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Sleep is anearly universal behaviour with unclear functions'. The synaptic homeostasis
hypothesis proposes that sleep is required to renormalize the increases in synaptic
number and strength that occur during wakefulness?. Some studies examining either
large neuronal populations® or small patches of dendrites* have found evidence
consistent with the synaptic homeostasis hypothesis, but whether sleep merely
functions as a permissive state or actively promotes synaptic downregulation at the
scale of whole neurons is unclear. Here, by repeatedly imaging all excitatory synapses
onsingle neurons across sleep-wake states of zebrafish larvae, we show that synapses
are gained during periods of wake (either spontaneous or forced) and lost during sleep
inaneuron-subtype-dependent manner. However, synapse loss is greatest during
sleep associated with high sleep pressure after prolonged wakefulness, and lowest in
the latter half of an undisrupted night. Conversely, sleep induced pharmacologically
during periods of low sleep pressure is insufficient to trigger synapse loss unless
adenosine levels are boosted while noradrenergic toneis inhibited. We conclude that
sleep-dependent synapse lossis regulated by sleep pressure at the level of the single
neuron and that not all sleep periods are equally capable of fulfilling the functions of
synaptic homeostasis.

Although sleep is conserved across the animal kingdom’, the precise
functions of sleep remain unclear. As sleep deprivation leads to acute
impairment of cognitive performance’®, many theories posit that syn-
aptic plasticity associated with learning and memory preferentially
occurs during sleep®. For example, the synaptic homeostasis hypoth-
esis (SHY) proposes that synaptic potentiation during wakefulness
results in an ultimately unsustainable increase in synaptic strength
and number that must be renormalized during sleep through synaptic
weakening and pruning®”®, Such sleep-dependent renormalization has
been postulated to broadly affect most excitatory synapses throughout
the brain?.

Many, but not all, experimental observations of brain-wide changes
insynapses have been consistent with the SHY. Globally, synaptic genes,
proteins and post-translational modifications are upregulated during
waking and renormalized during sleep®*. In both flies and mice, the
number and size of excitatory synapses also increase after prolonged
waking and decline during sleep®>®". Long-term imaging of small
segments of dendrites in young and adult mice has also been used to
observe sleep-wake-linked synapse dynamics**** and, in zebrafish,
axon terminals of wake-promoting hypocretin neurons are regulated
by the circadian clock’. However, other studies have observed no
impact of sleep—wake states on synaptic strength and neuronal fir-
ing rates8, and some have observed synaptic strengthening during
sleep™ 2. Furthermore, distinct classes of synapse within the same
neuronal population can be differentially regulated by sleep-wake
states?, consistent with observations that synaptic plasticity can
be regulated in a dendritic-branch-specific manner®. Together, these
observations paint a complex picture of how sleep sculpts synapse

number and strength, raising fundamental questions about whether
sleep-dependent synaptic homeostasis operates uniformly across neu-
ronal types and at which scale (for example, dendrite, neuron, circuit
or population) sleep acts to modulate synapses.

To examine the scope and selectivity of sleep-linked synaptic plas-
ticity, itis vital to comprehensively track the synaptic changes of indi-
vidual neurons through sleep-wake states. To that end, we used in vivo
synaptic labelling tools in larval zebrafish to image the same neurons
and their synapsesrepeatedly over long timescales, enabling us to map
single-neuron synapse changes across sleep and wake states.

Synapse counts change across 24 h

Tovisualize excitatory synapsesin single zebrafish neurons, we adapted
an established fibronectin intrabodies generated with mRNA display
(FingR)-based transgenic system that selectively binds to and labels
postsynaptic density protein 95 (PSD95)* %, amajor postsynaptic scaf-
fold of excitatory synapses®®? and a readout of synaptic strength®**,
to enable simultaneous imaging of synapses and neuronal morphology
(Fig.1a). Consistent with previous reports®***, we confirmed that this
modified FingR(PSD95) system labels synapses with high fidelity by driv-
ing expression of Tg(UAS:FingR(PSD95)-GFP-P2A-mKate2f) in the spinal
cordwith a Tg(mnxI:Gal4) driver line and co-labelling with anti-MAGUK
antibodies that recognize the PSD95 protein family. Greater than 90%
of FingR(PSD95)" puncta associated with MAGUK, while 100% of neu-
ronal MAGUK puncta were co-labelled with FingR(PSD95) (Extended
Data Fig. 1a-e,h-i). The signal intensities of co-labelled MAGUK and
FingR(PSD95) synapses were positively correlated, indicating that
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Fig.1|Single-neuron synapse tracking across day-nightcycles
revealsdiverse dynamics. a, The synapse labelling construct. Zinc

finger (ZF) and KRAB(A) domains limit overexpression®. b, The strategy to
sparselylabel synapses of FoxP2.A" tectal neurons (Methods). ¢, Example
FoxP2.A:FingR(PSD95)" neuronat7 d.p.f., with the synapses (white
arrowheads, left), nucleus (blue arrowheads, left) and membrane (magenta,
right) co-labelled. d, Overnight time-lapse tracking of select synapses from the
neuroninc. Thenormalized GFP intensity (shading) is shown for each synapse
(rows). The complete neuron map is shownin Extended DataFig.2a. e, Larvae
wereraised on14 h-10 hlight-dark (LD) cycles (blue), constant light (LL, pink)
orswitchedfromLDtoLLat6d.p.f. (free running (FR), green), and thenimaged
(arrows) (Methods). f, The average locomotor activity and 95% confidence
intervals (Cls) of larvaereared under LD (blue, n = 75), clock-break LL (pink,
n=84)orFR(green,n=98) conditions.g-j, The mean and 68% CI (column1)
and individual neuron (columns 2-4) synapse counts (g), percentage change
insynapse number calculated within each neuron (h), normalized synapse
intensity (i) and percentage change in synapse intensity (j) under the LD (blue),
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LL (pink) or FR (green) conditions. For columns 2-4, aline is shown for each
neuron, collectedacross8LD, 4 LLand 4 FRindependent experiments. Forh,
synapse number change (A synapse number) dynamics are different during
the day fromthose during the night under LD conditions (*P = 0.043, repeated-
measures analysis of variance (ANOVA)). Synapse number change dynamics
under LD cycling are significantly different from those under LL conditions
(*P=0.015, main effect of condition, two-tailed mixed ANOVA, post hoc
Benjamini-Hochberg correction; Hedge’s g = 0.761). For j, day-night dynamics
aresignificantly differentunder LD from those under the other conditions
(P<0.01, repeated-measures ANOVA). Both daytime FR and LD day-night
dynamics are significantly different from those under the LL condition (mixed
ANOVAinteraction (condition x time), P=0.029; FR versus LL, P=0.038,
g2=0.937;LDversusLL,P=0.027,g=0.792; posthoc Benjamini-Hochberg
correction, two-tailed). At night, LD versus FR,g=-0.538; LD versusLL,
g=-0.527.Thediagraminaisadapted fromref.27, CCBY 4.0, and the diagram
inbisadapted fromref.33, CCBY 4.0. The colourkey ineapplies also to f-i.
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the signal intensity is a reliable readout of synaptic PSD95 content, as
reported previously? (Extended Data Fig. 1f,g).

To test whether behavioural state modulates synapse strength and
number at the single-neuron level, we focused on larval tectal neurons,
which areaccessible toimaging, have well-defined morphological and
functional identities® and have a stable window of synapse maturation
from7to 9 days post-fertilization (d.p.f.)**. Tectal neurons also undergo
spike-timing-dependent plasticity® and receive a mixture of inputs
that foster ‘competition” among synapses>**, a criterion envisaged
by the SHY? To sparsely label tectal neurons, we co-electroporated
aplasmid driving Gal4 off the foxp2.A promoter with tol2 mRNA into
Tg(UAS:FingR(PSD95)-GFP-P2A-mKate2f)larvae at 3 d.p.f.>® (Fig. 1b,cand
Methods). This method resulted in approximately 10% of larvae con-
taining asingle FoxP2.A:FingR(PSD95)" neuron, allowing for repeated,
long-term imaging of the synapse counts and intensities in the same
neuroninacontinuously mounted preparation (Fig. 1c,d and Extended
Data Fig. 2a). After confirming the relative stability of tectal neuron
synapse countsinthe 6-9 d.p.f.developmental window (Extended Data
Fig. 2b-d), we imaged each labelled neuron across a14 h-10 h light-
dark cycle at 7 d.p.f., collecting images just after lights on (zeitgeber
time 0 (ZTO0), 7 d.p.f.), near the end of the day (ZT10) and after a night of
sleep (ZTO, 8 d.p.f.) (Fig.1e; an example neuron with synapse changes
tracked across two timepointsis shown in Extended Data Fig. 3), leav-
inglarvaeto behave freely betweenimaging sessions. On average, the
tectal neuron synapse number increased significantly during the day
from 137 to 153 synapses (+14.4%) but decreased at night by -1.90% to
146 synapses (Fig. 1g,h (blue)). Similar day-night changes in the net
synapse counts were observed in separate experiments that imaged
neurons over multiple days and nights (Extended Data Fig. 4a-e),
with no evidence of artefacts from repeated imaging (Extended Data
Fig. 4f-h). Moreover, the average synapse FingR(PSD95)-GFP signal
intensity increased significantly during the waking day phase (+36.8%)
and decreased in the night sleep phase (-11.7%) (Fig. 1i,j).

To test whether these synaptic dynamics are influenced by the
direct action of lighting conditions or are instead controlled by an
internal circadian clock, we also tracked neurons under conditions of
either constant light from fertilization, which prevents the formation
of functional circadian clocks and leads to arrhythmic behaviour in
zebrafish (clock-break)**, or constant light after light-dark entrain-
ment, which maintains damped circadian behaviour (free running)*
(Fig.1e,f). Under clock-break conditions, changes in synapse number
and intensity were abolished and remained smaller compared within
larvaeraised onlight-dark cycles (Fig.1g-j (pink)). Under free-running
conditions, synapse numbers continued to increase during the sub-
jective day and decrease during the subjective night, albeit strongly
damped (Fig.1g,h (green)). The average synapse intensity was signifi-
cantly elevated across all timepoints and showed a further significant
increase in strength only during the subjective day, with no loss of
intensity during the subjective night (Fig. 1i,j (green)). Collectively,
these data show that, while light influences the baseline levels of syn-
aptic strength (Fig. 1i), changes in synapse counts are independent of
lighting conditions but do require an intact circadian clock (to drive
rhythmic sleep-wake behaviour; see below) (Fig. 1g).

Moreover, although rhythmic day-night changes in synapses were
detected in the average of all of the single neurons, the tracking of
individual neurons revealed that many cells have different, even oppos-
ing, synaptic dynamics (Fig. 1g-j (right)). We therefore sought to test
whether these diverse patterns mapped onto distinct neuronal sub-
types (thatis, cellular diversity) or whether they are due to variations
inanimal behaviour (that is, individual sleep-wake histories).

Synapse cycling across neuronal subtypes

To test whether distinct synapse day—-night dynamics are associated
with morphological subtypes of tectal neurons, we measured position,

branching, length and other parameters of FoxP2.A:FingR(PSD95)~
GFP*neurons, many of which project only withinthe tectumat 7 d.p.f.
Clustering analysis found four subtypes, consistent with previous
studies®** (Fig. 2a-cand Extended DataFig. 5a-c). Tracking synapses
across three light-dark cycles revealed that each neuronal subtype
has, on average, different patterns of net synapse counts (excluding
therarely observed type1neurons). Specifically, dynamics consistent
with the SHY were robustly observed only in the densely bistratified
type 2 neurons, with an average increase of 15.3 synapses during the
day and a reduction of 17.7 synapses at night, and weakly observed in
type 4 neurons (+8.5 during the day and -8.2 overnight; Fig.2d-g and
Extended Data Fig. 5d-f). By contrast, many type 3 neurons consist-
ently exhibited the opposite pattern, with an average increase in syn-
apse number at night and aslight decrease during the day (Fig.2d-g).
However, compared with under clock-break conditions, in which no
subjective day-night-linked changes occur (Extended Data Figs. 5g-j
and 6a,b), the FingR(PSD95)-GFP signal intensity of type 3 and 4 neu-
rons, but nottype 2neurons, increased during the day and decreased at
night (Extended Data Fig. 6a—c), suggesting that synapse number and
PSD95 content are differentially regulated in tectal subtypes. These
subtype-specific alterations in synapse number cannot be explained
by differencesinlarval sleep-wake behaviour, asthe sleep amount was
thesameregardless of which neuron subtype was labelledinthelarva
(Extended Data Fig. 7a-c).

Astype 2 neurons have two prominent arbourization fields, we exam-
ined whether changesin day-night synapse number are heterogenous
across different dendritic segments of individual neurons. Analys-
ing the synapse number changes in four distinct classes of dendritic
segment in type 2 neurons revealed that only the proximal arbour,
whichreceives local inputs from the tectum and long-range inputs
from brain areas such as the hypothalamus**, displayed significantly
robust average increases in synapse number during the day and reduc-
tions at night (Extended Data Fig. 7d-f). By contrast, synapse number
dynamics within the distal arbour, which receives the majority of its
inputs from the retina*, were more diverse. No correlations could
be detected among the different dendritic compartments within the
same neuron (Extended Data Fig. 7f), suggesting that the time of day
and sleep-wake states do not have uniform effects on synapse number
even within the same neuron.

Sleep pressure facilitates synapse loss

Ifthe synapses of individual neurons are regulated by sleep-wake states
independently of the circadian clock, these dynamics should be altered
by sleep deprivation (SD). We developed a gentle handling SD protocol
inwhich zebrafish larvae are manually kept awake with a paintbrush for
4 hatthebeginning of the night (ZT14-ZT18) and subsequently allowed
to sleep (Supplementary Video 1). Sleep in larval zebrafish is defined
as a period of inactivity lasting longer than 1 min, as this is associated
with anincreased arousal threshold, homeostatic rebound and other
criteriaof sleep*®*. After SD, the phase of the circadian clock machinery
was unaffected, but larvae slept significantly more, with individual
sleep bouts lasting longer, compared with non-sleep-deprived larvae
(Extended DataFig. 8a,b), consistent with SD leading to increased sleep
pressure***8 Next, we visualized synapses of individual tectal neurons
at7 d.p.f.immediately before (ZT13-ZT14) and after (ZT18-ZT20) SD,
and again the next morning (ZTO-ZT1) (Fig. 3a and Extended Data
Fig.9a). Between the imaging sessions, we used video tracking to moni-
tor sleep-wake behaviour (Methods). In control larvae, tectal neurons
lost synapses overnight; however, this synapse loss was confined to the
first part ofthe night (ZT14-ZT18), with an average loss of 1.7 synapses
per hour, in contrast to the last part of the night (ZT18-ZT24), during
which synapse loss was undetectable (+0.2 synapses per hour) (Fig. 3b
(blue)). By contrast, neurons gained an average of 2.8 synapses per
hour during SD (Fig.3b (orange)). During the recovery period after SD,
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Fig.2|Subtype-specificsynapse changesin FoxP2.A tectal neurons over
3 days.a, Themorphological parameters used to characterize FoxP2.A tectal
neurons. A-P, anterior-posterior. b, Examples of each morphological subtype,
chosenfromn=17 (typel),n=28 (type2),n=61(type 3) and n =42 (type 4)
neurons collected over 26 independent experiments. The blue circles label
nuclei. c, Example of the parameters used to distinguish the four subtypes.
Forthebox plots, the centre lines show the median, the box limits show the
interquartile range and the whiskers represent the distribution for each
parameter. The slashed zero indicates that the feature is absent. See also
Extended DataFig.5.d-g, Synapse counts across multiple LD cycles for
FoxP2.Atectalneurons of different subtypes. d,e, Average (68% Cl) synapse
counts (d) and average (68% Cl) synapse number change (e) of subtypes

tectal neurons lost synapses at a rate of 2.2 synapses per hour (Fig. 3b
and Extended Data Fig. 8c). As during normal sleep, FoxP2.A tectal
neuron subtypes responded differently to SD, with type 2 and even
type 3 neurons (which did not have SHY-concordant changes under
baseline conditions) gaining synapses during SD and losing them dur-
ing recovery sleep, whereas type 4 neurons did not show any change
(Extended DataFig. 8d). This suggests that SD biases synapses towards
loss during subsequent sleep, even in neurons with different synapse
dynamics under baseline conditions.

Asboth SD and control larvae were at the same circadian phase, we
conclude that sleep-wake states are the main driver of net changes
in synapses in tectal neurons, and the effects of circadian clock dis-
ruption on synapses were primarily due to the loss of sleep rhythms
(Fig.1). Consistent with this interpretation, the total time that each
larvaspentasleep was significantly correlated with the rate of synapse
change (Fig. 3c and Extended Data Fig. 8g). Only after SD, when sleep
and synapse loss were high across most larva-neuron pairs, was this
correlation lost, which may indicate that either the machinery that
supports sleep-dependent synapse loss can saturate or SD-induced
rebound sleep is not fully equivalent to baseline sleep. The converse
relationship was not observed, as the rate of synapse gain during SD
was not correlated with either the subsequent total sleep or the average
sleep bout lengths of single larvae (Extended Data Fig. 8f). Consistent
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(column1) and for each neuron (columns 2-4), collected over 8 independent
experiments. f,g, Average (68% CI) synapse counts (f) and net change (g),
averaged across all days and nights for each subtype and larvae, including
additional neurons tracked over asingle day (Extended Data Fig. 5). Tectal
subtypeinfluences synapse changes (mixed ANOVA, interactionP=0.012,
subtype x time). Type 2 (n =16) and type 4 (n =15) neurons gain more synapses
during the day under LD conditions compared with under LL clock-break
conditions (P=0.018,g=0.952; P=0.021,g=0.812, respectively). At night,
bothtype2andtype4 neuronslose synapsesrelative totype3 (type 2 versus
type3,P=0.038;g=-0.714; type 4 versus type 3, P=0.038,g=-0.781, post hoc
Benjamini-Hochberg correction, one-tailed). Forb, scale bars,10 pm.

with the effects of SD, natural individual variation in sleep timing was
predictive of the time period in which synapses were lost. ‘Early sleep-
ers’slept more during the first half of the night and lost synapses only
during this period, whereas ‘late sleepers’ preferentially slept in the
second half of the night and had a net loss of synapses only during the
late night (Fig. 3d,e and Extended Data Fig. 8e). Finally, to test whether
sleep-dependent synapse loss is generalizable to neurons that do not
receive direct retinal input, we confirmed that synapses of both pre-
sumptive vestibulospinal neurons that stabilize posture** and MiD2cm
reticulospinal neurons involved in fast escapes®®*' showed synapse
gains during SD and synapse loss during sleep (Fig. 3f-h).

Two explanations are consistent with the observed relationships
between sleep and synapse change: either sleep is a permissive state
for synapse loss, or sleep pressure, which builds as a function of wak-
ing, drives synapse loss during subsequent sleep. As sleep pressure
and subsequent sleep amount at night are tightly linked under both
baseline and SD conditions, we sought to disentangle their relative
influences on synaptic change using sleep-inducing drugs to force
larvae to sleep during the day, when sleep pressure remains low
(Fig. 4a,b and Extended Data Fig. 9c). Exposing larvae for 5 h during
the day (ZT5-ZT10) to either 30 pM melatonin, whichin zebrafishisa
natural hypnotic that acts downstream of the circadian clock to pro-
mote sleep®?, or 30 pM clonidine, an a2-adrenergic receptor agonist
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eachlarvaduringeither the early (ZT14-ZT18, left) or late (ZT18-ZT24, middle)
night for controls and after SD (ZT18-ZT24, right). The rate of synapse change
isnegatively correlated with sleep time duringboth early and late night but
notafter SD.d, In control larvae, the change in early night synapse countsis
negatively correlated with late night synapse change. Early and late sleepers
aredefined aslarvae thateithersleep moreinthefirst orsecond phase of the
night, respectively. e, Synapse counts per hour for early-and late-night sleeping
controllarvaeintheearly (ZT14-ZT18) and late (ZT18-ZT24) phases of the
night. Dataaremean ts.e.m.f-h, Thereticulospinal neuron synapse number is

thatinhibits noradrenaline release and increases sleep in zebrafish*>*,

significantly and strongly increased total sleep and the average length
of sleep bouts mid-day (Fig.4c and Extended Data Fig.10a,b), with this
drug-induced sleep remaining reversible by strong stimuli (Extended
DataFigs.9d,eand10d-g). Forced daytime sleep altered the build-up
of sleep pressure, leading to reduced and delayed sleep in the subse-
quent night (Extended Data Fig. 9e). However, drug-induced sleep at
atime of low sleep pressure was not sufficient to trigger synapse loss,
with tectal neurons still gaining an average of 1.0-1.7 synapses per

modulated by sleep and wake states. f, Example reticulospinal neurons from
the Tg(pvalb6:KALTA4)**% line co-labelled by FingR(PSD95)-GFP (green, nuclei
and synapses) and mKate2f (magenta, membrane). Vestibulospinal (VS) and
MiD2cm neuronsare indicated by the dashed ovals. g, Vestibulospinal (top)
and MiD2cm (bottom) neurons from different larvae showing FingR(PSD95)*
synapses (green) co-localized to the cellmembrane (magenta). h, Changesin
synapse number (meanand 68% Cl) from ZT14 to ZT18 for vestibulospinal and
MiD2cm neurons. Each dot represents the average across multiple neurons per
larva.Forband e, statistical analysis was performed using two-tailed mixed
ANOVAinteraction (condition x time) with post hoc Benjamini-Hochberg
correction; ****P=0.00007,***P=0.0002and**P=0.006 (b) and *P=0.01 (e).
For h, statistical analysis was performed using one-tailed Student’s t-tests;
*P<0.03.Scalebars, 15 um (f) and10 pm (g). Thelinesin cand d depict thelinear
regression with the 95% CI.

hour, which was not significantly different from the synapse gains
in the controls (Fig. 4d). Similarly, artificially boosting adenosine
signalling—one of the postulated molecular substrates of sleep pres-
sure>*—by administering 45 pM 2-choloroadenosine increased sleep
during the day butalsoled tonet gainsintectal neuronsynapses (+0.9
synapse per hour) (Fig. 4c and Extended Data Fig. 10c). Tectal neu-
rons also gained synapses (+0.4 synapse per hour) in larvae that were
co-administered 2-chloroadenosine and melatonin, despite sleeping
more than 35 minutes per hour (Fig. 4c,d). By contrast, simultaneously
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Fig.4|Single-neuronsynapseloss duringsleepis drivenbyboosting
adenosineandblocking noradrenaline. a, Larvae were temporarily treated
with sleep-promoting drugs during the day (ZT5-ZT10). The black arrows
indicate theimaging periods before and after drug treatment. b, Drug-induced
sleep during the day disentangles sleep pressure (thatis, low) fromsleep
amount (thatis, high), which are otherwise tightly correlated. ¢, Drug-treated
larvae sleep significantly more during the day compared with the dimethyl
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significantly lost. Dataare mean +s.e.m. nvalues represent the number of
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test (left) and one-way ANOVA (right); not significant (NS), P> 0.5;*P=0.034,
**P<0.01,****P<0.0001.

boosting adenosine signalling while inhibiting noradrenaline release
with clonidine resulted in synapse loss (—0.8 synapses per hour) in
tectal neurons (Fig. 4c¢,d and Extended Data Fig. 9c), which express
both adenosine and adrenergicreceptors (Extended DataFig.11). These
results demonstrate that daytime sleep can support synapse loss under
conditions of high sleep pressure and low noradrenergic tone, possibly
through direct signalling events.

Discussion

The SHY proposes that synapse numbers and strengthincrease during
wake and decrease during sleep. By tracking synapses of single tectal
neurons through sleep-wake states and circadiantime, our dataresolve
several outstanding questions about the scale, universality and mecha-
nisms of sleep-linked plasticity. We show that SHY-concordant dynam-
ics of the synapse population within single neurons are present on
average across many cells but, when examined on a neuron-by-neuron
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basis, more diverse patterns of synapse change are revealed. These
observations may explain some discrepancies among previous stud-
ies of the SHY, as these single-neuron synaptic dynamics would not
be captured by population-level, single-time-point snapshots of syn-
apse number or function. We also show that sleep is necessary but not
sufficient for synaptic loss, as synapse loss occurred only when sleep
was accompanied by high sleep pressure associated with adenosine
signallingand low noradrenergic tone. Adenosine signalling has been
shown to promote Homerla-dependent downscaling and destabiliza-
tion of synapses, whereas noradrenergic signalling has been found to
prevent this process®. Our data link these mechanisms to sleep pres-
sure and sleep behaviour in vivo. Whether single-neuron or subcellular
variation in the expression or sensitivity to these synapse-regulating
signals could account for the diversity of synapse alterations remains
aninteresting possibility for future work. Sleep pressure, as reflected
by the density of slow-wave activity inmammalian sleep, has also been
linked to changesin synapses associated with learning and memory™*,
We find that sleep-linked synapse loss depends on molecular signals
linked to high sleep pressure and, notably, also mirrors slow-wave activ-
ity by occurring predominantly in the early part of the sleep period®.
This finding raises the question of whether epochs of sleep associated
withlowsleep pressure, such asinthelatter half of the night, have addi-
tional, non-synaptic remodellingroles. If so, the evolution, persistence
and ubiquity of these different sleep epochs could be under specific
regulatory and selective pressures.
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Methods

Animals

Zebrafish husbandry and experiments were conducted according
to UCL Fish Facility standard protocols and under project licenses
PA8D4DOES5 and PP6325955 awarded to).R., according to the UK Animal
Scientific Procedures Act (1986). Embryos were kept in Petri dishes in
fish water (5 mM NacCl, 0.17 mM KClI, 0.33 mM CacCl,, 0.33 mM MgSO,,
and 0.1% methylene blue) in a14 h-10 h light-dark cycle incubator at
28 °C. Petri dishes exposed only to fish water were cleaned with 75%
ethanol, washed, soaked overnight in distilled water, air-dried and
rinsed with fish water before reuse. The sex of AB/TL zebrafish larvae
isnotbiologically determined at the early developmental stages used
for these studies.

Cloning and transgenesis

Transgene constructs that simultaneously encode FingR tar-
geting PSD95 and membrane markers of neuronal morphology
were generated using the In-Fusion HD Cloning System (Clontech).
First, the GFP in a pCS2-P2A-GFP-CAAX was replaced with mKate2f
by combining the linearized pCS2 (through inverse PCR; primers:
5’-GGATCTAGGACCGGGGTTTTC-3’ and 5’-GTGCTCTCCTGACCTC
TAGAA-3’) with amplified mKate2f from dUAS-mKate2f (gift from
the Tada laboratory, UCL) with 15 bp overhangs complementary
to pCS2 site of insertion (primers: 5-CCCGGTCCTAGATCCATGG
TGAGCGAGCTGATTAAG-3’ and 5- AGGTCAGGAGAGCACTCAGG
AGAGCACACAGCAGCT-3’). Next, the template plasmid pTol2-
zcUAS:PSD95.FingR-EGFP-CCR5TC-KRAB(A) (from the Bonkowsky
laboratory, University of Utah; Addgene, 72638) was linearized by
inverse PCR after the KRAB(A) sequence (primers: 5’-AGCCATA
GAAGCAAGATTAGA-3" and 5’- GGAGGTGTGGGAGGTTTTTTC-3’).
The P2A-mKate2f sequences were then amplified with 15 bp
overhangs complementary to the pTol2-zcUAS:PSD95.FingR-EGFP-
CCRS5TC-KRAB(A) insertion site (primers: 5’-CTTGCTTCTATGG
CTGCCACGAACTTCTCTCTGTTA-3’ and 5’- ACCTCCCACACCTCCTC
AGGAGAGCACACAGCAGCT-3’) and combined with the linearized
FingR template.

Togenerate the stable Tg(UAS:FingR(PSD95)-GFP-CCRSTC-KRAB(A)-
P2A-mKate2f) line, purified pTol2-zcUAS:PSD95.FingR-EGFP-CC
R5TC-KRAB(A)-P2A-mKate2f DNA construct was sequenced to con-
firm gene insertion and co-injected (10 ng pl™*) with emx3:Gal4FF>
(10 ng pI™) and tol2transposase mRNA (100 ng pl™) at 1 nlinto wild-type
TL embryos at the one-cell stage. At 3 d.p.f., injected embryos were
screened for mosaic expression of mKate2f, then raised to adult-
hood. The tol2 transposase mMRNA was in vitro transcribed from the
Notl-linearized pCS-TP6287 plasmid (gift from the Wilson laboratory,
UCL) using the SP6 MMESSAGE mMACHINE Kit (Ambion). RNA was puri-
fied using RNA Clean & Concentrator Kits (Zymo Research). Germline
transmission was determined by mating adult fish to nacre mutants
(mitfa“¥*?, pigmentation mutants*®) and subsequently identifying
their progeny for mKate2f fluorescence, then raising to adulthood to
establish a stable Tg(UAS:FingR(PSD95)-GFP-CCRSTC-KRAB(A)-P2A-m
Kate2f)*; Tg(emx3:Gal4FF)*** line. Owing to the negative-feedback
mechanism in the system, Tg(UAS:FingR(PSD95)-GFP-CCRSTC-KRAB
(A)-P2A-mKate2f) expression is extremely low. To increase the num-
ber oftransgene copies and the level of expressionin the background
reporter line, the double transgenic Tg(UAS:FingR(PSD95)-GFP-CCR
STC-KRAB(A)-P2A-mKate2f); Tg(emx3:Gal4) fish were incrossed for
imaging experiments and maintained by alternating incrosses and
outcrosses to nacre mutants.

Whole-mount synapticimmunohistochemistry and imaging

Staining for MAGUK expression was performed using whole-mount
immunohistochemistry adapted from a previous study®. Zebrafish
larvae (2 d.p.f.) were dechorionated and fixed with 4% formaldehyde

methanol-free (Pierce Thermo Fisher Scientific, 28906) in BT buffer
(1.0 g sucrose, 18.75 pul 0.2 M CaCl,, topped up to 15 ml with PO, buffer
(8 parts 0.1 M NaH,PO, and 2 parts 0.1 M Na,HPO,)). To increase the
signal-to-noise ratio, the fixing time was decreased to 1.5-2 hat 4 °C,
although thisled tosofter samples. The samples were washed with PO,
buffer and distilled H,O for 5 minat room temperature, then permeabi-
lized withice-cold100% acetone for 5 min at -20 °C. After washing with
distilled H,0 and PO, buffer for 5 min each, the samples were blocked
with blocking buffer containing 2% goat serum, 1% bovine serumalbu-
minand1%DMSOin 0.1 MPBS pH 7.4 for atleast 2 h. The samples were
thenincubated with primary antibodies (see below for list) diluted in
blocking bufferat 4 °C overnight. The embryos were washed 4-6 times
for at least 20 min in blocking buffer at room temperature and incu-
bated in secondary antibodies overnight at 4 °C. To remove unbound
secondary antibodies, the embryos were washed again and transferred
to glycerolin a stepwise manner up to 80% glycerol in PBS.

The primary antibodies used for staining were anti-pan-MAGUK
(mouse monoclonal, K28/86, Millipore) and anti-tRFP (rabbit poly-
clonal, AB233, Evrogen), both at a dilution of 1:500. To avoid overam-
plification of signal outside of the synapse, FingR(PSD95)-GFP puncta
were visualized using its own fluorescence. The following secondary
antibodies were used at a dilution of 1:200: Alexa-Fluor 568 goat
anti-rabbit IgG and Alexa-Fluor 633 goat anti-mouse IgG monoclonal
(Life Technologies).

Confocalimages were obtained using the Leica TCS SP8 system with
HCPLAPO x20/0.75IMM CS2 multi-immersion objective set to glycerol
(Leica Systems). zstacks were obtained at 1.0 umdepthintervals with
sequential acquisition settings 0of 1,024 x 1,024 px. The raw images were
compiled using NIH Image] (http://imagej.nih.gov/ij/). To analyse the
colocalization of the puncta, maximum projections of 5-10 pm were
taken for each cell. Grey values were taken from the cross-section of
the punctausingthe plot-profile tool from Image). Punctagrey values
were normalized against the whole-stack grey value of their respective
channels.

The colocalization and relationships between FingR(PSD95)-GFP
and antibody staining were analysed using custom Python scripts (avail-
able at GitHub (https://github.com/anyasupp/single-neuron-synapse)).
For colocalization of FingR and antibody puncta (and vice versa), the
presence of puncta with maximum normalized grey value of atleast 50%
higher than the baseline was used. To estimate the size of the puncta,
the normalized grey values were interpolated with a cubic polynomial
implemented by the SciPy (v.1.11.4) function scipy.interpolate.interpld
before finding the full width at half maximum.

Single-cell FingR(PSD95) expression using electroporation

To sparsely label single tectal cells, a FoxP2.A:Gal4FF activator plas-
mid (gift from M. Meyer) was electroporated into the Tg(UAS:FingR
(PSD95)-GFP-ZFC(CCRSTC)-KRAB(A)-P2A-mKate2f)-positive larvae at
3 d.p.faccording to a previously described method®. Anaesthetized
3 d.p.f.zebrafish larvae were mounted in 1% low-melting-point agarose
(Sigma-Aldrich), perpendicularto aglass slidein a Petri dish filled with
electroporation buffer (180 mM NaCl, 5 mM KCl, 1.8 mM CaCl,, 5 mM
HEPES, pH 7.2) with 0.02% tricaine (MS-222, Sigma-Aldrich). Excess
agarose along the larval body was then removed to allow access for the
electroporation electrodes. A FoxP2.A:Gal4FF construct (500 ng pl™)
was injected into the midbrain ventricle together with tol2 mRNA
(20 ng pI™) and Phenol Red (-0.025%) at 5-8 nl using a micro glass nee-
dle (0.58 mminside diameter, Sutter Instrument, BF100-58-15) pulled
using amicropipette puller (Model P-87 Sutter Instrument). After injec-
tion, the positive electroporation electrode was placed lateral and
slightly dorsal to the hemisphere of the target optic tectum, and the
negative electrode was placed lateral and ventral to the contralateral
eye. Five 5 ms trains of 85V voltage pulses at 200 Hz were delivered
through the electrodes using an SD9 stimulator (Grass Instruments).
Electroporated larvae were screened for sparse, single-cell expression
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of FoxP2:FingR(PSD95)" neurons using a x20/1.0 NA water-dipping
objective and an LSM 980 confocal microscope with Airyscan 2 (Zeiss)
at5-6d.p.f.

Repeated Imaging of FingR-labelled synapses

For synapse-tracking experiments, Tg(UAS:FingR(PSD95)-GFP-CCR
STC-KRAB(A)-P2A-mKate2f) larvae that were electroporated with
FoxP2.A:Gal4FF were reared at 28 °C under various light schedules.
At5-6 d.p.f., larvae werevisually screened for the expression of single
orsparsely labelled FoxP2.A:FingR(PSD95)* neuronsin the tectumusing
ax20/1.0 NAwater-dipping objective and the LSM 980 confocal micro-
scope with Airyscan 2 (Zeiss) and placed into individual wells of six-well
plates (Thermo Fisher Scientific) to keep track of individual larvae and
the corresponding labelled neurons, each well containing approxi-
mately 10 ml of fish water. For repeated live imaging of reticulospinal
neurons, Tg(UAS:FingR(PSD95)-GFP-CCRSTC-KRAB(A)-P2A-mKate2f)
were crossed to a Tg(pvalb6:KALTA4)" driver line*® (gift from the
Bianco laboratory at UCL) and visually screened for larvae with a
labelled reticulospinal population. For imaging FingR(PSD95)-GFP
puncta, the larvae were anaesthetized with 0.02% tricaine for 5-10 min
andimmobilized in1.5-2% low-melting-point agarose (Sigma-Aldrich)
in fish water. The larvae were head-immobilized with the tail free and
allowed to recover from anaesthesia during imaging. Imaging was
performed at the appropriate zeitgeber/circadian time (ZT, where ZTO
is lights on) according to the experimental paradigm. For day-night
synapse tracking, larvae were repeatedly imaged at approximately
ZT0-ZT2and ZT10-ZT12at 7 d.p.f.,8 d.p.f.and 9 d.p.f. at 28.5 °C with
the chamber lights on. For imaging performed during the dark phase
(ZT14-7ZT24), the temperature was kept at 28.5 °C with the chamber
lights off. Whenimmobilizing the larvae for nightimaging, the handling
was performed under low red light (Blackburn Local Bike Rear Light
15 Lumen; 5.2-30.5 lux, measured at the plate level). After imaging,
larvae were unmounted from agarose by releasing agarose around
their heads and allowing the larvae to independently swim out of the
agarose. Unmounted larvae were then placed backinto individual wells
of six-well plates.

FingR(PSD95)* neuronimage stacks were acquired using a x20/1.0 NA
water-dipping objective and the LSM 980 confocal microscope with
Airyscan 2 (Zeiss). GFP and mKate2f were excited at 488 nmand 594 nm,
respectively. z stacks were obtained at a 0.34 pm voxel depth with
sequential acquisition settings of 2,024 x 2,024 px, giving a physical
resolution of 0.0595376 uminx, 0.0595376 puminyand 0.3399999 um
inzand 16-bit using SR4 mode (imaging 4 pixels simultaneously). Pixel
alignment and processing of the raw Airyscan stack were performed
using ZEN Blue software (Zeiss).

Locomotor activity assay

Tracking of larval zebrafish behaviour was performed as previously
described®, with slight modifications. Zebrafish larvae were raised at
28.5°C under a14 h-10 h light-dark (LD) cycle or constant light (LL)
or switching from 14 h-10 hlight-dark to constant light (free-running
(FR) conditions). At 5-6 d.p.f., each FoxP2.A:FingR(PSD95)" larvawas
placedintoindividual wells of a six-well plate (Thermo Fisher Scientific)
containing approximately 10 ml of fish water. The locomotor activity
of some larvae was monitored using an automated video tracking sys-
tem (Zebrabox, Viewpoint LifeSciences) in a temperature-regulated
room (26.5 °C) and illuminated with white lights on either 14 h-10 h
light-dark cycles or constant light conditions at 480-550 lux with
constant infrared illumination. The larval movement was recorded
using the Videotrack ‘quantization’ mode with the following detection
parameters: detection threshold, 15; burst, 100; freeze, 3; bin size,
60 s. The locomotor assay data were analysed using custom MAT-
LAB (MathWorks) scripts available at GitHub (https://github.com/
JRihel/Sleep-Analysis). Any 1 min period of inactivity was defined
as 1 min of sleep, according to the established convention for larval

zebrafish*. For experiments examining the effects of drug treatment
on behaviour that did not involve live imaging, such as the clonidine
dark pulse experiment (Extended Data Fig. 10d-g), 24-well (Thermo
Fisher Scientific) and 96-well plates (Whatman) were used instead of
the 6-well plates used for synapse imaging experiments. Sleep latency
for Extended Data Fig. 9c-e was calculated using frame-by-frame data
(collected at 25 fps), using code available at GitHub (https://github.
com/francoiskroll/FramebyFrame).

Sleep deprivation assay

Zebrafish larvae were raised at 28.5 °C under a 14 h-10 h light-dark
cycleto 6 d.p.f., when they were video-tracked (see the ‘Locomotor
activity assay’ section). Randomly selected 7 d.p.f. larvae were then
sleep deprived for 4 himmediately after lights off from ZT14 to ZT18.
Non-deprived control larvae were left undisturbed. Larvae that were
individually housed in six-well plates were manually sleep deprived
under dim red light (Blackburn Local Bike Rear Light 15 Lumen) by
repeated gentle stimulation using aNo.1-2 paintbrush (Daler-Rowney
Graduate Brush) to prevent larvae from being immobile for longer
than1min. For most stimulations, this required only putting the paint-
brushintothe water; if the larvae remained immobile, they were gently
touched. The 4 h SD protocol was performed by experimentersin2 h
shifts. All sleep deprived and control larvae were imaged at around
ZT14andZT18on7d.p.f.and againat ZTO on 8 d.p.f. (see the ‘Repeated
imaging of FingR-labelled synapses’ section).

Drug exposure for live imaging

Tg(UAS:FingR(PSD95)-GFP-CCRSTC-KRAB(A)-P2A-mKate2f) larvae
that had been electroporated with FoxP2.A:Gal4FF (see the ‘Single-
cell FingR(PSD95) expression using electroporation’ section) were
kept under a14 h-10 h light-dark cycle until 7 d.p.f., then imaged at
ZT4-ZT5 (see the ‘Repeated imaging of FingR-labelled synapses’
section). Larvae were transferred to individual wells of asix-well plate
containing 10 ml of sleep-promoting drugs, alone or in combination,
as follows: 30 pM melatonin (M5250, Sigma-Aldrich) in 0.02% DMSO;
30 pM of clonidine hydrochloride (C7897, Sigma-Aldrich) in 0.02%
DMSO; 45 uM 2-chloroadenosine (C5134, Sigma-Aldrich) in 0.02%
DMSO; and 0.02% DMSOQ in fish water as controls***¢%¢!, Combinations
of drugs were applied at the same concentrations as the single-dose
conditions, maintaining the final DMSO concentration of 0.02%. Sleep
induction was monitored with video-tracking (see the ‘Locomotor
activity assay’ section) for 5 h, after which the drugs were removed
by 2-3 careful replacements of the fish water using a transfer pipette
followed by transferring the larvaeindividually to a new six-well plate
with fresh water. The larvae were then reimaged using the Airyscan
system (see the ‘Repeated imaging of FingR-labelled synapses’ section).

Tectal cell segmentation and clustering
The morphology of tectal neurons at 7 d.p.f. was segmented and meas-
ured using Imaris v.8.0.2 (Bitplane) and ImageJ (NIH). The total filament
length for each neuron was obtained using the Imaris Filament function.
The anterior-posterior span of the distal arbour was calculated using
the Measurement function at an orthogonal view in 3D. The relative
proximal arbour locations were calculated by dividing the proximal
arbour distance from the nucleus by the total length of the neuron
obtained using Filament function of Imaris. The distance from the skin,
distal arbour thickness and distal arbour to skin distance were obtained
using the rectangle Plot_Profile tool of ImageJ at an orthogonal view
ofthe neuron to calculate the fluorescence intensity across the tectal
depth. Theintensity profiles were then analysed using custom Python
scripts to obtain the maximum width using areaunder the curve func-
tions following published methods®*,

Additional clustering and statistical analyses were performed using
custom scripts written in Python (available at GitHub (https://github.
com/anyasupp/single-neuron-synapse)). For segmentation clustering,
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six morphological features of FoxP2.A cells were standardized and
reduced in dimensionality by projecting into principal component
analysis space. The first four components, which explained 89% of
the variance, were selected to use for clustering. These components
were then clustered using k-means clustering with k ranging from 1
to 11. Using the elbow method, Calinski Harabasz coefficient and
silhouette coefficient, we found k = 4 to be the optimal number of k
clusters.

Puncta quantification and statistics
Allimage files of synapse tracking experiments were blinded by an
independentresearcher before segmentation and puncta quantifica-
tion. To count the number of FingR(PSD95)-GFP puncta, each neuron’s
morphology was first segmented using the Filament function in Imaris
v.8.0.2 (Bitplane). FingR(PSD95)-GFP puncta were labelled using the
Spots function, thresholded using the Quality classification function
at approximately 130-200 depending on the image file. The number
and location of GFP puncta were also manually checked for accuracy.
FingR(PSD95)-GFP puncta lying on the FingR* neuron (mKate2f
red channel) were extracted using the Find Spots Close to Filament
XTension add-on in IMARIS.

The percentage changes in synapse number and intensity were
calculated using the following formula:

A%) = [mj x100,

Xe-1
Where x represents either synapse number or intensity and x,_, is the
respective synapse number or intensity at the previous timepoint.
Statistical tests were implemented using Python®. Values in the figures
represent the average + 68% Cl unless stated otherwise.

Synapse intensity was calculated using the ratio of the normalized
average FingR(PSD95)-GFP intensity and mKate2f, to account for
depth-dependent signal reduction®. First, the average FingR(PSD95)-
GFP and mKate2f (cellmorphology) intensities at the same location
within the neuron were extracted using the Imaris Spots function.
Next, these average intensity values were normalized to their respec-
tive channel maximum and minimum value to account for larval posi-
tion inconsistencies between imaging as follows:

Average intensity — Channel ;,
Channel,,,,, — Channel,;,

Normalized mean intensity =

Depth-dependentsignal reduction was corrected by calculating the
FingR(PSD95)-GFP:mKate2fratio as follows:

Normalized mean GFP
Normalized mean mKate2f

Normalized mean puncta intensity =

Before statistical analysis, all datasets were tested for normality
using the Shapiro-Wilk test followed by direct visual inspection of
Q-Qplots. For repeated-measures design, the data were first tested
for sphericity using Mauchly’s test; repeated-measures or mixed
ANOVAs were then performed, corrected with Greenhouse-Geisser
correction when sphericity was violated, followed by post hoc ¢-tests
corrected with Benjamini-Hochberg correction for multiple com-
parisons. For multiple-sample comparisons, equal variances were
tested using Levene’s tests. If variances were equal, either one-way
ANOVA (multiple groups) with post hoc Benjamini-Hochberg cor-
rection or Student’s ¢-tests (two groups) were performed to test for
significant differences. If variances were unequal, Kruskal-Wallis
(multiple groups) with Dunn’s multiple-comparison correction or
Mann-Whitney U-tests (two groups) were performed to test for signifi-
cantdifferences. All of the statistical analyses performed are provided
inSupplementary Datal.

per3circadian rhythm bioluminescence assay

Larvae (6 d.p.f.) from a Tg(per3:luc)é. Tg(elavi3:EGFP)*™ incross
were individually placed into wells of 24-well plates in water con-
taining 0.5 mM beetle luciferin (Promega). From ZT14 (the light to
dark transition) the next day, half of the larvae were subjected to a
sleep deprivation paradigm (see the ‘Sleep deprivation assay’ sec-
tion) under dim red light, while the others were left undisturbed in
similar lighting conditions. At the end of the 4 h sleep deprivation
period, the larvae were individually transferred to the wells of a
white-walled 96-round-well plate (Greiner Bio-One) and sealed with an
oxygen-permeable plate-seal (Applied Biosystems). Bioluminescence
photon counts, reflecting luciferase expression driven by the per3
promoter, were sampled every 10 min for three consecutive days, in
constant dark at 28 °C, using the TopCount NXT scintillation counter
(Packard).

HCR fluorescence in situ hybridization
FoxP2.Aneuronsweresparsely labelled with GFP by co-electroporating
wild-type AB larvae with FoxP2.A:Gal4FF and UAS:eGFP'at 500 ng pl ™!
each (see the ‘Single-cell FingR(PSD95) expression using electropo-
ration’ section). Whole-mount hybridization chain reaction (HCR)
was performed on larvae with FoxP2.A neurons positive for GFP at
7 d.p.f. using an adapted protocol from a previous study®*. In brief,
larvae were fixed with 4% PFA and 4% sucrose overnight at 4 °C.
The next day, the larvae were washed with PBS to stop fixation and
the brains were removed by dissection. The dissected specimens were
permeabilized using proteinase K (30 pg ml™) for 20 min at room
temperature, then washed twice in PBS with 0.1% Tween-20 (PBST),
before being post-fixed in 4% PFA for 20 min at room temperature.
The larvae were then washed in 0.1% PBST and prehybridized with
prewarmed HCR hybridization buffer (Molecular Instruments) for
30 minat37 °C.

Probes targeting multiple genes associated with different types
of adenosine or adrenergic receptors were combined and labelled
to the same hairpins. For example, probes detecting adorala-b
(encoding adenosine receptor Ala and Alb) contain initiators that
correspond with hairpins (B3) labelled with Alexa 546 fluorophore,
whereas adora2aa, adora2ab and adora2b (encoding adenosine
receptors A2aa, A2ab and A2b) contain initiators that correspond
with hairpins (B5) labelled with Alexa 647 fluorophore (Supplemen-
tary Data 2). Probe solutions consisting of cocktails of HCR probes
for each transcript (Thermo Fisher Scientific) were prepared with a
final concentration of 24 nM per HCR probe in HCR hybridization
buffer. The larvae were then incubated in probe solutions over-
night at 37 °C. Excess probes were removed by washing larvae four
times for 15 min with probe wash buffer (Molecular Instruments)
at 37 °C followed by two 5 min washes of 5x SSCT buffer (5x sodium
chloride sodium citrate and 0.1% Tween-20) at room temperature.
Preamplification was performed by incubating the samples with
amplification buffer (Molecular Instruments) for 30 min at room
temperature. Hairpin hl and hairpin h2 were prepared separately
by snap-cooling 4 pl of 3 pM stock at 95 °C for 20 min and 20 °C for
20 min. The larvae were then incubated with hl and h2 hairpins in
200 pL amplification buffer overnight in the dark at room tempera-
ture. Excess hairpins were washed thoroughly the next day twice for
5 minandthree times for 30 min with 5x SSCT at room temperature.
The specimens were thenimaged using a x20 water-immersion objec-
tive and the LSM 980 confocal microscope with Airyscan 2 (Zeiss).
The endogenous GFP signal from FoxP2.A was visualized without
amplification.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.



Data availability

Thedataareavailable at GitHub (https://github.com/anyasupp/single-
neuron-synapse)®. Source data are provided with this paper.

Code availability

The code used to generate figures in this manuscript can be found at
GitHub (https://github.com/anyasupp/single-neuron-synapse)®. The
sleep analysis code is available at GitHub (https://github.com/JRihel/
Sleep-Analysis)®. The frame by frame analysis code can be found at
GitHub (https://github.com/francoiskroll/FramebyFrame)®’.
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Extended DataFig.1| The modified FingR(PSD95)-GFP constructlabels
synapsesinvivo. a-a”, Maximum projection (Z-stack, -10 pum) of anti-MAGUK
immunohistochemistry and endogenous fluorescence of FingR(PSD95)-GFPin
the spinal cord of 2 dpf Tg(mnxI:Gal4) larvae. Examples of FingR(PSD95)+ puncta
co-labelled by anti-MAGUK are indicated by white arrowheads; an example ofa
FingR(PSD95)+ not labelled by anti-MAGUK s indicated by the blue arrowhead.
b-b”’, Higher magnification (white box from a) depicting how sectional grey
values for each synapse were obtained. b, The FingR(PSD95)-GFP channel
showing partofaneuronwithits nucleus (asterisk) and synaptic puncta (green).
Dotted linesindicate example cross-sectional areas obtained for each synapse.
b’, Anti-MAGUK punctaofthe same neuron.b”,b”’, FingR(PSD95)-GFP and
MAGUK channels merged, with examples of cross-sections 1-4. ¢, Examples

of normalized cross-sectional grey values for anti-MAGUK signals and
FingR(PSD95)-GFP signal for the same puncta (numbered1-4inb””). Three
examplesinwhich FingR(PSD-95)-GFP co-localized with anti-MAGUK signals
(#1-3) and one example (#4) where a FingR(PSD-95)-GFP punctumdid not

co-localize with MAGUK. See Methods for details. d, Percentage of FingR(PSD-
95)-GFP synapses that co-localized with anti-MAGUK+ puncta (blue). As a
control for chance co-localization, the calculation was repeated onimages in
which the anti-MAGUK image was rotated by 90° relative to the FingR(PSD-95)-
GFP channel.***P =1.1x10"® Chi-square. e, Histogram of the distance between
all co-localized FingR(PSD95)-GFP and anti-MAGUK cross-sectional grey value
peaks.f-g, Theintensity and Full Width Half Max (FWHM) of FingR(PSD95)-GFP
and anti-MAGUK puncta are weakly, but significantly, positively correlated.
Blue and red lines depict thelinear regression curve and 95% Cl for the
colocalized and non-colocalized populations, respectively. n =540 puncta, 5
fish (dataasind). h, Percentage of anti-MAGUK+ puncta that co-localized with
FingR(PSD-95)-GFP synapses (blue). As a control for chance co-localization, the
calculation was repeated onimages in which the FingR(PSD-95)-GFP image was
rotated by 90° relative to the anti-MAGUK channel. ****P =3.1x 10 Chi-square.
i, Histogram of the distance between co-localized anti-MAGUK and
FingR(PSD95)-GFP cross-sectional grey value peaks. Scale bar: 5pum (a-b™’).
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thenormalized GFP intensity of each synapse. In this example, 56 synapses
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islabelled by mKate2f (magenta). White arrowheads indicate examples of
punctathat persisted through time. Blue arrowheads indicate examples of
synapses gained/lost through time. ¢, Synapse counts across all neurons
(average and 68% CI) (left) and for single neurons through 4-10 dpf (right).
d, Average percentage change in synapse number and 68% Cl calculated from
the previous time point (left) and for each neuron (right). The percentage
changeinsynapse number acrosstimeis closeto zerobetween 6-9dpf.n=5
cells, Slarvae.Scalebar:15 pm (b).
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Extended DataFig.3|Example ofasingle FoxP2.A:FingR(PSD95)+ neuron at
ZT14and ZT18. a, Asingle FoxP2.A:FingR(PSD95)+ tectal neuronimaged at
ZT14 and ZT18.Nuclei and synapses are FingR(PSD95)-GFP+ (green), and cellular
morphologyislabelled by mKate2f (magenta). b, Higher magnification of the
primary dendrite segment (white boxina). Right panels show semi-automatic
skeletonization (lines) of neurites and detection of FingR(PSD95)-GFP puncta
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(greyspheres, Methods). ¢, Higher magnification of asection of the distal
arbour (whiteboxina). FingR(PSD95)-GFP+punctathatappeared (blue circles
and arrowheads) and disappeared (yellow circlesand arrowheads) between ZT14
andZT18canbeobserved.d, Schematic showingimaging times (black arrows) at
ZT14 and ZT18 onthe night of 7 dpf. Scale bars:10 pm (a) and 2.5 pm (b,c).
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Extended DataFig.5|FoxP2.A tectal neurons have four morphological
subtypes. a, Principal component analysis using the subtype morphological
features depictedinFig. 2a. Four principal components (dotted line) account
for>85%ofthe variance. b, The optimal number of clusters for k-means
clustering was determined using the elbow method by plotting the within-
cluster sumof squares. Four clusters were chosen (dotted line). ¢, The six
features used to cluster FoxP2.A neurons (collected over 26 experiments) by
morphological subtype. Boxes depict the median and interquartile range and
the whiskersrepresent the distribution for each parameter. The slashed zero
meansthe feature is absent. d-f (left), Synapse counts with 68%CI (d), average
change (68%Cl) in synapse counts (e), and percentage change (68%Cl) in

synapse counts (f) in different FoxP2.A tectal neuron subtypes of larvae raised
innormal LD conditions. d-f(right), Each neuronis plotted, grouped by
subtype.g, Average (68%Cl) synapse counts of tectal subtypes (left) and for
eachn=neuron (right) across multiple days under clock-break (LL) conditions.
Note thelack of Type 2 neuronsinLL.h, Average (68%Cl) synapse counts during
the subjective day or night under clock-break conditions. i, Average change
(68%Cl) insynapse counts (left) and single neurons (right) across multiple days
under clock-break conditions, sorted by tectal subtype.j, the average change
(68%Cl) in synapse counts for the subjective day and night under clock-break
conditions. Dataing-jare from4independent experiments.
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Extended DataFig. 6 | FingR(PSD95):GFP signalintensity increases

during the day and decreases at nightinsome, but not all tectal subtypes.
a, Average and 68% Cl of normalized synapseintensityonLD,LL,and FR
conditions across one day and night forasubset of tectal neurons from Fig. 2
imaged under identical microscopy settings to enable intensity measurements.
Notethatthelossof the circadian clock alters the relative abundance of Type 1
and Type 2 neurons. b, Percentage change (mean and 68% CI) in normalized
synapseintensity calculated asin Fig. 1. Compared to Type 2 neurons, Type 3

(p=0.026;g=1.777) and Type 4 (p = 0.026; g =1.651) neurons have increased
synapse intensities during the day (mixed ANOVA, interaction (subtype*time)
p=0.03, post-hoc Benjamini-Hochberg, one tailed). c, Both Type 3 (p = 0.026;
g=1.691)and Type 4 (p = 0.026; g =1.408) neurons have significantly increased
synapse intensities (with 68%CI) during the day relative to clock-break (LL)
conditions (mixed ANOVA, interaction (condition*time) p = 0.006, post-hoc
Benjamini-Hochberg, onetailed). Dataare collected from 8 independent LD,
4LL,and 4 FRexperiments.
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Extended DataFig.7|See next page for caption.



Extended DataFig.7|Tectalsubtypelabelling does not biaslarval sleep
amount and sleep-wake states have non-uniform effects onsynapses
within neuronal compartments. a, Schematic of behaviouraland synapse
tracking experiment set up. Larval locomotor behaviour was tracked on

al4 h-10 hLD cycle from 6-8 dpf. The average activity (+ 95% CI) of 10 example
larvaeare plotted across two days and nights. Larvae were removed from the

trackingarenaandimaged atlights on (ZTO) and againat ZT10 (dotted red bars).

White and grey boxes indicate day and night periods, respectively. b, 7 dpf
Larvae had similar levels of sleep and sleep bout lengths at night (+ SEM)
regardless of the FoxP2.A tectal neurons subtype labelled ineachlarva (ns,
p>0.05, Kruskal-Wallis; 5independent experiments). ¢, Foreach neuron/larva,

the average percentage change of synapse number is plotted versus the
average 7 dpfnight-time sleep.d, Type 2 tectal neurons were divided into four
segments: the primary neurite, proximal arbour, inter-arbour area, and distal
arbour. e, Theaverage and 68% Cl of synapse number and intensity dynamics
withineach of the four segments. Grey lines represent segments fromindividual
neurons.*P=0.037, repeated-measures ANOVA with Greenhouse-Geisser
correction. f, Proximal and distal arbours synapse number dynamics are not
correlated. Therelationship between the absolute and relative (%) synapse
number change of the proximal and distal arbours of individual Type 2 neurons
duringthe day and night phase. Linear regressionsincand fare fitted with

95% CI.
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Extended DataFig. 8 |See next page for caption.



Extended DataFig. 8|Sleep deprivation affects synapse number in tectal
neuronsubtypes. a, Percentage change of total sleep (left) and average sleep
boutlength (right) of eachlarva(dots) inthe 6 hr post SD (ZT18-24, 7dpf),
normalized to the circadian-matched time at 6 dpf. The black lines depict the
average + SEM.*P < 0.02, one-way ANOVA. b, The SD method did not alter
circadian clock phase as measured by the bioluminescence driven by a
Tg(per3-luc) reporter line for the clock gene per3 expression. The detrended
per3bioluminescence rhythms (+ 95%CI) remained in phase for both SD
(n=14larvae) and control (n =12) larvae over multiple days of constant dark
conditions. Circadiantime (CT = O last lights ON transition). ¢, The percentage
changeinsynapse number within each neuron betweenimaging sessions at
ZT14and ZT18,and betweenimagingat ZT18 and ZT24.d, Average (68%Cl) for
netsynapse change per hour for FoxP2.A tectal subtypesin control or sleep

deprived larvae. Type 3, but not Type 4 neurons significantly gain synapses
after SD (Mixed ANOVA, post-hoc Benjamini-Hochberg, one tailed **p = 0.01,
g=1.266) and subsequently lose them (p = 0.014, g = -1.034) relative to
controls. Type 2 lacks enough matched controls to assess. e, Sleep amount for
earlyand latesleepersinthe early (ZT14-18) and late (ZT18-24) phase of the
night (Sindependent experiments). Theblack lines depict the average + SEM.
f,For eachneuron/larva, changesin synapse number during extended
wakefulness did not correlate with either the subsequent total sleep or average
sleep boutlengths (mean +95% Cl). g, Changes in synapse numbers for each
neuron/larvadid notsignificantly correlate with the average sleep bout
lengths during the early and late night of controls, or after SD (mean + 95% CI).
*P<0.05,**P<0.01,***P < 0.001, ****P < 0.0001, Mixed ANOVA interaction
(condition*time), post-hoc Benjamini-Hochberg, two tailed.
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Extended DataFig.9 | Examples of manipulated single
FoxP2.A:FingR(PSD95)+ neurons and clonidine and evidence that
daytimedrugtreatmentreducedsleep the following night. a, left Example
FoxP2.A:FingR(PSD95)+ tectal neuronsimaged before (ZT14), immediately
after (ZT18),and 6 h after (ZT24) sleep deprivationand control. Nucleiand
synapses are FingR(PSD95)-GFP+ (green), and cellular morphology is labelled
by mKate2f (magenta). Right, Higher magnification (dotted white box)
showing the same dendritic segments at each time point, with examples of
synapses lost (yellow arrows and dotted circles) or gained (blue arrows and
circles). Note that, for illustrative purposes, the dendrites are depicted ata
different angle in these higher magnificationimages. b, An example neuron

before (ZT5) or after (ZT10) exposure to clonidine and 2-chloroadenosine.
Scalebars: 15 um (a, bleft) and 5um (a, bright). ¢, Larvae (n =80) exposed to
lights OFF at mid-day (ZT8, firstarrow inschematic) took longer to sleep
(mean + SEM) compared to lights OFF at theend of day (ZT14, 2nd arrow).
*#p =2,27x107", Kruskal-Wallis. d, Average locomotor activity ( + 95%CI) on
al4 hr:10 hrLD cycle before, during, and after aS hr midday (ZT5-10, 7 dpf,
shaded purple panel) exposure to melatonin (n =31larvae), clonidine (n =32),
or DMSO (n=32). Datafromtwoindependent experiments. e, Larvae treated
with either melatonin or clonidine from ZT5-10 had reduced and delayed sleep
(£SEM)infirsthour of the night (ZT14-15) compared to controls. *P < 0.05,
**P <0.01,****P <0.0001 Dunnett’s Test.
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Extended DataFig.10|See next page for caption.




Extended DataFig.10|Drug-evoked day timesleep induces synapse

loss only when clonidine and 2-chloroadenosine are co-administered.

a-b, Clonidine-, 2-chloroadenosine-, and/or melatonin-treated larvae have a
lower average activity (+ SEM) and longer average sleep bout lengths (+ SEM)
duringthe 5 hrdrug period compared to DMSO treated controls. ¢, The average
percentage changein synapse number (+ SEM) within each neuron of DMSO,
clonidine-, 2-chloroadenosine-, and/or melatonin-treated larvae. *P < 0.05,

**P <0.01, ***P < 0.0001Kruskal-Wallis with post-hoc Dunn’s test (b left and
right; and c, left) or one-way ANOVA (aright, cright).d, The average activity of
larvae before, during and after treatment with either 30 pM clonidine or DMSO

from ZT5-10 (purple shaded area) at 7 dpf. 1-minute dark pulses were given
every 30 minduringthe treatment period to test for responsiveness. e, Higher
resolution time-course of average locomotor activity during the drug treatment
and dark-pulse period (ZT5-10). f, Both clonidine and DMSO-treated larvae
respond to dark pulse withanincrease inlocomotion, known as the visuomotor
response or dark photokinesis. Shownis the average locomotor responsetoa
single 1-minute dark pulse delivered at ZT7.g, Locomotor activity for each
larva-treated with clonidine (1-minute bin) at the time of dark pulse (ZT7)
shownind.Ofthe13larvaethat wereinactive at the onset of the I-minute dark
pulse, 12 rapidly increased their locomotor activity within1 min.
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Extended DataFig.11|FoxP2.A+neuronsexpressadenosineand adrenergic  A2aa, A2ab,and A2b) transcripts. b, Single FoxP2.A+ neuron (green) also

receptorstranscripts. Examples of adrenergic and adenosine receptor
transcripts that colocalize with labelled FoxP2.A+neurons (middle and right

colocalize withan HCR probe cocktail that detects adral aa,-ab, -ba, -bb, -d
(yellow, encoding zebrafish aladrenergic receptor orthologs) and adra2a,

panel) asdetected by insitu Hybridization Chain Reaction (HCR, see Methods). -¢, -da (magenta, encoding zebrafish a2 adrenergic receptor orthologs)

a, Asinglelabelled tectal neuron (green) colocalizes with a cocktail of HCR
probesthat detect adorala-b (yellow, encoding for adenosine receptors Ala
and Alb) and adora2aa, -ab, -b (magenta, encoding for adenosine receptors

transcripts.Scalebar:10 pm (a, b). Representative data from 5larvae. Images of
co-localized transcripts chosen fromn =11neurons (a) and n =10 neurons (b).
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Anti-tRFP (rabbit polyclonal, AB233, Evrogen)

Validation According to manufacturer: Demonstrated to react with rat. Predicted to react with human based on immunogen design. Predicted

to react with mouse based on 100% sequence homology. Demonstrated to work in zebrafish in Sheets et al., 2011; replicated in this
study to label synapse puncta.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals zebrafish: AB/TL; nacre

Wild animals Provide details on animals observed in or captured in the field, report species and age where possible. Describe how animals were
caught and transported and what happened to captive animals after the study (if killed, explain why and describe method; if released,
say where and when) OR state that the study did not involve wild animals.

Reporting on sex Sex is not yet biologically determined in the larval zebrafish ages used in this study.

Field-collected samples | For laboratory work with field-collected samples, describe all relevant parameters such as housing, maintenance, temperature,
photoperiod and end-of-experiment protocol OR state that the study did not involve samples collected from the field.

Ethics oversight project licenses PA8D4DOES and PP6325955 awarded to JR, according to the UK Animal Scientific Procedures Act (1986)

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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