, they found that big
synapses have a disproportionate loss of GIuAl and reduced spine size during sleep, while
small synapses showedrchange in GIUAl or size. It must be noted that mice were not
implanted for EEG recordings, the gold standard for identifying sleep/wake states, but rather
these measurements were taken during the light or dark phase when mice are most likely to
be asleepor awake, respectively. This study and De Vivo et al (2017) contradict on whether
sleepdependent synaptic downscaling preferentially targets small or larger synapses. It is
possible that sleefglependent synaptic renormalization in different circultser V pyramidal
neurons on the primary motor cortex in Diering et al. (2017) and layer 2 of primary motor and
AaSYyazNeE O2NIAOSa A Yy Noketheteksgig lineSwith SHEY Phiese dtudiesi 7 0 ¢
both found that in mouse motor and sensory cortigesst, but not all, synapses reduced in

size with sleep.

In vivo imaging studies also found that spine number changes with sleep and wake. Imaging
in somatosensory cortex of juvenile and adolescent mice showed that the elimination rate of
dendritic spinesn layer 5 pyramidal neurons is higher during sleep than wake and formation
rates are higher in wake than in sleep, while spine formation occurred at a higher rate during
wake than sleegMaret et al, 2011; Yang and Gan, 201Zhis results in a net increase in

cortical spines during wake and net spine loss during qlekepet et al., 2011) These studies
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looking at spines suggest that the number of spines changes with sleep and wake cycles as

SHY predist

Another way to examine synapse dynamics is to express exogenous synapticptagged

with fluorescent proteins such as GFP and visualize them in freely behaving animals across
periods of sleep, wake, and circadian time. Appelbaum et(2010) first tracked the
presynaptic marker, synaptophysin, in a single population of wakemoting Hypocretin
(Hcrt) neurons, throughout day and night. Using overexpression of exogenous synaptephysin
tagged with GFP, they found that there is a rhythmicity of fluorescence puncta that rises
during the day that dissipates during the night when exang synapses along a small section

of axon. These findings show that the readout of presynaptic proteins associated with
synaptic strength increases during the day and decrease over night, which is consistent with
SHY Nonetheless, overexpression of flescencetagged synaptic proteins has been found

to cause unwanted effectanaking it difficult to interpret these resuli&tHusseiniet al,

2000; Zhang and Lisman, 2012¥e 1.3 Methods to visualize synapses).

Electrophysiological Changes

So far, we have discussed physical changes in synapsessapeoxy for synaptic strength.
Direct measurements of synaptic strength with electrophysiology such as field recordings,
miniature excitatory possynaptic currentymEPSCs), and neuronal firing rates hals®

been used to study SHY.

First, studies have used neuronal firing rates as an indirect readout of synaptic stréngth.
rat barrel cortex, neuronal firing rates are low at the end of the,dayen sleep presure is

low, comparel to the beginning of the dgywhen sleep pressure is highyazovskit al,,

2009) Assuming that firing rate was proportional to synaptic strength in excitatory synapses,
the authors argued that the increased in synaptic strength is associated with high sleep

pressue and that sleep reduces synaptic strength, which is consistent with SHY.

More recently, Torrado Pacheco et al. showed that downregulation of firing rate to an
AYRAGARdzZEE ySdzNPyQa aSid LRAYG FFGSNI aSyaz2NE
upregulation only occurs during wakz021yp ¢ KS& NBO2NRSR FANAY I NI
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cortex after monocular deprivation (suturing one eye shut) and reopening the sutured eye
after 4 days. The authors observed that homeostatic increases in firing iradased by
monocular deprivation occurs during wakiense periodsThese activity changes were shown

to be associated with synaptic scalingith both an increaseof mMEPSCs in vitro araeh
increase in spine size in vifgecket al., 2013) Conversely, a decrease in firing rate down to
baseline level post eye reopening was due to synaptic downscaling that only occurred during
sleep(Torrado Pachecet al, 2021) Thissuggestghat syraptic down- and upscaling are

gated by sleep and wake states, respectively, and is in line with SHY. However, the control
hemispheres, which were recorded fof54days and nights, did not exhibit changes in firing
rate rhythmicity linked to sleep and walstates. This study indicates that sleep/wake gated
strengthening and weakening of synapses occurs during salient experiences such as sensory
deprivation. However, in healthy animals, sleep itselfy not be sufficient to drive

widespread changes in syrapstrength which is inconsistent with SHY.

In contrast, other studies have observed synaptic strengthening during sleep. In visual
learning and contextual fear conditioning paradigms, sleep is required forrédesied
neurons to undergo LTP, which uéted in increases in the firing of in tasilated neurons.
However, interference with cellular pathways required for LTP during sleep hindered learning
and disrupted the increase in tas&lated neuronal firingVecseyet al., 2009; Ognjanovskit

al., 2014; Durkin and Aton, 2016ljogether, these studies using neuronal firing rates point to
the possibility that different forms of synaptic plasticity, not only synaptic weakening alone,
may be promoted during sleep, dependin 2y GKS FyAYlIfQa LINA2N g1
paints a more complex picture of sleep and synaptic plasticity and is inconsistent with SHY.
Nevertheless, direct measurements of neuronal firing rate are influenced by the output of a
combination of variousmechanisms within the neuron: synaptic, cellular, and neuronal
network homeostatic modulatioriCirelli, 2017) Therefore, neuronal firing rate may not be

directly addressing SHY.

Unlike neuronal firing rates, which only measures the neuronal output, mMEPSCs provide more
direct measurements of excitatory synaptic strength fromiregle neuron. An meEPSC is the
postsynaptic response to the release of a single neurotransmitter vesicle, so changes in

MEPSC amplitudes are directly correlated to changes in AMPA receptor n(ifabegiano
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and Nelson, 2004 5everal groups have examined how mEPSCs change during sleep and wake
states. Liu et al. recorded mEPSCs of 2/3 pyramidal neurons in the frontal cortex of mice and
rats that had been awake or asleep and found that the frequency and amplitude of mMEPSCs
increased after waking and decreased after sle@®10) Moreover, mEPSCs were
significantly increased in sleep deprived rats than controls at the same circadian time. These
findings showed direct evidence for SHY as postsynaptic strevegthhigher in waking than

sleep. Conversely, Cary afdrrigiano measured mEPSC amplitudes and frequencies from the
same neurons (and also in other areas of the brain) and found that they were stable across
sleep and wake dense period2021) This is directly contradictory to Liu et al. and

inconsistent wih SHY.

While measuring the same 2/3 pyramidal neurons, Liu et al. and Cary and Turrigiano found
contradicting results. This could be due differences in methodology, particularly how these
authors kept track of prior sleep/wake history of the animalsaAsnals must be sacrificed

for ex vivo recording of mMEPSCs, Liu et al. sacrificed animals at certain circadian times where
rats had been spontaneously awake or asleep. However, different animals at the same
circadian time showed drastically different amasmf consolidated sleep/wakéCary and
Turrigiano, 2021) Cary and Turrigiano, on the other hand, eleganthcked individual
animal® sleep/wake history and were able to compare mEPSCs of animals that had
experienced sleep dense and wake dense phase at the same circadian time. Their findings
showed that natural periods of sleep/wake do not affect postsynagttiength. This direct
opposition of SHY shows that the effect of sleep and wake on synapse are far from monolithic

and cannot be parsimoniously explained by SHY.

1.1.3Key unanswered questions

While there are numerous studiegth data consistent witf |1 | dictidn$, there are also
various ones thaare not wholly consistent with SHYhese conflicting accounts of synapse
dynamics through sleep and wake could be due to the variable effects among brain regions
and neuronal populations.Some discrepancies between studies are likely due to
methodological differences; for example, not all studies separate the effects of sleep and
circadian cycle, carefully considée sleep/wake history of the animabr measure synaptic

strength directly.
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Sleep/wake vs circadian cycle
azal 2F GKS S@ARSyOSa F2NJ FyR F3FAayad {1, 3
animals in different states, prior sleep/wake experience, and/or circadian cycle are compared

to one another(Gilestroet al., 2009; Liet al, 2010; de Vivet al,, 2017)

For example, De Vivo et £017) compared the axespine interface of mice that were asleep

to other mice that were awake but sacrificed these two groups of mice at different circadian

times, although circadian rhythms and sleep/wake states are distinct processes. The circadian
clock has also been shown to alter synapse number and strength independently from its
effects on sleeffFrank and Cantera, 2014or example, in Drosophila the number of synaptic

bouton in flight motor neurons are high during the subjective night and low during the
subjective day(Mehnert et al, 2007) This pattern persists under constant dark but is
abolished in clock mutants, suggesting circadian regulation. While careful examination of
OANDIRAIFIY YR atSSLkeol 1S 080ftS AyFtdzsSyoOSa Aa
synaptic dyamics at different circadian times and therefm@mot separate circadian effects

on synapse dynamics. In order to carefully examine SHY, it is vital to compare synaptic
changes within the same animal, to disentangle circadian and sleep/wake influences, and to
GNJF O1 FYAYFfaQ af SSLiptcmgaSuremé&.l GA 2 dzNJ LINR 2 NJ G 2

Inextricably linked with the sleep/wake vs circadian problem is the nature by which studies

have looked at synapse dynamics. The major studies that have observed synaptic changes
RdAZNAYy 3 aft SSLI YR gl 1S Oechiofled compate the!syyapticla K 2 § &
properties of different animals in different state$hese types of methods often compare
whole-brain or regiorwide synapse profiles, which lumped together both excitatory and
inhibitory neurons.Vyazovskiy et a[2008) Gilestro et al(2009) and Dieringet al. (2017)

compared entire brain®r brain regions of different animals in different behavioral states
together. While these studies lack spatial clarity, they also do not allow direct examinations

of sleep/wake and circadian influences

SHY and Inhibitory Synapses
SHY is uncleabout whether inhibitory synapses also need to be renormalized after wake.

How Inhibitory synapses are regulated through sleep and wake cycles in accordance to SHY

have thus far been understudied.

24



Although not addressing SHY per se, in vivo imaging studiexiémts have shown that
sensory deprivation via monocular deprivation indlmgs ofinhibitory synapses in layer 2/3
pyramidal neurons(Chenet al, 2012; van Versendaat al, 2012) Inhibitory neuron
presynaptic output also have been shown to decrease after focal retinal lesions in adult visual
cortex(Kecket al,, 2011) These studies pointed the importance oinhibitory synapses and
circuits in maintaining circuit stability during sensory deprivatidRecording rimiature
inhibitory postsynaptic currents (mIPSCs) from pyramidal ceiEces showed that mIPSCs
frequency is higher at ZT12 (end of light phase) than at ZTO, which is the ogpasi?SCs
dynamicqLiuet al, 2010; Bridet al., 2020) suggesting the possibility that inhibitory synapses
canchange at timescales associated with changeddap/wake state and/ocircadian time.
How inhibitory synapse dynamicsntegrate with excitatory onesover the course of

sleep/wake statess currentlyunknown.

Key unanswered questions of SHY are:

1. Is there increase and decrease in synapse strength and/or nuofbexcitatory and
inhibitory synapseassociated with wake and sleep, respectively?

2. If so, do all neurons exhibit this statelated synaptic change, or is it a property of
specific neurons?

3. What controls these synaptic changes: the state of sleeff ibs¢he circadian clock?

To address these questions, sleep/wake and circadian influences on synapses must be
carefully examined in various types of neurons during natural sleep and wake cycles. What is
needed is a method to track synapse dynamics indianimal transitioning through sleep

and wake states. To achieve this, we can utilise an emergent neuroscience animal model for

live imaging, the zebrafish.
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1.2 ZEBRAFISH AS A SISEYAPTIC MODEL

Zebrafish Danio rerig is rapidly becoming a popular mdd&ganism in neuroscience. Their
genetic toolbox, unique physical characteristic, quantifiable behaviours, and conserved

neurochemistry make zebrafish a potent model for studying sleep and synapse.

Due to their small size, external development, and agticanslucence, zebrafish embryos
provide an unparalleled utility for nemvasive functional and whollerain imaging over time

in vivo (Ahrenset al, 2013) These properties, together with the availability of various
transgenic lines in which subsets of neurons are labelled by reporters, make zebrafish a
powerful model for neurocircuitry and synaptic studies. @neh weHestablished system in
zebrafish is the Gal4/UAS system, which allows for the expression of any reporter gene in
spatially and temporally restricted fashiofiSawakamet al., 2016) The plethora of published

Gal4 and UAS database allows for targeting of numerous neuronal populations and using
various labelling and manipulation toglslarquart et al, 2015) For instance, genetically
encoded calcium indicators or optogenetic actuators such as chahodbpsins, can be
inducibly expressed under the control of UAS promoters to label virtually any neuronal
populaton allowing for tracking and manipulations of those neurdAbrenset al,, 2013;

Antinucciet al.,, 2020)

Various established genetic methods to visualize synapsamis and synaptic activity also
exist in zebrafishMany types of synaptic markers are available for both-@ed post
synaptic labelling. For instance, fusion of synaptic vesicle protein synaptophysin with GFP
labels presynaptic boutons, and the postaptic scaffolding protein, PSD95, tagged with GFP
labels postsynaptic densiiNiell, Meyer and Smith, 2004; Meyer and Smith, 200@hile
expression of exogenous synaptic protein can cause undesirable effects, other live synaptic
markers that avoid overexpression are also available, such as the live intrabody labelling
(Grosset al., 2013; Soret al, 2016)(further discussed in 1.3pynapse activity can also be
observed live and nemvasivelyin zebrafish. Tools such as the glutamate reporter molecule,
iIGluSnFR, allows the recording of glutamate release as a readout of individual synapse activity
(Marvin et al, 2013) The opticaltranslucency of zebrafish larvae combined with well
established genetic reporters and tools could allow for the monitoring of synapse dynamics

in any neuronal population in a freely behaving vertebrate.
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Apart from various tools to label synapses, zebhdfigvae als@xhibit numerous quantifiable
behavioural repertoires from reflexive responses such as escape swimming and optic flow
responses to more complex ones such as hunting and social behagkoomsel, Patterson

and Kimmel, 1974, Easter and Nicola, 1997; Bianco, Kampff and Engert, 2011; ddragsti
2015) More importantly, zebrafish larvae exhibit established and quantifiable sisage
patterns (Figure 1.2). A set of behavioural parameters such asvaedst duration, sleep
latency, and arousal sensitivity can be measured and altered using pharmacological agents in
a highthroughput manner(Rihelet al., 2010) With advances in functional neuroimaging and

the availability of transgenic reporters, zebrafish offer a special opportunity among vertebrate

model systems to link neural population and synapses activity with behaviour such as sleep.

To address questiaof SHY and examine the effects of sleep on synapse strength, we need
to disentangle sleep/wake states from the circadian clock. Zebrafish provide an attractive
model in separating these two process&svironmental signals such as the light/dark cycle
reset the clock on a daily basis to ensure it remains synchronized with the environmental cycle
of 24 h.As zebrafish larvae are optically translucent, direct exposure of both central and
peripheral tissues to light entrains the cellular clggkhitmore et al., 20M®). For instance,
when raisedon a 14:10 hour light/dark cycle, the larval zebrafish circadian clock is phase
locked with the light/dark cycle (Figure 1(Raneko and Cahill, 2009)his light entrainment

is also reflected in their sleep/wake behaviour, where zebrafish larvae have more swim bouts
during the lightson phase and more inactive sleep states, during ligiits(Figure 1.2)
(Proberet al., 2006) In contrast, when reared in constant conditions, zebrafish have an
unsynchronized circadian clock and do not exhibit oscillations in locomotor activity levels like
in light/dark rearing fistfProberet al,, 2006) When maintained on a light/dark cycle and then
transferred to constant dark or light conditions, the spontaneous locomotor activity of larvae
and adults continues to cycle with a circadian rhythm set by ther @ntraining light/dark

cycle but eventually dampens and becomes arrhythmic (FigurgKaPeko and Cahill, 2005;
Gandhiet al, 2015) Thus, the zebrafish represents an attractive model to tease apart

circadian and sleep/wake effects using rearing conditions.
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Figure 1.2: Monitoring sleep and wake behaviours and circadian rhythm in zeiwlaflarvae AB)
Representative traces of zebrafish larval locomotor activity assay. Modified from (Chiu et al., 2
Example of locomotor activity data for 20 wilgpe larvae (grey traces) and their mean locomotor act
(blue trace). C) An exangpbf typical larval zebrafish behaviour at the end of the day. A rest bout is d
as a period of inactivity of at least 1 minute, which is associated with an increase in arousal thresholc
et al., 2006). EC) Representative traces of bioluminesce rhythms mediated by pefi8c used as a circadi
clock output readout. Bioluminescence levels measured in counts per second (CPS). Modified from
and Cabhill, 2005). B) Average plot of bioluminescence rhythms in 14hr:10hr light:dark (LD )V/ejuriafss!
fFNOFES 6SNBE SYUuNIAYySR Ay ¢ [5 OeO0fSa LINRAR2NI G+
NHzy yAYy3IQ 1T SoNFFAAK fFNBFST Ay ¢KAOK f I NBIFS ¢
into constant dark. Errordrs represent + standard error of the mean.

In contrast to invertebrates, zebrafish share conserved central nervous system organization,
sleepwake circuits and neurochemistry, and synaptic structure with maranitahas been
shown that core sleefvake regulators in mammals are largely conserved in zebrafish,
including monoaminergic, norepinephrine, and hypocretinergic sygtéslin, 2004; McLean

and Fetcho, 2004; Probet al., 2006; Yokogawet al., 2007; SinghQikonomou and Prober,

2015) Moreover, responses to many hypnotic and wgkemoting drugs such as melatonin
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agonists, alph& adrenergic agonists, and others are also conserved in the zebrafish

(Zhdanoveet al., 2001; Riheét al,, 2010)

Despite the teolosspecific genome duplication, which expanded synapse protein families,
zebrafish postsynaptic density ultrastructure is conserved. For example, while zebrafish
contain more NMDAR and AMPAR subunits, the core vertebrate post synaptic density is
conserved, with approximately 1,000 synaptic proteins shared between mouse and zebrafish
(Bayéset al,, 2017) These includenajor cytoskeletal proteins, ribosomal proteins, kinases,
phosphatases, and adenylate cyclase. Furthermore, the synapses ultrastructural features are
conserved between zebrafish and mammals. For example, synapses in the telencephalon
show spindike charateristics of mammalian synaps¢Bayeéset al, 2017) With largely
conserved synapses, core sleepke regulators, and unique ability to monitor sleep/wake
behaviour and synapse dynamics in freely behavergebrate, zebrafish is a potent model

to study synaptic changes during slespke states.

Overall, features such as established synaptic genetic tools, quantifiable sleep/wake
behaviour, and the ease in which circadian and sleep/wake cycle can be separate make
zebrafish a potent model to study synaptic changes during shesfe states and addss

SHY.
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1.3METHODS TO VISUALIZE SYNAPSES

Given the limitations of previous studies addressing SHY, we asked whether there is a method
to observe the same synapses of the same neurons through sleep and wake and circadian
time without disrupting its functios.Following synapse dynamics of the same neurons would
allow for comparison within neuron as an internal control and circumvents artorahimal

and circadian differences.

Therefore, to tackle SHY systematically, we need reliable tools that 1) lab&ltery and
inhibitory synapses, and 2) allow loteym tracking of the same neurons in living animal. Only

by tracking synapse dynamics in live animals can we answer critical questions about SHY.
Firstly, do synapse strength and density change in tempetationship with sleep and wake
cycle? Secondly, do these changes occur globally or only in certain neurons? Thirdly, is this
process occurring during periods that coincide with sleep or is sleep itself driving these

synaptic changes?

1.3.1Existing method# observe synapses

Traditional electron microscopy and the more recent super resolution array tomography
allow precise superesolution observation of endogenous synaptic proteins and large
volumetric tissue coveraggWang and Smith, 2012)However, these methods are
incompatible with continuous synapse dynamics tracking we want to achieve due to the
necessity of fixation, permeabilization, and physical sectioning of the sample. Studies that
used these methods such as De Vivo et al. (2017%e vienited to comparing synaptic
properties of different neurons from different animals in different states, which does not fulfil

our criteria.

The primary approach for tracking synapse dynamics in vivo has been to tag synaptically
localized proteins wi fluorescent proteins (FPs). However, FPs are generally overexpressed,
which is known to cause unwanted effects in localization, maturation, and function of
synaptic proteingEtHusseinet al,, 2000; Zhang and Lism, 2012; Taft and Turrigiano, 2014)
Overexpression of FAgged PSD95 can drive maturation of synapses by drivingymaptic

development and increase spine size and density postsynapt{&usseiniet al,, 2000)
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Additionally, it also decreased the turnover rates of y@ed postsynaptic structures, thus
promoting the stabilization of synaptic contac{3aft and Turrigiano, 2014 )Critically,
overexpression of postsynaptic proteins such as CaMKII and PSD95 can drastically increase
synaptic strength and saturate logrm potentiation (Zhang and Lisman, 201Although,

knockin of FPtags may circumvent the confounding effects of overexpression, kimock

strategies lead to global expression of F#sulting in the lack of cetlype-specific labelling.

Studies addressing SHY that used overexpression-tEgged synaptic marksrcould alter
properties and functions in both preand postsynaptic structues that they were
investigating(Appelbaumet al., 2010; Elbaget al., 2016) Therefore, currently, there hasot
yet been a study addressing SHY by tracking changes in endogenous synaptic proteins in vivo

with conclusive verification afynaptic markers labelling bona fide synapses.

Various studies addressing SHY have taken the approach of looking at dendritic spines as a
proxy for excitatory synapsén fluorophorefilled neurongMaretet al, 2011; Yang and Gan,
2012; Let al, 2017) asthe head sizes of dendritic spines are linearly correlated with synaptic
strength (Holler et al., 2021) However, using dendritic spines as a proxysynapsesas
limitations, as this methoddoes not label all types of synapses. Although the majority of
excitatory inputs synapse onto dendritic spine protrusions, some excitatory synapsestare n
located on spineqPeters, 2002) For example, nosgpine synapses were observed on
dendritic shafts and soma of cortical layer 6 pyramidal neu(@uonnier,1968) Therefore,

using dendritic spines as proxy might not be an accurate readout of whole cell synapse
dynamics. Moreover, measuring dendritic spines does not consider inhibitory synapses.
Inhibitory input synapses onto neurons at a variety of logajancluding dendritic spines,
dendritic shafs, axon initial segmest and cellbodies (Markram et al, 2004) Unlike
excitatory synapsg there is no morphological swigate for the visualization of inhibitory
synapses. Additionally, monitoring dendritic spines requires imaging through transcranial
windows.In non-mammalian animal models, where synapses can be imagednvasively,
dendritic spines associated with exatibry synapses are not ubiquitously found. Apart from
some spindike structures, dendritic spines are not found in zebraikimtes, Buchanan and
Smith, 2000) In the Xenopus, the only repged spiny neurons are Granule cells in the

olfactory bulb(Huanget al., 2015)
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Is there an approach that would allow the visualization of both excitatory and inhibitory
synapses without interfering with their functions over time? One promising tool,
Fbronectinintrabodiesgenerated with nRNA display (FingRs), has recently been developed
to allow for the visualization of synapses without overexpression artef@tssst al., 2013)
FingRs are antibodike proteins tlat can target endogenous excitatory and inhibitory
synaptic proteins, PSD95 and Gephyrin, respecti®HD9I5 (also known as DLG4), a member
of MembraneAssociatedGuanylate Kinase (MAGUK) family, is a scaffolding protein that
assembles glutamate receptors, ion channel complexes and signalling pr(@eset al.,
2015) PSD95 complexes are vital in controlling synaptic strength and plagfiaty and
Turrigiano, 2014)On the other hand, Gephyrin is the core scaffolding protein for inhibitory
post synaptic densities. Gephyrin saffsembles into a scaffold, interacts with the

cytoskeleton, and anchors ligasgited chlori@ channels such as GABAnd glycine

receptors(Tyagarajan and Fritschy, 20®4) DS LIK& NAy Qa Of dza d SNRA Y I LINJ

the structural and functional regulation of inhibitory neurotransmission in response to
patterns of nairal activity. FingRs binds to these endogensysaptic targetsand, as FingRs

are tagged with FPs, this allows the visualization of endogenous synaptic target in vivo.

A B
AMPAR NMDAR p . GABAAR GlyR
s ostsynapstic
| "‘ Neuroligin EndbiEns
IR
: Postsynapstic
il Gephyrin men:,br:ne
PSD95

Tubulin

ﬁ%

FingR.PSD95

Y
yﬁ % FingR.GPHN
GKAP 7

Figure 1.3: lllustration of where FingR binds to their target synaptic protein within the
postsynaptic density A) FingR.PSD95 binds to the scaffolding PSD95/GKAP complex in
excitatory synapses. B) FingR.GPHN binds to the trimerized state of endogenous gephyrin
within inhibitory synapses.
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Moreover, FingRs binds to these endogen@ysmaptic targets without disrupting their
functions (Figurel.3). PSD95.FingR binds to PSD95 at theGKi3omain, which mediates
intra- and intermolecular interactions, while GPHN.FingRidithe G domain of endogenous
Gephyrin, which mediates trimerizatiq@rosset al, 2013) In the case of Gephyrin, FingR

will only bind the protein in a trimerized state.

Gross et al. (2013) showed th&ingRs do not have dffrget effects, do not affect
electrophysiological properties of neurons, and bind to functional syrapselissociated
neurons and brain slices. For example, FingRs expresstsnakochange the size of gephyrin

or PSD95 puncta. h& presence of FingRs does not change the morphology or
electrophysiological properties of synapses of neurons in hippocampal qigessset al.,
2013) Therefore, FingRs allow for the visualization of endogsrsynaptic proteins without

disturbing their function.

Furthermore,unlike conventional overexpression technigu&ingRs utilize a transcriptional
control system designed to closely match the expression level of a FingR with that of its
endogenous taget. Such a system not only allsfingRs to accurately report the localization

of their endogenous targets but also circumvetite confounding effects of overexpression

Thus FingRsire attractive tools to address SHY systematically.

Although FingRsdve the potential to visualize synaptic dynamics, more extensive testing is
needed to ensure that synapses are not affected in vivo. For instance, the regulatory domains

and the FP add a significant size to the intrabody, which may reduce its accedsililigy

target protein in densely packed structure such as the PSD in vivo and particularly in
developing neurons. Although Gross et @013) and Son et a{2016) have shown FingR

labels endogenous PSD95 and Gephyrin via immunohistochemistry, thegt djdamtify this

in vivo. Moreover, it is unknown how well this type of transcriptional regulation matches with

acute local translation of prexisting mRNAs at dendritic sites. While this carabeajor

drawback in acute shoterm studies, it may not pas substantial complication as this
LINEP2SOGQa FAY A& G2 GradadtAl S aeylLWAO OKI y3
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1.4APOTENTIAL NEURONAL POPULATION TO STUDY SHY

¢NFO1lAYy3a | aAay3atsS ySdaNRPyQa adeéeyl Lladbsid®abl YA Oa&
technical challenge. Neurons that are suitable for mdéty tracking will have the following
characteristics: 1) The neurons must be easily accessible for imaging small structures such as
synapses so that they do not phebdeach after multife rounds of imaging; 2) They must be

imaged as a whole cell (i.e. have smihtained processes) so that the synaptic dynamics of

whole neurons can be examined; and 3) They must have known and predictable functional
identities so their function can be netspectively mapped to their synapse dynamics. We

found a group of neurons which is a good candidate for testing-3$i¥optic tectum (OT)

neurons of zebrafish larvae.

1.4.1The Larval Zebrafish Optic Tectum

The OT and its mammalian homologue, the superitiiotdus, is a centre for visual processing
involved in behaviours such as prey capture and predator avoid@wénann, 2019)The

OT is the main retinorecipient brain region and makes bilateral connections with the
pretectum, dorsal thalamus, dorsal tegmentum, nucleus isthmi, reticular formation and
contralateral tectum. Through connections with these several other braironsgithe OT
integrates visually acquired information with motor inputs and outputs to initiate appropriate

behavioural responseg®ollmann, 2019)

Retinotopic Organization
Tectal neurons, also called periventricular neurons, sit within the OT, receive input from
retinal ganglion cells (RGCs), and relay information to downstream neural systems to produce

visuallyguided behaviots such as prey capture and avoidaiiBenco and Engert, 2015)

The main areas of the tectum can be easily demarcated. The stratum periventriculare (SPV)
contains the cell bodies of most tectal neurons whereas the neuropil region contains tectal
cells neurites and terminating axons of RGCs as well as other neuromgethwo visually
guided behaviou(Henriqueset al., 2019) The tectal neuropil is a highly laminated structure,
which makes imaging straightforward. OT neuropil layers are, starting fremmost
superficial: the stratum opticum (SO), the stratum fibrosum et griseum superfiG&€&%

the stratum griseum centrale (SGC), and the stratum album centrale, (BAEN sits on the

border with the SPYGebhardt, Baier and Del Bene, 2Q1B§C axons responding to a specific
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cue in the visual scene project to a specific axis aref kaithin the OT neuropil (Figue4A).

The temporonasal and dorsoventral axes of the retina are mapped onto the rostrocaudal and
lateromedial axes of the tectum, respectivéBtuermer, 1988)Moreover, a single RGC axon

will only innervate a single sublaminar layer, which means that RGCs relaying different types
of visual properties terminate in a lamispecific manner(Xiao and Baier, 2007)
Consequently, functional studies have confirmed that RGCs encoding specific visual features
such as directionand orientation-selectivity, topographically target a distinct OT sublaminar
layer. For example, the superficial sublaminae of SFGS receive input ujparard,
downward, and forwarddirected motion selective RG(Sabrielet al., 2012; Nikolaoet al.,

2012) This means that each lamina withimetOT is highly predictive of input types, giving us

prior knowledge of the type of synaptic inputs we are imaging when addressing SHY.

b Small-size-selective  Input from
a horizontal cell prey objects
Ganglion
cell m )
Ganglion
® cells
Lens
Periventricular
" Small k neurons
target .
Ganglion cell 9 Large-field motion-
axon sensitive horizontal cell
Neuropil i | Optic
tectum

cell body layer K = T R
Largex motion

target

Figure 1.4: Retinotopic layer and maps of the optic tecturftaken from Bollmann, 2019)A) Schematic
retinotopic maps showing the temporonasal axis of the retina is mapped onto the rostrocaudal axis of tF
neuropil. B) Examples of visual feature selective tectal neurons arborizing in espeggfic maner. Superfici
interneurons (SINs), also known as horizontal cells, that respond to-Betéinotion exhibit dendritic branching
the superficial layer while largigeld motion responsive SINs branches in deep tectal layers.

Functional and morphotpcal identities of tectal neurons
Like the RGCs that innervate the OT, tectal periventricular neurons have functional subtypes
that are selective for up, down, forward, and backward moti@ebhardt, Baier and Del Bene,

2013) The specific sublayer whetectal neurons laminar arborizes correlates to their visual
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selective feature¢Del Beneet al., 2010; Gabriettal., 2012; Preusst al., 2014) For example,
direction-selective neurons with different tuning preferences arborize in distinct layers of the
superficial, retinorecipient layers of the neuropil. Gabriel et(2012)found two types of
motion-active neurons: rostrocaudaland caudorostratirection selective. Both display
bistratified morphology withieir proximal branch deep within the neuropil layer. However,
their distal arborizations target the superficial neuropil at different levels. The rostrocaudal
tuned neurons have a thinner and flatter arborization and target a more superficial layer than
that of the caudorostratuned neurons. Moreover, excitatory synaptic inputs from the RGCs
aredirectionally tuned and match the preferred direction of spike output in these cells, while
inhibitory inputsare selective for nonpreferred directions. Anotherarple of layer specific
arborization correlating with function is the superficial interneurons (SINs). SINs are
monostratified and target a single retinorecipient layébel Beneet al, 2010)
Subpopulations of SINs with distinct ste@ing properties are dependent on their target
layer. SINs thattratify in the superficial OT layer at the SO are tuned to ssiadiselectivity,

while SINs that arborize deeper in the SFGS are-Ergselective (Figure 3.1BPreusset

al., 2014) These examples show that where tectal neurons arborize matches with their
functional identity and incoming excitatory inputs from the RGCs. Such anatomical and
functional predictivity gives uslaINA 2 NA  {y 26t SRIS 2F (G(KS ySdaNRByY

on their location when imaging synapses to address SHY.

Apart from matching lamination layer to tuning properties, the morphology of tectal neurons
is related to their functional identity. Theeddrites of SINs cover a large extent of the neuropil
in both the rostrocaudual and mediolateral directions and filter spizie information to
different layers of the tectal neurop(Del Beneet al,, 2010; Preusst al, 2014)(Tablel.1). In
another study, Nikolaou et alound that tectal neurons labelled with a FoxP2.A transgenic
reporter can be grouped into four subtypes according to their morpho{2§%5) Each of the
morphological types shows a high probability of having similar functional properties. For
exampe, cell classified as Morphological Type 3 (Mt3) are only vertically tuned and Mt2
contain two functional subtypes with approximately half the population horizontally tuned
and the other half vertically tuned. Furthermore, the tuning curves of direes®ective

tectal neurons do not change betweer/dlpf, suggesting that the functional specification is
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fixed within these cells and stable throughout early development of the tediikolaouet
al., 2015)

These predictive properties of tectal neurons are highly desirable asawenap functional

and morphological identities to their synapse dynamitle correlation between at least
some morphologies and functional properties will allow us to test whether SHYs hold
universally in all neurons or whether SHY is only detectable in functionally distinct subtypes

of neurons.
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Tablel.1: Examples of Tectal neurons types and functional identitalics indicateour own interpretation from published works. * indicates
genetically undefined transgenic line or enhancer trap line.

Name Tvoe Distal Arbour Proximal Arbour AP Span Arbour Thickness Soma Neurotransmit Presvnanse Functional Rce?e(r)]rie Age Citation
yp Layero > Y U [F@SNJ o 0>Y0 0>Y0 location ter ynap Identity ? 9
LIS deeper layer of the deep in the ST DA dgdii S(riﬁglzi’d
nsPVINs p_erlventncular SFGS and the SG N/A 30.48+1.66 28.87+1.58 SPV layer GABAergic with postsyng_pﬂc Unknown dix5/4 5dpf e
interneurons but not stratified 2011)
bistratified 13.0 £ 1.5 most 39.2+23 41.292.14 6.8+0.7 . GABAS Proximal not distal - (Rgbles,
. ) = ) >Y LINRE ) deeper/inter . . dgdii or Smith and
bsPVINs periventricular  superficial layer of ~ stratum griseum (Proximal) . Glutamatergic ~ via SypGFP + array ~ Unknown 5dpf .
. 22.4+1.5 . mediate SPV dix5/4 Baier,
interneurons the SFGS centrale (SGC distal 5.5 + 0.4 (Distal) ? tomography 2011)
periventricular superficial 25 Projects to Hb. Syp dadii or S(EKEIZEH
PVPN projection deep SGC and SA N/A 22.01£1.7 25.55+1.14 >Y 27F GABAergic GFP in Hb + Unknown dQI]x5/5 5dpf Baier
neuron and SAC neuropul ’
2011)
. - . Direction . (Gabrielet
Type 1 RC bistratified SO (6.1+1.5) SFGS/ SGC 38.746.9 10.0£2.2 GABAergic Unknown selective RC Oh:G3 6-8dpf al, 2012)
. - . . Direction . g (Gabrielet
Type 2CR bistratified SFGSB,D (13.6+3.! SFGS /ISGC 24.4+3.3 16.3+5.8 GABAergic Unknown selectiveCR Oh:G4 6-8dpf al, 2012)
. . (Barker and
*
Glut non-stratified SFGS/SGC N/A Unknown  Bushy/Unknown  Unknown  Cutamatergic Unknown Small size  *Galmp Baier,
nsPVINs >GABAergic tuning n354 2015)
oS
Mtl bistratified Unknown Unknown Unknown Unknown Unknown Unknown Unknown REREIRE FoxP2.A 7dpf (relEe
Fw > DS et al, 2015)
backward
Mt2 nonstratified Unknown Unknown Unknown Unknown Unknown Unknown Unknown Osverpcal>0 FoxP2.A 7dpf (Nikolaou
S Horizontal et al, 2015)
Orientation (Nikolaou
Mt3 multi-stratified Unknown Unknown Unknown Unknown Unknown Unknown Unknown selective FoxP2.A 7dpf et al, 2015)
Vertical ?
OS Vertical> (Nikolaou
Mt4 monostratified Unknown Unknown Unknown Unknown Unknown Unknown Unknown DS Fw>DS FoxP2.A 7dpf etal, 2015)
Backward ?
. . - .. *Galdsl (Del Bene
SINs monostratified SFGS N/A Broad Unknown SO GABAergic  Monostratified layer Large stimuli 156t 5dpf et al, 2010)
*Oh-
SINs monostratified SO N/A Broad Unknow SO GABAergic Unknown Small stimuli ?Ahp(éga 5-8dpf g_re;git)
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1.4.2The Larval Zebrafish Hypocretin neurons

To comprehensively understand SHY, we must thorougtdynine synapse dynamics at the
singlecell level during sleep/wake states in various neuronal populattbroughout the

brain. Another set of neurons that would be interesting to investigate are neurons of the
sleep/wake regulatory circuits, where slegpessure (i.e. effects of prior duration of
wakefulness on sleep need) and circadian clock regulation are tightly linked to sleep effector
neurons. One such neuronal type is the Hypocertin (Hcrt, also known as Orexin) neurons
within the hypothalamus. To westigate whether SHY exists in these neurons, we need to

better characterize the Hcrt circuit in larval zebrafish.

Hypocretin neurons
The hypothalamus plays a critical role in body homeostasis and regulates various behaviours

such as feeding, thermogesis, and sleepinginutsuka and Yamanaka, 2013jcrt are
neuropeptides expressed exclusly by a small subset of neurons in the lateral hypothalamic
area, approximately up to 70,000 cells in humans, 30,000 in dogs, and 3,400 in (&leged

et al, 2001) They were initially discovered as regulators of feeding behaviour, but they are
now also recognizeds key modulators of the sleep/wakefulness cy€le Leceat al., 1998;
Sakuraiet al, 1998) They have since been studied in many other different areas of
neuroscience research, including addiction, reward and motivation, anxiety and depression,
cardiovascular regulation, pain, migraine, and neuroendocrine regulé®eyron ad Kilduff,
2017)

The importance of Hcrt neurons for sleep regulation is made most clear by their role in the
human sleep disorder, narcolepsy. A dysfunctional Hcrt system in both humans and dogs
leads to narcolepsy, which is characterized by exceskiyéme sleepiness, cataplexy, and
alterations in the timing of rapid eye movement (REM) slé@puckmann and Yanagisawa,
2002) Narcoleptic humans have been shown to have lower numbers of Hcrt neurons and
reducedHcrt concentration in the cerebrospinal flu{iNishinoet al, 2000) Mice mutant
lacking Hcrt neuropeptide production or H&keeptor display frequent episodes of sudden
cataplexylike behavioural arrest, reduced average duration of wake periads, direct
transitions from wakefulness to REM sleep, which strongly resembles human narcolepsy
(Chemelliet al,, 1999; Willieet al, 2003) As in rodents, elimination of Hcrt activity (via

receptor or ablation of the neurons) results in sleep and fragmented wake periods in both
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adult and larval zebrafisYokogawaet al, 2007; Elbazet al, 2012) Conversely,
overexpression of Hcrt in zebrafish promotes wakefulness and reduces their ability to initiate
and maintain rest at nigh{Proberet al, 2006) Activation of Hcrt via optogenetic or
chemogenetic methods is sufficient to induce wakefulness and reduce ¢Bnghet al,

2015; Cheret al,, 2016)

The role of Hcrin feeding is also important, as Hablated transgnic mice exhibit profound
hypophgia and lat®nset diabetegHaraet al,, 2001) Finally, in terms of reward behaviour,
infusion of Hcrt into local ventral tegmental in rodents drives behaviour motivated by either
food or drug rewards. Conversely, inriggmental microinjection of an Hcrt receptor (HcrtR)
antagonist abolished a conditioned place preference for morphine and locomotor
sensitization to cocaindlnutsuka and Yamanaka, 2013)hus, Hcrt performs multiple
functions regulating not only sleep, but other important behaviours.

Hypocretin system input and output

Hcrt in the zebrafish larvae is expressed by approximately 10 pairs of bilateral, glutamatergic
neurons of the anterior hypothalamus by 5dpf and up to 60 neurons in adult. As in mammals,
zebrafish Hert neurons were also found to innervate widespread arethe brain. Hert have
conserved innervation to the telencephalon, diencephalon, mesencephalon,
rhombencephalon, and the pineal gland, innervating various nuclei such as noradrenergic,
dopaminergic, serotonergic, cholinergic, histaminergic, and melatgmoducing nuclei
(Kaslin, 2004; Probeat al, 2006) For examplein adult zebrafish, Hcrt neuronsoject to
hypothalamic nuclei, the locus coeruleugntrolateral preoptic nucleus (VLR@psterior
tuberal nucleus, raphe area, pretectal nuclei, the optic tectum, dorsal tegmentum, and spinal
cord (Kaslin, 2004; Panula, 201(®igure 1.5) Unlike mammals, zebrafish have one Hcrt
Receptorthat is most similar tanammalianHcrtR1(Faracoet al, 2006) Expression of the
zebrafish HcrtR has been reported in severalaarenatching with Hcrt projection sites
including clusters in the telencephalon, diencephalon, hindbrain, and rows of neurons along
the spinal cord(Proberet al, 2006) The widespread and conservedojection sites and
NEOSLIi2NJ RAAUNROGdziA2Y Ay KdzYlyaxz NRRSyGa:z

various behaviours.
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Figurel.5: Hypocretin (Hcrt) neurons projection maps in tliedent and zebrafish brainA)
Diagram of a sagittal section through the rat brain. Hcrt neurons reside in the lateral
hypothalamus and project to the entire central nervous system. The thickness of arrows
represents the relative abundance of projectiorés. LC, Locus coeruleus; LDT, laterodorsal
tegmental nucleus; PPT, pedunculopontine tegmental nucleus; TMN, tuberomammillary
nucleus; and SFO, subfornical organ. B) Diagram of sagittal section through larval zebrafish
brain showing known Hcrt connectisrio neuronal nuclei promoting sleep/wake behaviour.
Modified from(Tsujino and Sakurai, 2009; Barlow and Rihel, 2017)
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Heterogeneity of Hcrt system
It is evident that Hcrt neurons are involved in various circuits and behaviours. An unanswered

guestion is whether distinct Hcrteuron subtypes exist and mediate specific behaviours. Are
all Hert neurons homogenously involved in these processes? Alternatively, are there subsets
of functionally distinct Hecrt neuron pools that are involved in different aspects of behaviour

¢ arousa) feeding, reward and motivationithportantly,are functionally distinct Hcrt neuron

pools synapse dynamics differentially altemttoss sleep/wake cycles

Several studies have shown that Hcrt neurons can be grouped into subtypes. Works in rodents
have shown that Hcrt neurons within the preifornical and dorsomedial hypothalamic areas
(PFADMH) and within the lateral hypothalamic area (LHA) may be involvetifferent
functions. Estabrooke et al. found that expression of the immediate early gene Fos (a marker
for neuronal activation) in Hcrt neurons of the PBMH shows diurnal changes consistent
GAGK 1 ONIQa NRtS Ay aft SSLk g lrohsSdid Nd shdef dudhA 2 y @
diurnal changes in activatiq2001) This suggests that Hcrt neurons of FMH are involved

in sleep/wake behaviour but not Hcrt neurons within the LHA. Conversely, during a reward
behaviour paradigm, Harrig @l. showed that conditioned cues associated with food/drug
reward increased activity (measured by Fos) of the LHA Hcrt neurons but n@NPHAcrt
neurons(Harriset al, 2005) This indicates that LHA Hcrt neurons may be involved with
feeding and addition behaviour. These two potensabpopulations of Hcrt neurons have

also been shown to respond differently to different drugs. For example, amphetamine
increased Fos expression in Hcrt neurons of the DMH but not the(E&telet al., 2002)

while weight gain associated with asqgsychotic drugs preferentially activate LHA rather than

the DMH Hcrt neurons. The amountldfiA activation also correlates with weight gain. These
data suggested that PHAMH Hcrt neurons are involved with sleep/wake regulation, whereas

LHA Hcrt neurons play a role in feeding and addition behaviour.

In contrast, anatomical studies examining d@tream projections of Hcrt neurons contradict
with this functional dichotomy. Using dual retrograde tracer strategy, lyer et al. found that
individual neurons were more likely to project to both LC and TMN or to both the VTA and
nucleus accumbens; howevehese neurons are intermingled and do not show #HAH or

LHA topographic location within the hypothalam@918) Together, these findings suggest

that there are projectomespecific subpopulations that are involved in distirfunctions
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within the Hcrtexpressing population. However, they cannot be grouped topographically by
their soma location. Nonetheless, these studies using behawthrced Fos mapping and
retrograde tracer labelling in rodents can only tell us aboutaiarpotential functional and
anatomical groups. Moreover, retrograde tracer labelling could cause spill over into
neighbouring brain regions as the LC and TMN are compact strucithissmethodcould

also underestimate the number of Hcrt neurons labelesdtracer penetrance may not be
100%(lyeret al., 2018)

To examine whether there are subpopulations of Hcrt neurons, we need a more holistic
approach that allows observation of Hcrt projections throughout the nervous system at a
singlecell level. THE would not only allow mapping of soma topography but also all the
projection sites of a single Hcrt neuron. Similar siraglt approaches have been used in
zebrafish to examine the heterogeneity of oxytocin neurfifergetet al,, 2016) By targeting
different colour fluorophore combinations to eachydocin neurons within the population

(i.e. the Brainbow method), Herget et al. found that there are two main subpopulations of
oxytocin cells: one that innervates the pituitary and one that innervates diverse brain regions
(2016) Mapping the singleell projectome will heéld dza aeadSYlF GA Ol t &
synapse dynamics. For example, if functionally distinct pools of Hcrt neurons exist, one could
hypothesize that pools involved itihe integration of circadian rhythm and sleep/wake
behaviour may have different sypse dynamics compared to pools that are involved in

reward and motivation behaviours.
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1.5AIMS AND APPROACHES

In its simplest form, SHY proposes that during wakefulness synapses are strengthened, and
during sleep synapses are weakened. The decrease in synaptic strength throughout the brain
is the function of sleefgTononi and Cirelli, 2006 As discussed previously, various studies
have been consistent with SHY, while others have equally contradicted it. We believe that the
best way to investigate SHY is to track the same synapses through different behaviayral sle

and wake states and circadian time. Our aim is to make use of the ease of imaging, rich genetic

1)

2)

3)

4)

toolbox, and predictable behaviour of zebrafish larvae to investigate SHY.

Therefore, the aims of the project are as follows:

Develop tools to label bothxeitatory and inhibitory synapses in living zebrafish. Such tools
should give us information about the strength and location of each synapse.
Identify whether sleeplependent synaptic changes occur globally by tracking synapse
dynamics of single neurons.
Disentangle sleep/wake and circadian cycle influences on synapse dynamics by tracking
synapses in animals reared under different conditionshsas:
i. Constant conditions where synchronized circadian clocks are abolished.
il. Freerunning conditions where sleep pattern is not entrained to a light/dark cycle
iii. Sleep deprivation, where sleep homeostasis and the circadian clock are
disentangled
Characterie the hypocretinneuronal population using singtell reconstruction methods
to provide a platform to address SHY in other neuronal types, especiatyostital circuits

directly involved in sleep/wake regulation.
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Chapter 2Materials and Methods

2.1 ANIMALS

Adult zebrafish were mintained, mated, and raised at 28.5°C on a 14h light /10h dark cycle.
All fish were maintained in the Fish Facility at University College London, according to the
Animal Experimental Procedure Act (1986) under license from the United Kingdom Home
Office PIL number I07CABC30 and Project license PA8D4DOES awarded to Jason Rihel).
Wildtype strains used were TL and AB/Tuebingen. Embryos were kept in fish water (5mM
NacCl, 0.17mM KCI, 0.33mM GaGI33 mM MgSgand 0.1% Methylene blue). The sex of the
larvae s not defined at the early stages of development used for these studies. For live
neuroanatomy experiments conducted in Chap8and 5, 24hour post fertilization (hpf)
were treated with 0.002%-phenyt2-thiourea(PTU)until 3 days postertilization (dp) to
improves transparency of the larvae (TaBl&). All larvae were fed with Paramecia from 7

dpf onward. For synapse tracking experiments larvae were placed into individual well in a 6
well plate (Thermo Fisher Scientific). Larvae fish weaged at 28.5°C on a 14/10 light/dark

cycle unless stated otherwise.

CHAPTEF EXPERIMENT FISH USED REASONING
35 Hcrt anatomy, Larvae were treated with PTU at 24kgdpf improves transparency of
synapsecolocalization, the larvae
and drug treatment
4 Synapse tracking Tg(UAS: FingR(PSDE@BPZFC(CCR5FC) Transparency of larvae
KRAB(AP2AmMKate2f; Nacré) improves imaging
4 Synapse and Tg(UAS: FingR(PSDE@HPZFC(CCR5FC) Pigmented fish were
behavioral tracking KRAB(AP2AmMKate2f; Nacré* or ) required for behavioral
tracking of the fish

2.1.1 AnimalRearingConditions

For synapse tracking experiments larvae were placed into individual well iwedl ®late
(Thermo Fisher Scientific). All larvae were fed Paramecia from 7 dpf onward. Larvae were
reared at 28.5°C with differing light:dark cycles (T&b®) For further deils of animal use

and maintenance see Chapter 6 Materials and Methods.
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LD Intact synchronized clock 14hr:10hr

LL Clock break Constant light (24hr:0hr)
FR Freerunning 14hr:10hr up to 6dpf transferred to constant light
2.2CLONING

All DNA construct generated during this project has been performed ustigdion HD
Cloning System (ClontechBriefly, desired plasmid fragments were linearized and/or
amplified using PCR and were fused together using tHeusion HD Enzyme (Clontech).
Primers were designed to share an overlap of 15 homologous bases between the end of the
linearized vector and/othe chosen PCR fragmentBaple 23-4). The linearized or desired
fragments were fused and transformed into Stellar Competent Cells according-Eesion

Kit protocol. Successful infusion products were then miniprepped (QAIGEN, UK); screened
using appr@riate restriction digests with (New England Biolabs, UK); and sent for Sanger

sequencing (Source Bioscience, UK) to confirm the correct inserts.

Plasmid templates used were pTol2zcUAS:PSD$ngREGFFCCR5TBRAB(A)

(from Bonkowsky lab,University of Utah Addgener2638; pSUASGPHNFingReGFP
ZFC(CCR5TEW! . 0! 0 O03ATFH TFTNRBY aSeé SN -CMECEaMPby 3 Qa
(Danaet al., 2019Addgene:104489; Hcrt: GFRgift from Mourrain lab, Stanford); and KalTA4

(gift from Tada lab, UCL)

It must be noted that UAS:FingR(GPBYP cassettd(NRP Y aS@SNJ [ 63X YAy3dQa
were modified instead of Son et.@la | ! { Y C AnCHEewy (20tLd)Addgene72639),

despite ideally having a different fluorescent protein fusion, higher copy of UAS, and different
regulatory elements were found to have a stop codon in the middle of the open reading frame

for the FingR cassette (after mCherry but before KRAB{Aau). This produce FingR(GPHN)

protein without its essential regulatory system.
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Table2.3: Constructs made using {Rusion Kit.

Construct Generated

Properties

pBRTol2Hcrt:KalTA4

Hypocretin promoter driving Gal4
with Tol2 arms

pBRHcrt:Gap43GFP

Hypocretin promoter driving
membranebound GFP

pCS2P2AmKate2farnesylationGl

Selfcleavage site with membrare
bound mKate2

pBRTol2UAS:myrCherry, UAFingR.PSDI&FP
ZFC(CCR5TC)

FingRGFP for PSD95 with separate
UAS for membran&ound Cherry
flanked by Tol2 arms

pBRTol2pUAS:FingR(GPH®FRPZFC(CCR5TFKIRAB(A)
P2AmKate2F

FingRGFP for Gephyrin and self
cleavage peptide with membrane
bound mKate2 flaked by Tol2 arms

pBRToI2UAS:FingR(PSD96FRZFC(CCR5TKIRAB(A)
P2AmKate2f

FingRGFP for PSD95 and self
cleavage peptide with membrane
bound mKate2 flanked by Tol2 arm:

PBRTOI2UAS:FingR(PSD96CaMP7EZFC(CCR5TC)
KRAB(AP2AMKate2f

FingR for PSD95 labelled by calciur
indicator and seltleavage peptide
with membranebound mKate2
flanked by Tol2 arms
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Table2.4: Primers used in generating DNA construct using thd-lrsion Kit.

Plasmid made

Primer Name

{ Slj dzS yoOBy 6 p Q Notes

pBRTol2 HCRIF1 TCACTAGTTGATCACGAAAATGAATGA/ PCR out
Hcrt:KalTA4 TGAA Hypocretin
Ncol digeston HCRB1 CCGCTACGTACCATGGAGTTTAGCTTC promoter
Tol2 plasmid CTG overlap
with Tol2
plasmid
KalTA4F1 ACAGAAGCTAAACTCATGAAACTGCTC Infusion
CATC with  Hecrt
KalTA4pA-B1 GCGGCCGCTACGTACCCGCGAATTAA/ promoter
TCCC fragment
and Tol2
plasmid
pBRTol2 PaulGPHNFw TCACTAGTTGATCACATTGTCTCATGAC PCR out
pUAS:FingR.GP InFTol2 ACA FingR.GPH
HN-GFP PaulGPHMv-Ink  AGAGAAGTTCGTGGCAGCCATAGAAG( N-GFP with
ZFC(CCR5FC) P2A TTAGA Tol2 and
KRAB(AP2A P2A
mKate2F mKate2f
Ncol digest on overlap
Tol2 plasmid P2AKate_rv_InF_ CCGCTACGTACCATGGAATGCAATTGT PCR out
ol2 TAAC P2A
PSD_InF_PKate_ CTTGCTTCTATGGCTGCCACGAACTTC mKate2f
w2 TTA with Tol2
overlap
pCS2P2A P2A_InV_Rv GGATCTAGGACCGGGGTTTTC Inverse
mKate2fGl P2A InV_Fw GTGCTCTCCTGACCTCTAGAA PCR (to
linearize)
pCSZP2A
GFPCAAX
P2A_InF_mKate_ CCCGGTCCTAGATCCATGGTGAGCGA( PCR out
Fw TAAG mKate2f
P2A_InF_mKate_ AGGTCAGGAGAGCACTCAGGAGAGCA' with
Rv CAGCT overhangs
with
linearized
pCS2P2A
vector
pBRTol2 PSD_InF_PKate  CTTGCTTCTATGGCTGCCACGAACTTC PCR out
UAS:FingR.PSD w2 TTA P2A
5-GFP PSD_InF_PKate_ ACCTCCCACACCTCCTCAGGAGAGCAC mKate2f
ZFC(CCR5TC) v AGCT fragment
KRAB(AP2A from pCS2
mKate2f P2A
mKate2fGl
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PSD_InV_P2A_R AGCCATAGAAGCAAGATTAGA

Inverse

UAS:FingR.PSD

Fw

TCAT

2 PCR (to
PSD_InV_P2A fw GGAGGTGTGGGAGGTTTTTTC linearize)
FingR.PSD!
5-GFP
PBRToI2 1D_PSD_myrRFF CCCGGTCCTAGATCCATGGTGAGCGAC( PCR out
UAS:my.rCherry,UAr Fw TAAG FingR.PSD9!
oFRzFC(CoRaTe) 1D_PSD_myrRFF TCCGCGGTGGCGGCCAAACCTCCCAC, With
Rv CCCT overhangs.
Digest pBR
Tol2
myrCherry
with Notl.
pBRTol2 InF_PSD_Gcamp AGTAGATCTGGGGTGATGGGTTCTCAT PCR out

GCaMP7b

5-GCaMP7b InF_PSD_GCamg TCCAGCGCCAGCTCCCCTAGACTTCGC with
ZFC(CCR5TFC) Rv CAT overhangs
KRAB(AP2A to
mKate2f FingR.PSD!
5-GFP
InV_PSD95_Fw CACCCCAGATCTACTGGAGCC Inverse
Inv_PSD95_rv TCTAGGGGAGCTGGCGCTGGA PCR (to
linearize)
FingR.PSD!
5-GFP
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2.3DNA CONSTRUCT EXPRESSIONS

2.3.1DNA Construct Injections
To transiently and mosaically express DNA constructs such as Hcrt:GFP, constructs were

injectedinto the cell of AB/Tulor TL strain wildype embryos at the oneell stage. Injection

mix were diluted to total concentration of 10rg[ F2 NJ S| OK inIRNAsdre® 2 y & (i N
water. Microinjection setup were as described iffGodinho, 2011)Briefly, backfill
micropipette (1.2mmx0.69mm pulled glass capillaries, Harvard Apparatus, UK) with injection

mix, mount micropipette to the micromanipulator (M3, Narishige, Japan). Through the
stereomicroscope (Nikon SMZ1500) trim the micropipette tip using forceps and calibrate
injection volume to ~1nL using micrometer (Pyser S@txoinjector (Picospritzer 11, Parker
Instrumentation, USA) were set to H0ms. Embryos were aligned using a glass slide instead

of agarose chamber. Uninjected siblings from the same clutch were kept as controls

2.3.2Transgenic fish lines
Injection of DNA constructs and generation of stable transgenic lines was performed as

described(Burketet al., 2008) For the ease of screening, UAS constructegerad were

injected into available Gal4 lines, and vice versa for Gal4 construct generated. DNA construct
(1ong>[abd¢ 2 f v G NJ y a Ll al a Serefictoihjectédinio the geélat ong 0

cell stageas described above. Tol2 transposase mMRNA was in vitro transcribed from the pCS
TP6287 plasmid (gift from Wilson lab, UCL) using an SP6 mMMESSAGE mMACHINE Kit (Ambion,
USA). Positive embryos, mosaic expression of construct injected, at 3dpf were raised to
adulthood and crossed with AB/Tub or TL strain wyipe fish to identify founder fish. The

founder fish were outcrossed with wildtype and the F1 fish were selected on the basis of their
fluorescent signal. Transgenic lines were maintained by outcrossingNaore fish
(pigmentation mutant) for ease of imaging. Transgenic line made during this project and their

properties can béound at Table2.5.
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Transgenic line generated Properties

Tg(Hcrt:KaLTA4; cry:GFP,UAS:RFP) Hcrt cells labelled with RFP; GFP marker in
Tg(UAS:myrCherry,UAS:PSD95.FBER Hcrt cells PSD95 labels with FingRP; cell
ZFC(CCR5TKRAB(A);Hcrt:KalTA4) membrane in Cherry.
Tg(UAS:PSD95.FIiRGRPZFC(CCR5TKRAB(A) | PSD95 labels with FingsEP; cell membrane
P2AmKate?2f) in mKate2.
Tg(UAS:BHN.FingiSFPZFC(CCR5TKRAB(A) | Gephyrin labels with FingBFP; cell
P2AmKate?2f) membrane in mKate2.
TgUAS:FingR.PSDZ5C(CCR5TKIRAB(A) PSD95 labels with calcium indicator,
GCaMP7#2AmKate2f) GCaMP7b; cell membrane in mKate2.

2.3.3Singlecell FingRexpression using electroporation

To label single tectal cells for repeated imaging, FoxP2.A tectal cells were mosaically labelled
by electroporating linearized FoxP2.A: Gal4FF activator plasmid (construct was a gift of Martin
aS@SNE YAy3Qa intb TGUAS:BiR(PSPHERZ-C(CCR5TKRAB(AP2A
mKate2f)-positive larvae at 3dpf. Electroporation were adapted frivikolaouet al., 2015)
Anaesthetized 3 dpf zebrafish larvae were mounted in 1%nt@hing point agarose (Sigma)
perpendicular to a glass slide in a pelish. Electroporation buffer (180 mM NaCl, 5 mM KCl,

1.8 mM CacCl2, 5 mM HEPES, pH 7.2) with Tricaine was used as fish medium. Excess agarose
along the larval body was removed to allow access for the electroporation electrodes. Plasmid
DNA was prepared ugj midiprep kits (Qiagen) and ventricularly injected at a concentration

2F pnn y3Ik>ft G23SHKSNI g A (-d usidgta micry giasd needlle. 1y I K >
Coinjection with Tol2 mRNA was found to improve efficiency of expression. The
electroporatian electrodes were positioned such that the positive electrode was lateral and
slightly dorsal to the hemisphere of the optic tectum to be targeted and the negative
electrode lateral and ventral to the opposite eye of the larva. DNA plasmids were
electroporated by delivering 1 second trains of 5 ms, 85 V voltage pulses at 200 Hz using an
SD9 stimulator (Grass Instruments). A total of five trains per larva were delivered.
Electroporated larvae were screened for singédl expression of FingR using a 10x water
immersion (0.5NA) objective and a Lightsheet Z1 microscope (Zeiss) at 6dpf. The Lightsheet
was used over confocal microscopy as fish can be quickly mounted usipgjagand large

number of animals can be screened in a short period of time.
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2.3.4Hcrt single cell expression by DNA Injections

¢2 GN)lyaAaSydate SELINBaa Ay | aay3atsS | ONIL LR aa

injected into TgHcrt:KalTA4;UAS:RFP;Cry:GFP) embryos at theedintage. The
microinjection setup was as described in the 6.3 DNA Construct Injection in Chapter 6
Materials and Methods. Injected embryos were first screened for the expression of GFP in
single Hcrt cellssing a Zeiss Z1 Lightsheet with a 10x/0.5 W Plan Apochromat-water

immersion objective (Zeiss).

2.4IMMUNOHISTOCHEMISTRY

2.4.1 Wholemount Immunohistochemistry for Hcrt anatomy
Whole mount antibody staining of dissected embryos was performed as previous|ybaeiscr

(Wilson et al., 1990), with the following modifications. Fixed (and if applicable, dissected)
embryos were rehydrated sequentially, washed in PBT (Phosphate Buffered Saline /0.5%
Triton %100), digested with proteinase K (for32pf; 10ug/mL for 20 miutes; for 45dpf;
30ug/mL for 20 minutes; for -&@0dpf, 40 ug/ml for 40 minutes), and pefsted in 4%
sucrose/4% paraformaldehyde (PFA) for 20 minutes at room temperature (RT). Embryos were
blocked for at least 1 h at RT in PBT with 10% normal goat samdri% Dimethyl sulfoxide
(DMSO0), and then incubated in primary antibodies in PBT + serum overnight at 4°C. Embryos
were washed 4 times in PBT for at least 30 minutes at RT and then incubated in secondary
antibodies overnight at 4°C. Embryos were wastéidtimes for at least 30 minutes at RT in

PBT and mounted for imaging in 1% low melt agarose.

The following primary antibodies were used: aR#P (rabbit polyclonal, PM005, MBL,
1:1000); dsRed (rabbit polyclonal, #632496, Clonetech, 1:300)G& i (cicken polyclonal,
ab13970, Abcam, 1:500); and rabbit aotexin A (AB3704, 1:500; Chemicon, Temecula, CA).
The following Alexa Fluor secondary antibodies were used with the appropriate primary 488
goat antichicken 1gG; 568 goat amtbbit IgG; and 633o0at antirabbit 1IgG (H+L) (Life
Technologies, 1:200). All samples were counterstained with DAPI (Molecular Probes, 1:1000)

to label nuclei.
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2.4.2Whole-mount Synaptic Immunohistochemistry

Staining for MAGUK and Synapsin expressions were done by -wiooiet
immunohistochemistry adapted froniSheetset al, 2011) Zebrafish larvae at 2dpf were
dechorbnated and fixed with 4% formaldehyde methaifoNBE S 6t A SNOSu ¢ KS|
#28906) in BT buffer (1.0g sucrose, 18.75ul 0.2M CaCl2, topped up withufk to 15 ml).

To increase signab-noise ratio, fixing time was decreased to -RBours at 4°C but ik
reduction also lead sample to softened. Asdffer consists of 8 parts 0.1M NgP{ and 2

parts 0.1M NaHPQ. Samples were washed with Pauffer and dHO for 5 minutes at room
temperature (RT), and permeabilized with ow&ld acetone for Sminutes in-20°C. After
washing with d:O and P®@buffer for 5 minutes each, specimens were blocked with buffer
containing 2% goat serum, 1% bovine serum albumin (BSA) and 1% dimethyl sulfoxide (DMSO)
in 0.1 M Phosphate buffered saline (PBS) pH 7.4 ieaat 2 hours. They were then incubated

with primary antibodies diluted in PBS/BSA/DMSO at 4°C overigtiiryos were washed 4

6 times for at least 20 minutes in PBS/BSA/DMSO at RT and incubated in secondary antibodies
overnight at 4°C. It is critical thambryos were washed again and transferred to glycerol in

a stepwise manner up to 80% glycerol in PBS to clear out unbound secondary antibodies.

To visualize GPHN and SV2, immunohistochemistry staining was adaptedHfrotaret al.,,

2011) Larvae at 2dpf were dechorionated and fixed gsifreshly thawed 4%
pargformaldehyde in PBS for 1.5hours at RT. After washing with PBS 3 times for 5 minutes
each, larvae were permeabilized using 0.25% Trypsin (Gibco, ThermoFisher) for 15 minutes at
RT. A small drop of 10% Heahctivated Normal Goat 8amn (NGS) (Sigma, UK) was added

to stop the reaction, the samples were blocked using 10% NGS in PBS for at least 1 hour at
RT. Primary antibodies (concentration and suppliers listed below) incubation were done in
10% NGS and 2mM Sodium Azide in 1% PRf {PBSTr) over 2days and night#Aa€.
Specimens were washed using PBSTr and incubate with secondary antibodies overnight.
Embryos were washed again and transferred to glycerol in a stepwise manner up to 80%

glycerol in PBS.

Primary antibodies to detd MAGUKs, GPHN, SV2, and cell morphology weredVax@UK
(AntrpanrMAGUK mouse monoclonal, clone K28/86, Millipore, 1:500);@RtHN (mouse
monoclonal, #147111, Synaptic Systems, 1:1000) and tRERtRFPRabbit Polyclonal,
AB233, Evrogen, 1:500), respively. FinglGFP puncta were visualized using its own live
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fluorescents. Antibodies against GFP (for FingR puncta) were not used as to avoid
overamplifying FingR signals and retain pudite characteristicsThe following Alexa Flour
secondary antibodies were used (Life Technologies, 1:200); 568 goatliniti IgG; and 633

goat anttmouse IgG monoclonal (H+L).

2.5IMAGING
2.5.1Imaging fixed sample for synaptic colocalization

Confocal images were obtained using &£aelCS SP8 system with HC PL APO 20x/0.75 IMM

CS2 multimmersion objective set to glycerol (Leica Systems). Z stacks were obtained at
M®n>Y RSLIK AYyGSNBIta sAGK &SldzSydialrt I Ol dzi

images were compiled using Nlidage J softwarentp://imagej.nih.gov/ij/). To analyse the

colocalization of the puncta, maximum projection of abomd >Y gSNB GF 1Sy F2N
Grey values were taken from cressction of the puncta usinthe plot-profile tool from
ImageJ. Puncta greyalues were normalized against the whole stack grey value of their

respective channels.

The colocalization and relationships between FingRs and antibodies staining (and vice versa)
were analysed using customwritten scripts on Python (available at
https://github.com/anyasupp/thesis_21). For colocalization of FingR to corresponding
antibody puncta (and vice versa), the presence of puncta (maximum normalized grey value
should be at least 50% higher than the &élase) is used. It was found that overlapping of area

under the curve of grey value for each channel did not work well as the normalized baseline

AY IyidAoz2zRe OKFyySt Aa G(GeLAOFrffe KAIKSNI GKI
proxy of diaméer of the puncta, normalized grey values were fitted with a‘gassian prior

to finding full width half maximum (FWHM).

2.5.2Drug exposure for live imaging

Tg(FingR.PSD@EFPP2AmKate2f; emx3:Gal4) larvae were treated with MK801. Larvae were
screened and aected for sporadic single tectal neuron expression at 5dpf using Zeiss Z1
Lightsheet with10x/0.5 W Plan Apochromat wat@nmersion objective (Zeisslish were
anaesthetized and immobilized in 1.5% agarose in fish water in a capillary glass tube (size
2/~1mm or 3/~1.5mm). At 7dpfre-drug exposure -stacks were taken of positive larvae at
M®n>Y RSLINK AYGSNIDIFfta gAGK aSlidzSyaAalt I OljdzA a

transferredto induvial wells of a @vell plate with fish water. After -hour rest post first
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imaging, DMSO or 38 aMK801 (Sigma) were added to each well, with the experimenter
blinded to the drug condition. Larvae were placed in a 28.5°C L:D incubator for 2 hours, after
which drugs were washed out by replacing drugs solutwitis fish water carefully 2B times

and larvae transferred to a new\@ell plate with fresh water. After 1 hour of recovery period,

larvae were reamaged using Lightsheet and once more at2DBours post drug exposure.

2.5.3Imaging FingR during day/night

For FingR tracking experiments, FingR stoglositive larvae were anaesthetized forlD

minutes and immobilized in 1.5% lawelting point agarose (Sigma) in fish water. During

imaging taifree tethered larvae were unanaesthetised. Each larva wasgeéthaat
approximately €1 and 911 Zeitgeber Time (ZT, where ZT= lights ON) on 7dpf, 8dpf, and 9dpf

at 28.5°C with chamber lights on. Firgésitive cell image stacks were acquired using a 20x
water-immersion objective and an LSM 980 confocal microscope Auityscan 2 (Zeiss). GFP

and mKate2f were excited at 488nm and 594nm, respectively. Z stacks were obtained at
ndon>Y @G2ESt RSLIK gAGK &SljdSyaGAalrt | Oljdzh &A G
ndnphpoTrc>Y LIAESt ¢ bR ilidg ERIMEDR A(Bh&ging 4 pixélIR  mc
simultaneously). Pixel alignment and processing of the raw AiryScan stack were performed

using ZEN software (Zeiss).

2.5.4Imaging Hcrt neurons in fixed and live samples
Singlecell Hert neuron cell body and anatomical projection experitaevere imaged on a

Zeiss Z1 Lightsheet microscope with a 10x water objective (Zeiss Systems) using the tiling
program. Z stacks were obtained at 1@ ®n>Y AYUGSNBI fa 6AGK &aSldsSy
of 1024 x 1024 pixels. The total final scan deptlese between 300cn NN >Y d® a dzf G A G2
stacks and tiles were fused using Arivis Vision4D. The raw images were adjusted for brightness

and contrast, stacks were compiled, and deptiiour coded using NIH Image J software
(http://imagej.nih.goV/ij/). As Lightseet microscopy illuminates focused laser sheets from

the lateral side of the fish, pigmentation and thickness of eye tissues obscure and reduce the
visibility of small, fine Hcrt processes within the hypothalamic neuropil. Therefore, for single

Hcrt cellimaging, Tungsten needles were used to remove the eyes from 7dpf larvae after

being euthanized by an overdose of tricaine methane sulfonate (MS2223@D@ng/L) and

imaged straight away. Despite this drawback, Lightsheet microscopy was preferred as pilot

55



imaging found it best detected the often lowly expressed fine processes of Hcrt neurons at

lower laser power and the faster imaging allowed for quick image tiling across the whole larva.

2.5.5Locomotor activity assay

The behavioural tracking of larval zebrafish was performed as previously des(Rittexd,
Prober and Schier, 201@ebrafish larvae were raised at 28.5°Q4hr:10hr lightdark cycle

At 6dpf each larva was placed into individual wells ofvee@l plate (Thermo Fisher Scientific)
containing approximately 4mL of fish water (half efch well). At 7dpf 4..5mL of filtered
paramecia solution was added. Locomotor activity was monitored using an automated video
tracking system (Zebrabox, Viewpoin LifeSciences) in a tempenaguated room (26.5°C)

and exposed to a 14hr:10hr white ligtark schedule unless stated otherwise with constant
infrared illumination (Viewpoint Life Sciences). The larval movement was recorded using the
Videotrack quantization mode with the following detection parameters: detection threshold,
12; burst, 100; freee, 3; bin size, 603he locomotor assay data were analyzed using custom
MATLAB (MathWorks) scripts. Any eménute period of inactivity was defined as one minute

of sleep, according to established convention (Prober et al., 2006).

2.5.6Sleep Deprivation Asga
Zebrafish larvae raised at 28.5°C b#hr:10hr light:dark cycleAt 6dpf larvasleep/wake

behaviour were tracked as described above (see 2.5.5). Randomly selected larvae were then
sleep deprived for 4 hours from ZT18 at 7dpf. Larvae subjected to sleep deprivation were
individually housed in siwell plates and gentle stimulatiorwasperformed using a No. 2
paintbrush (DaleRowney Graduate Brush, UK) to prevent larvae from being immabibze
longer than 1 minutewhich is the behavioural definition of sleep in zebrafish lar\Ribel,

Prober and Schier, 2010l larvae were imaged at ~ZTddd ZT18 on 7dpf andgainat ZTO

on 8dpf. Sleep deprivation drlarvae immobilization in agarose for imaging during 8§yeF
(ZT1424) were conducted undetimred light(Blackburrn_ocal Bike Rear Lighh LumenUR

to prevent exposure to blue light that may cause shift in circadian rhyt(®tsindal and

Whitmore, 2020)
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2.6 POSIHOC ANALYSIS

2.6.1 3D Image Registratidar Hct population
Registration of image stacks was performed using the ANTSs toolbox version 2.1.0 (Avants et

al., 2011). Similar to Henriques et al., (2019), image stacks were converted to the NIfTi
format using the ImageJ NIfTI Input/Output plugin. Each lapatimen 3D image stack
(e.g. fishA) was registered using the DAPI channel and the following parameters performed

on UCLs Legion cluster:

{antsRegistrationd 3¢float 1-o [fishA_, fishA_Warped.nii.ggh WelchWindowedSinecr
[ref.nii, fishAc01.nii.gz,] -t Rigid[0.1}m MiI[ref.nii, fishA&01.nii.gz,1,32, Regular,0.253
[200%x200%200%0,18,10]¢f 12x8x4x2s 4x3x2x4 Affine[0.1]- m Ml[ref.nii, fishA
01.nii.gz,1,32, Regular,0.25][200x200x200x0,1€8,10f 12x8x4x2s 4x3x2x1
SyNJ[0.1,6,0}m CCJré&nii, fishA;01.nii.gz,1,2} ¢ [200%x200%200%200x10710]cf
12x8x4x2xts 4x3x2x1x0}

The deformation matrices output from above were then applied to the Hcrt:RFP channel
using:
{antsApplyTransformsl 3-v O¢float -n WelchWindowedSing fishACON.niigz- r ref.nii-o

fishACON_Warped.niit fishA_1Warp.nii.gz fishA_0GenericAffine.mat}

Each larval specimen was imaged twice: one from dorsal to ventral and another from
ventral to dorsal. This is to circumvent the decrease in resolution as we imaggedinto
the sample. The 3D volumes imaged from each side were registered separately to the ZBB

brain atlas (Marquart et al., 2015).

2.6.2Synapse dynamics subtrends

To find whether subtrends of synapse number dynamics exists in LD rearing larvae, we used
each RoC time point for each fish as features and hierarchical clustering with Euclidean
distance to group synapse dynamics. We found that average linkage produced the highest
Cophenetic correlation coefficient, suggesting that this method preserves thevipai
distance between raw data and the clustered data. By observing the dendrogram, we selected
an optimal cluster of two. Clustering was performed using custom written scripts on Python

(available at https://github.comanyasupp/thesis_21).
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2.6.3Tectal cell samentation for tracking synapses

The morphology of tectal neurons was segmented using the Filament functiorairs 8.0.2

software (Bitplane)

Various morphological features of the FoxP2.A tectal cells of 7dpf larvae were obtained using
Imaris and ImageJ (NIH) softwares. FoxP2.A cell morphologies at 7dpf (ZTO) was chosen to
agematch with the observations iNikolaouet al. (2015) The tota filament length for each
neuron was obtained using the Filament function on Imaris. The antpdsterior (AP) span

of the distal arbour was obtain using the Measurement function on Imaris at an orthogonal
view in 3D. The distance from the skin, distabour thickness, and distal arbour to skin
distance were obtained using the rectangle Plot_Profile tool on ImageJ at an orthogonal view
of the neuron to calculate the fluorescence intensity across the tectal depth. The intensity
profiles were then analyskusing custom Python scripts to obtained the maximum width
using area under the curve functioga similar method previously used to characterize tectal
arbor morphology(Robles, Smith and Baier, 2011; Nikolatuwal, 2015) Proximal arbour
locaions were calculated by dividing the proximal arbour distance from the nucleus by the

total length of the neuron obtained using Filament function on Imaris.

Further analyses, such as clustering and statistics, were performed using custom written
scriptson Python (available at https://github.com/anyasupp/thesis_21). For segmentation
clustering, six morphological features of FoxP2.A cells were standardized and reduced in
dimensionality by projecting into principal component analysis (PCA) space. Thé first
components, which explained 89% of the variance, were selected to use for clustering. These
components were then clustered using€ans with K ranging from 1 to 11. Using the elbow
method, Calinski Harabasz coefficient, and silhouette coefficient, wadfthat k = 4 was the

most optimal number of k clusters.

2.6.4Puncta quantification and statistics
All image files obynapse tracking experiments in Chapter 2 ande3e blinded prior to

segmentation and puncta quantifications. To count number of KR§R9BGFP puncta, fits

the neurons morphology were segmented using the Filament function in Imaris 8.0.2 software
(Bitplane). FingfRSD9%GFP puncta were labelled using the Spots function, thresholded
using the Quality classification at approximately 28® depending on the image file.

Number and location of GFP puncta were also manually checked. Then théPEBDRGFP
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puncta that lie on the FingR+ neuron (mKate2f channel) were extracted using the Find Spots
Close to Filament XTension (Ratio of DistacEilament Radius of 0.5 were found to best
separate puncta present on the cell of interest). Average 3D nuclear intensity per neuron per

time point were obtained using Spots function on Imaris.

Rate of change (%) was calculated by the following formula:

YE S EHOEOE@® 0¢ @RI QU VL@@ Q& o b
€ 8no¢ BOGU QUL WEQMI@ Q¢ O P

Absolute puncta changes were calculated using the following formula:

YO 6 & QO 0¢ OE@) 6 & BRI QLINAEM'E QE o
Mixed-designed ANOVA (mixedeasure ANOVA) and pesbc pairwise test were used for
most comparisons. In longer synapsacking experiments whersdependent groups were
more unbalanced and contain higher missing datapoints, another type of reiffedts
model, mixed linear were used. Values in figures represent mean 68 confidence interval,
unless stated otherwise.

2.6.5 Hcrt single cell segmentation adldistering
The tracing of neuronal morphology and Sholl analyses were performed using the Simple

Neurite Tracer plugin on ImageJ. Clustering was performed usimegiis clustering in

Python. Briefly, Sholl analysis for each siragl Hcrt neuron were-&cored. The -Bcore

values were then transformed into PCA space. The first 11 components explained 91.9% of
the variance and were selected to use for clustering. These components were then clustered
using Kmeans with K ranging from 1 to 11. The elbow noethvas then applied to the

Within Cluster Sum of Squares from all clustering procedures, which resulted in K = 3 being

selected.

59



Chapter 3Generation and Evaluation of Synaptic Labelling Tools

Sleep is important for cognitive functions, but its function remaimglear. Aimed at
explaining the cognitive benefits of sleep, Synaptic Homeostasis Hypothesis (SHY) propose
that the function of sleep is to drive global down scaling of synaptic stre(igthoni and

Cirelli, 2003)

Given the limitations of previous studies addressing SHY, we asked whether there is a method
to observe the samsynapses of the same neurons through sleep and wake and circadian
time without disrupting its functiong-ollowing synapse dynamics of the same neurons would
allow for comparison within neuron as an internal control and circumvents artorahimal

and cicadian differences.

Therefore, to tackle SHY systematically, we need reliable tools that 1) label excitatory and
inhibitory synapses, and 2) allow loeteym tracking of the same neurons in living animal. Only

by tracking synapse dynamics in live animals we answer critical questions about SHY.
Firstly, do synapse strength and density change in temporal relationship with sleep and wake
cycle? Secondly, do these changes occur globally or only in certain neurons? Thirdly, is this
process occurring duringepiods that coincide with sleep or is sleep itself driving these

synaptic changes?

In this Chapter, we utilized the FingR system, whigtlike the more conventional
overexpression techniques, labels endogenous excitatory and inhibitory synaptic proteins,
PSD95 and Gephyrin, respectively. Firstly, we developed the FingR system to label synapses
in zebrafish. Next, we enhanced the FingR system to allow for single cell labelling. This is
important for distinguishing which synapses belong to which asthe traditional FingRools
froSt 2yteée aéyl LINAO Likg¢rdard, welajsRmodified theCFhgRE Q &
system to allow for cell morphology visualization. Lastlg,tested the reliability of these
constructs to label bona fide synapsesng immunohistochemistry and confirmed that FingR
labelled synapses show the expected dynamic changes in response to pharmacological

agents.
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3.1NEW FINGR(PSD95) TRANSGENES FOR SIMULTANEOUS IMAGING OF

SYNAPSES AND CELL MORPHOLOGY
Genetic constructs for gxessing FingRs in zebrafish had previously been built and described

(Son et al., 2016). The original constructs zcUAS:PSD95GgIRC(CCR5TKIRAB(A)
consists of an artificial promotor (UAS) that can be activated by Gal4 driver lines and bound
by spedic zinc finger sequences (zc); and a FingR that binds to PSD95 fused to GFP, zinc finger
DNA binding element (ZF(CCR5TC)) as well as a KRAB(A) domain capable of repressing
transcription. Thus, once all available endogenous PSD95 molecules in the eebewav

bound by FingR(PSD95FFPZFKRAB(A) (hereafter abbreviated FingR(PSD95)), the remaining
unbound FingR(PSD95) proteins will shuttle to the nucleus, bind to the zc domain in the
promotor, and inhibit further transcription via repression of KRAB(Als]T neurons that
express Gal4 and contain the UAS:FingR(PSD95)) constructs will have both the synapses and
nuclei labelled green. Since the nuclei of neurons can be physically far removed from the
synapse, it is difficult or impossible to accurately as§&rFpositive synapses to a single cell.

This would not allow us to systematically track synapse dynamics of the same cell through
time. Since we want to be able to unambiguously assign synapses to each expressing neuron,

we needed a way to visualize batinapses and neuronal morphology.

To label both synapses and neuronal morphology, we wanted texpoess the FinggFP

with a red fluorescent protein that labels cell membranes. In zebrafish, a classical way to do
this is via a bidirectional UAS constriiPaquetet al, 2009) however, given the need to
regulate transcription with a ziatnger binding domain in the promoter, bidirectional UAS
cassettes are unsuitable for FingRs. To overcome this, I first generated FingR construct with a
standaloneUAS:myrCherryFigure 3.1) However, tansient expressions dfingR(PSD95)
GFP;UAS;myrCherry indicated competition between the two UAS elements where each UAS
elements were expressed mosiacally and in-oeerlapping patterns (Figure 3.1). Therefore,

the construct was not used. Nextjntroduced a seltleaving pepde (P2A) between the
FingRfusion protein and a membranrleound red fluorescent protein (mKateAfikimet al,

2011; Caet al, 2013)(Figure 3.2 This construct is abbreviated as FIngR(PSB#HP2A
mKatef. ThP2A eéments are small viral elements that cleave ptranslationally, allowing

for the coexpression of two or more separate proteins from a single open reading frame
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(ORF)Kimet al, 2011) Since only a single UAS promogédgment is needed, the negative
feedback loop of FingR system will not be interrupted. This also avoids UAS site competition
for available Gal4 or KalTA4. This results in transcriptionally regulated FingR targeting PSD95
labelling synapses and nucleus meen with cell morphology visualization in far red (Figure
3.2B and3.3).

However, we observed that transient expression of the modified FingR sometimes leads to
overexpression of the cassette. This is highlighted by green signal diffused throughout the
neurite and not in a punctate manner. We found that, due to FingR negative feedback
mechanism, FingR works best when the whole of the FingR cassette is integrated into the
genome. Transient injections of FingR (i.e. -gemome integration) likely disruptthe
negative feedback system and yields variably expression and overexpression of FingRs.
Therefore, to control the expression of KalTA4 and FingR and to allow quantification, stable
transgenic line of FingR(PSD@&HPP2AmKate2f was made.

A

ZF binding site
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Figure 3.3: Schematic of modified FingR system that allows cell morphology visualization.

A) When Gal4/KalTA4 is present, Gal4 (orange) binds to the UAS resulting in transcription and
translation of our modifid FingR cassette. Once translated, P2A (yellow)}cksdived,
releasing FingR protein and mKate2f. FingR binds to its endogenous synaptic target and is
prevented from moving to the nucleus. mKate2f gets trafficked toroelnbrane; thereby
labelling membrae morphology. B) When endogenous synaptic targets are all bound, then
newly translated FingR no longer have free synaptic target to bind and, instead, moves to the
nucleus due to the nuclear localization signal within the ZF. Once in the nucleus zanc fing
R2YFAY O0ONRBgYyUOL OAYRa (G2 GKS %C O0AYRAY3I &AGS
tail) prevents Gal4 to bind to the UAS and represses transcription. This light the nucleus in
GFP. Thus, the level of FingR is matched to the level of the enolagéarget protein.
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3.2FINGR GEPHYRIN CONSTRUCT WERE MODIFIED FOR CELL MORPHOLOG

VISUALIZATION
FingR that targets Gephyrin, (UAS:FingR.GBARZFC(CCR5TKRAB(A)), was also modified

to fused with P2AnKate2f. This construct is abbreviated as FingR(GREFRNP2AmMKate2f.
Transiently expressed, FingR(GPEIRPP2AMKate2f exhibit GFP positive nucéewand
puncta and farred cell morphology (Figurd.4). Similar to FingR that targets PSD95, our
modified FingR(GPHGQFPP2AmMKate2f produced uncontrolled expression when expression
is not integrated within the genome (i.e. transient expression)cdiatrol the expression of
FingR and to allow quantification, stable transgenic linEingR(GPHMIFPP2AmMKate2fis

made

A >
—m— UAS FingR(GPHN)

ZF binding site

ZF

K
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3.3FINGR PSD95 CONSTRUCT WERE MODIFIED FOR CALCIUM ACTIVITY

RECORDING AT SYNAPSES
FingR can labels synapses with GFP, giving the ability to visualize the number and location of

synapses within the cell. Despite showing synaptic properties such as strength, it does not
convey any activity information about the cell or the synapses. Wedsvhether we can
modify the FingR system in a way that allows for monitoring neural activity of the cell as a
whole and of subcellular compartments. We introduced calcium indicator GCaMP7b into the
construct in place of GFP. This modified FingR versRRTol2UAS:FingR.PSD@8CaMP7h
ZFC(CCR5TKRAB(AP2AmMKate2f (Figure 3.5), would potentially allow for calcium
dynamics recording at the synapses and in the nucleus as well as the morphology ef FingR
positive cells. [GCaMP7b was chosen for its brigbéseline fluorescence and high sensitivity,
which allows better detection of small neuronal structures and facilitates detection of calcium
activity in these structureDanaet al., 2019) This version of modified FingR coptitentially

give readout of activitynduced intracellular calcium changes at the synasewell as the
neuron neural activity output. As with the modified FingR with GFP versitaide transgenic

line FingR(PSD9%)CaMP7Ils made.

A

ZF binding site

ZF  KRAB(A) PZA-—
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3.4FINGR(PSD95) COLOCALIZE WITHIASTIK
Previous work in hippocampal cell culture and in vivo zebrafish had shownFthgR

intrabodies that binds to PSD95 localizes to synapses with high figidibet al,, 2016; Cook

et al, 2019) Both found that FingR colocalizes with ab8&0®6 and 95% with arRBSD95
antibody, respectively. Moreover, Cook et al found that the PSD95 antibody colocalizes
approximately 80% of the time with FingR (2019); suggesting that FingR false negative rate is
~20% in hippocampal cell culture. Becauseh#f transcription regulation feedback loop,
FingR have been shown to report the abundance of endogenous synaptic proteins present in
the cell(Grosset al, 2013) However, Son et a{2016) did not evaluate this relationship or

the false negative rates in vivo. Furthermore, we also wanted to ascertain that the addition
of P2A seltleavage peptide and mKatef2 fluorophore in our modified system did not

interfere with FingR labelling alynapses.

To verify that our modified FingR(PSD@H)P labels bona fide synapses in vivo, we performed
immunohistochemistry labelling FingR(PSBOEP and antibodies to synaptic proteins and
guantified the celocalization and relationship between the swModified FingR(PSD96FP
were expressed in mnx1+ motorneurons by crossing Tg(FingR(PSBERPB2AMKate2f) to
Tg(mnx1:GalTA4) obtained fronlBohmet al, 2016) This population was selected as its
synapses are sparse at 2dpf and the ease of doing wholent synaptic
immunohistochemistry. After various unsuccessful immuntoicisemistry protocols have
been attempted, we found that antMAGUK antibody and acetone permeabilization
improved signato-noise ratio for synapses labelling in whol®unt 2dpfzebrafish (See 2.2
Methods). MAGUK is family of scaffolding proteins wiR&D95 is the most abundajzthu,
Shang and Zhang, 201@rosssectional grey values of each FingR puncta were collected and
normalized (Figure 3.58).We defined colocalization as the overlap of a peak in grey value
of both channels. Peak in grey value was defined asgbat least 50% higher than the
baseline. This is confirmed by observation. For instance, FapiBeC shows puncta number
1-3 to be colocalized while puncta number 4 has no-8#AGUK puda. 540 FingR(PSD95)
GFP puncta were analysed in total from 5 d&vWe found that 90.19% FingR puncta
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colocalized with amtMAGUK punctawhile the colocalization of FingR puncta @0&rotated
ant-MAGUK image results in ory68%(p<0.0001 Chisquarecorrected using Benjamini
Hochberg; Figure 3.5DThis suggests thathe high degree ofcolocalizationof FingR to
MAGUKs unlikely due to chanc®loreover, this colocalized population were found to have
inter-peak distance of approximately @.1Y which is in good agreement with electron

microscope measuremes of postsynaptic densityizes (Peterseret al,, 2003)(Figire 36E).

Although 90% of FingR(PSD95) puncta wedecalized with bondide synapses as detected
by anttMAGUK antibodies, we also wanted to know if any MA@bH{tive puncta are not
labelled with Fing@®PSD955FP. To examine the false negative rate, we measured the grey
values of antMAGUK puncta (magenta) andbserved whether they colocalize to
FingR(PSD95) puncta. We used-MAGUK puncta that were on the cell membrane of the
FingRpositive cell (cyan) only. This is to ensure that MWGUK puncta observed are on
FingRpositive mnx1 neurons. 100% aMiAGUKpuncta identified were colocalized with
FingR(PSD9&JFP puncta; indicating 0% false negative labelivigle the colocalization of
anti-MAGUK puncta to 80*rotated FingR image results in o®y6% (p<0.0001, Ghquare
corrected using Benjamitiochbeg; Figure 3.6A)This suggests thahe high degree of
colocalization of amtMAGUK to FingR unlikely due to chase. The interpeak distance of

colocalized punctan the overlaid imageare also within synaptic distancEigure 3.6).

It has been obseed that FingRs expression levels can match that of the endogenous targets
(Grosset al, 2013) suggesting readout of synaptic strength. We asked whether this
relationship can be detected in vivo. To thos, we examined at the relationship between
FingR(PSD9&FP and amVIAGUK staining intensities and puncta size using windeant
zebrafish immunohistochemistry. The GFP delta intensity againsivek@UK puncta delta
intensity of observed colocalizedupcta is a positive linear slope (r = 0.36&0:1322,
P>|t|=0.000). Despite the low coefficient of determination, a significant p value-$tatistics
suggests there is relationship between delta intensity of FingR(PS:F%and anrtVIAGUK,

albeit nota strong one.

To understand the size relationship between FingR(PSGBB)and aIAGUK puncta, the

full-width half maximum (FWHM) of the normalized grey value curve for each puncta was
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used as a proxy for the diameter of each puncta. The relatioreditipe FWHM between the
FingR(PSD9®FP and arfAGUK channels suggests there is a significant but a very weak
positive correlation (r=0.2082+0.043, P>|t|=0.000). On the other hand, noplocalized
puncta do not seem to have specific delta intenaityd FWHM for FingR(PSD95). This suggests

that we cannot predict false positive FingR labelling by specific intensity or size of puncta.

The correlations between FingR(PSD95) and-MAKGUK were positive for intensity and
puncta size but were not reliaplstrong. This weak relationship was more evident in puncta
size than intensity; suggesting that as a tool FingR(PSBMRB)puncta size and intensity
cannot reliably predict the amount of MAGUK during live imaging of FingR dynamics during
sleep and wake. ©the other hand, the FingR(PSD@HP construct will label all MAGUK
positive synapses, and over 90% of detected GFP puncta will be associated unambiguously
with a MAGUK positive synapse. This should allow for reliable counting and tracking of

synapse famation/elimination dynamics.

69



F

anti-MAGUK intensity

Overlaid

Rotated

0.6 1

0.51

0.4

0.31

0.2 1

0.14

0.0

Normalized Grey Value

90.19% Coloc

0.44

0.24

0.6 1

0.44

0.24

n = 540 puncta, 5 fish

97.32% Non-coloc

n =112 puncta, 4 fish

Colocalized: R*=0.132, p<0.0001

. 5 =&~ FingR(PSD95)-GFP
=@=anti-MAGUK
3 4
0.00 1.00 200 000 050 1.00 1.50
Distance (um)
E
175-
150
-I 125-
* 4
x 5 100+
* [S)
O
J 75
50+
251
01— ; . , . .
00 02 04 06 08 1.0
Distance between maxima (um)
G Colocalized: R2= 0.043, p<0.0001
1.75 1 o
(]
@
= 1.501
E
=
1.25 1
=
T
=< 1.001
[N,
N2
S 075
O
<
S 0501
=
S 0251
0.00 1

0.2 0.4 06

FingR(PSD95)-GFP intensity

08

0.00 025 050 075 1.00 125 1.50

FingR(PSD95)-GFP FWHM (um)

70



Figure 3.6 FingR(PSD9583FP puncta labels anMAGUK puncta in vivoA) Maximum
LINEP2SOGA2Y o0d9mn >Y0 2 F-MAGUK day endofjendiigo@scényer 4 (G NEB
of FIngR(PSD9®FP on 2dpf larvae at the spinal cord. FingR+ puncta labelled by anti
MAGUK+ puncta (white arrowhegg FingR+ not labelled by astMIAGUK puncta (blue
arrowhead).B QQQU0 %22YSR Ay I NBI ¢ A ( KowgectioialSyrey KA (1 S
value were obtained. B) FingR(PSBEBEP channel showing part of a neuron with its nucleus

and puc I 6 ANB S/ IOBP! Y QUIdzy JiiA 2F GKS &FYS ySda2NRyY
OKIyySta . [I-sédionof@QreyvaliekiakéhNR &dJzy QG o0e&Stt2¢ Ay
of puncta that grey values have been measured numberidg @) Normalized grey value
example of antMAGUK on FingR(PSD@FP puncta number4 form B. Puncta number-1

3 FingR signals colocalized with adAGUK gjnals. Puncta number 4 showing false positive

FingR labelling. (Yercentage FingR+ labelled by eihGUK+ puncta. Colocalized puncta

(blue) show FingR+ labelled by aMiAGUK+ puncta. Non Colocalized puncta (red) show
FingR+ not labelled by atAGUK+.Jdzy OG I @ Ww2 (i I (| SR QUABYKRMagd (G Sa
was rotated by 90°. ***p < 0.0001 Gkguare with multiple comparison corrected using
BenjaminiHochberg.E) Distance between the peaks of normalized grey value between
FingR(PSD9&FP an@nti-MAGUK. K5) Relationship between FingR(PSBSBEP and anti

MAGUK puncta in puncta intensity and puncta size, respectively. F) There is a weak linear
relationship between intensity of FingR(PSBSH)P and arfMAGUK puncta detected in vivo.

G) The FuMWidth Half Max (FWHM) of normalized grey value curve were used as proxy for
puncta size. There is an even weaker linear correlation between FingR(FEERBNd anti

MAGUK puncta size. Blue and red line depicted linear regression curve for colocatized an
non-colocalized population, respectively. Ribbon represent + standard deviation. Scale bar 5
>Y o yI' pnn LdzyOGl I p FAEAKOD
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Figure 3.7: Anti-MAGUK punctaabelled by FingR(PSD98}FP inmotorneurons of 2dpf
larvae. A) Percentage aMMAGUK+ labelled by FingR+ puncta. Colocalized puncta (blue)
show anttMAGUK+ labelled by FingR+ puncta. Non Colocalized puncta (red) shew anti
a! D! Yb y20 fF06SffSR 0& CAY heEngRIdaHOWak dtatedw 2 G I {
by 90°. ****p < 0.0001 Chsquare with multiple comparison corrected using Benjamini
Hochberg Percentage colocalization of synapses identified by-BIRAGUK that is also
FingR(PSD9®JFP positive. 100% were colocali&dnter-peak distance grey value of two
channelsof colocalized punctéoverlaid)
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3.5FINGIRGPHNCOLOCALIZE WITH AGFPHN
Previous works have found that 90% FingR(GPHN) intrabodies colocalized wiBABAIR

in hippocampal neuron culture¢Cooket al, 2019) Conversely, abABAR antibody
labelled ~75% of the time with FingR(GPHN) intrabodies; stiggethat FingR(GPHN)
intrabodies false negative rate is ~25% in hippocampal cell culture. Soi2€18) also found

that FingR(GPHMMCherry colocalized with arRBPHN in zebrafish primary cell culture albeit
without any quantification. There have ybeen reports on how reliable FingR(GPHN) label
inhibitory synapses in living zebrafish. Therefore, we sought to examine whether our modified

FingR(GPHMN3FP can reliably labels inhibitory synapses in vivo in zebrafish.

To achieve this, we performed doubiemunohistochemistry labelling FingR(GP#8¥P and
antibodies against GPHN proteins and quantified théocalization and relationship between

the two. Similar to FingR(PSD95) colocalized experiments discussed above, we chose to
investigate this in motoneurons of zebrafish larvae at 2dpf. Modified FingR(GRBHH were
expressed in mnx1l+ motorneurons by crossing Tg(FingR(SFHRRPRAMKate2f) to
Tg(mnx1:GalTA4). Wheleount immunohistochemistry were performed on these larvae and

it was found that trypsi permeabilization improved sigrtd-noise ratio for aniGPHN
labelling éee 24.2 Methods).

Crosssectional grey values of each puncta from FingR(GI&HR) and aMGPHN channels
were extracted and normalized to their respective channelsguyre 38A-C). 450
FingR(GPHMNJFP puncta from 4 larvae showed that 90.44% were colocalized witls BN
puncta while the colocalization of FingR puncta to a-8ftated anttGPHN image results in
only 4.71%(p<0.0001, Chsquarecorrected using Benjamitochbeg; Figure 38D). This
suggests that the high degree of colocalization of FingRR6INs unlikely due to chance
Moreover, this colocalized population were found to have ifteek distance within synaptic
distance Figure 38E)(Rizzoli and Betz, 2005)he reverse colocalization, aa@PHN puncta
labelled by FingR(GPH®{)-P, could not be performed on this dataset due to the high density
of anttGPHN puncta from nearby mnx&gative neurons present in the spinal cafithe

larvae. Therefore, we cannot determine the false negative ratergH{GPHNEGFP.
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It has been observed intrabodies labelling GPHN expressed in rat hippocampus shows
correlation between FingR intensity and abundant endogenous GPHN proteins (dersona
communications, Burrone lab). We asked whether this relationship can be detected in vivo of
zebrafish larvae. To do this, we examined at the relationship between FingR(GFRN)nd
ant-GPHN staining intensities and puncta size using wmaent zebrafsh
immunohistochemistry. The delta intensity of FingR(GPERNy and arEPHN puncta within

the colocalized population shows no correlatioA=0.00, P>|t|=0.64). The FWHM between

the two channels has a weak positive correlation of (r=0.2280.652, P>||=0.000).
Furthermore, norcolocalized puncta do not seem to have specific delta intensity and FWHM

for FingR(GPHN). This suggests that we cannot predict false positive FingR labelling by specific

intensity or size of puncta.

It must be noted that wholanount zebrafish synaptic antibody labelling are difficult to
perform. Despite being the golstandard way to verify genetic labelling tools, the high
background noises from synaptic antibody labelling could render it not reliable. For example,
we often ob®rved anti-GPHN in undistinguishable clusters while FingR(G&HR)clearly
shows separate puncta within one large a@G#PHN blot (Figure 3.9). Therefore,

guantifications obtained these images must be taken with some reservations.

Nonetheless, it can beeen that neither puncta intensity nor size of FingR(GRBP can
reliably extrapolate amount of GPHN as a tool during synaptic investigation during sleep and
wake in vivo. On the other hand, over 90% of detected FingR(GBHR)puncta will be
associatedinambiguously with inhibitory synapse. This should allow for reliable counting and

tracking of synapse formation/elimination dynamics during sleep/wake.
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Figure 3.8: FingR(GPHN}FP puncta labels anGPHN puncta in vivoA) Maximum
LINEP2SOGA2Y 6dmn >YU 2 F-GHRHX ¥razgnadgendus fRIDeS@ncd ai i NB
FingR(GPHMNJFP on 2dpf larvae at the spinal cord. FingR+ puncta labelled b§RIHN+

puncta (whie arrowhead), FingR+ not labelled by aB®HN puncta (blue arrowhead}. BQ Q Q 0
Zoomed in area within the white box from A, depicting how sectional grey value were
obtained. B) FingR(GPH@EJFP channel showing part of neurons with their nuclei and puncta
OIANBSY OBt |. QOLIzyy@RI 2F GKS alFYS ySdaNRBYy Ay . o
. Q0 oA BKSOONRYya 2F INBe @GFfdzSa Gl 1Sy 2F LdzyOdl
grey values have been measured numberirgl €) Normalized grey @ example of anti

GPHNon FingREPHNGFP puncta number4 from B, all colocalized.)[Percentage FingR+
labelled by antiGPHN+ puncta. Colocalized puncta (blue) show FingR+ labelled-BPiiti+

puncta. Non Colocalized puncta (red) show FingR+ natlléab by aniGPHN+ puncta.

Ww2 il 0§ SRQ Ay R/GPHNintge waskdtaied by RS, **++y <i0A0001-&hiare

with multiple comparison corrected using Benjariochberg E) Distance between the

peaks of normalized grey value between FingR(GR3HR)and antGPHN. ¥5) Relationship
between FingR(GPHI®FP and amPHN puncta in puncta intensity and puncta size,
respectively. F) No relationship between intensity of FingR(GI&HR)and amMGPHN puncta

were detected in vivo. G) The Full Width Hd#x (FWHM) of normalized grey value curve

were used as proxy for puncta size. There was a very weaker linear correlation between
FingR(GPHM3FP and amPHN puncta size. Blue and red line depicted linear regression
curve for colocalized and nesolocalizd population, respectively. Ribbon represent *
standard deviation. n= 450 puncta, 4 fish.

Figure 3.9: Example of undistinguishable anrGPHN puncta. A) Wholemount
immunohistorchemistry of motorneurons in 2dpf of endogenous FingR(GBIFR)and anti

Dtl bd ! Q0 9yR23ISy2dza CAYy3Iw arAdylfta akKz2gAy:
I NNE ¢ KS I R &GR4IN. chafinel showingAGPHN puncta cluster that contt be
distinguished from each other (white arrowheads). FingR(GFHA¥Y) puncta without anti

GPHN puncta (blue arrowhead).
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3.6 FINGIRPSD9GCAMP7B LABELLED AMAGUK IN VIVO IN ZEBRAFISH
We have verified that our modified FingR constructs with GFP ¢éabbtina fide synapses.

Next, we asked whether the replacement of GFP with GCaMP7b still labels endogenous
targets in vivo in zebrafish. To achieve this, we performed immunohistochemistry labelling
FingR(PSD9®CaMP7b and atMAGUK and quantified the docalization and relationship
between the two. From 167 puncta of 8 different larvae, we found that 97.01% of
FingR(PSD9&)CaMP7b were labelled by aiMiAGUK puncta in mnx1 motorneurgnshile

the colocalization of FingR puncta to a 96tated anttMAGUKimage results in onlg.25%
(p<0.0001, Cksquarecorrected using Benjamiuhiochberg; Figure B0). This suggests that

the high degree of colocalization of FingRviAGUKs unlikely due to chanc&loreover, this
colocalizedpopulation were found tdhave average intepeak distance of 03m which is in
agreement with electron microscope measurements of P@@sersenet al., 2003)(Figure
3.10E). The percentage of synapses identified by-BIRIGUK staining that was also positive
for FingR(PSD9®CaMP7b was 96.83% (Figurdl1d). In contrast,this colocalization
dropped t03.70%whenFingR(PSD9%&)CaMP7b image were rotat®d°, suggesting that the

high percentage oflocalization is unlikely due to chance (p<0.0001-ggare corrected

using BenjaminHochberg; Figure 31).

These findings suggested that our modification to the FingR system to report calcium
dynamics can labebona fide excitatory synapses. Next, we asked whether these
modifications affect FingRs ability to infer synaptic protein abundance. To do this, we
examined at the relationship between FingR(PSERGaMP7b and arMAGUK staining
intensities and puncta a¢ using wholamount zebrafish immunohistochemistry. As GCaMP7b
fluorescence level increases in the presence of calcium i(iflaxaet al., 2019) looking at
FingR(PSD9®CaMP7b intensity, we assumed that the neurons were not receiving input that
could cause calcium influx within the PSD during scarification. We anesthetized our larvae
using tricaine mesylate (M&2), which is a voltaggated sodum channels blocker, prior to
fixation and immunohistochemistry. This, therefore, should resulted in blockade of excitatory
input into our neuron of interest and allowing us to examine the baseline fluorescence of

GCaMP7b at the synapse.
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The delta intesity of puncta from FingR(PSD¥aaMP7b and anlIAGUK channels
revealed that FingR(PSDI5LaMP7b has a weak positive linear relationship with- anti
MAGUK puncta delta intensity (r=0.535;0.287, P>|t|= 0.000). Despite the low coefficient

of determinaton, a significant p value fordtatistics suggests there is relationship between
delta intensity of FingR(PSD95LaMP7b and anlIAGUK. Using FWHM as a readout for
puncta size, the relationship of FWHM between GCaMP7b aneMaaBUK puncta showed

a weakpositive correlation (r=0.206%x 0.0423, P>|t| = 0.00932). Like FingR(PSIEy, the

very weak relationship suggested that puncta size of FingR(PET2B)IP7b cannot reliably
predict amount of MAGUK during live imaging. Moreover, -nolocalized punctalo not

seem to have specific delta intensity and FWHM for FingR(PSD95). This suggests that we

cannot predict false positive FingR labelling by specific intensity or size of puncta.

The correlations between FingR(PSBG®aMP7b and anrMAGUK were posite for
intensity and puncta size but were very weak. Similar to FingR(P&IP%5)these weak
relationships was more evident in puncta size than intensity; suggesting that as a tool
FingR(PSD9%3CaMP7b puncta size and intensity cannot reliably predictatmeunt of
MAGUK during live imaging of FingR dynamics during sleep and wake. On the other hand, the
FingR(PSD9%)CaMP7b construct will label all MAGUK positive synapses, and over 90% of
detected GCaMP7b puncta will be associated unambiguously with a MAGsitive synapse
(Figure 3.1). This should allow for reliable counting and tracking of synapse

formation/elimination dynamics.
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Figure3.10: FingR(PSD9%3CaMP7b colocalized with aAtAGUK puncta in vivoA! QQ QU

al EAYdzY LINR2SOGA2Y o6dY9mn > Y OMABBK ahdrendayefokish & (G 2 O
fluorescence of FingR(PSD@aMP7b on mnx1l motorneurons of 2dpf larvae. FingR+
puncta labelled byanti-MAGUK+ puncta (white arrowhesdB. QQ QU %22 YSR Ay |
the white box from A, depicting how sectional grey value were obtained. B) Examples of
puncta that grey values have been measured numberidg dsing crossection drawn over

each puncty 6&Sff2g f Ay SOGCAMP7Rman@iskio@ingdpar{ db apmewron

with its nucleus and puwil I 6 3 NB SYMAGRK pundia of tlye(sdme neuron in B. C)
Normalized grey value example of aMAGUK on FingR(PSD@&EyaMP7 puncta number 1

4 from B.All were colocalized. DPercentage FingR+ labelled by aMAGUK+ puncta.
Colocalized puncta (blue) show FingR+ labelled byMAGUK+ puncta. Non Colocalized

puncta (red) show FingR+ not labelled by anti D! Yb Lldzy Ol @ WYw2idl §SRQ
ant-MAGUK image was rotated by 90°. ****p < 0.0001-8&juare with multiple comparison
corrected using Benjamutiochberg. H)istance between the peaks of normalized grey value
between FingR(PSD96 CaMP7b and anilAGUK. f5) Relationship between FingR(PSP9
GCaMP7b and anilAGUK puncta in puncta intensity and puncta size, respectively. F) There

is a weak linear relationship between intensity of FingR(PSIEZAMP7b and ariAGUK

puncta detected in vivo. G) The Full Width Half Max (FWHM) of normaliegda@ue curve

were used as proxy for puncta size. There is an even weaker linear correlation between
FingR(PSD9%JFP and aMIAGUK puncta size. Blue and red line depicted linear regression
curve for colocalized and nesolocalized population, respecély. Ribbon represent +

standard deviation. n=168 puncta, 8 fish.
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Figure3.11: Colocalization of FingR.PSD@CaMP7b on arHMAGUK punctaA) Percentage
ant-MAGUK+labelled byFingR+puncta. Colocalized puncta (blue) shamti-MAGUK+
labelled byFingR puncta. Non Colocalized puncta (red) steowi-MAGUK not labelled by
Fing® Lddzy OG I @ Ww2 (| FisgRiaga war votatédibyp 30°. 1 #p 1< 0.0081S
Chisquare with multiple comparison corrected using Benjamiochberg B) Distance
between maxima grey value dfFingR.PSD95CaMP7band anttMAGUK channelsin
colocalizecpopulation in overlaid images
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3.7FINGR(PSD9&FP IS RESPONSIVE TO DRUGS AT 7DPF

Although we found FingR(PSD@&yP puncta accurately labelled synapses, we wanted to test
whether changes in synapse formation or elimination could be reliably detected with this tool
over timescales that are appropriate for sleep/wake dynamics. We toe&radge of the ease

by which zebrafish larvae can be pharmacologically manipul@éttlet al., 2010)

Previous work in rats had found that a low dose of the nonselective NMDAR antagonist,
ketamine, increased levels of PSD95 andespinmber in prefrontal cortex of rats after 2
hours of treatment. This increase is sustained up to at least 72hourdeasment (Liet al,

2010) To test whether FingR(PSD¥&}P can detect a similar NMDA antagonist response in
zebrafish, 36 aof MK801, a nortcompetitive NMDAR antagonist, was given to 7dpf larvae
for 2 hours. Larvae were imaged before blinded MK801 or DMSO treatment, imaged again 1
hour postdrug wash out, and imaged once more approximately 20 hours after drug
treatment (Figure3.12A). We looked at neurons in the zebrafish optic tectum which is
YFEYYFEQa SlidZA@rtSyd 2F &AdzLISNA2N) O2ftf AOdzZ A @
FingR(PSD9%JFP was not different from DMSé&nd MK80%reated fish Figure 312B). We

then looked at indridual neuron synapse dynamics. The rate of change (RoC) shows changes
in number of puncta of individual neuron from their own previous time point. The average
RoC shows a significant increase atay post drug treatment compare to DMS@ated
controls fsh (pvalue=0.015, mixedesign ANOVA with po$ioc pairwise 4test).
Interestingly, the RoC is not significant abhdur post drug treatment. This is in concordant
with Li et al (2010)where they observed that ketamine, NMDA antagonist, administration
increased leval of PSD95, GIluR1, and synapsin | from 2 hour and remained elevated until 72
hours in rats. Moreover, ketamine administration increased spine density 24 hours post drug
injection in layer V medial prefrontal cortex pyramidal neurons. This finding suggisted
synapses of zebrafish tectal neurons responded to NMDAR antagonist similar to what was
20aSNWVBSR Ay GKS NIGQ& LINBFNRYyGEt O2NISE® LY

system can detect changes in synapse number.
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Chapter 4: Synaptic Dynamics during Sleep

In the previous chapter, we have established synaptic tools that allow tracking of the same
neurons and theirsynapses over time. This tool allevior the observation ofsynapse
dynamics of the same neuron through different sleep/wakatesand across thecircadian
cycle. Moreoverpy expressing this tool in multiple neuronal typese will be able taest
whether sleepdependent synaptic weakening is a global processpredicted by SHYr

whether synapse dynamics are different across neuronal type.

CNF O1lAYy3 | aAy3atsS ySdaNByQa aeylLldaS Reyl YAOa
technical challengeNeurons that are suitable for multiay tracking will have the following
characteristics: 1) The neurons must be easily accessible for imaging small structures such as
synapses so that they do not phebdeach after multiple rounds of imaging; 2) They mest
imaged as a whole cell (i.e. have smihtained processes) so that the synaptic dynamics of
whole neurons can be examined; and 3) They must have known and predictable functional
identities so their function can be retrospectively mapped to their sgeagynamics. We

found a group of neuronthat satisfy all these properties, making thengood candidate for

testing SHYthe optic tectum (OT) neurons of zebrafish larvae. In this chapter, we will monitor
synapse dynamics of tectal neurons through midtidays and nights in different rearing
conditions and examine whether sleglgpendent synaptic weakening occurs as predicted by

SHY within these neurons.

4.1 FOXP2+ NEURON SYNAPSE NUMBER ARE DEVELOPMENTALLY STABLE A

9DPF
To study synapse dynamics acroadtiple sleepwake cycleswe identified FoxP2 Aabelled

tectal cells as having the best combination of accessibility andde&tied morphology and
functional identities(Nikolaouet al., 2015) | first developed a method to express the FingR
PSD95 system in single FoxP2.A positive tectal neyenkarva by coelectroporatinga
FoxP2.A:Gal4FF plasmid and Tol2 mRNA into the tectum of Tg(UAS:FingREFPD&GYae
at 3dpf. This allowedbr the simultaneous visual&ion ofthe morphology and synapses of
single isolated tectal cells (hereafter refedréo as FoxP2:FingR(PSD95) neurtm®ugh

repeated rounds of imaging
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Before investigating synapse dynamics associated with the sleep/wake cycle, we first
examinedsynapse dynamics during development in these tectal neurdosthat end we
repeatedly maged the same FoxP2:FingR(PSD95) neurons through multiple developmental
days (410dpf) at a similar circadian time of approximately Zeitgeber Time () 3=5, 5

fish; ZTO = lights ONWithin FoxP2+ neuronshere is a large increase in the averageal
synapse number from 4dpf to 5dpf from approximately 110 to 140 with an average rate of
change RoC, calculated as thgercentage change from the previous time point) of 30%
(Figured.l).

From 5dpf¢ 9dpf the rate of change oscillates around zero, indicating that, on average, the

total synapse number igelatively stable during this periodWithin this stable period, on
averagethe RoC decreases at@lpf and slightly increases or88lpf. By 10dpf the average

RoC increased in variability, indicating a diverging developmental gatbng individual

tectal neuronsThis is consistent with studies usiagerexpression of PSD95, a postsynaptic
marker, in genetically unidentified tectal cglivhere PSD95 puncta increased dramatically

from 3-7dpf and stabilized in both puncta number and atibationfrom 7-10dpf(Niell, Meyer

and Smith, 2004) Such stabilizatn around 67dpf onwards is also reflected in the
RSOSt2LIYSyd 2F GSOGFt LINBae y(Méykr and Snaith, 20861 | Y R
Gebhardt, Baier and Del Bene, 201s3)ggesting that retinotectal circuits arglativelystable

during this developmental phase.

These 3 days of relatively stable synapse numbers from 6 to 9dpfug a timewvindow to
study synapse dynamiaegith minimal interference from developmental processes such as
synapse maturation and pruningMoreover, during this developmental time window,
zebrafish larvae have an inflated swim bladder, which allows them to swim amigl &nd
importantly allow us to track their sleep/wake behaviqivinataet al, 2009; RihelProber
and Schier, 2010; Bianco, Kampff and Engert, 2011)
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4.2 TECTAL NEURON SYNAPSE NUMBER CHANGES WITH THE LIGHT:DARK

CYCLE
SHY predicts that the synapse number and/or strength should increase during wakefulness

and decrease with sleefononi and Cirelli, 2006YVe asked whether there are changes in

the synapse number of FORFA tectal neurons as predicted by SHY. To answer thisgaved

larvae in a normal 14:10hour light:dark cycle (LD) to fully entrain their circadian clock and
sparsely expressed FingR(PSD95) in single FoxP2.A neurons by electroporation (see Methods).
We then repeatedly imaged the same FoxP2:FingR(PSD95)+ neuron over three timepoints:
early morning when the lights comes on (ZT0) on 7dpf, later in the evening (ZT10) on 7dpf,
and again the next morning (ZT0) on 8dpf (FigLed). Azebrafish are diurnal, teparadigm

allowed us to look at synapse dynamics during the day phasel@TWhen fishare awake

and more activeand the night phase (ZT4), when larvaespend the majority of their time
sleeping(Prober et al., 2006)

Repeatedly imaging the same neurons through one day and one night showed that FoxP2.A
neurons synapse number in LD animals on average increase from approximately 137 synapses
in the morning to 153 synapses in the evening, whilerathe dark phasethe average

synapse number mildly decrease to around 146 synagsegure 4.2B, blue. p=0.021,
repeated measures ANOVA with Greenho@sssser correctiorPost hogairwise{ (i dzZRSy G Q&
t-tests find statistically significant p=0.019aluesbetween ZTO and ZT10 on 7dphhis
corresponds to the RoC during the day (from-ZUQday dynamics) of a 14.4% increase and

RoC overnight (ZT4® night dynamics) o0f1.90% (p=0.042, repeated measures ANOVA).
Because the RoC measurement gives more weight to neurons with fewer nufrdygrapses

at baseline and may miss dynamics in neurons with a high synapse count, we also examined
GKS I 0a2fdziS aeylLlAS ydzyoSNI OKFy3aS op tdzy Ol
the trajectories observed by the RoC analysis on average; tectabmegaineda net of 16.5
synapse®n averagaluring the day and lost a net of 6.8 synapsasaveragealuring the night
(Figure4.2D). These analyses demonstrated that under LD conditions, which preserves the
circadian structure of sleep/wake behaviour, taic neurons, as a population, show an
increase during the day (wakefulness) and a smaller but measurable average net decrease
during the night (sleep phase). These observations are consistent with the predictions of SHY;

however, not all individual neuronkave this daytime net increase and night time net
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decrease trajectory (Figur&2GD, second panel), suggesting that synaptic homeostasis as

envisioned by SHY is not present in all tectal neurons.

The synapse rhythmicity observed could be due to the gleake cycle, the endogenous
circadian clock, or even the physical light/dark exposure the larvae were reared in. To
determine whether this rhythmicity requires an intact circadian clock, we reared the zebrafish
larvae in constant light (LL, Figwt@A, amotated in pink) from fertilization, which results in
unsynchronized circadian clock components and an arrhythmic sleep/wake pattern
characterized by high levels of locomotor acti{yoberet al., 2006). Although dark rearing
during development can also remove coherent circadian clocks from zebrafish larvae,
constant light was chosen because constant dark conditions during handling and especially

imaging would be difficult to maintain, if not impaske.

Under constant LL conditions, FoxP2.A neurons had on average a similar number of synapses
across all three measured timepoints: 121, 118, and 116 synapses at ZTO 7dpf, ZT10 7dpf, and
ZTO 8dpf, respectively (Figu4e2B, pink. p=0.4 ns, repeated memes ANOVA). The average
deylLlasS ydzYoSNA GKNRdAzZAK GKS GKNBS GAYS LRAYI
118 and 145 synapses, respectively), suggesting that either prolonged light exposure or the
lack of a synchronized circadian clock reducesitiitial development of tectal cell synapses.
Constant light conditions also eliminated the statistically significantidengases and, night
reductions in synapse numbers observed in LD conditions, with the average percentage
change during the subjectivday at-1.52% and the subjective night €3.20% (p= 0.796,
repeated measures ANOVA, Figdr2C). The average absolute synapse number also did not
change across the subjective day (a net loss of 3.48 synapses) or subjective-ln@ht (
synapses). Thedythmicity in synapse number in larvae reared in constant light shows that
either a presence of synchronized circadian clock network or alternating light/dark cues are

vital to have SHlike synapse dynamics in FoxP2.A tectal neurons.

The elimination okynapse number dynamics in constant light could be due to the loss of
synchronized circadian clocks; alternatively, physical light/dark itself could be driving changes

in synapse number. To distinguish between these two alternatives, we raised larvae on a
normal light dark cycle and then switched to constant LL conditions on 6dpf (Bigée In
contrasttothecloctd NB I { Ay3 SELISNAYSY(S -SHHEAYBEBL RA A0

in which the larval circadian clock rhythm will remain intd€aneko and Cahill, 2009)hus,
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if synapse dynamics remain intact in free running conditions, these dynamics are under the
control of the endogenous circadian pacemaker. However, if sagynamics are

eliminated, then a light/daridriven cue underlies synapse rhythms

Under FR conditions, we observed several effects on synapse dynamics of tectal neurons.
After one night of constant light, the average number of synapsdsdeseasedelative to LD

and to a similar level as observed in the LL clelak experiment (123 and 118 synapses,
respectively) (Figurd.2B, green traces). However, in FR conditions, during the synapse
tracking period, the synapses of tectal neurons increased in thgstive day period and
decreased in the subjective night period, more similar to larvae reared in LD conditions. In FR,
synapse dynamics during the subjective day increased by 5.2%, gaining an average of 6.53
synapse, and decreased by 3.8%, losing anagech.60 synapses over the subjective night
(Figure4.2GD, p= 0.26, ns, repeated measures ANOVA). Synapse dynamics between the
three lighting conditions showed that only LD and LL are different from one another at 7dpf
Yboemn owz2/ Y LI n ®nooyd, MixcdRANPVA twilkypGsthdc Yoainuisests).
Together these data revealed that the endogenous circadian clock does contribute to synapse

rhythms, but alternative light/dark cues are also needed to have fulti&eE Yhythmicity.
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Figure4.2: The LD cycle and circadian clock influence tectal neuron synapse numAgrSchematic «
rearing condition and imaging paradigm. Normal light:dark reared larvae are shown in blue (LD)
raised in constant light (LL) since fertilization are in pink. ffueaing larvae (FR) that have been raise
normal LD then switched to LL from 6dpf are in green. White boxes indicate lights ON periods during
Dark grey boxes indicate lights OFfipd during nighttime. Yellow boxes indicate light ON during subije
night. Arrows indicate imaging time around ZTO and ZT10 for each d2ayL&ft panel shows the aver:
values corresponding to each row of FingR(PSD95) puncta per neuron througBtinsequent panels sh
the raw values FingR(PSD95) corresponding to each row for each neuron through time for LD, LI
respectively. Each line represents a single neuron. B) Both the circadian clock and LD cycle influenc
number. C) RoC &fingR(PSD95) puncta count through time. RoC day dynamics is the percentage
from ZTO to ZT10 on 7dpf. RoC night dynamics is the percentage change from 7dpf ZT10 to 8d|
Absolute puncta gain/loss during day and night over time. The average Roy R n  LJdzy O

than LL raised larvae during the day phase. *p<0.05, **p<0.01, Mixed ANOVA with paitesse T
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4.3EXTENDED TRACKING REVEALS THE INFLUENCE OF THE LD CYCLE ON
SYNAPSE NUMBER

Repeated imaging of single FoxP2:FingR neuronsaneeiday and one night showed that
circadian signals are required for SEé synapse dynamics. We asked whether such synapse

dynamics persists through multiple days and nights.

We extended our imaging paradigm over three days and two nights fr@dp7and imaged
at approximately ZTO and ZT10 on each day (Fig®#). During @dpf the total synapse
number remains stable and is not confounded by development (Fig@)eThis gave us an
opportunity to further disentangle the influence of the internatoadian clock and light

driven influences on synaptic dynamics

During extended tracking, tectal neurons of larvae reared under LD conditions have more
synapses on average compared to both LL and FR entrained larvae at all six time points (Figure
4.3B). At the population level, the synapse dynamics ofre@red larvae had similar dynamics

as observed in the shorter tracking experiments. As seen by RoC analysis, synapse number
increased during the day phase 8.0.7% and stabilized or decreased during niight phase

across all the time points, with decreases ranging from702P6. As in the shorter tracking
experiments, this populatiofevel dynamics in synapses was not observed in all of the

neurons when considered at a single cell level (Figu8B-C, mddle panel).

In contrast to the robust dynamics under LD conditions, and consistent with the shorter
tracking experiment, synapses in LL larvae did not exhibit day to day changes in synapse
number (Figure4.3C). The RoC of synapse number in LL larvae was stable throughout the
tracking (around 0%) except during the final 9dpf day phase where the net number of
synapses increased at the rate of 9.4% (FigWB€E). This may reflect larvae reaching the late
stage @ neuronal maturation observed during developmental studies (Figute However,

when larvae are raised on an LD cycle and transitioned to free running conditions (FR),
rhythmicity in the population level synapse dynamics was retained, although thiemhyt

dampened by the end of the experiment.

In the first day and night, FR tectal synapses increased during the day phase (+6.1%) and
decreased during the night phas&.6%). However, from 8dpf onwards, FR synapse dynamics

were not rhythmic like what washserved in LD condition. FR synapse dynamics decreased
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throughout day and night on 8dpf and then increased during day phase on 9dpf (+3.3%). It
must be noted that the FR group has lower samples (n=11) than in LD and LL (n= 22, 19,
respectively)q since syapse dynamics differs at the single cell level, perhaps we have
undersampled the rhythmic tectal neurons in this sample (and see below for the impact of
tectal subtypes on dynamics). Nevertheless, after excluding the last timepoint, which appears
to have a increase in all conditions that may reflect a second wave of synapse maturation,
we found that synapse dynamics during the day phase of LD larvae were statistically different
to LL but not FR conditions (p=0.027 and p= 0.11, respectively; mixed AN®O\VFostihoc

pairwise ttests).

Our longterm tracking is consistent with the shewrm tracking, showing that an
endogenous circadian clock is required for synapse rhythmicity and without alternative
light/dark cues to fully entrain the clock, the rhytheity dampens. Moreover, long exposure

to light decreases the overall number of synapses.
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Figure4.3: Extended tracking reveals the influence of LD cycles anddineadian clock on

tectal neuron synapse numberA) Schematic of rearing condition and extended imaging
paradigm. Normal light:dark reared larvae are shown in blue (LD). Larvae raised in constant
light (LL) since fertilization are in pink. Fre@ning lawvae (FR) that have been raised in
normal LD then switched to LL from 6dpf are in green. White boxes indicate lights ON periods
during daytime. Dark grey boxes indicate lights OFF period duringtimght Yellow boxes
indicate light ON duringubjective night. Arrows indicate imaging time around ZTO and ZT10

for each day from -Bdpf. BC) Left panel shows the average values corresponding to each
row of FingR(PSD95) puncta per neuron through time. Subsequent panels show the raw
values of FingRGD95) corresponding to each row for each neuron through time for LD, LL,
and FR, respectively. Each line represents a single neuron. B) Both the circadian clock and LD
cycle influence synapse number. C) The Rate of Change (RoC) of FingR(PSD95) pusicta count
through time. RoC day dynamics is the percentage change from ZTO and ZT10 for each day.
RoC night dynamics is the percentage change from ZT10 and ZTO of the follow day timepoint.
D-E) Average puncta count and RoC for ZTO and ZT10 combined for alloosnidid, LL, and

FR, respectively. We excluded 9dpf at ZT10 as synapse dynamics appeared to developmentally
RAGSNEBS® [5 I NBIS | SNF¥3IS w2/ FyR pnp LldzyOul
mixed ANOVA with pairwisetést.

4.4 REPEATED IMAGING DID'NNTERFERE WITH FINGR(PSDNE&TA
NUMBER

To ensure that multiple repeated imaging does not interfere with synapse number dynamics,
we performed imaging controls experiments in whiebxP2:FingR(PSD95)+ tectal neurons
wereimaged at the first time poin(7dpf, ZT0) and again at the last time point (9dpf, ZT10).
We then compared the puncta number between these controls to tectal neurons that were
repeatedly imaged throughout the six time pointsidure 4.4) We found that the synapse
number for tracked aurons is oraverage higher than those in controls. This might be due to
the lower sample size of controls (n=6) than tracked neurons (n=14), which could lead to a
lack of FoxP2.A neuronal subtypes with higher synapse count4(8geNonethelesswe

found that the percentage change in synapse number between the first and last time points
2F O2yiNRfttSR YR GNYO]1SR ySdaNPya I|-w$ yz2i

suggesting that repeated imaging does not artefactually alter total synapsders.
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Figure 4.4. Repeated imaging did not affect total synapse numberA) Schematic of
experimental set up. We reared larvae up in normal LD (indicated by white and black boxes)
and imaged sitimes between Pdpf at ZTO and ZT10 each day (Tracked, orange) or imaged

at the first time point ZTO on 7dpf and the last time point ZT10 on 9dpf (Control, green). B)
Average FingR.PSDO5 puncta at the first and last time point (7dpf ZTO and 9dpf ZT10) of
tracked and controls larvae. C) Percentage change in FingR(PSD95) number between tracked
and controls larvae were not statistically different.
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4.5FOXP2.A NEURONS HAVE FOUR MORPHOLOGICAL SUBTYPES

The variability of synapse dynamics at the level of individealons and the correlation of
morphology and functional identities of FoxP2.A interneur@igolaouet al,, 2015)led us

to ask whether subtypes of FoxP2.A neurons have specific synaptic dynamics. In order to test
whether synapse dynamics correlates with morphological featuwee extracted different
morphological parameters from the FoxP2:FingR(PSB8®)neurons at 7dpf. Six parameters
were measured: 1) total filament sum, 2) distal arbour location, 3) proximal arbour location,
4) distal arbour thickness/extent, 5) anteriposterior (AP) span of distal arbour, and 6)
distance from skin (Figu#e5A). Total filament sum, AP span, distal arbour laminar thickness,
and distance from skin were features previously used to characterized the morphology of
tectal cells(Robleset al,, 2011;Gabrielet al,, 2012; Nikolaowt al., 2015) We included two

more parameters as the four parameters previously described in Nikolaou et al. did not
cluster morphological subtypes efficientieg section £2.3). Each morphological feature was
standardized by removing the mean and scaling to unit variance, transformed into PCA space,
and clustered using-teans clustering based on the optimal PG&e Method<2.6.3. The
optimal number of k clusters (4) was chod®nusing the elbow method, Calindarabasz

index, and silhouette coefficient.

We found that FoxP2.A neurons have four morphological subtypes (FichBg. Type 1
neurons (green) lack proximal arbours and have overall a smaller filament length sure (Fig
4.5B-H). Type 2 neurons (orange) have the highest total filament length on average compared
to the other subtypes, suggesting that they are bigger neurons with extensive neurites. Type
3 neurons have the most laminar distal arbour and the smallestldisbour thickness. Type

4 neurons (yellow) are much smaller than Type 2 but have a similar distal arbour thickness.
Surprisingly, our clustering did not clearly separate distinct subtypes based on distance from
the skin, even though it is known that tet interneurons with distinct functional subtypes
arborize into different laminae within the tectur(Gabrielet al, 2012) suggesting that
clustering based on morphology alone may not capture the full range of functional properties

of these cells.

We decided to cluster all neurons from different lighting conditions (LD, LL, and FR) together
as andyses based on clustering of all conditions did not alter the subtypes classification as

compared to conditiorspecific clustering. For example, clustering using either all conditions
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or only the LD condition gave the same optimal number-ofdans clusteof 4. We then
compared the outcomes of the two methods of clustering and found that most of the
morphological subtypes using these two methods overlapffeédure4.6A). To confirm this
further and to ensure that the addition of neurons in the combinedugralid not alter
clustering boundaries, we also randomly selected 25 neurons from the LD condition and
clustered these neurons by themselves. Their optimal numbefmoéans cluster was also 4.

We then looked at these 25 randomly selected neurons and fahatthe distribution of
cluster assignment of these 25 neurons are similar when clustered using only LD condition

and using all conditions togethéFigure 4.6)

It must be noted that when screening for positive FoxP2:FingR(PSD95) cells, we discarded an
tectal neurons that had projection neurites outside of the tectum (discussed in Methods). This
is because we could not track synapse dynamics of the neurites that project outside the
tectum. One such neuron that was occasionally observed resembles stetification
periventricular projection neurons discussedRobleset al. 011) Therefore, it must be
noted that FoxP2.A neurons may have more than four morphological sebty@at are not

included in our analysis of morphological types and synapse dynamics.
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4.6 LACKOF A SYNCHRONIZED CIRCADIAN CLOCK ALTERS THE RATIO OF
MORPHOQGICAL TECTAL NEURONS SUBTYPES

Next, we examined how prevalent each of the morphological subtypes are. Under LD
conditions, we found that Type 2 and 4 neurons are more common than Type 1 and 3. Type
2 and 4 occupied 34.7% (n=17/49) and 44.9% (n=22/4%eototal number of neurons,
respectively. In contrast, Type 1 and 3 each accounted only for 10.2% (n=5/49) of the tectal

cells (Figuré.7A-B).

28 Fa1SR KSGKSNI G(KS O2yaidlyd tA3IKGE WOANDI R;

the neuron subtyps observed. We found that the absence of synchronized clocks (or long
exposure to light during development) biased the morphological subtypes of FoxP2.A
neurons. Fish raised in LL conditions had statistically significant increases in the percentages
of Type 1 and 3 neurons (25% and 54%) at the expense of Type 2 and 4 (4.2% and 16.7%)
(Figure4.7A-B; p<0.00, Chisquare with multiple comparison corrected using Benjamini
Hochberg). Inspection of the specific morphological parameters of tectal neurons under LL
conditions revealed that these neurons overall had lower filament length sum and distal
arbour thickness compared to tectal neurons of-faied larvae (p=0.038 and®000,
respectively, Kruskal I f f Ad GAGK LI2A&A0G K2 O 5 daffigobsarvatios a i v ®
that fish raised in LL have a higher proportion than LD raised fish of Type 3 neurons, which
are characterized by a thinner distal arbour extdfig(re 48). We did not have enough tectal
neurons from FR conditions to draw any conclusiarthe distribution of neuronal subtypes

(n=14).
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4.7 POSSIBLIEOXP2.A NEURONAL SUBDEMENDENT SYNAPSE DYNAMICS

The morphological heterogeneity of F&R neurons led us to ask whether the FoxP2.A
subtypes have different synapse dynamics across andsyt cycle. We therefore looked at
synapse number dynamics for each of the neuronal subtypes under different lighting

conditions.

In normal LD conditionseach of the subtypes with a sufficient number of examples had
increased synapse counts after the day phase and little or no change in the night phase (Figure
4.7GD, 49-10). For example, Type 2 neurons, which had the largest number of synaptic
puncta acoss all time points (consistent with also having the largest total filament lengths),
have a robust day phase increase (average 14.8%) and night phase decrease (average 8.7%)
Type 4 neurons in LD conditions did not exhibit robust day to day changesjpsgynumber
(Figure4.7, 49). The RoC of synapse number in Type 4 neurons was stable throughout
tracking (around 0%) except for the increase after the first day phase, which were similar to
Type 2 neurons day dynamics (Figdi@B).However, we do not hae enough data from Type

1 and 3 to draw any conclusions on subtygependent synapse dynamics

Analysis of tectal neurons subtypes under LL and FR conditions told a similar story. As
observed in the populatiomvide analysis, the number of puncta in alttal neuron subtypes

in LL conditions did not change across the subjective day and night periods @-r§kibeand

4.10). Similarly, we did not observe subtyppecific synapse number dynamics in the FR
larvaed { dzo G & LIS & ¢ ikcie&sediirdgfnapseCtaubtafter the Subjective day phase
and stabilized or decreased after the subjective night phase (Fg@® and 4.10.
Nonetheless, we do not havé dz¥ T A OfbrSal subtyyeQ &odraw any conclusios on

subtypespecific synapse dynamics in LL and FR rearing conditions.

To shed light on the possible subtypgnapse dynamics, we need to increase the n number
for each subtype. Power analysis based on LD conditions (alpha = 0.01 with 95% power)
showedthat we require n=6 for Type 1 neurons to be statistically different from Type 2
dynamics at the same time point. However, due to the unequal distribution of subtypes,
where under LD condition Type 1 is labelled 10.2% (5/49) at a timewarahly have 1 ot

of 8 chances of successlylabelling asingle tectalcell by electroporation, wewould be

required to electroporate 392 larvae to increase our Type 1 data to n=6. This high number of
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number of animals electroporated is exacerbated in LL and FR condititrese rare
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the high number ofanimalsthat would be required to achieve robust statistical powee

were not be able to draw any conclusions on potential subtgpecific synapse dynamics.

A 200 | | Type2
© Type 4
5}
C
& 150- . t’_M
e \0‘;:‘
B 50 &
—~ 257 y
\O \
26 0_______\_ ’A )._ _____ a . _ '%’/’M_
o \ < W\
o
_25_
-50

A Puncta

N

o (@)

| 1

!

1

-

::

1

i

1

1

1

| [ "R I | I L L I 1T T 1T 1
0 0 0 O o O© O O O QO O O O O O o O o
N HF N N = N HF N N = N HF N N =
«— N « N « N w— N « N « N w— N « N « N
O - O w— QO u Q - QO - O u- O 4 QO v O y
$5353% ®f38385 R385
N~ T ©

N~ [e0) (o)} N~ [co) (o)) N~ [ee] (o))

Figure4.9: Possible synapse dynamics in different FoxP2.A tectal neuron subtypes of larvae
raised in normal LD conditionEExamples of FoxP2.A subtypes exhibiting different synapse
dynamics in extended tracking.) Average FingR(PSD95) puncta count of Type 2 and 4 and
their respective individual neurons puncta count. B) Average RoC of Type 2 and 4 and their
respective individual neuron synapse number dynamics. C) Average absolute FingR(PSD95)
puncta change of Typg2and 4 and their respective individual neuron synapse dynamics
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Figure 4.10: Extended morning/evening trackinggf FoxP2.A subtypes synapse number
dynamics.Left column) LD rearirgnimals. Middle column) constant light, LL, rearing animals.

Right column) FR animals. A) Average FingR(PSD95) puncta number for each FoxP2.A subtypes
in different rearing conditions from-3dpf at ZTO and ZT10 on each day. FoxP2.A Type 1
(green), Type 2réd), Type 3 (blue), and Type 4 (yellow). B) Average rate of change (RoC) in
synapse number for each FoxP2.A subtypes in different rearing conditions féoipf at ZTO

and ZT10 on each day. C) Absolute puncta gain/loss for each FoxP2.A subtypeSdpbait 7

ZT0 and ZT10 on each day.

4.8 SYNAPSE DYNAMICS DOES NOT CORRELATE WITH SLEEP AND WAKE
BEHAVIOUR

One prediction of SHY is that increases in synaptic strength during the day are due to waking
experience and decreases in strength at night are due to sieeme of the synapse dynamic
observations on LD, LL, and FR are consistent with sleep/wake having an important role. For
example, the diurnal zebrafish are more awake during the day, when synapses increased in
number and sleep more at night, when synapsenber is stableKigure 4.23). Decreased

sleep associated with FR conditions imposed by constant light (Prober et al., 2006) might also
account for the elevated synapse number and dampened synapse dynamics observed under
FR (Figure 4-2). Moreover, larva have a high level of individuality in their sleep and wake
profiles(Ghosh and Rihel, 202@yhich could account for the individual variability in synapse
dynamics we observed in our data. We therefore chosertulianeously track sleep/wake
behaviour and synapse dynamics in the same animal to see if the variability and diversity in
adylLlasS ReylFYAOa ¢l a RSLISYRSyd 2y GKS FyAYlf
Using behavioural tracking similar (Rihel et al., 2010)we tracked individual larval sleep
wake behaviour and repeatedly imaged tectal neuron synapse dynamics in the same animal.
Larvae were screened for positive FoxP2:FingR(PSD95) cells at 6dpf and then placed into six
well plate for behavioural tracking from 6dptipf. After a day and night obaseline
acclimatization, larvae were subsequently imaged around ZTO (lights on) on 7dpf, ZT10 on
7dpf, and again at ZTO on 8dpf, similar to previous experiments (FigLta)4Larvae with
irregular swimming behaviour during baseline day and night oh w&linormal locomotor

activity after imaging were excluded from the analysis.

The synapse dynamics of tectal neurons in tracked zebrafish larvae were consistent with what

we observed in previous experiments: synapse number increased during the day plase an
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decreased or stabilized overnight (Figdt&1B). Although consistent, the changes are not as
pronounced as we observed in previous experiments, possibly due to changes in lighting or
temperature between the incubator used for initial experiments andlibbavioural rig used

in the current experiments.

In normal LD conditions, average activity during the day and night phase show no correlation
with synapse dynamics of the same period (FighdeB, ?= 0.026 and 0.054 for day and
night, respectively). dtal sleep time during the day showed a weak correlation with
percentage change in number of synapses over the day phase.29, Figurd.11C), i.e. the

more the fish sleeps during the day, the higher chance that tectal neurons will lose their
synapsesHowever, visual inspection of the data revealed that this correlation is highly
influenced by a few larvae that had high levels of sleep during the day time. Intriguingly, there
is no correlation between total sleep time and synapse dynamics duringghé = 0.001,

Figure4.11C), suggesting that longer sleep does not translate to increases in downscaling.

Together these findings showed that the length of time larvae spent sleeping and their activity
levels during wakefulness do not have a lineaatiehship with their synapse number in
tectal neurons, suggesting that wakefulness and sleep effects on synapse dynamics are more
complex than some simpler versions of SHd". example, synapse changes may be-non
linearly related to prior sleep/wake timeyith sleep at the beginning or the end of the night
having a differential effect on synapse dynamics, or periods of extended wakefulness having

a stronger effect on synapse strengthening than a normal bout of waking.
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Figure4.11: Synapse dynamics do not correlate withtal sleep and wake experienced)
Schematic of behavioural and synapse tracking experimental set up. Larval locomotor
behaviour was tracked on a 14hr:10hr LDleyitom 68dpf. The average activity (x68%
confidence interval) of 10 example larvae are plotted. The red panels indicate the imaging
period (ZTO (lights on) and, ZT 10), when larvae were removed from sleep/wake tracking to
image synapse dynamics. Whitedagray boxes indicate lights ON/OFF periods, respectively.

B) Synapse number dynamics of behaviourally tracked LD larvae. The top row shows average
dynamics across all imaged neurons while bottom row shows individual neurons. Each
coloured line representa single neuron in a single larva. Left column: Puncta count through
7-8dpf at ZTO and ZT10. Middle column: Rate of change (RoC) of day and nights dynamics.
Right column: absolute number of FingR(PSD95) puncta gained or lost over the day and night
phase. ¢ Synapse dynamics have no correlation with sleep and waking activity. Top row:
Scatter plot of average activity (s/10minutes) against synapse number RoC during the day
(left) and night phase (right). Bottom row: Scatter plot of total sleep in minutesnapai
synapse number RoC during the day (left) and night phase (right).
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4.9 SLEEP DEPRIVATION INCREASE NUMBER OF SYNAPSES COMPARE TO
CONTROLS

Under clock break conditions, the sleefke rhythm is also eliminated, while in free running
conditions, the sleepvake cycle will remain intact. Thereforép distinguishwhether
sleep/wake states per se affedynapse number, wenust compare synapse number
dynamics in larvae that vabeen sleep deprived to control larvae that were allowed to have
bone fide sleepThs experiment ensures that the circadian phase is relatively undisturbed
between conditions but only the sleep/wake state will be alteréde sleep deprived (SD)
larvae viaa newgentle handlingnethodunderared lightfor 4h at the beginning of the night
(ZT1418) (Figuret.12A, seeMethods?2.5.6. To confirm that this paintbrush method leads to
changes in sleep homeostasis, we first examined the amount and structure of sleep
immediately following the sleep deprivatigraradigm. To control for larva to larva variation,

we normalized for each larva the total sleep and average sleep bout length in the 6 hours
following gentle handling (ZTi8}) to the prior, undisturbed, circadiamatched night.
Larvae that experienced gt#e handlingon averagehad increasedboth total sleep and
average sleep bodéength compared taontrols (Figurel.12B-D; p =0.044 and 0.013 Student
T-test, respectively)This is consistent with the observation thattended wakefulness is
followed by longer and more intense rebound sle@porb and Achermann, 199%uggesing

that ourgentle handlingparadigm increased sleep pressaed is therefore a bona fide sleep

deprivation £chnique that alters sleep homeostasis.

Next, we tracked FingR puncta throughout the nighthn-SD and control larvagmmediately

after a full waking day but before the SD window (ZI4¥dpf), immediately after the SD
(~ZT18,7dpf), and again in the morning (ZTO, Seipiire4.13). In control larvae, we found

that synapse number decreases from the beginning of thétnig the end of the night.
However, the bulk of synapse loss occurs in the first four hours of the night, when the average
puncta loss i1s4.94 puncta (average RoC-4f49%) compared to the latter half of the night,
when the averagepuncta change i9.44 puncta (average RoC of 4.Q9Fgure 4.13)In
contrast, immediately after sleep deprivation, tlmeurons on average gained 11.73 more
puncta with the average Rai12.42% This increased RoC and dediaapsess significantly
different from the decrased RoC in control larvaEigure4.13C, p=0.011 twevay mixed

ANOVA with GreenhougBeisser corrections and post hoaipvise{ (i dzR $-édisfra
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statistical significaceof p=0.007 at ZTD)8However, during the six hours larvae were allowed

to sleep post deprivation, the synapse number decreases, with a significant RoZ2éfand

losing an average of-11.24 puncta(p=0.024 and 0.013, repeatadeasures ANOVWith
GreenhouseGeisser corrdmn, respectively. This decrease post sleep deprivation is more
similar to the reduction in synapse number at the beginning of the control night than later in
the evening, suggesting that the intensity of sleep pressure, which is high at the start of the

night/immediately after SD, is influencing the rate of synapse loss.

These findingdemonstratedthat overall ynapsenumberdecrease at beginning of night and
stabilize later in nightwhile extended wakinglone(with the intact circadian clock and siar
lighting conditior) increass synapse numberSleep rebound possDcan reduce number of
synapsesegardless of circadian tim&Vhile consistent with SHY, our findirgggggested that
not all sleep is equally important for driving synapg@amicbut that sleep during high sleep

pressuresuch as at sleep onsean drive overall reduction in synapse number.
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Figure4.12: Gentle handling sleep deprivation paradigm increase average tstakp and
sleep bout length.A) Schematic of sleep deprivation by gentle handling paradigm. Animals
were subjected to gentle handling using paintbrush under red light for 4 hours from ZT14
(light off) to ZT18. B) Cumulative sleep during rebound phasenoipSD paradignt68%
confidence interval)C) Percentage change of total sleep of each larva betweenZA (@st

SD) and circadiamatched time on 6dpf. D) Percentage change of average sleep bout length
of each larva between ZT4B! (post SD) and cirden-matched time on 6dpf. Each dot
represents a single larva. *p<0.05, Stude#edt. Black line indicates population average +
standard error of the mean.
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Figure4.13: Sleep deprivation increase FingiRncta number compare to control® FoxP2+
tectal neurons A) Schematic o§leep deprivatiorand synapse tracking experimental set up.
Larval locomotor behaviour was tracked on a 14hr:10hr LD cycle fr8ap6 The black
arrowsindicate the imaging periats (ZTL4 (lightsoff), ZT Bon 7dpf, and ZTO at 8dpiwhen
larvae were removed from sleep/wake tracking to image synapse dyndredsdots indicate
sleep deprivation period (ZT4¥B, 7dpf). White and gray boxes indicate lights ON/OFF
periods, respectivelyB) Puncta countof sleep deprived and control larvge=22 and 19,
respectively) C)Rate of change (R®&@ during the night of sleep deprived and controls larvae
D) Asolute number of RigR(PSD95) puncta gained or loger the night phase per neuron
in sleep deprived and control larvaeeft panelaverage dynamics across all imaged neurons
Middle and right panelsindividual neuronsof sleep deprived (orange) and control (blue)
larvae *p<0.05, **p<0.01; tweway mixed ANOVA with pairwisedst.
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