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Abstract

Sleep is a universal behavior that exists across species. We previously found that deletion of
transcription factor APTF-1induces sleep lossin C. elegans and Drosophila. In mammals, sleep has two
states: rapid eye movement sleep (REMS) and non-REMsleep (NREMS), which can be distinguished by
EEG spectral power. Thereare five homologs of APTF-1in mammals, from Tfap2a to e. However, little
is known about whether these homologs, Tfap2aand b, have a conserved role of regulating sleep in
animals with a more complex brain. Therefore, | characterized the sleep and wakefulness of Tfap2a
and b mutantsin mice. Consistent with our previous finding, paralogs of Tfap2a and b control sleepin
mice. However, Tfap2aand b control sleepin a bidirectional manner. EEG results showedthat Tfap2a*
mice exhibited higher sleep drive, whereas Tfap2b*" mice showed a reduced sleep quality with
shortened NREMS amount during baseline recording. As expected, sleep deprivation induced a
stronger deltaandthetapowerreboundin Tfap2a mutants, but aweakerresponsein Tfap2b mutants.
This functional divergence was also observed in behaviors beyond sleep. Tfap2b*- mice displayed
depression-like behavior while Tfap2a* mice were hyperactive and showed more resistance to the
stressful environment. With the decreased sleep quality, learning and memory were impaired in
Tfap2b mutants. In addition, Tfap2b mutants exhibited a slightly shortened circadian period. In
summary, Tfap2a and b control sleepin mice as well, butin a bidirectional way. It might support the

hypothesisthat, as nervous system evolved, the function of Tfap2a and b genes also diverged.

GABAergic neurons play a key role promoting sleep. The development of GABAergic neurons is
regulated by various transcription factors. However, it is not clear whether or how Tfap2a and b are
involvedinthe expression and function of GABAergicneurons. Here | measured the expression of the
genes that control GABA synthesis and transportation in Tfap2a*" and Tfap2b* mice. Results from
gPCR has confirmed a role of Tfap2b, but not TFap2a, in regulating the GABAergic gene expression.
However, the role of Tfap2b was complex. The expression of GAD65, GAD67, Vgat was decreased in
cortex, brainstem, cerebellum, butincreasedin striatum. Further, using ISH, adecrease number of the
GAD67 expressing GABAergic cells was detected in the parafacial zone, a sleep-promoting center
located in the lowerbrainstem. Since the expression of Tfap2b in brain starts early at developmental
stages, E14.5 brains were extracted and analyzed using RNA-seq. Results have revealed various
differentially regulated genes from homeobox, Sic family and those related to neurotransmission
function. Together with gPCR and ISH results, they provided molecular evidencesimplying a functional
role of GABAergic neurons expressing Tfap2b gene. Next, | characterized the function of GABAergic
neurons expressing Tfap2b in sleep in Vgat-Tfap2b” mice. EEG analysis showed that sleep quantity
and intensity were reduced in female Vgat-Tfap2b’ mice during baseline recording. Consistent with

this observation, the homeostaticsleep response was also weakened in these mutants. These results



together suggest that Tfap2b plays a role in the GABAergic system at molecular and behavioral

functional level.

In conclusion, my study has revealed a conserved role of Tfap2b and its paralog Tfap2a in sleep control.

Itisverylikelythat Tfap2b exertsits conserved functionin sleep through GABAergicsystem.



1. Introduction

Sleep is many things. It is a behavioral state that animals in sleep maintain a distinct posture, stay
inactive but are ready to wake up. Sleep is a neural concert that the conductor of neurons is active
leading everyone else asleep in synchronized oscillation. Sleep is a physiological stage that mammals
dream and twitch from time to time. Invoking a metaphor from Blumberg et al. [1], are these
components of sleep like the varied tools in a Swiss army knife gathered in the same place, a gene

and/ora brainarea?

Over the evolutionary course, components of sleep expand from simple behaviors to complex
physiological oscillations [2]. Genetics is the key to understand the common elements of sleep control
shared between vertebrates and invertebrates [3]. Homeostatic regulation of sleepis a conserved
function that sleep deprivationin C. elegans and mice can induce a rebound sleep to compensate for
the lost [4, 5]. In the simple model of C. elegans, which has only 302 neurons, sleep behavior can be
turned off either through deleting APTF-1, a transcription factor gene, or inactivating the GABAergic
RIS neuron [6]. As sizes and complexity of nervoussystemgrow, littleis known about how the function

of this conserved transcription factor evolved to support amore complex mammalian sleep.



1.1 NREM and REM sleep

In 1953, Aserinsky and Kleitman have reported a special state of sleep in humans where the
electrooculograms (EOG) showed rapid, biocularly symmetrical eye movements [7], which is termed
as rapid eye movement (REM) sleep.Since the discoveryof the REMsleep, the two distinct sleep states
have been defined in many other mammals and birds [8-10]. Nowadays, it is well accepted that the
main physiological vigilance states in homeotherms are wakefulness, non-REMssleep (NREMS) and

REM sleep (REMS) [10].

Mammals sleepinvery different architectures. Sleepintensity (or depth), quantity, timing, stability are
important measurements characterizing the sleep architecture [11]. Humans exhibit continuous
monophasicsleep that, during a typical night, we cycle through all stages of NREMS and REMS 3-5
times with each cycle approximately 90 min [12, 13]. Mice are nocturnal animals that sleepin a
discontinuously polyphasic architecture. In laboratory conditions (light-dark cycle of 12h : 12h), both
wild-caught [14] and lab-bred M. musculus [5, 14, 15] sleep discontinuously for ~12.5h in total and
shiftthrough sleep-wake statesin a 24-h day with most of the sleep states occurringin light phase [5].
Inhumans, NREMS can be furtherdivided into 3stages, N1to N3, ranging fromthe lightestsleepin N1
to the deepestsleepin N3. Human-like sleep stages have beenrevealedin micein a few studies [16,
17], but whetherthese stages have a physiological relevance remains to be explored. NREMSin mice,
equivalentto human deep NREMS, is also termed as slow-wave sleep (SWS), with high-amplitude, low-

frequency oscillations as the dominant spectral power state.

Studies in mammalian sleep rely heavily on monitoring physiological changes in cortical activity [18,
19]. In humans, a non-invasive scalp electroencephalogram (EEG) together with electromyogram
(EMG) and EOG remains to be the essential method [19]. In mice, EEG signals are collected by
electrodesimplanted overthe frontal/parietal cortex and EMG signals by awire insertedinto the neck
muscle [18]. Slow and strong delta EEG poweraround 0.5-4Hz exists throughout the NREMS period in
mice with a quiet muscle tone, whereas, in humans, slow wave activity (SWA) occurs only in the N3
deep sleep stage. Mouse REMS has a slow rhythmic theta wave ranging from 5-10Hz with musde
atonia, but human EEG showed similar pattern to that of wakefulness where brain waves with low
amplitude fast or mixed frequency exist [18, 19]. While REM and NREM sleep are clearly defined in
birdsand mammals, components of NREMS and REMS have also beenidentified inreptiles and jellyfish

[20, 21].



EEG activity can occur in different time and space within the same brain during sleep. Birds share
largely similarelectrophysiological features of the two sleep states with mammals [22]. Based on EEG
recording, unihemispheric NREMS (sleeping with one cerebral hemisphere at a time) or asymmetric
NREMS (deeper within one hemisphere than the other) was described in birds [23]. Later, this
phenomenon was also reported in marine mammals like dolphins. Even humans and mice that have
symmetricsleep show spatiotemporal desynchronizations in sleep EEG [24, 25]. Forexample, anterior
power in the NREMS EEG is predominant in lower-frequency power compared with that of posterior
derivations [26]. Therefore, in this study, | collected EEGsignals from both frontal and temporal areas

of the same murine cortex (Fig. 1).
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Figure 1. Example of EEG spectral powerintensityin sleep.
EEG power spectra from frontal and parietal cortex recordings of a wild type mouse during NREMS

(left) and REMS (right) in a 24-h day.



1.2 Regulations of Sleep

In 1982, Alexander Borbely proposed a two processes model that sleep is regulated through a
homeostatic process (Process S) and the circadian oscillator (Process C) by studying human sleep
architecture [27]. Process Cdeterminesthe timing of sleep. Forexample, in humans, the light promote
wake and night promotes sleep. Process S simulates the sleep pressure (or sleep need), which
accumulates during the wakefulness and dissipatesduring sleep. The dynamics of the ProcessS is best
characterized by the spectral analysis of SWA during sleep. Delta power accumulates proportionally to
the duration of prior wakefulness [28], and progressively declines throughout the sleep period [29].
These two processes have been successfully applied in vertebrates with circadian system. When
disentangled [30], based on the behavior to Process S, the dynamics of sleep was also interpreted in

invertebrates underbaselineleveland aftersleep deprivation (SD).

Sleepintensity is positively correlated with sleep pressure. In humans and mice, SWA or delta power
is a metric of sleep intensity and homeostatic sleep respond. Delta power can be locally expressed
withinthe same brain. In mice, within the overall vigilance state of NREM, deltasignals (approx. 0.5 —
4Hz) derived from the frontal cortex is moreintense than that from the somatosensory cortex [31]. On
the contrary, under REM state, theta oscillation (approx. 5 —10Hz) is more powerful in somatosensory
cortex. Consistent with thisobservation, in my experiment, astronger delta power derivesfrom frontal
EEG signal than parietal recording; and a higherthetaoscillation from parietal electrodes (Fig. 1). The
sleep pressure depends on the level of wakefulness that delta oscillation accumulates during baseline
waking hours and increases further as the wakefulness prolongs [27]. The extension of waking hours
is termed as sleep-deprived hours and the increased power of delta wave after SD is termed as a
rebound of the delta power. For example, in humans on a 24-h baseline scale, sleep pressure is the
highestbefore sleep onset [27]. After 12 to 36 hours of sleep deprivation, the powerintensity in low

frequency bandsincreases massively [28].



1.3 Methodology of sleep deprivation

Sleep deprivation refers to keep the subject awake when it shows signs of falling asleep. It is widely
used in studies of the homeostatic regulation in sleep [32-34]. SD protocols defer in terms of length,

frequency, stimuli, type of sleep state affected.

In humans, acute SD can be applied ranging from a few hours to a few days within healthy individuals
to study sleep homeostasis. Total SD of ~72 hoursis considered to have anti-depressant effect that it
has beenappliedtotreat patients with a major depressive disorder [35, 36]. However, chronicSD, as
observed in patients having sleep disorders, links to a wide range of pathological symptoms, like
Parkinson’s disease, Attention-Deficit Hyperactivity Disorder (ADHD), as well as psychiatric disorders

[37-39]. Similarly, chronicSD can also lead to long-term impairments in mouse behavior [40].

Procedures used to keep rodents awake include treadmills/rotating wheels, flowerpot and gentle
handling. Major advantages and disadvantages of these methods were discussed in this review [41].
Further, treadmills and rotating wheels are based on forcedlocomotion, which might induce metabolic
changes ontop of sleep deprivation [42]. Flowerpot method requiresanimals to maintain wakefulness
to remain on a platform, if not they fall into the water. These methods include forced locomotion,
aversive stimulus oracombination of both. They are highly efficient strategies foran unsupervised SD
butare more stressful to the animal compared to gentle handling, which can be applied in both chronic
or acute SD for mouse pups [43] and adults. In this study, | aimed to apply the least stressful method

to restrict total sleep while keepingits ability toinduce asleep rebound.

An acute SD of 6 h with gentle handling (GH) is considered to be the least stressful way to study the
homeostaticsleep rebound. Such SD protocol usually starts after the lights-on when the sleep pressure
isthe highest to ensure a maximum efficiency. In mice, a4-h SD by GH is enough to induce arebound
effectin REMS, whereas NREMS requires longer duration SD of at least 6h to ensure a rebound effect
in commonly used mouse strains [5]. From the perspective of delta power intensity, the duration of
acute SD seemstoreachitsupperlimitafter6 h (approximately 55%). Longer restriction (e.g., 10h [5])
doesnot produce furtherdeltapowerincreased. A 6-h-SD procedure with GH is reported to have no
significant effect on anxiety-like behavior [42], and evokes antidepressant effects [44]. While it has
been reported to induce deficits in learning and memory, but these deficits are often reversible on a
behavioral and molecularlevel withinfew hours of recovery sleep [45]. Therefore, in this study, | used
6-h-SD with GH protocol to investigate the homeostatic regulation of sleep with the smallest

disruptions possibleto other biological functions.



1.4 Genetic control of sleep

Sleep patternishighlyinheritable. Monozygotictwinsshare more similarities in sleep architecture such
sleep quantity, EEG spectra, sleep timing than dizygotic twins [46]. Recently, studies based on family
linkage analysis and genome-wide association studies (GWAS) reveal a conserved role of genes
involvedin sleep regulation across species. In familial natural short sleepers (FNSS), who need 4-6
hours of sleep, a point mutation in ADRB1 gene has been identified to contribute to the short sleep
feature. Consistent with the human phenotype, mice carryingthe same mutation (Adrb1—-A187V) also
exhibitshortersleep [47]. Similarly, aconserved role has also been identified for Dec2gene in human,

mice and Drosophila [48].

Mice, sharing ~85% identity with human genome, display similar sleep states and EEG features to
human sleep. Therefore, mouse models are important in studying the function of sleep genes. From
the studies of genetic knockouts in mice (Fig. 2), it is implied that one gene can control different
components of sleep and each component can be affected by multiple genes. The genetic control of
one gene alone seemsto be partial. Forexample, in terms of sleep quantity, genes affect around 10%
to 30% of total sleep time. However, as sleep is crucial for survival, complete SD could lead to death of
an animal [49]. Thus, itisalso very likely that genesaffect greater portion of sleepare also detrimental

to survival when knocked down completely from an animal.

Circadian genes play a major role regulating the timing of sleep. Deletion of Bmall1 [50] or Vipr2 [51]
completely disrupts the rhythm of sleep and T44A mutation of CK1D leads to advanced sleep phase
syndrome [52]. Arrhythmic Cry1/2 mice exhibit faster sleep-wake cycles and more fragmented sleep
[53]. Further, an altered circadian rhythm can also negatively affect components of sleep other than
sleep timing. For example, arrhythmic Per1/2 [54] knockouts, long period Clock 2**/21° mutants [55],
short period Npas2 - mice [56], Prok2 - mice[57] with attenuate circadian amplitude, all these

mutations resultinreduced NREMS time and an altered sleep rebound.

Serotonin, dopamine, norepinephrine (NE), orexinare main neurotransmitters/neuropeptide involved
in arousal. Consistently, decreased NREMS is observed in 5-HT2c [58] and 5-HT2a [59] knockouts or
DAT - mice [60, 61] which display elevated extracellular dopamine concentration. On the contrary,
NREMS is increased in mice deprived of NE [62]. Although the overall sleep time in Orexin /" mice[63]
does not change, but these mutants showed sleep fragmentation (similar to Dhc’ mutants[63, 64])

and narcolepsy when exposed to motor exercise.



Interestingly, compared with broad effects of circadian, neurotransmitter genes have imposed on
sleep architecture, genes related to ion channels are targeting on slow wave EEG power, which is a
marker of sleep homeostasis. Deletionof specific subunitin potassium channel (Sk2 [65]) or calcium
channels (Cacnalb [66]; Cacnalg [67]) doesnot induce massive change in sleep quantity butlead to

decreased NREMS power (marker of sleep homeostasis) and, therefore, less consolidated sleep.

A qualified sleep is important to the well-functioning of immune system, memory consolidation
process and metabolism [68]. Reversely, genes associated with these functions also affect sleep
behaviors. Mice lack of immune factors (TNF-a or IL-1b [69]), or are resistant to Leptin [70], growth
hormone releasing hormone (GHRH) [71] have reduced sleep. Interestingly, increased NREMS was
observed in mice lacking the a and A isoforms of CREB, which play an important role regulating
memory consolidation [72]. This reflects a shared pathway between sleep and immune response/

memory/ metabolism.
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Figure 2. Heatmap of genes that control sleep with a focus on NREMS changes.

Geneswere listed along the y-axis with theirbiological/cellular function added to theirleftside. Four
components characterizing NREMS changes were listed along the x-axis. Legend to the right side
described colors indicating changes of quantity/ homeostasis (marker: a wave power) / stability that
were increased, arrhythmic (e.g. increased in light phase, but decreased in dark phase), decreased,
unchanged or unknown; the legend also indicated the timing of sleep as advanced/ delayed NREMS
onset, orwith an arrhythmicschedule. Alldata were collected from literatures of mouse studies using

homozygous knockout or point mutation, except for CK1D, which was from human studies.



1.5 Sleep-promoting brain areas

1.5.1Preopticarea

Von Economo found that the damage in posterior hypothalamus arealead to insomnia 90 years ago,
tremendous work has been made to find the central control of sleep ever since [73]. Seventy years
later, a flip-flop model was proposed [74] and modified [75] to describe a brain circuitry that allows
the organism (humans as the example) to switch between sleep and wakefulness. In the flip-flop
model, the preopticarea (POA, Fig. 3) plays akey role in sleep-promoting circuitry whereas the lateral
hypothalamus (LHA) is crucial for maintaining wakefulness [75]. Sleep-active GABAergic neurons [76,
77] in POA project to histaminergictuberomammilary nucleus (TMN) inthe LHA to inhibit wake active
neuronsand, therefore, promote sleep [78]. As expected, POA alsohas inputs from the arousal system
[79] renderingthe spatially intermingled and diffused expression ofthe sleep-promoting and the wake-
promoting neurons [80]. POA s a functionally and molecularly heterogeneous area, for example, the
sleep-active galaninergic neurons in ventrolateral preoptic nucleus (VLPO) also express glutamic acid
decarboxylase (GAD) [78]. Within POA, VLPO has a denser expression of sleep-active neurons [81].
Studies have confirmed the sleep-promoting function of GABAergic neurons in POA that project to
TMN [82] and galanin producing neuronsin VLPO [83]. Althoughthe neurotransmitters responsible for
the mammalian sleep-promoting function remains elusive, arecentstudyin zebrafish larve reported
that galanin is required in modulating sleep homeostasis [84]. Additionally, in search of a central
commander of sleep, the inhibition of these sleep-active galaninergic neurons and lesions of VLPO
reduce sleep of approximately 50% [83, 85]. Lesions of bilateral POA have produced sleeplessness in
two cats, but with a large scale and severe (in some cases lethal) impairment upon other biological

functions, such as motor function, sensory, temperature regulation, feeding behavior [49].



1.5.2 Parafacial zone

Parafacial zone (PZ), located in the medullary brainstem (Fig. 3), lies lateraland dorsal to the 7t facial
nerve [86]. PZisrecognizedas adelimited node of sleep-active neuronssending projections into medial
parabrachial nucleus (MPB [87], one of the pontinearousal systems) [86]. GABAergic cell-body-specific
lesion in mouse PZ has induced a sustaining decrease in total sleep amount of around 40% without
changing the sleep timing [86]. Chemogenetic activation of GABAergic neurons in PZ area promotes
SWS with increased SWA and a more consolidated SWS bout length but not timing [88]. Further, the
SWS sustaining effectis strong enough to counteract the wake -promoting effect of armodafinil [89], a

psychostimulant used to treat narcolepsy.

1.5.3Ventrolateral tegmental nucleus

Ventrolateral tegmental nucleus (VTA), locates in the ventral midbrain (Fig. 3), has a complex role in
sleep-wake regulation. VTA has been considered as wake-promoting area for a long time because of
the large presence of wake-promoting [90] or REMS-active [91] dopaminergicneurons, butit has also
been uncoveredthatthe dopaminergicneurons projected to the dorsal striatum has sleep -promoting
effect [92]. Moreover, VTA contains a large population of GABAergic neurons that selective ablation
induces wakefulness and activation results in long-lasting NREMS with higher delta power [93-95].
However, although ablation of GABAergicneurons in VTA hasinducedsustainable sleep loss similarto
that resulted from lesions of GABAergic PZ[86, 95], the ablation also results in mania-like behaviorsin

mice such as hyperactivity, high risk-taking behaviors, distractability [96].



1.5.4 Emerging sleep-promoting areas

Adenosinereceptor A,,expressing neuronsinnucleus accumbens (NAc, locatesin the ventral striatum,
Fig. 3) regulates SWS amount and bout duration, but does not affect sleep rebound or SWA [97, 98].
Conditional deletion of the homeobox transcription factor Lhx6 from GABAergic neurons in zona
incerta (ZI, lateral hypothalamus Fig. 3) induced a mild decrease of sleep amount (~ 10%) as well as
delta power [99]. GABAergic/inhibitory neurons seem to play the key role in NREMS-promoting as
more NREMS-regulating regions have been revealed, such as rostromedial tegmental nucleus [100]
and central nucleus of the amygdala [101]. Since sleep-promoting and wake promoting areasinnervate
each other, it is not surprising to find NREMS promoting SOM-positive GABAergic neurons in the
arousal center of basal forebrain [102]. REMS promoting brain areas are concluded inthis review [103],

including sublaterodorsal nucleus (SLD), ventromedial medulla, dorsomedial hypothalamusand LHA.
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Figure 3. NREMS-promoting areas in adult mouse brain

NAc, nucleus accumbens; POA, preoptic area; ZI, zona incerta; VTA, ventrolateral tegmental nudeus;
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1.6 AP-2 transcription factors

Transcription factor AP-2 family in mice and humans has five members from a to €, each
correspondently encoded by Tfap2genesfromato e [104]. AP-2proteins consist of a transactivation
domainrichinprolineand glutamineatthe aminoterminus, abasicdomain,adimerization helix-span-
helix motif at the carboxyl terminus [104]. The dimerization motifand the basicdomain form the DNA

bindingsite are highly conserved [105].

AP-2 proteins are crucial in neural crest cell, epidermal development, germ cell induction [106, 107].
In mouse, AP-2 proteins express early in neural crest (E9.5) and have rather restricted distribution in
the head, peripheral nervous system and limbs [108, 109]. AP-2a, B, y have overlaps in in the facial
area, AP-2aand b in midbrain and hindbrain. AP-2a and  have prominent expression in diencephalon,
midbrain, hindbrain from embryo (E11.5) to juvenile (P28) [Allen Developing Mouse Brain Atlas, Gene
paint]. AP-26is almost exclusively butvery diffusely expressed throughout the midbrain [109]. Tfap2e
expression was restricted to the developing olfactory bulb from E11.5 to an undetectable level in P14
[110], which made this gene a less promising candidate forsleep regulation. | focused on Tfap2a and
b because of their abundant expression in the midbrain/hindbrain which become brainstem where
sleep-promoting centers locate [86]. Deletion of Tfap2d produces viable animals [111], whereas
deletion of either Tfap2a or b is perinatal-lethal [112, 113]. Therefore, we used heterozygous deletion
of Tfap2a and b, as partial mutations of these genes resultin detectable phenotypes. For example, two

families with heterozygous loss of Tfap2b have CHAR syndrome (CHAR, OMIM#169100) [114].

As Tfap2a-Tfap2b heterodimer promotes neuro crest specification [115], the function of AP-2a and
AP-2b has been extensively investigated in the peripheral system of mammals. Deletion of Tfap2
paralogs causes abnormalities in craniofacial, renal, retinal function and they play a key role in
sympathetic nervous system development [112, 113]. Patients carries Tfap2b mutation have mild
abnormalities in anterior body patterning, such as facial dysmorphism and shortened or absent 5%
finger [116]. Except for typical syndromes of heart, face, limbs abnormalities, they are also reported
to have parasomniasymptoms [114]. Our previous studies showed that Tfap2homologsin C. elegans
and Drosophila control sleep behavior [6, 117]. Therefore, | explored the molecular changein Tfap2a
and b mutantbrainfrom both embryo and adult mouse using RNA-seq. Since GABAergicneurons play
a major role regulating sleep in the brainstem sleep centers, expression of GABAergic genes was

guantified using gPCR and ISH within specificbrain areas.
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1.7 Amis of this project

Sleep can be described in behavioral and electrophysiological terms. Behavioral sleep is universal in
the animal kingdom, while electrophysiological sleep has only been defined in homeothermic
vertebrates. Ourprevious studies showed that APTF-1deletionresultsinsleeplossin C. elegans, this
gene is conserved in mammals where there are 5 subtypes ( Tfap2b to e). Thus, further validation is
required through genetic studies in mammals, like mouse, which allow the study of a complex brain.
This could also be beneficial since the involvement of both REM and NREM statesin a mouse model.

Moreover, this may shed light on the evolution of sleep.

Aim 1 - Validate and characterize function of Tfap2a and Tfap2b in mice on a molecular and

behavioral level to elucidate if they have implications on sleep circuitry

To achieve the first goal, | used heterozygous knockout mouse lines of Tfap2a and Tfap2b to
characterize: (1) biophysical features of sleep by EEG/EMG recordings combined with sleep deprivation
experiments; (2) circadian, behavioral psychological and cognitive features of these mouse lines; (3)

gene expression patternsinbrain using RNA-seq.
Aim 2 —Investigate how Tfap2b affect GABAergic system

GABAergic neurons play an essential role promoting sleep in mammals. My previous study has
confirmed a role of Tfap2b in the shortened sleep phenotype. Thus, the next focus of my thesis is to
study the correlation between Tfap2b and GABAergicsystem. To achieve this second goal, | aimed (1)
to investigate the GABAergic gene expression using RT-qPCR in Tfap2b*- adult mouse brain; (2) to
analyze the distribution of GABAergicneuronsinthe sleep promoting parafacial zone usingISH; (3) to

examine gene expression patternin developing mutantbrains.
Aim 3 — Explore whether deletion of Tfap2b in GABAergic neurons affect sleep

Based on the previous results revealing that deletion of Tfap2b affected the GABAergic gene
expression, | determined totestits functionin sleepbehavior. To achievethis third goal, | aimed (1) to
generate a mouse line with Tfap2b specificknockoutin GABAergicneurons (2) characterize the sleep

behaviorusing EEG/EMG recordings combined with sleep deprivation experiments.
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ABSTRACT Sleep is a conserved behavioral state. Invertebrates typically show quiet sleep, whereas in mammals, sleep consists of
periods of nonrapid-eye-movement sleep (NREMS) and REM sleep (REMS). We previously found that the transcription factor AP-2
promotes sleep in Caenorhabditis elegans and Drosophila. In mammals, several paralogous AP-2 transcription factors exist. Sleep-
controlling genes are often conserved. However, little is known about how sleep genes evolved from controlling simpler types of sleep
to govern complex mammalian sleep. Here, we studied the roles of Tfap2a and Tfap2b in sleep control in mice. Consistent with our
results from C. efegans and Drosophifa, the AP-2 transcription factors Tfap2a and Tfap2b also control sleep in mice. Surprisingly,
however, the two AP-2 paralogs play contrary roles in sleep control. Tfap2a reduction of function causes stronger delta and theta
power in both baseline and homeostasis analysis, thus indicating increased sleep quality, but did not affect sleep quantity. By contrast,
Tfap2b reduction of function decreased NREM sleep time specifically during the dark phase, reduced NREMS and REMS power, and
caused a weaker response to sleep deprivation. Consistent with the observed signatures of decreased sleep quality, stress resistance
and memory were impaired in Tfap2b mutant animals. Also, the circadian period was slightly shortened. Taken together, AP-2
transcription factors control sleep behavior also in mice, but the role of the AP-2 genes functionally diversified to allow for a bi-
directional control of sleep quality. Divergence of AP-2 transcription factors might perhaps have supported the evolution of more
complex types of sleep.

KEYWORDS TFAP2; sleep; behavior; EEG; Mus musculus

LEEP is a fundamental state that is defined by behavioral
criteria that include the absence of voluntary movement,
an increased arousal threshold, relaxed body posture, revers-
ibility, and homeostatic regulation (Campbell and Tobler
1984). By these criteria, sleep has been identified not only
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in mammals, but also in other vertebrates as well as in inver-
tebrates (Campbell and Tobler 1984; Tobler 1995; Joiner
2016; Bringmann 2018; Keene and Duboue 2018). Sleep in
invertebrates is characterized mostly as quiet sleep, with a
reduction of neuronal and behavioral activity (Raizen and
Zimmerman 2011; Miyazaki et al. 2017). In the more com-
plex brains of mammals, two major stages of sleep have been
defined. Rapid eye movement sleep (REMS) is characterized
by a relatively active brain and muscle paralysis and is also
called active sleep. Non-REM sleep (NREMS) is a type of
quiet sleep characterized by a strong reduction of brain and
muscle activity (Campbell and Tobler 1984). This suggests
that sleep appeared first in evolution as a type of quiet sleep
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and then diversified into two types of sleep, which are man-
ifested as NREMS and REMS in mammals (Miyazaki et al.
2017).

The molecular biology of sleep has been studied in all major
genetic model animals such as mice, zebrafish, fruit flies, and
nematodes (Joiner 2016; Miyazaki et al. 2017). Genetic anal-
ysis indicates that many genes play evolutionarily conserved
roles in sleep control (Roberts and Hudson 2009). Thus,
genes can be studied across model organisms to solve under-
lying molecular mechanisms of sleep regulation. For exam-
ple, a gain-of-function mutation of salt-inducible kinase 3
(SIK-3) called sleepy increased NREM sleep in mice (Funato
et al. 2016). Whereas a loss-of-function mutation of SIK-3 is
lethal in mice, deletion of the Caenorhabditis elegans SIK-3
homolog KIN-29 is not lethal, but reduces sleep (Funato et al.
2016). It was shown that SIK-3 impacts sleep in C. elegans by
controlling energy metabolism (Grubbs et al. 2019). We pre-
viously showed that knockout of the AP-2 transcription factor
APTF-1 results in sleep loss in C. elegans (Turek et al. 2013).
The AP-2 family of transcription factors is evolutionarily con-
served in both invertebrates and vertebrates (Bringmann
2018). The basic and helix-span-helix (HSH) domains are
necessary for DNA binding and dimerization functions, and
are highly conserved among all TFAP2 orthologs and
paralogues. The N-terminal portion of the protein contains
the transactivation domain, which has an amino acid se-
quence that is poorly conserved among the AP-2 proteins
(Williams and Tjian 1991).

AP-2 transcription factors are best known to control onto-
genetic processes such as the development of face, limbs, and
organs (Moser et al. 1997b; Werling and Schorle 2002; Zhao
et al. 2003; Lin et al. 2018). We showed that, in C. elegans,
APTF-1 is required for the functioning of the sleep-inducing
RIS (Ring Interneuron S) neuron. Without APTF-1, crucial
sleep-inducing neuropeptides are not expressed in RIS, and,
thus, sleep is virtually abolished (Turek et al. 2013). Consis-
tent with a conserved role in sleep control, neuronal knock-
down of the sole AP-2 homolog in adult Drosophila almost
completely abolishes night sleep but without affecting day
sleep (Kucherenko et al. 2016).

In mammals, the AP-2 family consists of five paralogs,
AP-20-AP-2¢, encoded by genes Tfap2a-TfapZ2e, respectively
(Eckert et al. 2005). Here, we focus on Tfap2a and b, which
are expressed prominently in neural crest cells starting
around embryonic day 8 (E8) during early development of
the central nervous system and are still detectable in adult
brains (Chazaud et al. 1996; Moser et al. 1997b; Zhao et al.
2003). In humans, mutations affecting the basic domain in
AP-2 can lead to the loss of function of these transcription
factors. Heterozygous mutation of Tfap2a causes branchio-
oculo-facial syndrome (BOFS; OMIM#113620) by a mecha-
nism that mostly involves the loss of function of transcription
factor activity (Li et al. 2013). BOFS is associated with mul-
tiple craniofacial abnormalities as well as eye, hearing, and
skin defects. To our knowledge, no sleep abnormalities have
been reported for BOFS individuals. Loss of Tfap2a causes
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severe developmental problems of the heart, brain, and skeletal
systems leading to lethality (Schorle et al. 1996; Zhang et al
1996; Brewer et al. 2004). Tfap2a™/~ mice are viable and fertile.
Heterozygous deletion is associated with mild developmental
defects in craniofacial and brain development, providing a mouse
model to study BOFS (Schorle et al. 1996; Zhang et al. 1996;
Kohlbecker et al. 2002; Green et al. 2015). To our knowledge,
Tfap2a™*/~ mice have not yet been tested for sleep abnormalities.

Heterozygous mutation of Tfap2b causes Char syndrome
(CHAR, OMIM#169100) by either dominant negative or
haploinsufficiency mechanisms (Satoda et al. 2000; Zhao
et al. 2001; Mani et al. 2005). CHAR is characterized by de-
velopmental defects that include facial dysmorphism, abnor-
malities of the fifth finger, and failure of ductus arteriosus
closure (patent ductus arteriosus, PDA) (Satoda et al. 1999).
In two families with heterozygous loss of Tfap2b function,
CHAR individuals showed self-reported sleep abnormalities.
In the first family, sleepwalking was reported, whereas in the
second family individuals reported shortened nocturnal sleep.
However, the nature of these sleep changes remains unclear as
these phenotypes were not confirmed using polysomnography
(Mani et al. 2005). Homozygous deletion of Tfap2b in mice
causes early lethality. By contrast, heterozygous deletion in
mice causes PDA and fifth finger digit abnormalities but no
obvious facial anomalies, providing a model of CHAR (Moser
et al. 1997a; Satoda et al. 1999). However, sleep has not yet
been studied in Tfap2b*/~ mice.

AP-2 transcription factors have diverged in mammals to play
nonredundant roles in development. In invertebrates, AP-2
plays a key role in sleep induction. Hence, AP-2 transcription
factors provide a unique chance to study how sleep genes
evolved from controlling simpler types of sleep in invertebrates
to more complex types of sleep in mammals. Multiple hypoth-
eses are conceivable for how AP-2 transcription factors may
have evolved to control sleep. Three hypotheses may seem most
plausible. (1) A sleep-promoting role might be present in one of
the AP-2 paralogs, but such a role is not found in other AP-2
paralogs. (2) Multiple AP-2 paralogs might play a redundant
role in promoting sleep. (3) Different AP-2 paralogs might serve
specialized subfunctions in promoting sleep.

In this study, we studied sleep in Tfap2a*/~ and Tfap2b™/~
mice. Surprisingly, we found that Tfap2a and Tfap2b play
opposing roles in sleep control. Tfap2a*/~ causes an increase
in sleep quality, and is also associated with hyperactivity dur-
ing a stress test. By contrast, Tfap2b*/~ reduces sleep time
and quality and is associated with altered circadian rhythms,
mildly depressive-like symptoms, and a learning defect.
Thus, AP-2 transcription factors appear to have diverged to
allow bidirectional control of sleep.

Materials and Methods
Animals

Neofloxed-Tfap2a conditional knockout mice were obtained
from Trever Williams (Brewer et al. 2004) and bred with



CMV-Cre mice to delete exons 5-6 of Tfap2a. Mice that are
homozygous for this allele were perinatal lethal in our colony
probably due to neural tube closure defects and cleft second-
ary palate (Zhang et al. 1996). Thus, heterozygous mice
(Tfap2a*/~) were used in this study and their wild-type
littermates (Tfap2a*/*) were used as controls.

Tfap2b knockout mice were provided by Markus Moser
[Max Planck Institute (MPI) for Biochemistry] with PGK-
neo cassette inserted into exon four of the Tfap2b gene.
Tfap2b~—/~ mice die shortly after birth due to polycystic kid-
ney disease (Moser et al. 1997a). Thus, heterozygous mice
(Tfap2b*/~) were used in this study and their wild-type lit-
termates (Tfap2b™/+) were used as controls.

Adult (2-6 M) males were used in this study, except for the
running-wheel test (see section Wheel-running activity and
circadian analysis). Mice were kept at the animal facility of
the MPI of Biophysical Chemistry in accordance to Lower-
Saxony animal welfare laws. All animal experiments were
carried out in compliance with the German Law on Animal
Welfare and were approved by the Office for Consumer Pro-
tection and Food Safety of the State of Lower Saxony. All
animal experiments were approved by the Animal Experi-
ments Ethical Committee of the Max Planck Institute for Bio-
physical Chemistry (Goéttingen, Germany) and Laves, and
were carried out in accordance with European Union (EU)
Directive 2010/63/EU on the protection of animals used for
scientific reasons. Mice were entrained in a 12:12 hr light-
dark cycle from 6:00 to 18:00. For the entire behavioral test-
ing, adult male mice were singly housed with ad libitum access
to water and food pellets, in controlled constant temperature
and humidity. The animals were individually housed at least
1 week prior to the experiment.

Genotyping

Ear biopsies of mice were collected and genomic DNA was
extracted through incubation in PBND lysis buffer (PCR buf-
fer with nonionic detergents: 50 mM KCl, 10 mM Tris HCI
pH 8.3,2.5 MMgCl,, 0.1 mg/ml Gelatin, 1 mg/ml protein-
ase K, 0.45% NP-40, 0.45% Tween) for at least 6 hr at 55°,
followed by 45 min at 85° to deactivate the Proteinase K.
Genotyping primers and conditions are listed in Supplemen-
tal material, Table S1.

Surgeries

Mice were anesthetized using isoflurane (1-2% in 100% O5)
during the surgery. Miniature screw electrodes (2.16 mm
diameter, Bilaney Consultants GmbH) with wire (5 mm) at-
tached were implanted. Two electrodes were placed over the
right and left frontal cortex [anteroposterior (AP) +1.5 mm
from bregma; mediolateral (ML) 1.7 mm). One electrode was
placed over the right parietal (AP +1.5 mm from lambda, ML,
1.7 mm) cortex. Two electrodes were placed bilaterally over
the cerebellum (AP -1.5 mm from lambda, ML, 1.7 mm) as
reference (left) and ground signal (right). One subcutaneous
electrode (12 mm, Bilaney Consultants GmbH) was placed in
the nuchal muscle for the electromyogram (EMG) recording.

All attached wires were assembled in a plastic pedestal
(MS363, PlasticsOne, Bilaney Consultants GmbH), which
was fixed to the skull with dental cement. The mice were
housed individually and left to recover for at least 8 days
before they were attached to the recording cable. Mice were
given a 2-day acclimation period to adjust to the cable before
recording.

Electroencephalogram recording setups and schedule

The recording room was kept under 12 hr light/12 hr dark
cycles and room temperature. Light was delivered from ZTO
(6 am) to ZT12 every day. All electrodes were gathered into a
light weight and flexible cable and connected to the record-
ing system (Multi Channel Systems MCS GmbH). Electroen-
cephalogram (EEG) and Electromyography (EMG) signals
were collected continuously at a sampling rate of 2000 Hz.
To examine the sleep-wake behavior under the baseline con-
ditions, the EEG/EMG recordings were performed for two
consecutive days, beginning at ZT0. By the end of the base-
line recording, all mice were sleep-deprived (Bernard et al.
2015) by gentle handling and novel object interaction proto-
cols for six consecutive hours started from ZTO to ZT6
(Colavito et al. 2013). Any direct contact of the experimenter
with the animals was avoided. At the end of the sleep depri-
vation (SD) period, the animals were left to move and sleep
freely with free access to food and water, and recording was
continued for the next 48 hr.

EEG data analysis

A MatLab-based, custom-written auto-score system was first
trained with EEG/EMG data by a human scorer. The EEG/
EMG data were then analyzed by the auto-score system (Gao
etal. 2016), followed by visual inspection by the same human
scorer. In brief, a training set was selected for every 24 hr
of data based on a random REMS epoch and preceding
90 epochs (15 min) as well as the following 90 epochs. This
process was repeated until a total of 720 epochs (2 hr) of
training was selected. The remaining 7920 epochs (22 hr)
were subjected to short-time Fourier transformation and
auto-scored with a multiple classifier system at a 5% rejection
threshold using MatLab. Training and rejected epochs were
scored using Sirenia Sleep Pro (Pinnacle Technologies, Law-
rence, KS). Manual scoring of three vigilance states were
performed for each 10-s epoch as either wake, NREMS and
REMS. Wake was scored based on the presence of low am-
plitude, fast EEG, and high amplitude, variable EMG. NREMS
was characterized by high-amplitude delta (0.5-4 Hz) EEG
but low frequency EMG activity. REMS was characterized by
low-amplitude rhythmic theta waves (6-10 Hz) with EMG
atonia. The scorer was blind to the genotype within all the
scoring process. The power for each 0.1-Hz bin (between 0.5
and 25 Hz) within the 10-s segment was calculated. For
48 hr of baseline recording, average values were calculated
and plotted on a 24 hr-scale. Time spent per hour or total
hours in wake/NREMS/REMS stages was calculated over ZT
or during the 24 hr light/dark phase for each genotype. To
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evaluate the effect of SD, changes in time or bout length of
NREMS/REMS during recovery sleep were calculated. In
power spectral analysis, the EEG time series were decomposed
into a voltage by frequency spectral graph, with power calcu-
lated as the square of the EEG magnitude, and magnitude
being the integral average of the amplitude of the EEG signal
(Kent et al. 2018). During baseline recording, derived power
data were further grouped and analyzed based on frequency
and vigilance states. Here, we presented the raw power data
based on the vigilance state in combination with either the
distribution of power in 0.1-Hz windows or frequency classes.
After SD, the NREMS/REMS/wake powers during recovery
sleep were expressed as percentage to the mean of the same
ZT from basal recording. Mean values of power spectrum data
were calculated for each genotype and the values were sub-
mitted to Wilcoxon signed rank tests to make comparison be-
tween the genotypes. All power data were expressed as
averaged values from measurement of frontal and temporal
lobes. For delta and theta power analysis following SD, Z06-
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12, Z12-18, Z18-24 time zones following the end of SD were
used.

Behavioral testing

All behavioral tests were conducted between 08:30 am and
06:00 pm during the light phase. The order of testing was as
follows: elevated plus maze (EPM), rotarod, Morris water
maze (MWM), sucrose preference test (SPT), forced swim
test (FST), tail suspension test (TST), and fear conditioning
(FQ).

Elevated plus maze

The EPM consisted of four arms, each 30 cmlongand 9.7 cm
wide, elevated 50 cm off the ground. Two arms were
enclosed by walls 25 cm high and the other two arms were
exposed. Mice were placed on the central platform. The be-
havior of each subject was tracked by an overhead camera
and a computer equipped with VideoMot (TSE Systems
GmbH, Germany), and recorded for 5 min. VideoMot was
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used to calculate the time spent in the open or closed arm.
Time spent in open arm or central platform was used to eval-
uate exposure aversion.

Rotarod test

Motor functions and coordination were examined on the
rotarod machine with automatic falling sensors (RotaRod
Advanced, TSE Systems GmbH, Germany). For the habitua-
tion, mice were trained with the rotating speed of 10 rpm
twice a day for two consecutive days. In each trial, mice were
placed back to the rod immediately after falling off. After
training, mice were tested under continuous acceleration
from 5 rpm to 40 rpm with two sessions per day for two
consecutive days. The latency to fall was recorded with a
computer equipped with RotaRod software. Each measure-
ment lasted 180 s with at least 6-hr intervals.

MWM test

A circular pool of 1.0 m in diameter was used for the MWM.
The water (21°), made opaque by addition of nontoxic tem-
pera paint, was 20 cm deep, and the wall of the pool ex-
tended 15 cm above the surface of the water. A square
hidden platform (13 X 13 cm) was located 1 cm below
the water surface approximately in the middle of one of the
pool quadrants. Distal visual cues surrounding the pool

0 2 4 6 8 10 12 14 16 18 20 22

0 2 4 6 8 10 12 14 16 18 20 22

-

Figure 2 EEG delta and theta power are in-
creased in Tfap2a*'~ mice. (A) EEG power spec-
tra in NREMS. (B) NREMS delta power (1-4 Hz),
two-way ANOVA followed by Sidak’s multiple
comparisons test, the main effect of genotype,
F (1,240) = 29.58, ****P < 0.0001. (C) EEG
power spectra in REMS. (D) REMS theta power
(6-10 Hz): two-way ANOVA followed by
. Sidak’s multiple comparisons test, the main effect
of genotype, F (1,240) = 7.558, **P = 0.0064.
(E) EEG power spectra during wakefulness. (F)
Power analysis during wake (0.5-4 Hz), two-
way ANOVA followed by Sidak’s multiple
comparisons test, the main effect of genotype,
F (1,240) = 4.028, *P = 0.0459. All data are
shown as the mean = SEM n = 5 for Tfap2a+,
n = 7 for Tfap2a*~. P values for 1-25 Hz were
calculated using Wilcoxon two-sided signed-rank
test, ****P < 0.0001. All data are shown as the
mean * SEM.

r
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r4)

included four colored labels of different shapes fixed around
the edge of the water tank, as well as a door and a wall of
cabinets. The test consisted of three phases: visible platform
task, hidden platform task and probe test for a total of 11 con-
secutive days. To exclude mice with visual or motivational
impairments and habituate them to the testing conditions,
we performed visible platform task during the first 2 days.
In this phase, mice were trained to swim to a visible platform
placed 1 cm above water surface and in the middle of the
water tank. Next, mice were tested with a hidden platform
task where a fixed platform was hidden 1.0 cm below the
water surface. Mice that failed to locate the platform within
90 secwere guided to it, and all mice were allowed to rest on
the platform for at least 15 sec before being returned to their
cage. On probe test day, the platform was removed, and mice
were allowed to swim in the pool for up to 90 sec. The time
spent in each quadrant was measured. On each of the
11 days, mice were given four trials per day starting from
each of the four cardinal directions (N, S, E, W) in a pseudo-
random order that changed every day. In each trial, mice
were gently held close to the water surface facing the wall
and then placed in the pool. The swim patterns were moni-
tored by the video-tracking system VideoMot (TSE Systems
GmbH). The escape latency, swim speed, path length, and
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trajectory of swimming were recorded for each mouse. Mice
that were swimming slower than 60% of the average speed of
wild type, Tfap2a, and Tfap2b mutants during each phase
were classified as floaters. Two floaters were removed from
the Tfap2a*/~, eight from Tfap2b™/*, six from Tfap2b*/~.

Sucrose preference test

The whole experiment was carried out in the home cage of the
mice in the breeding area. Two identical bottles were used for
each cage and placed in left and right sides of the cage. Mice
were allowed to habituate to the bottles with standard drinking
water for 48 hr. In the second 24 hr of the habituation period,
weights of the bottles were recorded. Then, mice were given
48 hr of free choice between two bottles of either 2% sucrose
or standard drinking water. At the end of the period the bottles
were weighed again and the consumption was calculated. No
previous food or water deprivation was applied before the test.
The percentage of sucrose preference was calculated using the
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following formula: Sucrose preference = V(sucrose solution)/
[V(sucrose solution) +V(water)] X 100%.

Forced swim test

The test apparatus consisted of an inescapable transparent
cylinder (25 cm height X 15 cm diameter) containing
20 cm of water (23°). Dividers (35 cm height X 22 cm
width) were used between cylinders to prevent mice from
seeing each other during the test. Mice were individually
placed into the cylinders, and the immobility was recorded
over a 6-min test period. Immobility was analyzed by an
observer according to the following criteria. Each mouse
was judged to be immobile when it ceased struggling and
remained floating motionlessly in the water, making only
those movements necessary to keep its head above water.

Tail suspension test

The TST (Gibney et al. 2013) was performed as described
previously (Can et al. 2012). Each mouse was suspended
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30 cm above the floor by the tail with a 16 cm long piece of
tape. Dividers (35 cm height X 15 cm width) were hanged
between tapes to prevent mice from seeing each other during
the test. The behavior was recorded for 6 min. Immobility
was analyzed by an observer.

Contextual FC test

The contextual FC test was performed as described previously
(Fischer et al. 2004; Sananbenesi et al. 2007). In brief, FC was
carried out with a computerized fear conditioning system
(TSE Systems GmbH) using a computer, equipped with
Freeze Scan software (Clever Systems), connected to a con-
trol unit containing a shock and a noise generator. Animals
were allowed to explore the training cage for 3 min followed
by a mild electric shock (2 sec, 0.5 mA). Context-dependent
freezing, defined as the absence of movements other than
those required for breathing, was assessed for the following
2 days with a 24-hr interval without the electric shock.
Freezing behavior and average movement were recorded
for each mouse.

Wheel-running activity and circadian analysis

The setup included six controls and six mutant mice (three
males and three females for each genotype of Tfap2a and

0 2 4 6 8 101214 16 18 20 22

0 2 4 6 8 1012 14 16 18 20 22

Figure 4 EEG delta and theta power are de-
creased in Tfap2b*'~ mice. (A) EEG power spec-
T tra in NREMS. (B) NREMS delta power (1-4 Hz),
two-way ANOVA followed by Sidak's multiple
comparisons test, the main effect of genotype,
F(1,264) = 13.68, ***P = 0.0003. (C) EEG
power spectra in REMS. (D) REMS theta power
(6-10 Hz), two-way ANOVA followed by Sidak’s
multiple comparisons test, the main effect of
genotype, F (1,264) = 5.525, *P = 0.0195. (E)
EEG power spectra during wakefulness. (F)
Wake power analysis (0.5-4 Hz), two-way
ANOVA followed by Sidak’s multiple comparisons
test, the main effect of genotype, F (1,264) =
Faj 9.126, **P = 0.0028. All data are shown as the
mean = SEM, n = 7 for Tfap2b**, n = 6 for
Tfap2b*/~. P values for 1-25 Hz were calcu-
lated using Wilcoxon two-sided signed-rank
test, ****P < 0.0001. All data are shown as
the mean = SEM.

0 2 4 6 8 10 12 14 16 18 20 22

F4)

Tfap2b) at the age of 2-5 months. Mice were placed in single
cages with running wheels connected to a computer running
ClockLab (Actimetrics) data collection software. Genotypes
and sexes were evenly distributed over two boxes. Animals
were not disturbed during the entire experiment. Wheel
counts were checked every day to assess well-being of the
animal. The experiment consisted of five phases: training
phase, entrainment phase, phase advance (jetlag), light pulse
at ZT14, and free-running phase. During the training phase,
animals were in a 12 hr light: 12 hr dark (LD) cycle
for >7 days with a light phase light intensity of 300 lux to
habituate to the running-wheel. Next, daily activities were
recorded and calculated as an average of 10 days. After the
entrainment period in LD, mice were subjected to an abrupt
shift in the light schedule by advancing the “lights off” time by
6 hr (jetlag paradigm). The number of days needed to com-
pletely re-entrain to the shifted LD cycle was compared
between the genotypes. After mice were completely
re-entrained to the new LD cycle, a light pulse was delivered
at ZT14 for 30 min at 300 lux and mice released into con-
stant darkness (DD), and phase shifts were calculated for
activity onsets on the day after the light pulse. Mice were
retained in DD for another 2 weeks to assess free-running
period lengths by x? periodogram analysis. One female in
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Figure 5 NREMS delta power following sleep deprivation is increased more strongly in Tfap2a*~ mice but less strongly in Tfap2b*'~ mice. (A) NREMS
time change in Tfap2a*/~, two-way ANOVA tests followed by Sidak’s pairwise comparison, the main effect of genotype: F(1, 30) = 0.103, P= 0.750;
the main effect of time, F(2, 30) = 0.791, P = 0.791. (B) Average NREMS bout duration change in Tfap2a*/~, two-way ANOVA tests followed by
Sidak’s pairwise comparison, the main effect of genotype: F(1, 30) = 0.072, P = 0.790; the main effect of time, F(2, 30) = 1.407, P = 0.261. (C)
NREMS delta power changes (0.5-25 Hz) in Tfap2a*/~ mice. Z06-12: 0.5-25 Hz, ****P < 0.0001. Z12-18: 0.5-10 Hz, P = 0.334; 10-25 Hz,
**k%Pp < (0.0001. Z18-24: 0.5-5 Hz, P = 0.334; 5-25 Hz, ****P < 0.0001. (D) NREMS time change in Tfap2b*'~, two-way ANOVA tests followed
by Sidak’s pairwise comparison, the main effect of genotype: F(1, 33) = 0.595, P = 0.446; the main effect of time, F(2, 33) = 3.008, P = 0.063. (E)
Average NREMS bout duration change in Tfap2b*/~, two-way ANOVA tests followed by Sidak’s pairwise comparison, the main effect of genotype:
F(1, 33) = 0.014, P = 0.906; the main effect of time, F(2, 33) = 1.476, P = 0.243. (F) NREMS delta power changes (0.5-25 Hz) in Tfap2b*/~ mice.
Z06-12: 0.5-25Hz, ****P < 0.0001.Z12-18: 0.5-25 Hz, P= 0.715.718-24: 0.5-25 Hz, ****P < 0.0001. n = 5 for Tfap2a*"+, n = 7 for Tfap2a*'~-,
n = 7 for Tfap2b*+, n = 6 for Tfap2b*~. Wilcoxon two-sided signed-rank tests were used for power changes in (C and F). BSL, baseline sleep;

R, recovery sleep. All data are shown as the mean *= SEM.

Tfap2a*’'* was identified as an outlier using ROUT (Q = 1%)
method and was removed from further analyses.

RNA-sequencing

RNA isolation and sequencing were carried out by Bernd
Timmermann and Stefan Bérno at the sequencing facility of
the Max Planck Institute for Molecular Genetics, Berlin,
according to their protocol: RNA was isolated from 20 to
80 mg of mouse brain tissue from B6N, Tfap2a*/~ and
Tfap2b*/~ (stored in RNAlater) following the Qiagen RNeasy
protocol. First, the tissue samples were homogenized with
the TissueLyser (Qiagen) at 25 Hz for 2 X 2 min in Qiazol
lysis buffer; 140 wlchloroform was added, and, after 15 min
centrifugation at 12,000 X g, the aqueous phase containing
the RNA was extracted. Ethanol (1.5 volumes) was added
and the samples were washed with Qiagen’s RWT buffer on
a Qiagen RNeasy spin column. RNA was treated with 10 pl of
DNase I on column for 15 min followed by a wash with
RWT. After further washes with RPE buffer, the purified
RNA was eluted with 50 pl water, yielding between 5 and
22 pg RNA.

After quality control using Agilent’s Bioanalyzer, sequenc-
ing libraries were prepared from 500 ng of total RNA per
sample following Roche’s stranded “KAPA RNA HyperPrep”
library preparation protocol for single indexed Illumina li-
braries: First, the polyA-RNA fraction was enriched using
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oligo-dT-probed paramagnetic beads. Enriched RNA was
heat-fragmented and subjected to first-strand synthesis
using random priming. The second strand was synthesized
incorporating dUTP instead of dTTP to preserve strand in-
formation. After A-tailing, Illumina sequencing compatible
adapters were ligated. Following bead-based clean-up steps,
the libraries were amplified using 11 cycles of PCR. Library
quality and size was checked with gBit, Agilent Bioanalyzer,
and quantitative PCR (qQPCR). Sequencing was carried out on
an Illumina HiSeq 4000 system in PE75bp mode, yielding
between 27 and 37 million fragments per sample.

Data analysis of RNA-sequencing

Following base calling, adaptor clipping was performed using
cutadapt 2.4 (Martin 2011). Data were mapped against
the GRCm38.p6 genome using STAR v 2.6.1d (Dobin et al.
2013) and differentially expressed genes were analyzed
using EdgeR.

Statistics

Statistical analysis was performed using GraphPad Prism
8.3.0 and IBM SPSS (Version 22). All data were subjected
to a Shapiro-Wilk normality test for Gaussian distribution
and Levene’s test for equality of variances. For the dataset
that showed a Gaussian distribution (P > 0.05 in normality
test), we performed parametric tests such as two-tailed
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Figure 6 REMS theta power following sleep deprivation is increased more strongly in Tfap2a*/~ mice but less strongly in Tfap2b*/~ mice compared with
wild-type controls. (A) REMS time change in Tfap2a*/'~, two-way ANOVA tests followed by Sidak’s pairwise comparison, the main effect of genotype:
F(1, 30) = 1.698, P = 0.202; the main effect of time, F(2, 30) = 4.585, P = 0.018. (B) Average REMS bout duration change in Tfap2a*/~, two-way
ANOVA tests followed by Sidak’s pairwise comparison, the main effect of genotype: F(1, 30) = 17.95, P = 0.010; the main effect of time, F(2,
30) = 5.365, P = 0.0002. ZT06-12: *P = 0.011. 212-18: **P = 0.0079. Z18-24: P = 0.749. (C) Rebound differences of REMS in theta power
(0.5-25 Hz) in Tfap2a*/~. Z06-12: 0.5-25 Hz, ****P < 0.0001. Z12-18: 0.5-25 Hz, ****P < 0.0001. Z18-24: 0.5-25 Hz, ****P < 0.0001. (D)
REMS time change in Tfap2b*/—, two-way ANOVA tests followed by Sidak’s pairwise comparison, the main effect of genotype: F(1, 33) = 0.673,
P = 0.418; the main effect of time, F(2, 33) = 16.86, P < 0.0001. (E) Average REMS bout duration in Tfap2b*/~, two-way ANOVA tests followed by
Sidak’s pairwise comparison, the main effect of genotype: F(1, 33) = 0.234, P = 0.632; the main effect of time, F(2, 33) = 2.521, P = 0.096. (F)
Rebound differences of REMS in theta power (0.5-25 Hz) in Tfap2b*'~. Z06-12: 0.5-25 Hz, ****P < 0.0001. Z12-18: 0.5-25 Hz, P= 0.119. 18-
24:0.5-25 Hz, ****P < 0.0001. n = 5 for Tfap2a*™*, n = 7 for Tfap2a*/~, n = 7 for Tfap2b***, n = 6 for Tfap2b*'~. Wilcoxon two-sided signed-rank

tests were used for power changes in (C and F). BSL, baseline sleep; R, recovery sleep. All data are shown as the mean = SEM.

paired/unpaired t-test and ANOVA followed by Sidak’s
multiple comparisons. For the dataset that failed to show a
Gaussian distribution, we performed nonparametric tests,
such as a Mann-Whitney test and Wilcoxon signed-rank
test. Significance levels in the figures are represented as
*P < 0.05,**P< 0.01,***P< 0.001,and ****P < 0.0001.
Error bars in the graphs represent mean = SEM.

Quantitative PCR

To assess the mRNA reduction of AP-2a and B in Tfap2a and b
mice, total RNA was extracted from the cortex using an RNA
extraction kit (Qiagen GmbH). Total RNA was reverse tran-
scribed into ¢cDNA using the high capacity cDNA RT kit
(Applied Biosystems) according to the manufacturer’s
instructions. Subsequently, the mRNA expression levels of
AP-2a and B were quantified by qPCR using the Fast SYBR
Green Master Mix (Applied Biosystems) using specific pri-
mers for each gene (Table S2). cDNA amplification was
performed following a PCR program of 40 cycles, with
denaturation at 94° for 1 min and annealing at 62° for
30 sec, followed by elongation at 72° for 1 min using an
ABI 7500 gPCR cycler. mRNA expression was analyzed using
the 272ACa method where the control was normalized to 1,
and the treated samples were compared with their control.
Primers and conditions are listed in Table S2.

Data availability

The authors state that all data necessary for confirming the
conclusions presented in the article are represented fully within
the article. All data are available at Dryad: https://doi.org/
10.5061/dryad.rv15dv45r. Raw RNA-seq data are available
at GEO: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE155629. EEG-autoscore code is available at GitHub:
https://zenodo.org/badge/latestdoi/240526669.

Results
Increased sleep pressure in Tfap2a*— mice

We first analyzed sleep in Tfap2a mice. To quantify sleep and
wake, we used EEG and EMG recordings (Mang and Franken
2012). As homozygous knockouts of Tfap2a are not viable
(Zhang et al. 1996), we studied Tfap2a heterozygous ani-
mals. qPCR showed that these mutants had a reduced
Tfap2a mRNA amount by about half (Supplemental Material,
Figure S1). We first analyzed the amount of NREMS and
REMS from the electrophysiological recordings. Total sleep
time was not significantly affected (Figure 1, A and B). We
observed a trend toward increased NREMS (Figure 1, C and
D), which did not, however, reach statistical significance.
REMS time was decreased slightly (Figure 1, E and F). Sleep
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Figure 7 Behavioral phenotyping of Tfap2a*'~

Conditioning Test1  Test2

mice reveals signs of mild hyperactivity. (A) Elevate plus maze, two-tailed unpaired t-test, P = 0.136. (B)

Rotarod test, two-way ANOVA test, the main effect of genotype: F(1, 148) = 0.927, P = 0.337; the main effect of time, F(3, 148) = 2.512, P= 0.061.
(C) Morris water maze (MWM), time spent searching for visible platform during two consecutive training days: to compare mutants and their controls,
unpaired Student t-test was used for day 1, P = 0.274; Mann-Whitney U-test for day 2, P = 0.096. Wilcoxon two-sided signed-rank tests for two
related samples were used for day 1 and day 2 within each genotype: Tfap2a*/*, **P = 0.001; Tfap2a*'~, **P = 0.004. (D) MWM, time spent searching
for hidden platform during eight consecutive training days from day 3 to day 10. Two-way ANOVA tests followed by Sidak’s pairwise comparison, the
main effect of genotype: F(1, 256) = 1.049, P= 0.307; the main effect of time, F(7, 256) = 8.652, P < 0.0001. (E) MWM, time spent in each quadrant
during probe test: one-way ANOVA followed by Sidak’s pairwise comparison, F = 21.125, P < 0.0001. Tfap2a*™* vs. Tfap2a*/~: target, P = 1.000;
right, P = 0.819; left, P = 0.918; opposite, P = 1.000. Target vs. right/left/opposite quadrant in Tfap2a*/*: ****P < 0.0001, *P = 0.024,
**xkp < 0,0001. Target vs. right/left/opposite in Tfap2a*'—: ###P = 0.001, ###p < 0.0001, ####P < 0.0001. (F) Sucrose preference test: habituation,
P= 0.379; test 1, P= 0.781; test 2, P= 0.415, Mann Whitney test. (G) Forced swim test (FST), latency to immobility, P = 0.830, Mann Whitney test. (H)
FST, time spent immobile, P = 0.147, Mann Whitney test. (I) Tail suspension test (TST), latency to immobility, *P = 0.039, Mann Whitney test. (J) TST,
time spent immobile, ****P < 0.0001, Mann Whitney test. (K) Fear conditioning test, average motion, training, P = 0.296; test 1, P = 0.428; test 2,
*P = 0.028, Mann Whitney test. (L) Total freezing time, training, P= 0.771; test 1, P= 0.258; test 2, *P = 0.018, Mann Whitney test. Data are shown as

the mean = SEM n = 16 for Tfap2a*™*, n = 15 for Tfap2a*/~.

bout analysis did not show any significant changes in sleep
architecture (Figure S2). We next investigated sleep quality
using power spectrum analysis. Tfap2a™/~ mice exhibited
significantly increased delta power in NREMS (Figure 2, A
and B) and theta power in REMS (Figure 2, C and D). Addi-
tionally, EEG spectral analysis of Tfap2a*/~ mice during
wakefulness showed increased low-frequency power (1-
7 Hz) (Figure 2, E and F). Increased delta power in NREMS
and increased theta power in REMS suggests that sleep in-
tensity in Tfap2a*/~ mice was increased.

Sleep loss and reduced sleep quality in Tfap2b*~ mice

We next determined sleep amount and quality of Tfap2b*/~
mice by EEG/EMG recordings. Heterozygous deletion of
Tfap2b led to a reduction of mRNA by about half (Figure
S1). Total sleep time was significantly reduced, an effect that
was caused by a specific reduction of sleep during the dark
phase (Figure 3, A and B). Analysis of NREMS showed that
the reduction of total sleep was due mainly to a reduction in
NREMS during the dark phase (Figure 3, C and D). By con-
trast, no difference could be detected for REMS (Figure 3, E
and F). We next analyzed the distribution of sleep bouts in
Tfap2b*/~ mice. Longer sleep bouts were reduced, an effect
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that was particularly pronounced in the dark phase (Figure
S3, A-D). NREMS bouts, particularly long ones, were signif-
icantly reduced, again most strongly in the dark phase (Fig-
ure S3, E-H). The distribution of REMS bouts remained
unchanged (Figure S3, I-L). Power analysis showed that
Tfap2b™/~ mice had significantly decreased delta power in
NREMS (Figure 4, A and B), as well as reduced theta power in
REMS (Figure 4, C and D). Delta power was already reduced
during wakefulness (Figure 4, E and F). In summary, these
findings suggest that, in contrast to Tfap2a*/~ mutants,
Tfap2b*/~ mice have reduced total sleep, which primarily
is a consequence of reduced or shortened NREMS bouts in
the dark phase. Tfap2b*/~ mice have less NREMS/REMS
power, suggesting a reduction not only of sleep amount,
but also of sleep quality.

Opposing effects of Tfap2a*~ and Tfap2b*~ on
homeostatic responses to SD

Baseline sleep characterization showed that reductions in the
function of Tfap2a and Tfap2b have opposing roles in sleep
regulation. To test whether these different roles of the two
transcription factors extend to sleep homeostasis, we tested
the response of Tfap2a*/~ and Tfap2b*/~ mice to SD. Using
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test. (B) Rotarod test, two-way ANOVA test, the main effect of genotype: F(1, 136) = 1.313, P = 0.254; the main effect of time, F(3, 136) = 0.249,
P = 0.862. (C) Morris water maze (MWM), time spent searching for visible platform during two consecutive training days: to compare mutants and their
controls, unpaired Student t-test was used for day 1, P= 0.908; Mann-Whitney U-test for day 2, P= 0.557. Wilcoxon two-sided signed-rank tests for
two related samples were used for day 1 and day 2 within each genotype: Tfap2b**, *P = 0.028; Tfap2b*'~, P = 0.091. (D) MWM, time spent
searching for hidden platform during eight consecutive training days, Two-way ANOVA tests, the main effect of genotype: F(1, 148) = 63.40,
P < 0.0001; the main effect of time, F(7, 148) = 0.377, P = 0.915; Sidak’s pairwise comparison between genotype,*P < 0.05,**P < 0.01. (E)
MWM, time spent in each quadrant during probe test, one-way ANOVA followed by Sidak’s pairwise comparison, F = 7.381, P < 0.0001. Tfap2b*'+
vs. Tfap2b*'~: target, P = 1.000; right, $P = 0.034; left, P = 0.141; opposite, P = 1.000. Target vs. right/left/opposite quadrant in Tfap2b*/~*:
*P=0.034, P= 0.141, ****P < 0.0001. Target vs. right/left/opposite in Tfap2b*~: P = 1.000, P = 0.950, ##P = 0.009. (F) Sucrose preference test,
habituation, P = 0.465; test 1, P= 0.372; test 2, P = 0.961, Mann Whitney test. (G) Forced swim test (FST), latency to immobility, *P = 0.039, Mann-
Whitney test. (H) FST, time spent immobile, *P = 0.020, Mann-Whitney test. (I) Tail suspension test, latency to immobility, P = 0.231, Mann-Whitney
test. (J) Tail suspension test, time spent immobile, P= 0.087, Mann-Whitney test. (K) Fear conditioning test, average motion, training, P= 0.815; test 1,
P = 0.673; test 2, *P = 0.047, Mann Whitney test. (L) Fear conditioning test, total freezing time, training, P = 0.696; test 1, P = 0.152; test 2,
*P = 0.027. Mann Whitney test. All data are shown as the mean = SEM n = 10 for Tfap2b**, n = 11 for Tfap2b*'~.

gentle handling (Colavito et al. 2013), we kept mice (Figure S6 and S7). REMS bout duration increased more
awake for 6 hr starting from light onset and measured strongly in Tfap2a*/~ compared to wild-type littermates
and quantified the increase in sleep amount and quality (P < 0.01) (Figure 6, A and B). Tfap2a*/~ also showed a
by EEG. higher theta power rebound compared to their littermates

Sleep time and delta power increased after SD in all  (Figure 6C). In contrast, REMS time and REMS bout duration
conditions tested (Figures S4 and S5), but the magnitude increased less in Tfap2b*/~ after SD compared to wild-type
of delta power responses differed in the different mutants.  controls during ZT18-24, although these differences were not
Tfap2a*/~ mutant and control animals did not show statisti- significant (Figure 6, D and E). Supporting this trend, the theta
cally significant differences in sleep time and bout length  power rebound after SD in Tfap2b*/~ mice was significantly
(Figure 5, A and B). However, mutant animals exhibited  yeaker compared to wild-type control animals during Z06-12

higher rebound delta power compared to control animals  5,4718.24 (Figure 6F). Thus, Tfap2a*/~ mice respond more
within the first 6 hr after SD (Z06-12) (Figure 5C). The delta strongly to SD, whereas Tfap2b*/~ animals exhibit a weaker

power rebound diminished during the next (Z12-18) and response to SD compared to wild-type controls.
following 6 hr periods (Z18-24) in both control and mutant
animals (Figure 5C). Tfap2b*/~ animals also showed no dif-
ference in NREMS time (Figure 5D) or bout duration (Figure
5E) after SD compared to control animals, but lower rebound
delta power during Z06-12 (Figure 5F). During Z12-18, no  Sleep loss is correlated with emotional instability, anxiety
rebound was observed in both control and mutant animals,  (Verbitsky 2017), depression (Matsuda et al. 2017), and cog-
but the power change was smaller in mutants during 718-24 nitive defects (Bezdicek et al. 2018). We hence tested how
(Figure 5F). reduction of function of Tfap2a and Tfap2b affects anxiety,

We next quantified REMS time and theta power following  depression, as well as learning and memory (Figures 7 and
SD. A delayed REMS rebound was observed in both Tfap2aand ~ 8). To assess anxiety-associated behavior, we performed the
Tfap2b mutants for REMS time as well as for theta power  EPM test (Walf and Frye 2007). Explorative behavior assayed

Divergent behavioral changes in Tfap2a*~ and
Tfap2b*'~ mice
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in the EPM was similar across groups (Figure S8, A-D). The
time spent in open arms and entries into the open arms were
not changed relative to the corresponding littermates. Thus,
we could not detect altered anxiety-associated exploration
behavior in Tfap2a™'~ or Tfap2b*/~ (Figures 7A and 8A).
Accelerating rotarod tests (Deacon 2013) showed that there
was no difference in latency to fall during four testing trials in
both mutants compared to their respective littermates (Fig-
ures 7B and 8B), indicating that motor coordination and bal-
ance in both mutants are not affected. Interestingly, Tfap2b™~
showed minor motor learning deficiency during the train-
ing trials, but this was not observed in Tfap2a*/~ (Figure S8,
E and F).

To assess spatial learning and memory, we performed the
MWM test (Radyushkin et al. 2009). Tfap2a™/~ mice as well as
controls required similar times to reach the visible platform
during the 2 days of training, and the latency was significantly
shortened on the second training day (Figure 7C). Tfap2b*/~
and control mice did not differ significantly when exposed to
the visual water maze paradigm (Figure 8C). The mice were
next subjected to an 8-day hidden platform training test. Over
time, the latency to locate the hidden platform decreased, and
the learning pattern in Tfap2a™/~ mice was comparable to
wild-type litter mates (Figure 7D). By contrast, Tfap2b*/~
mice had severe problems finding the hidden platform (Figure
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8D). Finally, the platform was removed in the probe test, and
the percentage of time spent in the target quadrant where the
platform was previously located was examined in comparison
to other quadrants. Tfap2a™/~ mice and their littermates spent
most of the time in the target quadrant, suggesting that they
learnt and remembered the previous location of the platform
(Figure 7E). By contrast, Tfap2b*/~ mice did not show the
preference for the target quadrant as clearly as the wild type
(Figure 8E). Together, these data suggest that spatial learning
and memory might be impaired in Tfap2b*/~ but not in
Tfap2a*/~ mice.Depression-associated behavior was assessed
by SPT (Alkhlaif et al. 2017), FST (Yankelevitch-Yahav et al.
2015) and TST (Can et al. 2012). In Tfap2a™/~ and Tfap2b™/~
mice, no difference was observed in sucrose preference across
all days of the experiment (Figures 7F and 8F). This result
suggests that both Tfap2a™/~ and Tfap2b™/~ mice are able
to experience pleasure from the reward (sucrose water). In
the FST, there was no significant difference in latency to im-
mobility and time spent immobile in Tfap2a*/~ mice, but
Tfap2b*/~ mice showed a reduced immobility latency and
spent more time immobile (Figures 7, G-H and 8, G-H). Dur-
ing the TST, increased immobilization latency and less immo-
bility time were observed in Tfap2a*/~ mutants but not in
Tfap2b*/~ mice (Figures 7, I and J and 8, I and J). Taken
together, Tfap2a™/~ mice showed signs of hyperactive
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behavior in the TST. By contrast, Tfap2b™/~ mice showed
longer periods of immobility in the FST.

We next performed the contextual FC test (Fischer et al.
2004). In the conditioning session, average motion and freez-
ing did not differ significantly between mutants and controls
in both Tfap2a*+/~ and Tfap2b™/~ mice. On the first test day
after conditioning, both groups of mice showed signs of
fear memory as evidenced by increased freezing time. On
the second test day, both Tfap2a*/~ and Tfap2b*/~ mice
exhibited higher motions and less freezing time compared
to the respective controls, indicating impaired reconsolida-
tion (Figures 7, Kand L and 8, K and L).

In summary, motor function and balance in both Tfap2a*/~
and Tfap2b*/~ mice are comparable to wild-type controls.
Emotion-associated behavior, assayed by the response to pos-
itive sensation (sucrose water) or mild environmental stress
(e.g., EPM), in both Tfap2a*/~ and Tfap2b*/~ mice also ap-
pears to be comparable to wild-type controls. In MWM tests,
Tfap2b™/~ mice showed severe impairment in finding the
platform during training. However, the difference between
Tfap2b*/~ and controls was less severe in the probe test,
where Tfap2b*/~ still showed preference of the target quad-
rant, even though this preference did not reach statistical

significance to the neighboring left quadrant. This suggests
that, perhaps, spatial memory in Tfap2b*/~ is less accurate.
In addition, the lack of platform arrival might have stimu-
lated expanded search behavior also in other quadrants. In-
terestingly, Tfap2a™/~ mice appear to be less stressed when
exposed to the TST, whereas Tfap2b™/~ mice tend to react
negatively in this test. Tfap2b*/~ mice have impaired spatial
as well as contextual fear memory. Tfap2a*/~ mutants have
reduced freezing time during FC, but this might be due to the
hyperactivity rather than impaired fear memory. These re-
sults suggest that the different AP-2 mutants display at least
partially divergent behavioral characteristics.

The free-running period of the circadian rhythm is
shortened in Tfap2b*— mice

Sleep is strongly regulated by the circadian system. We thus
explored circadian rest-activity regulation in Tfap2a*/~ and
Tfap2b*/~ mice. We measured wheel-running activity under
baseline conditions (12 hr light: 12 hr dark - LD), during
re-entrainment to a 6 hr phase advance of the LD cycle, in re-
sponse to a nocturnal light pulse, and under constant dark
(DD) conditions (Zheng et al. 2001) (Figures 9 and 10). Under
LD conditions, Tfap2a*/~ and Tfap2b*/~ mice did not show
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Figure 11 Divergent gene expression changes in Tfap2a*~ and Tfap2b*/~. (A) Volcano plot of genes that are differentially expressed in Tfap2a*'~ mice.
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significant differences in their rest-activity patterns compared to
controls (Figures 9, A-C and 10, A-C). We next measured the
response of Tfap2a™/~ and Tfap2b™/~ mice to a shift in the LD
cycle by advancing the dark phase by 6 hr (jetlag paradigm).
Re-entrainment to the new cycle was normal in Tfap2a*/~ mice
compared with wild-type controls (Figure 9D), but it was sig-
nificantly faster in Tfap2b*/~ mice (Figure 10D).

To measure the capacity of light to phase reset the circadian
clock system of Tfap2a*/~ and Tfap2b™/~ mice, a 30-min light
pulse was delivered at ZT14 (2 hr after “lights off”) and mice
were released into DD, which, in wild-type mice, normally
induces a phase delay in their rest-activity rhythm (Schwartz
and Zimmerman 1990). Light induced similar amounts of
phase delays in both Tfap2a*/~ and Tfap2b*/~ mice, and
the acute reduction of activity during the 30-min light pulse
(a.k.a. negative light masking) was not significantly different
between mutants and controls (Figures 9, E and F and 10, E
and F). There was no difference in DD free-running periods in
Tfap2a*/~ mice, but a shorter period length was observed in
Tfap2b*/~ mice (Figures 9G and 10G). In summary, circadian
rhythms in Tfap2a*/~ mice were comparable to wild-type
controls. In Tfap2b*/~ mice, a shorter intrinsic clock period
may have facilitated the faster entrainment in the jetlag para-
digm. Speculatively, the observed reduction in sleep amount in
these mice might also facilitate such clock acceleration.

Divergent differential gene expression in Tfap2a*~ and
Tfap2b*~ mice

The divergent effects of Tfap2a™/~ and Tfap2b*/~ on behavior
might stem from different gene expression caused by reduction
of the amount of the respective transcription factor. We thus
measured gene expression changes in the brain in Tfap2a*/~,
Tfap2b*/~, and wild type controls. For this, we took brain sam-
ples from these mutants and controls, determined their tran-
scriptomes using RNA sequencing, and extracted differentially
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expressed genes. We found 276 genes to be significantly differ-
entially expressed in Tfap2b*/~ compared with wild types,
whereas only 39 genes were found to be differentially expressed
in Tfap2a*/~. Thus, the more severe behavioral and sleep phe-
notypes in Tfap2b*/~ correlate with increased differences in
gene expression (Figure 11). Only one gene was downregulated
and three genes were upregulated in both Tfap2a*/~ and
Tfap2b*/~ (Supplemental excel workbook), while all other
genes were unique to either of the mutants. This broad diver-
gence in gene expression is consistent with the divergence in
sleep and behavior. The differentially expressed genes could
potentially explain the sleep and behavioral phenotypes ob-
served in Tfap2a™/~ and Tfap2b*/~. We hence searched the
literature for these genes to find phenotypes associated with
sleep and the behavioral tests that we have performed. Only
one gene that is differentially expressed in Tfap2a™/~ has been
previously associated with sleep and none of the genes has been
described to have phenotypes in the behavioral tests. By con-
trast, four genes that are differentially expressed in Tfap2b*/~
have been associated with sleep phenotypes, and eight
genes have been associated with phenotypes in the behavior-
al tests that we have performed (see details in Table 1).
Future studies will be required to establish causality and to
solve mechanisms by which Tfap2a*/~ and Tfap2b*/~ affect
behavior.

Discussion

Divergent phenotypes in sleep, behavior, circadian
rhythms, and gene expression in Tfap2a* and Tfap2b*-

After gene duplication events, paralogs can take on different
functions. In mice, both Tfap2a and b genes play an important
role during the development of the neural crest (Mander
et al. 2013) that gives rise to most of the peripheral nervous
system (PNS) and to several non-neural cell types, including



Table 1 Association of Tfap2b and Tfap2a-controlled genes with sleep and behavioral phenotypes

Tfap2a*- Tfap2b*'—
Assay Phenotype DE genes Phenotype DE genes
EEG/EMG recording ~ Normal sleep amount but increased sleep Slc5a52 Shortened sleep amount and Fos?, Fosb?, Slc5a52
power impaired sleep quality Slc18a2P
EPM Normal anxiety-associated — Normal anxiety-associated —
behavior behavior
Rotarod Normal motor function — Normal motor function —
MWM Normal spatial learning and memory — Impaired spatial learning and memory Arc?, Fos?, Fosb?,
Vgfa
SPT, FST, TST Hyperactive in TST, but normal in SPT or TST — Depression-like behavior only in FST, Fosb?, Dusp12
but normal in SPT or TST Slcbadb
Contextual fear Shortened freezing behavior — Shortened freezing behavior Arc?, Vgfa
conditioning Slc6adb
Wheel-running Normal circadian activity — Shortened circadian period and Vgfa

accelerated re-entrainment

Literature analysis of genes that are differentially expressed in Tfap2a*/~ and TFAP2b*~. All interpretations are purely speculative. Fos and Fosb from the Fos family of
transcription factors as well as Sic5a5 and Sic78a2 from the solute carrier (SLC) group of membrane transport proteins were found to be differentially regulated in Tfap2b*/~
mice, which might contribute to the shortened sleep (Figure 3). Sic5a5, which encodes a sodiumviodide symporter (NIS), was down regulated in both Tfap2a*/~ and Tfap2b*/
~ mice. The NIS plays a fundamental role in the first step in thyroid hormone biosynthesis (Dohan et a/. 2003). Multiple phenotypes relating to neurological features, skeleton,
vision, and metabolism have been discovered in Sic5a5 knockouts. Among those phenotypes, abnormal sleep behavior, such as shorter sleep bout duration during the dark
phase, has been found in male S/c5a5~/~ mice (Dickinson et al. 2016). Fos (c-fos) is a nuclear proto-oncogene, whose expression is used as an indirect marker of neuronal
activity. Fosb expression is induced often in the same cells as Fos, but at a later time (Gass et a/. 1992; Peters et al. 1994). In Tfap2b*'~ mice, Fos and Fosb were
downregulated. Abnormal sleep has been found in Fos or Fosb-deficient mice such that Fos-nuif mice have less NREMS and normal REM sleep, but Fosb-deficient mice
have less REMS but unchanged NREMS (Shiromani et a/. 2000). Dopamine is transported into synaptic vesicles by the vesicular monoamine transporter (VMAT2), which is
encoded by Sic18a2. VMAT2-deficient mice are used as a model of Parkinson’s Disease (PD) that exhibits shorter latency to sleep and lower circadian activity except for a
major phenotype of the motor dysfunction (Taylor et al. 2009). In Tfap2b*~ animals, Sic18a2 was upregulated, and overexpression of this gene was reported to have
neuroprotective effects, such as antidepressive and anxiolytic activity and increased ambulation during the dark phase (Lohr et al. 2014). The downregulation of Arc, Fos,
Fosb, and Vgf might be associated with the impaired spatial learning and memory that we found in Tfap2b*/~ animals (Figure 8, C—E). The deletion of either Arc, Fos, Fosb, or
Vgfin mice result in impaired spatial learning (Paylor et al. 1994; Plath et al. 2006; Bozdagi et a/. 2008; Ohnishi et a/. 2011). Increased immobility was observed in Tfap2b*/~
mice (Figure 8H), which is consistent with downregulation of Fosb and Duspt1 as well as upregulation of Sic6a4. Fosb null mice have increased immobility in FST compared
with their controls (Ohnishi et a/. 2011). On the contrary, overexpression of Dusp causes depressive behaviors and mice lacking Dusp-1 are resilient to stress (Duric et a/.
2010). S/c6a4 encodes the serotonin transporter (SERT) in mice. It is reported that mice that are more susceptible to stress have increased expression of SERT and exhibit
longer immobility in FST (Couch et al. 2013). In addition, SERT overexpression (5-HTTOE) mice have reduced freezing time in the cued fear conditioning test (McHugh et a/.
2015). In Tfap2b*'~ mice, we found a shortened freezing time in the contextual fear conditioning test (Figure 8L). The downregulation of Arc and Vgf might also contribute
to this fear-related phenotype, as Arc and Vgf null mice exhibit shortened freezing time in the contextual fear conditioning test (Plath et al. 2006; Bozdagi et a/. 2008).
Moreover, Vgf~'~ mice have a slightly shortened circadian period length (Hahm et a/. 1999), which might help explain the similar phenotype we observed in Tfap2b*~ mice
(Figure 10).

? Upregulated genes.

5 Downregulated genes. “—* indicates that no information was found.

smooth muscle cells of the cardiovascular system, pigment
cells in the skin, and craniofacial bones (Moser et al. 1997b).
Despite their common expression pattern during early em-
bryonic stages, deletion of Tfap2a or Tfap2b produces strik-
ingly different phenotypes (Zhang et al. 1996). The loss of
Tfap2a causes neuronal, craniofacial, skeletal, and body wall
defects, whereas Tfap2b-deficient mice show brain develop-
ment, ductus arteriosus, and renal impairments (Zhang et al.
1996; Moser et al. 1997a; Brewer et al. 2004).

Functional divergence in AP-2 is also seen for sleep phenotypes.
Tfap2a*/~ displays a rather increased sleep quality, whereas
sleep length and quality in Tfap2b*/~ are reduced. Homeostatic
regulation exists in both Tfap2a*/~ and Tfap2b*/~, but a stron-
ger response was found in the former and a weaker one in
the latter. Our work from C. elegans and Drosophila indi-
cated that the ancient function of AP-2 appears to be to pro-
mote sleep (Turek et al. 2013; Kucherenko et al. 2016). This
suggests that Tfap2b*/~ may have kept the original sleep-
promoting function, whereas Tfap2a*/~ may have taken on a
new, opposing function in sleep control. Thus, as sleep evolved
in more complex brains, there might have emerged a need for

negative control of sleep that favored the divergence of AP-2
transcription factors.

We show that this functional divergence extended to addi-
tional behaviors. Tfap2a*/~ was more robust in the behavioral
assays, at least in the TST, which indicated a mild hyperactiv-
ity. By contrast, the performance of Tfap2b*/~ revealed mildly
depressive-like symptoms. Consistent with diverging roles in
development and behavior, our RNA-sequencing data of
Tfap2a*/~ and Tfap2b*/~ mice revealed divergent patterns
of gene expression. The divergent behavioral changes ob-
served in Tfap2a*/~ and Tfap2b*/~ mice may, thus, specula-
tively result from the modulation of expression of Tfap2a and
Tfap2b target genes. Consistent with this view, Tfap2a and
Tfap2b have been shown to play distinct roles in the specifica-
tion of GABAergic neurons (Zainolabidin et al. 2017). This
finding is intriguing as sleep-active, sleep-inducing neurons
typically are GABAergic. Alternatively, changes in depressive-
like symptoms in the mutants may be the consequence of sleep
quality alterations. As poor sleep quality impairs memory con-
solidation (Mander et al. 2013; Bezdicek et al. 2018), the
memory deficits shown in Tfap2b*/~ mice might be the result
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of a loss of sleep time or quality. Tfap2a*/~ mice showed less
freezing in FC despite a better sleep quality. However, since
Tfap2a™/~ mice exhibited hyperactive behavior in a stressful
situation (TST), this effect might speculatively have blunted
the freezing response in FC.

Different phenotypes were also found in circadian rhythm
regulation for Tfap2a*/~ and Tfap2b*/~ mice. Circadian
rhythmicity was unaffected in Tfap2a*/~, whereas
Tfap2b*/~ showed a shortened period of the internal clock
system. The circadian period shortening in Tfap2b*/~ most
likely is too mild to be the cause of the sleep impairment. For
example, mice lacking the clock gene Per] with 1 hr shorter
intrinsic period and preserved homeostatic responses do not
exhibit overall sleep changes (Kopp et al. 2002).

Our results suggest that AP-2 transcription factors have
diverged to take on divergent control of sleep and other
behaviors. To our knowledge, this is the first instance where
a sleep gene is shown to have diversified in evolution from a
sleep-promoting role in invertebrates to serve bidirectional
control of sleep in mammals.

Acknowledgments

We thank Ahmed Mansouri, Mayumi Kimura, Anja Ronnenberg,
Ulrike Teichmann, and Sara Kimmina for advice on electro-
encephalogram (EEG), animal experimentation, and help
with obtaining permits. We are grateful to Gregor Eichele
for providing laboratory space and resources. We thank
Markus Moser and Trever Williams for mouse strains.
Sequencing was carried out by Bernd Timmermann and
Stefan Bérno, Max Planck Institute for Molecular Genetics,
Berlin. This work was supported by the Max Planck Society
(Max Planck Research Group “Sleep and Waking”), by a
European Research Council Starting Grant (ID: 637860,
SLEEPCONTROL), and by Deutsche Forschungsgemein-
schaft (DFG) grants AS547/1-1 and 0S353-10/1.

Literature Cited

Alkhlaif, Y., D. Bagdas, A. Jackson, A. J. Park, and I. M. Damaj,
2017 Assessment of nicotine withdrawal-induced changes in
sucrose preference in mice. Pharmacol. Biochem. Behav. 161:
47-52. https://doi.org/10.1016/j.pbb.2017.08.013

Bernard, K., N. J. Logsdon, S. Ravi, N. Xie, B. P. Persons et al.,
2015 Metabolic reprogramming is required for myofibroblast
contractility and differentiation. J. Biol. Chem. 290: 25427-
25438. https://doi.org/10.1074/jbc.M115.646984

Bezdicek, O., T. Nikolai, J. Nepozitek, P. Perinova, D. Kemlink et al.,
2018 Prospective memory impairment in idiopathic REM sleep
behavior disorder. Clin. Neuropsychol. 32: 1019-1037. https://
doi.org/10.1080/13854046.2017.1394493

Bozdagi, O., E. Rich, S. Tronel, M. Sadahiro, K. Patterson et al.,
2008 The neurotrophin-inducible gene Vgf regulates hippocam-
pal function and behavior through a brain-derived neurotrophic
factor-dependent mechanism. J. Neurosci. 28: 9857-9869.
https://doi.org/10.1523/JINEUROSCI.3145-08.2008

Brewer, S., W. Feng, J. Huang, S. Sullivan, and T. Williams,
2004 Wntl-Cre-mediated deletion of AP-2alpha causes

750 Y. Hu et al.

multiple neural crest-related defects. Dev. Biol. 267: 135-152.
https://doi.org/10.1016/].ydbio.2003.10.039

Bringmann, H., 2018 Sleep-active neurons: conserved motors
of sleep. Genetics 208: 1279-1289. https://doi.org/10.1534/
genetics.117.300521

Campbell, S. S., and I. Tobler, 1984 Animal sleep: a review of
sleep duration across phylogeny. Neurosci. Biobehav. Rev. 8:
269-300. https://doi.org/10.1016/0149-7634(84)90054-X

Can, A., D. T. Dao, C. E. Terrillion, S. C. Piantadosi, S. Bhat et al.,
2012 The tail suspension test. J. Vis. Exp. 59: e 3769. https://
doi.org/10.3791/3769

Chazaud, C., M. Oulad-Abdelghani, P. Bouillet, D. Decimo, P.
Chambon et al., 1996 AP-2.2, a novel gene related to AP-2,
is expressed in the forebrain, limbs and face during mouse em-
bryogenesis. Mech. Dev. 54: 83-94. https://doi.org/10.1016/
0925-4773(95)00463-7

Colavito, V., P. F. Fabene, G. Grassi-Zucconi, F. Pifferi, Y. Lamberty
et al., 2013 Experimental sleep deprivation as a tool to test
memory deficits in rodents. Front. Syst. Neurosci. 7: 106.
https://doi.org/10.3389/fnsys.2013.00106

Couch, Y., D. C. Anthony, O. Dolgov, A. Revischin, B. Festoff et al.,
2013 Microglial activation, increased TNF and SERT expres-
sion in the prefrontal cortex define stress-altered behaviour in
mice susceptible to anhedonia. Brain Behav. Immun. 29: 136-
146 [Corrigenda: Brain Behav. Immun. 36: 215 (2014)].
https://doi.org/10.1016/j.bbi.2012.12.017

Deacon, R. M., 2013 Measuring motor coordination in mice.
J. Vis. Exp. 75: e 2609. https://doi.org/10.3791/2609

Dickinson, M. E., A. M. Flenniken, X. Ji, L. Teboul, M. D. Wong
et al., 2016 High-throughput discovery of novel developmen-
tal phenotypes. Nature 537: 508-514 [Corrigenda: Nature 551:
398 (2017)]. https://doi.org/10.1038/nature19356

Dobin, A., C. A. Davis, F. Schlesinger, J. Drenkow, C. Zaleski et al.,
2013 STAR: ultrafast universal RNA-seq aligner. Bioinformatics
29: 15-21. https://doi.org/10.1093/bioinformatics/bts635

Dohéan, O., A. De la Vieja, V. Paroder, C. Riedel, M. Artani et al.,
2003 The sodium/iodide Symporter (NIS): characterization,
regulation, and medical significance. Endocr. Rev. 24: 48-77.
https://doi.org/10.1210/er.2001-0029

Duric, V., M. Banasr, P. Licznerski, H. D. Schmidt, C. A. Stockmeier
etal.,, 2010 A negative regulator of MAP kinase causes depres-
sive behavior. Nat. Med. 16: 1328-1332. https://doi.org/
10.1038/nm.2219

Eckert, D., S. Buhl, S. Weber, R. Jager, and H. Schorle, 2005 The
AP-2 family of transcription factors. Genome Biol. 6: 246.
https://doi.org/10.1186/gb-2005-6-13-246

Fischer, A., F. Sananbenesi, C. Schrick, J. Spiess, and J. Radulovic,
2004 Distinct roles of hippocampal de novo protein synthesis
and actin rearrangement in extinction of contextual fear.
J. Neurosci. 24: 1962-1966. https://doi.org/10.1523/JNEURO-
SCIL.5112-03.2004

Funato, H., C. Miyoshi, T. Fujiyama, T. Kanda, M. Sato et al.,
2016 Forward-genetics analysis of sleep in randomly muta-
genized mice. Nature 539: 378-383. https://doi.org/10.1038/
nature20142

Gao, V., F. Turek, and M. Vitaterna, 2016 Multiple classifier sys-
tems for automatic sleep scoring in mice. J. Neurosci. Methods
264: 33-39. https://doi.org/10.1016/j.jneumeth.2016.02.016

Gass, P., T. Herdegen, R. Bravo, and M. Kiessling, 1992 Induction
of immediate early gene encoded proteins in the rat hippocam-
pus after bicuculline-induced seizures: differential expression of
KROX-24, FOS and JUN proteins. Neuroscience 48: 315-324.
https://doi.org/10.1016/0306-4522(92)90493-L

Gibney, P. A., C. Lu, A. A. Caudy, D. C. Hess, and D. Botstein,
2013 Yeast metabolic and signaling genes are required for
heat-shock survival and have little overlap with the heat-in-



duced genes. Proc. Natl. Acad. Sci. USA 110: E4393-E4402.
https://doi.org/10.1073/pnas.1318100110

Green, R. M., W. Feng, T. Phang, J. L. Fish, H. Li et al.,
2015 Tfap2a-dependent changes in mouse facial morphology
result in clefting that can be ameliorated by a reduction in Fgf8
gene dosage. Dis. Model. Mech. 8: 31-43. https://doi.org/
10.1242/dmm.017616

Grubbs, J. J., L. L. Lopes, A. M. van der Linden, and D. M. Raizen,
2019 Sik-Hdac4 signaling is required for the metabolic regu-
lation of sleep. Sleep 42: Al1l.

Hahm, S., T. M. Mizuno, T. J. Wu, J. P. Wisor, C. A. Priest et al.,
1999 Targeted deletion of the Vgf gene indicates that the
encoded secretory peptide precursor plays a novel role in the
regulation of energy balance. Neuron 23: 537-548. https://
doi.org/10.1016/50896-6273(00)80806-5

Joiner, W. J., 2016 Unraveling the evolutionary determinants of
sleep. Curr. Biol. 26: R1073-R1087. https://doi.org/10.1016/
j.cub.2016.08.068

Keene, A. C., and E. R. Duboue, 2018 The origins and evolution of
sleep. J. Exp. Biol. 221: jeb159533. https://doi.org/10.1242/
jeb.159533

Kent, B. A,, S. M. Strittmatter, and H. B. Nygaard, 2018 Sleep and
EEG power spectral analysis in three transgenic mouse models
of Alzheimer’s disease: APP/PS1, 3xTgAD, and Tg2576.
J. Alzheimers Dis. 64: 1325-1336. https://doi.org/10.3233/
JAD-180260

Kohlbecker, A., A. E. Lee, and H. Schorle, 2002 Exencephaly in a
subset of animals heterozygous for AP-2alpha mutation. Tera-
tology 65: 213-218. https://doi.org/10.1002/tera.10037

Kopp, C., U. Albrecht, B. Zheng, and I. Tobler, 2002 Homeostatic
sleep regulation is preserved in mPerl and mPer2 mutant mice.
Eur. J. Neurosci. 16: 1099-1106. https://doi.org/10.1046/
j-1460-9568.2002.02156.x

Kucherenko, M. M., V. Ilangovan, B. Herzig, H. R. Shcherbata,
and H. Bringmann, 2016 TfAP-2 is required for night sleep
in Drosophila. BMC Neurosci. 17: 72. https://doi.org/
10.1186/512868-016-0306-3

Lin, J. M., E. Z. M. Taroc, J. A. Frias, A. Prasad, A. N. Catizone et al.,
2018 The transcription factor Tfap2e/AP-2¢ plays a pivotal
role in maintaining the identity of basal vomeronasal sensory
neurons. Dev. Biol. 441: 67-82. https://doi.org/10.1016/
j.ydbio.2018.06.007

Li, H., R. Sheridan, and T. Williams, 2013 Analysis of TFAP2A
mutations in Branchio-Oculo-Facial Syndrome indicates func-
tional complexity within the AP-2alpha DNA-binding domain.
Hum. Mol. Genet. 22: 3195-3206. https://doi.org/10.1093/
hmg/ddt173

Lohr, K. M, A. L. Bernstein, K. A. Stout, A. R. Dunn, C. R. Lazo et al.,
2014 Increased vesicular monoamine transporter enhances
dopamine release and opposes Parkinson disease-related neuro-
degeneration in vivo. Proc. Natl. Acad. Sci. USA 111: 9977-
9982. https://doi.org/10.1073/pnas.1402134111

Mander, B. A., V. Rao, B. Lu, J. M. Saletin, J. R. Lindquist et al.,
2013 Prefrontal atrophy, disrupted NREM slow waves and im-
paired hippocampal-dependent memory in aging. Nat. Neurosci.
16: 357-364. https://doi.org/10.1038/nn.3324

Mang, G. M., and P. Franken, 2012 Sleep and EEG phenotyping in
mice. Curr. Protoc. Mouse Biol. 2: 55-74.

Mani, A., J. Radhakrishnan, A. Farhi, K. S. Carew, C. A. Warnes
et al., 2005 Syndromic patent ductus arteriosus: evidence
for haploinsufficient TFAP2B mutations and identification of a
linked sleep disorder. Proc. Natl. Acad. Sci. USA 102: 2975-
2979. https://doi.org/10.1073/pnas.0409852102

Martin, M., 2011 Cutadapt removes adapter sequences from high-
throughput sequencing reads. 17: 3.

Matsuda, R., T. Kohno, S. Kohsaka, R. Fukuoka, Y. Maekawa
et al., 2017 The prevalence of poor sleep quality and its

association with depression and anxiety scores in patients ad-
mitted for cardiovascular disease: a cross-sectional designed
study. Int. J. Cardiol. 228: 977-982. https://doi.org/10.1016/
j-jcard.2016.11.091

McHugh, S. B., C. Barkus, J. Lima, L. R. Glover, T. Sharp et al.,
2015 SERT and uncertainty: serotonin transporter expression
influences information processing biases for ambiguous aversive
cues in mice. Genes Brain Behav. 14: 330-336. https://doi.org/
10.1111/gbb.12215

Miyazaki, S., C. Y. Liu, and Y. Hayashi, 2017 Sleep in vertebrate
and invertebrate animals, and insights into the function and
evolution of sleep. Neurosci. Res. 118: 3-12. https://doi.org/
10.1016/j.neures.2017.04.017

Moser, M., A. Pscherer, C. Roth, J. Becker, G. Mucher et al.,
1997a Enhanced apoptotic cell death of renal epithelial cells
in mice lacking transcription factor AP-2beta. Genes Dev. 11:
1938-1948. https://doi.org/10.1101/gad.11.15.1938

Moser, M., J. Ruschoff, and R. Buettner, 1997b Comparative
analysis of AP-2 alpha and AP-2 beta gene expression during
murine embryogenesis. Dev. Dyn. 208: 115-124. https://
doi.org/10.1002/(SICI)1097-0177(199701)208:1<115::AID-
AJA11>3.0.CO;2-5

Ohnishi, Y. N., Y. H. Ohnishi, M. Hokama, H. Nomaru, K. Yamazaki
et al., 2011 FosB is essential for the enhancement of stress
tolerance and antagonizes locomotor sensitization by Delta-
FosB. Biol. Psychiatry 70: 487-495. https://doi.org/10.1016/
j.biopsych.2011.04.021

Paylor, R., R. S. Johnson, V. Papaioannou, B. M. Spiegelman, and
J. M. Wehner, 1994 Behavioral assessment of c-fos mutant
mice. Brain Res. 651: 275-282. https://doi.org/10.1016/0006-
8993(94)90707-2

Peters, R. V., N. Aronin, and W. J. Schwartz, 1994 Circadian reg-
ulation of Fos B is different from c-Fos in the rat suprachiasmatic
nucleus. Brain Res. Mol. Brain Res. 27: 243-248. https://
doi.org/10.1016/0169-328X(94)90006-X

Plath, N., O. Ohana, B. Dammermann, M. L. Errington, D. Schmitz
et al., 2006 Arc/Arg3.1 is essential for the consolidation of
synaptic plasticity and memories. Neuron 52: 437-444.
https://doi.org/10.1016/j.neuron.2006.08.024

Radyushkin, K., K. Hammerschmidt, S. Boretius, F. Varoqueaux, A.
El-Kordi et al., 2009 Neuroligin-3-deficient mice: model of a
monogenic heritable form of autism with an olfactory deficit.
Genes Brain Behav. 8: 416-425. https://doi.org/10.1111/
j.1601-183X.2009.00487.x

Raizen, D. M., and J. E. Zimmerman, 2011 Non-mammalian ge-
netic model systems in sleep research. Sleep Med. Clin. 6: 131-
139. https://doi.org/10.1016/j.jsmc.2011.04.005

Roberts, G. G., 3rd, and A. P. Hudson, 2009 Rsflp is required for
an efficient metabolic shift from fermentative to glycerol-based
respiratory growth in S. cerevisiae. Yeast 26: 95-110. https://
doi.org/10.1002/yea.1655

Sananbenesi, F., A. Fischer, X. Wang, C. Schrick, R. Neve et al.,
2007 A hippocampal Cdk5 pathway regulates extinction of
contextual fear. Nat. Neurosci. 10: 1012-1019. https://
doi.org/10.1038/nn1943

Satoda, M., M. E. Pierpont, G. A. Diaz, R. A. Bornemeier, and B. D.
Gelb, 1999 Char syndrome, an inherited disorder with patent
ductus arteriosus, maps to chromosome 6p12-p21. Circulation
99: 3036-3042. https://doi.org/10.1161/01.CIR.99.23.3036

Satoda, M., F. Zhao, G. A. Diaz, J. Burn, J. Goodship et al.,
2000 Mutations in TFAP2B cause Char syndrome, a familial
form of patent ductus arteriosus. Nat. Genet. 25: 42-46.
https://doi.org/10.1038/75578

Schorle, H., P. Meier, M. Buchert, R. Jaenisch, and P. J. Mitchell,
1996 Transcription factor AP-2 essential for cranial closure
and craniofacial development. Nature 381: 235-238. https://
doi.org/10.1038/381235a0

Sleep Control by TFAP2a and TFAP2b 751



Schwartz, W. J., and P. Zimmerman, 1990 Circadian timekeeping in
BALB/c and C57BL/6 inbred mouse strains. J. Neurosci. 10: 3685—
3694. https://doi.org/10.1523/JNEUROSCI.10-11-03685.1990

Shiromani, P. J., R. Basheer, J. Thakkar, D. Wagner, M. A. Greco
et al., 2000 Sleep and wakefulness in c-fos and fos B gene
knockout mice. Brain Res. Mol. Brain Res. 80: 75-87. https://
doi.org/10.1016/50169-328X(00)00123-6

Taylor, T. N., W. M. Caudle, K. R. Shepherd, A. Noorian, C. R.
Jackson et al., 2009 Nonmotor symptoms of Parkinson’s dis-
ease revealed in an animal model with reduced monoamine
storage capacity. J. Neurosci. 29: 8103-8113. https://doi.org/
10.1523/JNEUROSCI.1495-09.2009

Tobler, 1., 1995 Is sleep fundamentally different between mam-
malian species? Behav. Brain Res. 69: 35-41. https://doi.org/
10.1016/0166-4328(95)00025-0

Turek, M., I. Lewandrowski, and H. Bringmann, 2013 An AP2
transcription factor is required for a sleep-active neuron to in-
duce sleep-like quiescence in C. elegans. Curr. Biol. 23: 2215-
2223. https://doi.org/10.1016/j.cub.2013.09.028

Verbitsky, E. V., 2017 Anxiety and sleep in experiment and clinic.
Zh. Nevrol. Psikhiatr. Im. S. S. Korsakova 117: 12-18. https://
doi.org/10.17116/jnevro20171174212-18

Walf, A. A, and C. A. Frye, 2007 The use of the elevated plus
maze as an assay of anxiety-related behavior in rodents. Nat.
Protoc. 2: 322-328. https://doi.org/10.1038/nprot.2007.44

Werling, U., and H. Schorle, 2002 Transcription factor gene AP-2
gamma essential for early murine development. Mol. Cell. Biol.
22: 3149-3156. https://doi.org/10.1128/MCB.22.9.3149-
3156.2002

752 Y. Hu et al.

Williams, T., and R. Tjian, 1991 Characterization of a dimeriza-
tion motif in AP-2 and its function in heterologous DNA-binding
proteins. Science 251: 1067-1071. https://doi.org/10.1126/
science.1998122

Yankelevitch-Yahav, R., M. Franko, A. Huly, and R. Doron,
2015 The forced swim test as a model of depressive-like be-
havior. J. Vis. Exp. 97: 52587. https://doi.org/10.3791/52587

Zainolabidin, N., S. P. Kamath, A. R. Thanawalla, and A. I. Chen,
2017 Distinct activities of Tfap2A and Tfap2B in the specifica-
tion of GABAergic interneurons in the developing cerebellum.
Front. Mol. Neurosci. 10: 281. https://doi.org/10.3389/
fnmol.2017.00281

Zhang, J., S. Hagopian-Donaldson, G. Serbedzija, J. Elsemore, D.
Plehn-Dujowich et al., 1996 Neural tube, skeletal and body
wall defects in mice lacking transcription factor AP-2. Nature
381: 238-241. https://doi.org/10.1038/381238a0

Zhao, F., C. G. Weismann, M. Satoda, M. E. Pierpont, E. Sweeney
et al., 2001 Novel TFAP2B mutations that cause Char syn-
drome provide a genotype-phenotype correlation. Am. J. Hum.
Genet. 69: 695-703. https://doi.org/10.1086/323410

Zhao, F., T. Lufkin, and B. D. Gelb, 2003 Expression of Tfap2d,
the gene encoding the transcription factor Ap-2 delta, during
mouse embryogenesis. Gene Expr. Patterns 3: 213-217.
https://doi.org/10.1016/S1567-133X(02)00067-4

Zheng, B., U. Albrecht, K. Kaasik, M. Sage, W. Lu et al,
2001 Nonredundant roles of the mPerl and mPer2 genes in
the mammalian circadian clock. Cell 105: 683-694. https://
doi.org/10.1016/50092-8674(01)00380-4

Communicating editor: J. Schimenti



Supplementary materials for “Functional divergence of mammalian TFAP2a and TFAP2b transcription factors

for bidirectional sleep control”

Table S1. Genotyping protocols

Primer PCR
Gene Primer sequence 5' - 3' Products
names conditions
GCCAAGTTCTAATTCCATCAGAAGCTTATCGATACC
ALFGF5
GTCG floxallele
455 at 95°,
245bp; flp
Tfap2a_fl; 45s at 68°,
ALFLPF4 CCCAAAGTGCCTGGGCTGAATTGACTTCTCTAGG allele 600bp;
Tfap2a_WT 1minat72°
wildtype allele
for 35 cycles
GCTCAGAATTTATGTAAGAATCTAGCTTGGAGGCTT 510bp
ALFLPR1
ATGTC
ALFLPF1 GCTCTCTCTTTTCCTGCCTTGGAACCATGACCCTCAG 45s at 95°, Tfap2a-
45s at 68°, 190bp;
Tfap2a*" ' '
GCTCAGAATTTATGTAAGAATCTAGCTTGGAGGCTT ~ 1minat72°  wildtypeallele
ALFLPR1
ATGTC for 35 cycles no band
PGK-PolyA
DW CTGCTCTTTACTGAAGGCTCTTT 30s at 95°, Tfap2b-
Tfap2b*’; 45sat61°, 380bp;
Tfap2b** 4 Exon Rev  TTCTGAGGACGCCGCCCAGG Iminat72° Tfap2b+
for 40 cycles 221bp
4 Exon DW  CCTCCCAAATCTGTGACTTCT

Table S2. gPCR protocols
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Gene Forward Reverse PCR conditions
Tfap2a GCTCACTCCAGAAGGGGTTG GTGCGGGCCTGAAGAGGTTA
1 min at94°,
30sat62° 1min
Tfap2b GGAGAGGAGCGTCGGATTTG CGTCGTGACGGTCCATAGC
at72° for 40
cycles
eeflal TGCCCCAGGACACAGAGACTTCA AATTCACCAACACCAGCAGCAA
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Male B6N (n=3), Tfap2a*- (n=3), Tfap2b*" (n= 3), mRNA expression examined by qPCR, reduction rates were
calculated as fold changes normalized to the mean of the control (B6N) and were analyzed using one-way ANOVA

followed by Dunnett’s multiplecomparisons.F=15.11, p =0.0066; Tfap2a*" vs. B6N, ** p =0.0061; Tfap2b*’" vs.
B6N, * p =0.0114. All data are shown as the mean + SEM.
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(A) 24 h of sleep bout distribution: two-way ANOVA followed by Sidak’s multiple comparisons test, the main

effect of genotype, F (1, 60) =0.210,p = 0.301.

(B) Accumulative counts of sleep bouts in24 h: £1200-s,p = 0.570; > 1200-s,p = 0.935.

(C) Accumulative counts of sleep bouts inlight phase: < 1200-s,p =0.935; > 1200-s, p = 0.459.

(D) Accumulative counts of sleep bouts in dark phase: <1200-s, p = 0.544;>1200-s, p = 0.402.

(E) 24 h of NREMS bout distribution: two-way ANOVA followed by Sidak’s multiple comparisons test, the main

effect of genotype, F (1, 60)=0.210,p = 0.648.

(F) Accumulative counts of NREMS bouts in24h: < 600-s,p =0.544; > 600-s,p =0.351.

(G) Accumulative counts of NREMS bouts inlightphase: < 600-s,p=0.567; > 600-s,p =0.574.

(H) Accumulative counts of NREMS bouts indark phase: < 600-s,p =0.812; > 600-s,p = 0.442.
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(1) 24 h of REMS bout distribution: two-way ANOVA followed by Sidak’s multiple comparisons test, the main

effect of genotype, F(1,50)=4.031,p =0.0501.

(J) Accumulative counts of REMS bouts in 24h: < 150-s,p = 0.372;>150-s,p = 0.416.

(K) Accumulative counts of REMS bouts inlightphase:<150-s,p = 0.610; > 150-s,p =0.715.

(L) Accumulative counts of REMS bouts indark phase: <150-s,p = 0.108; > 150-s, p =0.657.

All data areshown as the mean + SEM. n = 5 for Tfap2a*”*, n = 7 for Tfap2a*’. To detect more subtle changes in
the sleep architecture, we analyzed sleep bout distributions for total sleep, NREMS and REMS. Data were plotted
on a scaleof 400s per bin in sleep, 200s in NREMS and 50s in REMS using bout counts in 24 h. According to the
distribution plots, cumulative counts were calculated by setting a cut-off at 1200s in sleep, 600s in NREMS sleep,

and 150s in REMS and two-tailed unpaired t tests were used for accumulated effects.
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Fig.S3. Longer sleep bouts were reduced in Tfap2b*" mice.
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(A) 24 h of sleep bout distribution: two-way ANOVA followed by Sidak’s multiple comparisons test, the main

effect of genotype, F(1,66)=0.011,p =0.917.

(B) Accumulative counts of sleep bouts in 24 h: <800-s, p = 0.480; > 800-s, **p = 0.007.

(C) Accumulative counts of sleep bouts inlightphase: < 800-s,p =0.841; > 800-s,p = 0.631.

(D) Accumulative counts of sleep bouts in dark phase: <800-s,p = 0.586; >800-s, **p =0.002.

(E) 24 h of NREMS bout distribution: two-way ANOVA followed by Sidak’s multiple comparisons test, the main

effect of genotype, F (1, 66) =0.303,p = 0.584.

(F) Accumulative counts of NREMS bouts in24h:< 200-s,p =0.691; > 200-s, *p = 0.041.

(G) Accumulative counts of NREMS bouts inlightphase: < 200-s,p=0.651; > 200-s,p =0.412.

(H) Accumulative counts of NREMS bouts indark phase: < 200-s,p =0.866; > 200-s, *p =0.019.
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(1) 24 h of REMS bout distribution: two-way ANOVA followed by Sidak’s multiple comparisons test, the main
effect of genotype, F (1, 66)=0.035,p = 0.852.

(J) Accumulative counts of REMS bouts in 24h: < 100-s,p = 0.932; >100-s, p = 0.933.

(K) Accumulative counts of REMS bouts inlightphase:<100-s,p = 0.421; > 100-s,p =0.927.

(L) Accumulative counts of REMS bouts indark phase: <100-s,p = 0.588; > 100-s, p =0.242.

All data are shown as the mean + SEM. n = 7 for Tfap2b*™*, n = 6 for Tfap2b*". Data were plotted on a scale of
400s per binin sleep, 200s in NREMS and 50s in REMS using bout counts in 24 h. According to the distribution
plots,accumulativecounts were calculated by setting a cut-off at 800s insleep, 200s in NREMS sleep, and 100s

in REMS. Two-tailed unpaired t tests were used for accumulated effects.
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Fig. S4. NREMS sleep rebound of the sleep-deprived Tfap2a*" mice.

Analysis of circadian delta power changes in control animals: BSLvs. R1 ZT6-12, the main effect of SD, F (1, 48) =
47.60, ****p < 0.0001, Sidak’s multiple comparisons, *p < 0.05, ****p < 0.0001; BSL vs. R2, the main effect of
SD, F(1,192)= 0.8817,p =0.3489.

NREMS time changes in control animals:BSLvs. R1 ZT6-12, the main effect of SD, F (1, 48) =1.789, p =0.187; BSL
vs. R2, the main effect of SD, F (1, 192)=1.647, p =0.201.

NREMS bout changes in control animals:BSLvs. R1 ZT6-12, the main effect of SD, F (1, 48) =0.294, p = 0.590; BSL
vs. R2, the main effect of SD, F (1, 190)= 0.000158, p = 0.990.

Circadian delta power changes in Tfap2a*- mutant animals:BSLvs. R1 ZT6-12, the main effect of SD, F (1, 72) =
80.34, ****p < 0.0001, Sidak’s multiple comparisons, *p < 0.05, ****p < 0.0001; BSL vs. R2, the main effect of
SD, F(1,288)=0.0651,p =0.799.

NREMS time changes in Tfap2a*- mutant animals:BSLvs. R1 ZT6-12, the main effect of SD, F (1,72) = 2.108,p =
0.151; BSL vs. R2, the main effect of SD, F (1, 288) = 2.985, p =0.085.

NREMS bout changes in Tfap2a*- mutant animals:BSLvs. R1 ZT6-12, the main effect of SD, F (1, 72) = 1.156,p =
0.286; BSL vs. R2, the main effect of SD, F (1, 286) = 14.46, ***p =0.0002.

All data were analyzed by two-way ANOVA followed by Sidak’s multiple comparisonstest and are shown as the

mean = SEM. Tfap2a** (n =5) and Tfap2a*" (n = 7).
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Fig. S5. NREMS sleep rebound of the sleep-deprived Tfap2b*/- mice.

(A) Analysis of circadian delta power changes in control animals: BSLvs. R1 ZT6-11, the main effect of SD, F (1,
71) = 18.08, ****p < 0.0001, Sidak’s multiple comparisons, ¥****p < 0.0001; BSL vs. R2, the main effect of SD, F
(1,279)=0.377, p = 0.540.

(B) NREMS time changes in control animals:BSLvs.R1 ZT6-11, the main effect of SD, F (1, 72)=0.476, p =0.492;
BSL vs. R2, the main effect of SD, F (1, 288)=0.167, p =0.683.

(C) NREMS bout changes in control animals: BSLvs. R1 ZT6-11, the main effect of SD, F (1, 72) =1.055, p =0.308;
BSL vs. R2, the main effect of SD, F (1,288)=10.33, ***p =0.0015.

(D) Circadian delta power changes in Tfap2b*- mutant animals:BSLvs. R1 ZT6-11, the main effect of SD, F (1, 60)

=13.68, ***p =0.0005, Sidak’s multiple comparisons, ****p <0.0001; BSL vs.R2, the main effect of SD, F (1, 233)
=4.680,*p = 0.0315.

(E) NREMS time changes in Tfap2b*- mutant animals:BSLvs.R1 ZT6-11, the main effect of SD, F (1, 60) = 1.026,
p = 0.315; BSL vs.R2, the main effect of SD, F (1, 240) = 0.438,p = 0.509.

(F) NREMS bout changes in Tfap2b*- mutant animals:BSLvs.R1 ZT6-11, the main effect of SD, F (1, 60) = 7.405,
**p =0.0085, Sidak’s multiplecomparisons, **p < 0.01; BSL vs. R2, the main effect of SD, F (1,240)=0.293,p =
0.589.
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All data were analyzed by two-way ANOVA followed by Sidak’s multiplecomparisonstest and are shown as the

mean * SEM. Tfap2b** (n =7) and Tfap2b*" (n = 6).
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Fig. S6. REMS sleep rebound of the sleep-deprived Tfap2a*- mice.

(A) Analysis of circadian theta power changes in control animals: BSLvs. R1 ZT10-24, the main effect of SD, F (1,

112)=4.510, *p =0.0359, Sidak’s multiplecomparisons, *p < 0.05; BSL vs. R2, the main effect of SD, F (1, 192)=
0.263, p =0.609.

(B) REMS time changes incontrol animals:BSL vs. R1 ZT10-24, the main effect of SD, F (1, 112) = 13.78, ***p =
0.0003, Sidak’s multiplecomparisons, *p <0.05; BSL vs.R2, the main effect of SD, F (1, 192) =0.882, p = 0.349.

(C) REMS bout changes in control animals: BSLvs.R1 ZT10-24, the main effect of SD, F (1,112) = 3.614,p =0.060;
BSL vs. R2, the main effect of SD, F (1, 192)=0.740, p =0.391.

(D) Circadiantheta power changes in Tfap2a*- mutant animals:BSLvs. R1 ZT10-24, the main effect of SD, F (1,
168)=11.63, ***p =0.0008; BSL vs. R2, the main effect of SD, F (1, 288)=2.322, p =0.129.

(E) REMS time changes in Tfap2a*- mutant animals: BSL vs. R1 ZT10-24, the main effect of SD, F (1, 168)=36.72,
p <0.0001, Sidak’s multiple comparisons, *p <0.05; BSL vs. R2, the main effect of SD, F (1,288)=0.514, p=0.474.

(F) REMS bout changes in Tfap2a*- mutant animals:BSLvs.R1 ZT10-24, the main effect of SD, F (1, 168)=48.45,
p < 0.0001, Sidak’s multiple comparisons, **p < 0.05; BSL vs. R2, the main effect of SD, F (1, 288) = 1.607, p =
0.206.

All data were analyzed by two-way ANOVA followed by Sidak’s multiple comparisonstest and are shown as the

mean *SEM. Tfap2a*™* (n=5) and Tfap2a*" (n = 7).
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Fig. S7. REMS sleep rebound of the sleep-deprived Tfap2b*- mice.

(A) Analysis of circadian theta power changes in control animals: BSLvs. R1 ZT10-24, the main effect of SD, F (1,

168)=12.26, ***p =0.0006; BSL vs. R2, the main effect of SD, F (1, 288)=0.0788, p =0.779.

(B) REMS time changes in control animals:BSLvs. R1 ZT10-24, the main effect of SD, F (1, 167)=30.42, ****p <

0.0001, Sidak’s multiple comparisons, *p < 0.05; BSL vs.R2, the main effect of SD, F (1,288) =1.667, p = 0.198.

(C) REMS bout changes in control animals:BSLvs.R1 ZT10-24, the main effect of SD, F (1, 216) = 15.85, ****p <
0.0001; BSL vs.R2, the main effect of SD, F (1, 192)=0.740,p = 0.391.

(D) Circadian theta power changes in Tfap2b*- mutant animals:BSLvs. R1 ZT10-24, the main effect of SD, F (1,
168)=11.63, ***p =0.0008; BSL vs. R2, the main effect of SD, F (1, 288)=5.901, *p = 0.0157.

(E) REMS time changes in Tfap2b*- mutant animals: BSLvs.R1 ZT10-24, the main effect of SD, F (1, 180)=13.70,
***p =0.0003, Sidak’s multiple comparisons, ****p <0.0001; BSL vs. R2, the main effect of SD, F (1,240)=0.938,
p = 0.760.

(F) REMS bout changes in Tfap2b*- mutant animals: BSLvs.R1 ZT10-24, the main effect of SD, F (1, 180)=7.227,
**p =0.0079; BSL vs.R2, the main effect of SD, F (1, 240) = 1.304,p = 0.255.

All data were analyzed by two-way ANOVA followed by Sidak’s multiple comparisonstestand were shown as the

mean *SEM. Tfap2b*™* (n =5) and Tfap2b*" (n = 7).
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Fig. S8. Similar explorative behaviors or motor activities during EPM, rotarod, MWM tests between Tfap2a/b

mutants and their controls.

(A) Total path of Tfap2a mice in EPM open arms. Mann-Whitney test, p = 0.107.
(B) Total visits of Tfap2a mice to EPM open arms. Mann-Whitney test, p = 0.654.
(C) Total path of Tfap2b mice in EPM open arms. Mann-Whitney test, p =0.696.
(D) Total visits of Tfap2b mice to EPM open arms. Mann-Whitney test, p = 0.796.

(E) Latency to the firstfall during the training section of Rotard in Tfap2a mice: two-way ANOVA followed by

Sidak’s multiple comparisons test, the main effect of genotype: F(1, 145) = 2.143, p = 0.146; the main effect of
time: F(3, 145)=2.135,p = 0.0983.

(F) Latency to the firstfall during the training section of Rotard in Tfap2b mice: two-way ANOVA followed by
Sidak’s multiplecomparisons test, the main effect of genotype: F(1, 126) = 6.965, **p = 0.0094; the main effect
of time: F(3,126)= 10.65, p < 0.0001.

(G) Swim speed in Tfap2a during MWM: two-way ANOVA followed by Sidak’s multiple comparisons test, the

main effect of genotype: F(1, 374)=3.621, p =0.058; the main effect of time: F(10,374)=1.403,p =0.177.

(H) Swim speed in Tfap2b during MWM: two-way ANOVA followed by Sidak’s multiple comparisons test, the

main effect of genotype: F(1, 374)=6.137, *p = 0.0137; the main effect of time: F(10,374)=4.528, p <0.0001.

All data were shown as the mean + SEM. n 2 10 for Tfap2a*™*, Tfap2a*-, Tfap2b** or Tfap2b*".



2.2 Part 2: Tfap2b regulated molecular changes in adult and developing

mouse brain.

2.2.1 GABAergic gene expression was changed in Tfap2b™" but not Tfap2a*" adult

mouse brain

GABAergic neurons are required for sleep initiation and regulation, especially NREMS. To investigate
whether Tfap2a or Tfap2b regulates GABAergic related gene expression, mRNA was extracted from
differentbrain areas of Tfap2a or b knockoutsand their littermate controls. The expressions of GAD67,
GADG65, Vgat were quantified using QPCR. As shown in Fig. 4, there was no significant changes in
GADG67, GADG65, Vgat in all tested brain areas of Tfap2a mutants compared to their littermate controls.
However, changes of expression were observed in Tfap2b*- mice (Fig. 5). Specifically, an overall down
regulation of all three genes was detected in CTX, BS, CB areas where the significant decreaseforeach
gene was foundin the CTX. Interestingly, an up-regulation of Vgat was observedin STR. These results

suggestan indirectrole of Tfap2b inregulating the expression of GABAergic system.
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Figure 4. GAD67, GAD65 and Vgat gene expression was not changed in Tfap2a*/- adult mouse brain.

Data were analyzed by two-way ANOVA followed by Sidak’s multiple comparisonstest and were shown
as the mean + SEM. Tfap2a** (n = 3) and Tfap2a* (n = 3). CTX, cortex; HP, hippocampus; HY,

hypothalamus; STR, striatum; BS, brainstem; CB, cerebellum.
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Figure 5. GAD67, GAD65 and Vgat gene expressions were altered in Tfap2b*/- adult mouse brain.

Data were analyzed by two-way ANOVAfollowed by Sidak’s multiple comparisons test and were shown
as the mean * SEM, *p<0.05, **p<0.01. Tfap2b** (n = 3) and Tfap2b*" (n = 3). CTX, cortex; HP,

hippocampus; HY, hypothalamus; STR, striatum; BS, brainstem; CB, cerebellum.
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2.2.2 GABAergic neurons expressing GAD67 was decreased in adult Tfap2b*"

mouse parafacial zone

Recent research has revealed an important sleep-promoting center in the mammalian lower
brainstem, the medullary parafacial zone (PZ) [86]. Ablation of GABAergicneuronsin PZareareduces
sleep whereas selective activation produces and maintains NREMS in mice [86, 89]. Therefore, |
measured numbers of GAD67 expressing GABAergic neurons in the PZ of adult Tfap2b ** mice using
ISH. The ISH staining (Fig. 6) showed that GAD67 positive signals (Fig. 6C) was decreased inboth counts
and intensity in the PZ area of the adult Tfap2b*" mice, indicating a decreased number of GABAergic
neurons. Whereas the DAPI signals were similar between controls and mutants (Fig. 6D), suggesting
same numbers of cells were included into GAD67 expressionanalysis. Thisis consistent with the gPCR
resultthat showed a down-regulation GABAergicrelated genesin BS of the adult Tfap2b* mice (Fig.
5). Together, these results suggest that Tfap2b might be involved in the regulation of GABAergic

neuronal population.
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Figure 6. GAD67 expression was decreased in adult Tfap2b*- mouse parafacial zone.

Representative GAD67 and DAPI positive signalsin Tfap2b** (A) and Tfap2b*" adult mouse medullary
brainstem (B) were shown. The PZ area was selected in red rectangular above the 7" facial nerve
marked in white dashed line. Scale bar = 1000 um. Quantifications of DAPI(C) and GAD67 (D) signals
inthe PZareawere presented by cell count (left) and intensity (right). Outliers were identified by ROUT
(Q=0.2%) and removed from further analysis. Cleaned quantification data were analyzed by Mann-
Whitney testsand were shown as the mean + SEM, *p<0.05. Tfap2b** (n =3) and Tfap2b*" (n =3); 12

brain sections per mouse at 10 um thick.
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2.2.3 Divergent gene expression changesin E14.5 Tfap2b™ developing mouse brain

2.2.3a Scree plot analysis of principle components

Tfap2b expressedin very early embryo stages from E8 enriched in midbrain and hindbrain area [109,
118]. Although Tfap2b complete deletionis lethal at perinatal stages around P1-P2, Tfap2b” embryos
of E14.5 were available for RNA-sequencing experiment. Therefore, | investigated how Tfap2b
regulates the gene expression at developing stages. SP and DMH areas were dissected from female
and male E14.5 embryos and comparisons were made between homozygotes and the wild-type
littermate controls. Using principle component analysis (PCA), the overall genes expression pattem
among samples and the correlations between samples were visualized. As shown in the scree plots,
the first 2 PCs contributed to most of the variances (69% and 72.4%) in SP samples (Fig. 7A, B). More
than 80% of total variances were explained by PCland PC2 in DMH samples (Fig. 7C, D).
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Figure 7. Proportion of variances explained by each principle component.

Scree plots showing the percentage of explained variances for all 6 principle components in the
developing mouse brain samples female SP (A) male SP (B), female DMH (C), male DMH (D). Female
E14.5 embryos Tfap2b**, n=3; female E14.5 embryos Tfap2b*", n=3; male E14.5 embryos Tfap2b*",
n=3; male E14.5 embryos Tfap2b*", n=3; SP, secondary prosencephalon; DMH, diencephalon, midbrain

and hindbrain.
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2.2.3b Principle component analysis

PC1 vs PC2 was plotted for all samples (Fig. 8). In the female SP score plot (Fig. 8A), mut3_fdmh and
ctrl2_fdmh were far away from each other and contributed the most to model PC1, while the other
samples had only weak impacts. Alongthe PC2 axis, equal numbers of mutants and controls scattered
in the positive or negative directions. In Fig 8B, mut3_fdmh scored particularly high (above 30), while
the othersscored negatively (orlittle, e.g. ctrl3_fdmh)inthe PC1ldirection. The three mutants and two
controls (ctrl2_fdmh, ctrl3_fdmh)wereonthe oppositedirectioninthe PC2dimension,but ctrl1_fdmh

was clustering with two of the mutants.

In male SP score plot (Fig. 8C), lied opposite from the others along PC1 axis away from
origin. was distant from ctrll_msp and ctrl2_msp at PC2 direction, whereas the rest
( , , ctrl3_msp) have minimum impact to the variance at PC2 dimension.

was close to ctrl3_msp and has no contribution to the clustering of the mutantsamples. In
male DMH score plot (Fig. 8D), one mutant ( ) and two controls (ctrl1_mdmh,
ctrl2_mdmh) were away from the origin in opposite directions at PC1 axis. The other two mutants
( , ) and one control (ctrl3_mdmh) had little contribution to model the 64%
of variance PC1. Inthe PC2direction, ctrl1_mdmh and ctrl2_mdmh were distant from the two mutants

of and ,butctrl3_mdmh was close to these mutants.

Overall, clusters of mutants and controls overlapped due to alargervariance fromindividual than that
from groups. The overlaps between male mutant and control variables indicated that the embryonic
brain with complete deletion of tfap2b shared some features with that of their wild-type littermates.
Interestingly, in both female SP and DMH (Fig. 8A, B), mut3_fDMH was far away from all other
variables. Therefore, only mut3 fDMH was removed from further analysis and all samples in male

animals were keptforfurtheranalysis.
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Figure 8. Principal components analysis of gene expressionin E14.5 Tfap2b mutants brain.

Score plots of femaleembryonic SP (A) andDMH (B), malesp (C) and (D). The plots modeled above 70%

of the total variance. The contributions of the firstand second major components were shown along x

and y axis, respectively. Female E14.5 embryos Tfap2b**, n=3; female E14.5 embryos Tfap2b*", n=3;

male E14.5 embryos Tfap2b',

n=3; male E14.5 embryos Tfap2b*, n=3; SP, secondary

prosencephalon; DMH, diencephalon, midbrain and hindbrain.
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2.2.3c Differentially expressed genes in E14.5 Tfap2b homozygous knockouts

Next, qualified samples from PCA results were further analyzed using EdgeR to find differentially
expressed (DE) genes. Overall, there were fewer DE genes in SP than in DMH samples, more
downregulated genes than upregulated (Fig. 9-10). The most significantly regulated genes were
labeledinthevolcano plots (Fig.9, FDR< 0.2; logFC>0.5). Patterns of overlapped DE genesare plotted
inVenndiagram and commongenes werelistedin thelegend(Fig. 10). Amongthese highlighted genes,
Tfap2b was significantly down regulatedin both female and male DMH but not in SP (Fig. 10), this is
consistent with the expression pattern of in situ analysis from Zhao et al. [109]. Gene expression of
Tfap2family was further confirmed in E19whole brain samples using qPCR. Consistent with the results
from RNA-seqanalysis,only AP-2B but not other AP-2 paralogs was downregulatedin Tfap2b*- as well

as Tfap2b developing mouse brains (Fig. 11).
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Figure 9. Differentially expressed genes in Tfap2b /- developing mouse brains.

Volcano plots showingthe significantly up-regulated (red) and down-regulated genes (blue)in female
sp (A) and dmh (B). Up regulated genes are presented in orange for male (C) and dmh (D). Gene
expressions were compared between homozygous mutant embryos (E14.5) and their wild-type
littermates.Significantly changed genes(FDR<0.2; logFC>0.5) were highlightedand the most robustly
regulated geneswere labeled (FDR< 0.01; logFC > 2). Female E14.5 embryos tfap2b +/+, n=3; female
E14.5 embryos tfap2b -/-, n=2 (based on PCA analysis, the sample named“mut3” was excluded from
the DE genesanalysis); male E14.5embryos tfap2b +/+, n=3; male E14.5 embryos tfap2b +/+, n=3; SP,

secondary prosencephalon; DMH, diencephalon, midbrain and hindbrain.
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Figure 10. Overlapping DE genesin developing mouse brain.

Venndiagram showingthe numbers of overlapping genes of each combination. Inthe legend, names

of the common genes and p values were listed according to the corresponding intersection. The

overlapping p values were calculated using Fischer’s exact tests.
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Figure 11. Tfap2b was downregulated in the mutant E19 brain.

Expression of Tfap2ato d inthe E19 whole brain of heterozygous and homozygous Tfap2b knockouts
was quantified using gPCR. Data were analyzed by two-way ANOVA followed by Sidak’s multiple
comparisons test and were shown as the mean + SEM, *p<0.05, **p<0.01. E19 Tfap2b** (n = 3),
Tfap2b*" (n =6), Tfap2b*" (n =5).
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2.2.3d Network analysis of differentially expressed genes in E14.5 female DMH

The most DE genes (133 genes) were found in female DMH and were downregulated. These genes
were grouped into two networks by embryonicdevelopment and neural activity (Fig. 12). All of the DE
genesrelated tothe embryonicbrain developmentare from Hox gene family except for Pax8, which is
from Pax family that can be recruited by AP-2 paralogs when activating atarget gene [115]. The group
of DE genesinvolvedinthe neurotransmission belongs to solute carrier (Sic) family, exceptfor Agpl
Upregulated genes (31 genes) were grouped into one network by neuronal generation and glial cell

differentiation (Fig. 13). Six genes were found under the most significant GO terms.
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Figure 12. ClueGO network analysis of the downregulated genesinfemale DMH.

Grouped networks of embryonic brain development (A) and neurotransmission (B) by biological
function with GO terms as nodes where the most significant terms were highlighted, poorly grouped

terms (< 10 nodes) are not shown. Legend showed the genes found undereach GO term.
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Figure 13. ClueGO network analysis of the upregulated genesin female DMH.

Grouped networks of “negative regulation of glial cell differentiation” and “forebrain generation of
neurons” by biological function with GO terms as nodes where the most significant terms were
highlighted, poorly grouped terms (<10 nodes) are not shown. Legend showed the genes found under

each GO term.
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2.3 Part 3: Shortened sleep in GABAergic specific Tfap2b knockouts.

All results from this section were included in the manuscript we are currently writing.

My previous results showed that heterozygous deletion of Tfap2b in all cells had resulted in a
shortened sleep in mice [119]. In addition, this Tfap2b deletion downregulated the expression of
GABAergic genes in brainstem of Tfap2b * mice. Therefore, to investigate the function of Tfap2b in
GABAergic-regulated sleep infemale and male mice, | characterized the sleep behaviorin conditional
knockouts of Tfap2b in GABAergic neurons. Firstly, | generated GABAergic specific knockouts ( Vgat-
tfap2b ) by crossing Tfap2b ™ with Vgat-cre line, and measured sleep in both female and male
animals by EEG/EMG recordings. Next, to examine how GABAergic deletion of Tfap2b affects sleep
homeostasis, a 6-h sleep deprivation (SD) was applied to all groups of mice. Twenty-four hours of
baseline (BSL) sleep and two consecutive days of recovery (R1and R2) sleep after SD were recorded

using EEG.

2.3.1Shortened sleep and reduced sleep depth in female Vgat-tfap2b " mice

The EEG data from the female knockouts showed that total sleep amount was decreased ~120 min in
24-hour day (Fig. 14A, B). This decreased sleep quantity of NREMS and REMS was most obviously
demonstrated within the first half of dark phase (Fig. 14C-F) over the 24-hour Zeitgeber Time (ZT)
course, although notall pairwise comparisons for each time point were significant. In parallel with the
shortened sleep quantity, the delpha and theta power during the 24-hour baseline was also lower in
the female Vgat-tfap2b 7 mice (Fig. 15A-D). The trend of deltaand theta powerchangesoverthe ZT
course synchronized with the quantity changes, again, with the largest discrepancies observed during
the first half of the dark phase (Fig. 15B,D). A small difference between two groups of controls were
observedinthe spectra poweranalysis of the wake state (Fig. 15E, F), where the EEG spectral power
at slower frequency in Vgat-tfap2b "M control was lower than that from Vgat control. Wake spectral
power intensity of Vgat-tfap2b’ knockouts fell in between of the controls. This intensity of
wakefulness seems to change independently of the slow wave intensityin sleep. The sleep and wake
bout lengthsinthe mutant group were not affected by the altered sleep or wake spectral power (Fig.

16). In summary, the female Vgat-tfap2b” mice suffered fromsleep loss and reduced sleep depth.
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Figure 14. Sleep amountis shortened in female GABAergicspecific Tfap2b homozygous knockouts in
baseline recording.

(A) Sleep quantity changesin female Tfap2b™, Vgat-cre, Vgat-tfap2b - mice overthe Zeitgebertime
(ZT) course. (B) Sleep quantity during 24h, light and dark phase. ZT course NREMS quantification (D)
and total NREMS amount during 24h, light and dark phase. REMS quantification overthe ZT course (E)
and during 24h, light and dark phases (F). All data were analyzed by two-way ANOVA followed by
Sidak’s multiple comparisons test and were shown as the mean * SEM. Significant pairwise
comparisons of Tfap2b™vs. Vgat-tfap2b ' were marked with *P < 0.05, **P <0.01; Vgat-crevs. Vgat-
tfap2b ", #P < 0.05, #Pp <0.01; Tfap2b™'vs. Vgat-cre,” P< 0.05. Female Tfap2b™/(n=5), Vgat-cre (n

=5), Vgat-tfap2b "’ (n=5).
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Figure 15. Weakersleep drive in female Vgat-tfap2b - mice.

NREMS powerspectrain 24h scale (A) and delta power (0.5 —-4.0 Hz) changes over ZT course (B). REMS
power spectrain 24h scale (C) and theta power (5 — 10 Hz) changes over ZT course (D). Wake power
spectra and 0.2- 10 Hz power changesover ZT course. Datain (A, C, E) were analyzed using Friedman
testfollowed by Dunn’s multiple comparisons test. Datain (B, D, F) were analyzed by two-way ANOVA
followed by Sidak’s multiple comparisons testand were shown as the mean £ SEM. Significant pairwise
comparisons of Tfap2b™'vs. Vgat-tfap2b " were marked with *P < 0.05, ****P <0.0001; Vgat-crevs.
Vgat-tfap2b /-, #P < 0.05, ##p < 0.001, ##p < 0.0001; Tfap2b ' vs. Vgat-cre,* P < 0.05, #* p <

0.0001. Female Tfap2b™ (n=5), Vgat-cre(n=5), Vgat-tfap2b ' (n =5).
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Figure 16. Sleep and wake bout lengths were not changed in female Vgat-Tfap2b~’'- mice.

Boutanalysis of female Tfap2b™, Vgat-cre, Vgat-Tfap2b”- mice during NREMS (A), REMS (B), wake (C)
and sleep (D) state. Data were analyzed by two-way ANOVAfollowed by Sidak’s multiple comparisons
testand were shown as the mean + SEM. Female Tfap2b™ (n = 5), Vgat-cre(n=5), Vgat-tfap2b ' (n
=5).
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2.3.2 Reduced homeostatic sleep response in female Vgat-tfap2b - mice

To determine if the sleep loss phenotype observed in BSL recording influence the homeostatic sleep
response, mice were exposed to 6-h SD after BSL recording. After SD, a trend of sleep increase was
observed duringthe firstrecovery day (R1) in both control and knockout groups with the main effect
occurred in the dark phase following the SD (Fig. 17). The sleep schedule was restored in all groups
within R2 as the NREMS and REMS architectures in the R2 were not significantly altered compared
with BSL (Fig. 18). Spectral powerwas also analyzed afterthe 6 hours SD. During R1, the delta power
was increased compared to the BSL sleep power within the equivalentZT range in all groups tested.
Subsequently, the delta power was recovered during R2. Although the theta power rebound was
significantin female Vgat-tfap2b - mice REMS not in controls overthe time course, the accumulative
effectwas therefore calculated to evaluate the strength of powerrebound amongall genotypes.The
cumulative effect was calculated for NREMS and REMS. Results of both delta and theta oscillations
showed thatthe recovery sleepinfemale Vgat-tfap2b - mice was slowerand weakerthan their wild-
type littermates (Fig. 19). Taken together, the homeostaticsleepresponse was reducedin female Vgat-

tfap2b " mice.
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Figure 17. Sleepisincreased after 6-hour sleep deprivationin all tested female mice.

NREMS quantity changes overZT course during baseline (BSL), the first / second recovery day (R1/R2)
in female Tfap2b™(A), Vgat-cre (B), Vgat-tfap2b 7 mice (C). REMS quantity changes over ZT course
during BSL, R1, R2 in female Tfap2b™ (D), Vgat-cre (E), Vgat-tfap2b ' mice (F). All data were analyzed
by two-way ANOVAfollowed by Sidak’s multiple comparisons test and were shown as the mean+SEM.
Significant pairwise comparisons of BSL vs. R1 were marked with *P < 0.05. Female Tfap2b /# (n = 5),

Vgat-cre(n=5), Vgat-tfap2b "’ (n=5).
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Figure 18. Weaker sleep power rebound in female Vgat-tfap2b /- mice after 6-hour sleep

deprivation.

Delta power changes over ZT course during BSL, R1, R2 in female Tfap2b™(A), Vgat-cre (B), Vgat-

tfap2b " mice (C). Theta power changes over ZT course during BSL, R1, R2 in female Tfap2b™ (D), Vgat-

cre (E), Vgat-tfap2b ' mice (F). All datawere analyzed by two-way ANOVA followed by Sidak’s multiple

comparisons testand were shown asthe mean = SEM. Significant Time x Sleepdeprivation interactive

variations were specified betweengroups and marked with *P <0.05, **P < 0.01; pairwise comparisons

of BSLvs. R1 were marked with *P< 0.05. Female Tfap2b®# (n=5), Vgat-cre (n=5), Vgat-tfap2b ' (n

5).
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Figure 19. Sleep rebound power is weaker in female Vgat-tfap2b - mice after 6-hour sleep

deprivation.

Linear regression plots of accumulative delta (A) and theta power (B) after SD. Equality of slopes or

intercepts was tested by simple linear regression analysis. Significantly differences were specified

between groups and marked with *P <0.05, ***P <0.001. Female Tfap2b®™f (n=15), Vgat-cre(n = 5),

Vgat-tfap2b

(n=5).
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2.3.3 Sleep patterns differ within controls as well as the mutant in male Vgat-

tfap2b” mice

Next, | tested the sleep behavior in male animals. In sleep quantity analysis, a similar phenotype to
female mutants was observed. The total sleep/ NREMS amount was decreased in male Vgat-tfap2b*
mutants during the dark phase compared with the Tfap2b 7 control, although significance failed to
occur when compared with Vgat-cre controls (Fig. 20A-D). The main effect of the sleep loss also
occurred during the first 6 hours afterlights-off (Fig. 20A, C). Different from their female mutants, the
REMS quantity in male Vgat-tfap2b”’ mice was not altered (Fig. 20E, F). However, despite the sleep
loss, the EEG power analysis revealeda conflictingly higher sleep pressure inmale knockouts compared
with female mutants, which exhibit adecreased sleep drive. The Vgat-tfap2b” mice displayeda higher
NREMS/REMS powerintensity thanthe floxed control while similar to Vgat-cre controls (Fig. 21A-D).
Surprisingly, thisincrease of NREMS/REMS power intensity already existed inthe control carrying Vgat-
cre, compared with the floxed control. Similar to female analysis, spectral power during wakefulness
seems to behave independently and irrelevantly of the sleep intensity. Although not significant, the
powerintensity of the major peak (0.2-5Hz) was the highestin the Tfap2b™ control, but the weakest
in Vgat-tfap2b 7~ mice, while the order was completely the opposite as for the second peak (5-10Hz)
(Fig. 21E, F). Overall sleep and wake bout lengths of Vgat-tfap2b knockouts were not changed, only
that the average wake bout was longer in the active phase (Fig. 22). In summary, the sleep quantity
reduction from male mice agrees with the female phenotype, whereas the EEG power analysis

disagrees. This disagreement might come from a CRE effect to the sleep intensity in male knockouts.
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Figure 20. Sleep amount is shortened in male GABAergic specific Tfap2b homozygous knockouts in
baseline recording.

(A) Sleep quantity changes in male Tfap2b™, Vgat-cre, Vgat-tfap2b - mice over the Zeitgeber time
(ZT) course. (B) Sleep quantity during 24h, light and dark phase. ZT course NREMS quantification (D)
and total NREMS amount during 24h, light and dark phase. REMS quantification overthe ZT course (E)
and during 24h, light and dark phases (F). All data were analyzed by two-way ANOVA followed by
Sidak’s multiple comparisons test and were shown as the mean + SEM. Significant pairwise
comparisons of Tfap2b™vs. Vgat-tfap2b ' were marked with *P < 0.05, **P <0.01; Vgat-crevs. Vgat-
tfap2b ", #P <0.05, #Pp <0.01; Tfap2b” vs. Vgat-cre,”P <0.05. Male Tfap2b™' (n=5), Vgat-cre (n=
4), Vgat-tfap2b ' (n =6).
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Figure 21. Sleep powers are stronger in male Vgat-tfap2b /- mutants and the Vgat-cre control.

NREMS powerspectrain 24h scale (A) and delta power (0.5 —4.0 Hz) changes overZT course (B). REMS
power spectra in 24h scale (C) and theta power (5 — 10 Hz) changes over ZT course (D). Wake power
spectra and 0.2- 10 Hz power changes over ZT course. Datain (A, C, E) were analyzed using Friedman
testfollowed by Dunn’s multiple comparisons test. Datain (B, D, F) were analyzed by two-way ANOVA
followed by Sidak’s multiple comparisons testand were shown as the mean + SEM. Significant pairwise
comparisons of Tfap2b™vs. Vgat-tfap2b " were marked with *P < 0.05, ****P < 0.0001; Vgat-crevs.
Vgat-tfap2b ", #P < 0.05; Tfap2b™ vs. Vgat-cre, " P < 0.0001. Male Tfap2b™ (n =5), Vgat-cre(n
=4), Vgat-tfap2b ' (n= 6).
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Figure 22. Sleep and wake bout lengths were not changed in the male Vgat-fap2b”- mice.

Bout analysis of male Tfap2b™", Vgat-cre, Vgat-Tfap2b” mice during NREMS (A), REMS (B), wake (C)
and sleep (D) state. Data were analyzed by two-way ANOVAfollowed by Sidak’s multiple comparisons
testand were shown as the mean = SEM. Male Tfap2b®# (n = 5), Vgat-cre (n= 4), Vgat-tfap2b ' (n =
6).

70



2.3.4 Altered sleep rebound within controls as well as knockouts in male mice

Homeostaticsleepresponse was alsoinvestigated in male mice. NREMS quantity after 6 hours SD ( Fig.
23A-D) was not significantly changedin R1, but REMS was significantly increasedin all groups (Fig.23
E, F). The majorvariancesin REMS amountoccurredin the first 6 hours from the lights-off. During R2,
the recovery sleep was significantly different from BSL over the ZT course in the male Vgat-tfap2b *
mutants, indicating that the sleep was not fully restored to the baseline level. Homeostatic sleep
rebound was characterized by the increased delta powerduringR1 in all tested genotypes ( Fig. 24A-
D). The rebound changes between genotypes were consistent with the analysis of sleep power
intensity during BSLrecording. The theta powerrebound was only found to be significantin the Vgat-
tfap2b”’ mice, but the trend of a later rebound was observed in both controls (Fig. 24E, F).l next
analyzed rebound power across all genotypesin male animals.In line with astronger BSLsleep power,
male knockouts also exhibited a faster rebound in both NREMS and REMS power (Fig. 25). As NREMS
power intensity is the marker of sleep homeostasis, the rebound power in the Vgat-tfap2b’ mice

seems to be similarly affected by the introduction of Vgat-cregene.

Taken together, the deletion of Tfap2b in GABAergic neurons have reduced approximately 2h of sleep
in female mice. This sleep lossis more likely a main effect of the homeostatic regulation rather than
circadian, because: (1) the timingand bout lengths of sleep are not changed; (2) conditional deletion
of Tfap2b in GABAergic neurons reduced the sleep power, the maker of sleep homeostasis; (3) the
guantity changes of sleep over the time course coincide with the pattern of power intensity.
Surprisingly, two controlsin the male colony behaved differentlyinsleep asthe Vgat-cre control has
an increased sleep pressure compared with the Vgat-tfap2b ¥ control. Sleep intensity observed in
male conditional knockouts resembled that from the Vgat-cre control while differed from the floxed
control mice. Therefore, it is very likely that the contradictory phenotype of high sleep pressure but
low sleep amountin Vgat-tfap2b * comes from the combination effect of the Vgat-cre gene as wellas

the GABAergic Tfap2b deletion.
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Figure 23. Sleep is increased after 6-hour sleep deprivation in the male Vgat-tfap2b /- mutant and
the Vgat-cre control.

NREMS quantity changes overZT course during baseline (BSL), the first / second recovery day (R1/R2)
in female Tfap2b™(A), Vgat-cre (B), Vgat-tfap2b 7 mice (C). REMS quantity changes over ZT course
during BSL, R1, R2 in female Tfap2b™ (D), Vgat-cre (E), Vgat-tfap2b - mice (F). All data were analyzed
by two-way ANOVAfollowed by Sidak’s multiple comparisons test and were shown as the mean+SEM.
Significant Time x Sleep deprivation interactive variations were specified between groups and marked
with *P < 0.05, **P < 0.01, ***P < 0.001. Male Tfap2b™ (n =5), Vgat-cre (n= 4), Vgat-tfap2b~ (n =
6).
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Figure 24. Sleep powerrebound in both control and mutant mice after 6-hour sleep deprivation.

Delta power changes over ZT course during BSL, R1, R2 in female Tfap2b™(A), Vgat-cre (B), Vgat-
tfap2b - mice (C). Theta power changes over ZT course during BSL, R1, R2in female Tfap2b™# (D), Vgat-
cre (E), Vgat-tfap2b - mice (F). All datawere analyzed by two-way ANOVA followed by Sidak’s multiple
comparisons test and were shown as the mean £ SEM. Significant Time x Sleepdeprivation interactive
variations were specified between groups and marked with *P <0.05, **P <0.01, ****P <0.0001. Male

Tfap2b™" (n=5), Vgat-cre (n=4), Vgat-tfap2b~' (n = 6).
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Figure 25. Sleep rebound power is stronger in the male Vgat-tfap2b - mutant and Vgat-cre control
after 6-hour sleep deprivation.

Linear regression plots of accumulative delta (A) and theta power (B) after SD. Equality of slopes or
intercepts was tested by simple linear regression analysis. Significantly differences were specified
between groups and marked with *P < 0.05, ***P < 0.001, ****P < 0.0001. Male Tfap2b ™ (n = 5),
Vgat-cre(n=4), Vgat-tfap2b ' (n= 6).
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3. Discussion

3.1 Tfap2b regulated GABAergic gene expression

Our previous study shows that APTF-1isrequired for the GABAergicinterneuronRIStoinduce sleep in
C. elegans [6]. In mammals, GABAergic neurons in the central nervous system play a key role promoting
sleep. Sleepinducing GABAergic neurons have been confirmed in multiple brain areas [77, 86, 94, 99].
In this study, GABAergicgene expression was affected by Tfap2b half deletion but not Tfap2a. AP-23
transcativates target gene expression in homodimeric or heterodimeric association with AP-2a/B/y
[104]. However, the expression of Tfap2a, c, d is not changed in Tfap2b-deleted embryonic brain.
Therefore, Tfap2b is indispensable in the combination of dimers involved in the regulation of

GABAergicgenes.

At early developmental stage, the GABAergic cell fate is determined by a concert of transcription
factors, such as Ascl1, DIx1/DIx2, bHLH-Rbpj [120-122]. These transcription factors act in pairs as
heterodimers to transactivate the differentiation or specification of GABAergicneurons. In this study,
| found that Tfap2b regulated the expression of Gad65, Gad67, Vagtin a heterogeneous way depends
on different brain areas. This implied that Tfap2b might not directly control the development of
GABAergic system, but could possibly targeting other transcription factors or enhancers that directly

activate GABAergicexpression.

Tfap2bishighly expressed in the midbrain/hindbrainareain embryonic mouse. Therefore, | examined
the brainstem area in more a detailed way using ISH. PZ contains a delimited node of neuronsin a
rather small-sized area which allows a more precise quantification [86]. The ISH results showed the
number of GABAergicneuronswere decreased in PZ. Thisis consistent with the results from qPCR that
showed a down-regulation of GABAergicgenesin the brainstem where the PZlocates. Another study
has alsorevealed arole of Tfap2b in GABAergicneuron differentiation [123]. These resultsindicate an

important but complexrole of Tfap2binthe expression of GABAergicsystem.
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3.2 Genesregulated by Tfap2b in E14.5 mouse brains

It was revealed by this experiment that the DE gene patterns resulted from tfap2b deletion were not
uniform across different brain areas, since the Tfap2b is restrictedly expressed in midbrain and
hindbrain areas in a developing mouse [109]. Interestingly, the expression pattern also differed
between female and males. Literature analysis of the differentially regulated genes in the network

analysis (Fig. 12, 13) and related tosleepis discussedin the following sections.

3.2.2 Literature analysis of down-regulated genes

Hox genes

Hox genes belongtothe homeobox genesuperfamily. Many genesin the Hox gene family implicate in
brain development of both invertebrates and vertebrates [124, 125]. More importantly, Hox genes
play animportantrole inthe segmentation of the vertebrate hindbrain at earlyembryonic stages [126].
They are alsoimportant for neuronal patterning at later stages, includingneuronal migration and axon
guidance [127]. Consistent with my finding, downregulated Hox genes were found in the developing
posterior brain. Hox genes encode transcription factors that structure the neural tube along
anteroposterior (AP) direction [128]. Similarly, most of the downregulated genes (a3to 6; b2 to b8; c4;
d3) found are expressed in the anterior to middle structure of central nervous system where major
classes of neurons are generated [129]. Changes of the Hox gene expression found in DMH implied

that the neuronal patterningin the hindbrain might be altered.
Solute carrier genes

Most of the down-regulations occurredin solute carrier 6 (Slc6) gene family which includes NE, GABA
and sodium-dependent branched-chain amino acid transporters [130]. Norepinephrine transporter
(NET), encoded by Scl6a2, regulates the noradrenergic neurotransmission by mediating reuptake of
NE [131]. Allelicmutation represses SLC6A2transcription [132] and confers to ADHD (attention-deficit
hyperactivity disorder) [133]. Slc6all encodes GABA transporter 3, polymorphism of the gene

increased the susceptibility to the tardive dyskinesia, an involuntary neurological movement disorder
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[134]. Slc6a15 functions as a brain transporter that facilitate the uptake of proline and leucine [135,
136]. Mutation in SLC6A15 is correlated with major depression and risk allele carrier has a reduced
expression in hippocampus [137], which might relate to its involvement of glutamatergic signaling
[138] (tend to stay longer on Rotarods). All of these genes are correlated with motor functions and

tend to induce hyperactivity symptoms that could potentially disturb sleep.

Slc4 gene family has also two members down-regulated in female DMH. Slc4a5 encodes NBCe2 that
transports sodium bicarbonate (and/or carbonate) in peripheral organs [139]. Mutations in this gene
is related with hypertension or renal metabolic acidosis [140]. This could probably explain the renal
failure induced perinatal-lethality reported in Tfap2b homozygous deletion [112]. Brain specific
Slc4a10 encoded NBCn2 transports sodium bicarbonate and disruption of the geneincreasesneuronal
excitability [141, 142]. Interestingly, from our previous study, we observed a reduced sleep but
increased wakefulness during active phase in Tfap2b * mice [119]. The molecular analysis of the down-
regulated of Slc genes in MDH, again, seem to support a hyperactive phenotype with a more exdited

brain.

Noradrenergic/dopaminergic neurotransmission related genes

Dbh, dopamine beta-hydroxylase, converts dopamine to noradrenaline. Impaired beta-hydroxylation
of dopamine resultsinacomplete absence of noradrenaline (NA)and adrenaline inplasma (orthostatic
hypertension), consequently the dopamine is elevated [143]. Patients with DBH deficiency is mainly
characterized by cardiovascular disorders [144]. Dbh - mice exhibit longer NREMS [62] and shorter
sleep latency after mild stress [145] compare with their heterozygous littermates which has normal
level of NE. Further, optogeneticdisruption of Dbh gene abolished the awakening effect of LC (Locus
coeruleus) stimulation [146]. Importantly, both dopamine [147] and noradrenaline [148] are important
neurotransmitters in wake-promoting circuitry. In our study, both Dbh and Sic6a2 (discussedin section
3.3.2) were down regulated in female and male DMH (Table 2.3). However, while Dbh deletion
deprivesthe body of NE, Slc6a2 mediates reuptake of NEand dopamine [149], itwould be difficult to
predict how the dopamine/NE ratiowould be inthe tested brain area. However, it would be interesting
to measure how the dopamineand NE concentration within sleep centers and therefore to shed some

lightupontheirrolesinsleepregulation.
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3.2.3 Literature analysis of up-regulated genes

Dmbx1

Dmbx1, diencephalon/mesencephalon-expressed brain homeobox gene 1, is a novel evolutionarily
conserved (zebrafish and human) paired-like homeoboxgene whose expression was detected at E8.5
in the midbrain region [150, 151]. Dmbx1 gene functions predominantly in midbrain that paralogs
knockout of its paralogs result in reduced growth of the midbrain [152]. Mice defident
in Dmbx1 exhibit severe leanness associated with hyperactivity. Further, a Dmbx1~- mouse being
isolated from its cohabitants sometimes starves itself to death [153]. However, in this study, Dmbx1
was up-regulated in female/male DMH and itis not clear how the Dmbx1 gain-of-function mice behave.
Further, there was no differences in body weights from the tested heterozygous colony between
genotypes. Yet, up-regulation might potentially contribute to the depression-like behavior observed in

the Tfap2b *- mutants.
DIx homeobox transcription factors

DIx homeobox transcriptionfactors are functionally highlyredundant. Dix1and DIx2 play a central role
determining neuron-glial cell fate [154, 155], differentiation [156] and migration [157] of GABAergic
interneuronsin developmental forebrain. The Dix5and DIx6 are critical for craniofacial, limb, A-P axial
development [158]. DIx2 and dIx5 are both involved in the MAGE-D1 mediated GABAergic neuron
differentiation [159]. The upregulation of DIx2 and DIx5 in posterior embryonic brain implied an
alternationin GABAergic neuronal development dueto Tfap2b deletion. In addition, qPCRand ISH data
showed a decreased in GABAergicexpressionin the adult brainstem. Therefore, itis very temptingto

speculate that some of these GABAergic neurons are sleep-promoting.

3.3.4Summary

Tfap2b deletioninduced a majorchange in homeoboxgenes, Slcgenes and neurotransmissionrelated
genes. Taken together, the expression changes of these genes may pattern the model of flip-flop
switch in sleep-wakefulness regulation in a way that the up regulated genes favor the sleep loss side
meanwhile the down-regulated genes support a more active wakefulness phenotype. Further, these

DE genes mightact cooperatively to determinethe development of sleep neurons.
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3.3 GABAergic neurons expressing Tfap2b control sleep in mice

Many genes are related to sleep behavior (as summarized in introduction), but the pathways between
target gene and behavior remain elusive. In this study, | observed a gene-brain-behavior control in

sleeping mice.

Homologs of Tfap2b and their functional importance have been revealed in sleep behaviors of C
elegans and drosophila [6, 117]. Severe morphological and pathological changes have beenreported
in Tfap2b deleted mouse pups [112]. However, the neural targets of Tfap2b remain unclear. The
previous results from gPCR, ISH, RNA-seq suggest a role of Tfap2b in regulating GABAergic gene
expression. Therefore, it was hypothesized that Tfap2b regulates the GABAergic neuronal functionin
sleep. Inaddition, both the RNA-seq analysis and the research from Nakai et al. using Tfap2b-mutated
mouse strain [160] suggest a gender difference in manifestation of the Tfap2b deletion/mutation.
Therefore, to test the hypothesis, | used both female and male mice with GABAergic specific Tfap2b
knockouts. The EEG recordings analysis suggest that GABAergic neurons expressing Tfap2b control

sleepinmice, atleastinfemale.

DNA binding site of AP-2p proteinis highly conserved [105]. Its function diversifies as organism evolve
to have more complex nervoussystem.However, some basiccomponent of its function, such as sleep
control, are still reserved though expressed ina more complicated way [119, 160, 161]. Interestingly,
such common feature in functionisalso observed in between less conserved analogs. TF LIM-6, which
controls the expression of the sleep-promoting neuropeptide FLP-11in C. elegans [162]. Deletion of
Lhx6, member of LIM-homeobox from M. musculus, in ZI (sleep-promoting brain area) resulted in

decreasedsleep [99].

Sleep homeostasis and the use of behavioral criteria has bridgedthe sleep research of vertebrates with
invertebrates [163]. Conserved genes and neural system are valuable keys for exploring the
evolutionary origin of sleep. InC. elegans, the APTF-1 expressing GABAergicinterneuron RIS controls
its sleep [6]. In mice, we found that GABAergicneurons expressing Tfap2b regulates the homeostatic

sleep. In my study, Tfap2b-GABAergic control of sleep homeostasis seems to be a conserved function.
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3.4 Conclusion

The first part of results hasrevealed the divergent roles of Tfap2a and Tfap2b played in sleep control.
In addition, the function of these transcription factors extend to behaviors beyond sleep. The results
fromthe second part have confirmed that Tfap2b affects GABAergicsystemat molecularlevel. Further,
the bidirectional expressionpattern of GABAergic genes within different brain areas implied a complex
mechanism underlying this regulation. Moreover, many interesting gene targets were discovered asa
result from RNA-seq gene expression analysis in developing brain. For example, genes from the
homeobox familythat are closelyrelated to neural development. Finally, inthe third part of the results,
gene-brain to function relationship was verified in murine sleep behavior that GABAergic neurons
expressing Tfap2b control sleep. One of the most challenging part of studying agene’s function is that
there is a long way from a single gene end to the behavioral end, where there have been multiple
behaviors waiting, perhaps, since millions of years ago. Therefore, | find it very exciting meeting
GABAergicsystemon the way. It was astonishingthat, in the circadianfield, such a gene-to-behavior

dream has beenrealized. However, oursleepis still full of mysterious dreams.
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3.5 Outlook

The previous results have raised more questions than answers. The most urgent one is: which
GABAergicneurons were affected by the Vgat-tfap2b deletion? In anotherword, the strength of this
deletion has to be tested. For example, the proportion and distribution of the GABAergic neurons in
the wild types and knockouts need to be measured. Comparisons between genotypes are necessary
to know the ratio of GABAergicneuronsthat could be down or up regulatedin a specificbrainarea or
overall brain. Tfap2b expresses early in the developing stages. Its expression dissipates as the animal

grows olderand minimizeinadultbrain. Therefore, embryos should be included in the test.

Exceptfor GAD67, GAD65, Vgat, expression of genesthat are involved in GABAergic development also
needto be characterized: (1) Transcription factors Dix1 and Dix2 from Distal-less homeobox, whichis
important for GABAergic cell maturation [164]; (2) DIx5, which is critical for AP axial development,
togetherwith DIx2, theyinfluence the neuronal differentiation [158, 159] and they were upregulated
in Tfap2b” embryonicbrain; (3) Lhx6, whichis recruited for interneuron migration and arole in GABA
has already been proved [99, 164]; (4) Nkx2.1 from NK2 homeobox transcription factors, which decide
cell fate [164].

The above goals can be achieved by qPCR, ISH or RNA-sequencing. The results shall pave the way for

function analysis undergeneticablation or activation conditions.
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4. Methods

4.1 Generation of Vgat-tfap2b - mouse line

We purchased tfap2b™° strain with the knock-out first (tm1a) allele of from EMMA. V gat- cre mouse
(#028862, Jackson laboratory) was a gift from Professor Nils Brose from Max Planck Institute of
Experimental Medicine. We first crossed tfap2b'™® mouse with the FLP deleter strain (#003946,
Jackson laboratory). This removed the trapping cassette from tfap2b™1? line, therefore converted the
tmia strain to the conditional (floxed) strain (tfap2b™*). We further crossed tfap2b™* mouse with
Vgat-cre mouse to delete tfap2b from GABAergic neuronsexpressing vVGAT and produced V gat-tfap2b
7* mouse. Vgat-tfap2 - mice were bred to tfap2b™* line to generate homozygous knockouts (Vgat-
tfap2b”) and littermate controls. We chose the tfap2b 7# and heterozygous Vgat-cre mice as the
control groups in this experiment due to potential behavioral differences caused by the expression of

Cre recombinase and loxP site. Both male and female mousewere used in this experiment.

4.2 Genotyping

Ear biopsies of micewere collected and genomic DNA was extractedas described previously [119] with
minor modifications. Briefly, sampleswere lysed in 50 pl of PBND buffer (50mM KCI, 10mM Tris HCl
pH 8.3, 0.1mg/mL MgCl,-6H,0, 0.1mg/mL Gelatin, 0.45% NP-40, 0.45% Tween20) with 2.5 pl
proteinase K (#P8107S, New England Biolabs)freshly added. Incubate the samples in the thermomixer
at 55°C overnight until samples are completely lysed. Deactivate the proteinase K in the samples by
incubating at 85°C for 45 min. Centrifuge the lysate at 6000 x g and use the supernatant for PCR.

Primers usedforgenotypingand PCR conditions are listed in Table 1.
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Table 1. Genotyping primers and protocols

Gene Primer names Primer sequence 5' - 3' PCR conditions Products

IVvgat-cre 10s at 95°, 10s at
Common-F (12785)
CTTCGTCATCGGCGGCATCTG 65°(0.5°C per

cycledecrease),

10s at 68° for 10

Wildtype-R(12786) Vgat-cre allele
CAGGGCGATGTGGAATAGAAA cycles; .
200bp; wild-type

allele323bp
10s at 95°C, 10s

at60°C, 10s at
Mutant-R (0lMR8292) CCAAAAGACGGCAATATGGT 72°C for 28

cycles

Tfapzbtmla )
Tfap2 5’arm GACATCCTACAATGCACAGCT
Tmla allele529bp
30s at 95° 45s at (5’arm + LAR3);
Tfap2 3’arm TTGCTGTGAGCTAAGAGCTTC 65°,45s at 72° wild-type allele
for 39 cycles 381bp(3’arm+
5’arm)
LAR3 CAACGGGTTCTTCTGTTAGTCC
Tfa o 2 b floxed
Tfap2 5’arm GACATCCTACAATGCACAGCT
30s at95° 45s at floxed allele497bp;
65°,45sat 72° wild-type allele
for 39 cycles 381bp
Tfap2 3’arm TTGCTGTGAGCTAAGAGCTTC

The high speed Taq DNA polymerase (KAPA2G Fast HotStart PCR-kit, KK5503) was used for the corresponding

PCR condition.
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4.3 RNA extraction.

The user guide protocol of TRIzol was adapted to the brain tissue RNA extraction.

Brian tissue were lysed in TRIzol reagent (1mL to 50-100mg of tissue) and homogenized using Omni
bead ruptor. Centrifuge the lysate for 5min at 12,000 x g at 4 °C, then transfer the supernatant to a new
tube. Incubate for 5 min at RT. Add 0.2mL of chloroform per 1mL TRIzol reagent and close the lids. Mix the
samples gently by turning up and down for~ 10 rounds. Incubatefor 3 minat RT. Then, centrifugethe sample
for15min at 12,000 x g at 4 °C. Pipette the clear supernatant containing RNAto a new tube without disturbing
the interphase and add 0.5mL of isopropanol per 1mL TRIzol used. Incubate 10 min at RT, then centrifuge for
10min at 12,000 x g at 4 °C. RNA shall precipitateand form a white pellet at the bottom of the tube. Discard
the supernatant. Wash the RNA pelletin 1mL of 75% ethanol per 1mL used by tapping till the pellet is floating.
Centrifuge the samplefor5minat 7,600 x g at 4 °C. Discard the supernatantandair dry the samplefor ~ 10

min at RT. All processes shall be performed inthe clean hood.

4.3 Reverse transcription

Measure the quality and quantity of RNA samples using NANO drop. Adjust the concentration of RNA
samples accordingto needforthe qPCR. Usually a total amount of up to 1ugin 10ul of RNA per 20 ul
reverse transcription reaction is properforlater gPCR. All samples shallhave the same concentration.
High-Capacity cDNA Reverse Transcription Kit (Cat. 4368814) was used for reverse transcription.
Master mix of 10 pl was prepared (2 pl of 10 x reverse transcription buffer; 0.8 pl of 25x dNTP Mix; 1
pl of 10 x random primers; 1 ul of reverser transcriptase; 1 ul of RNase inhibitor; 3.2 pl of Nuclease-
free H,0). Finally, atotal of 20ul per reaction (10 pl master mix + 10ul RNA sample) was prepared for
each sample. Reversetranscription was performed at 25°C for 10 min, 37°C for 120 min, 85°C for 5 min

and samplesshall be keptin4°C or -20°C until use.
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4.4 gPCR

Primers used and qPCR conditions are listed in Table 2.

Table 2. Primers and protocols usedin qPCR

Gene Forward Reverse gPCR conditions

eeflal TGCCCCAGGACACAGAGACTTCA AATTCACCAACACCAGCAGCAA

Tfap2a AGCAGGGAGACGTAAAGCTG GGGATCGGAATGTTGTCGGT
Tfap2b CCTCAATGCATCTCTCCTGGG CCAGTGAGGTGAGTAACGTGA
1 min at94°C,
Tfap2c CGTCACTCTCCTCACGTCTC GTGGCCATCTCATTCCGTC
30s at 62°C,
1min at72°C for
Tfap2d TCTGATCCGGGCAAAACCAT GCTTACGATGCAATTTCCCCC
40 cycles

Gad65 TCCGGCTTTTGGTCCTTCG ATGCCGCCCGTGAACTTTT
Gadé67 TCCAGTGCTCTGCCATTCTG CATAGGAGACGTCATACTGCTTGTC

Vgat ACCTCCGTGTCCAACAAGTC CAAAGTCGAGATCGTCGCAGT
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4.5 EEG Surgery procedure

A brief version of the EEG surgery procedure was published here [119], same protocol with more

detailswere providedin the following manual.

4.5.1 Materialsanddevices
4.5.1a Surgical maintenance

(1) Isoflurane anesthesiasystem (InterMed, Pelon sigmadelta)
(2) Ophthalmicgel (eye protection duringsurgery)

(3) 0.9% (w/v)NacCl

(4) Disinfectant(70% ethanol)

(5) Sterile cottonswabs

(6) High-intensity light source (Operation light source)

(7) Analgesic(Buprenovet, Multidose, Bayer, 0.3 mg/ml)

(8) Adhesive Resin Cementand dental cement

(9) Heatingpad

4.5.1b Surgical instruments

(1) Stereotaxicframe with markerpen
KOPF stereotaxicalignment system Model 1900 with the respective drilling unit (Model 1911),
cannula(Model 1974) and syringe holders (Model 1972) as well as a small microscope (model

1915 centering scope 40x) to attach it to the z-arm and calibratingindicators.

(2) Sterilized surgical instrumentkitincluding scissors, forceps and clamps

(3) Micro drill

(4) EEG electrodes: Miniature screw electrodes (The head diameteris 2.16mm and the shaftis
1.6mm, Bilaney Consultants GmbH) with 5mm wire attached, EMG pad - subcutaneous
electrode (12mm, Bilaney Consultants GmbH).

(5) Wiresassembler: plastic pedestal (MS363, PlasticsOne, Bilaney Consultants GmbH)
All instruments should be disinfected before starting and, if necessary, again during the

operation (e.g., autoclave, 95% ethanol).
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4.5.2 Analgesic reagent preparation

Dilute the Buprenorphine using saline solution to 1:10. Prepare the syringe with the dilution and
remove the bubbles. Administerat rate of 0.1ml / 30 gm (or 0.15ml / 45 gm), then a dosage of around
0.1 mg/kgis delivered.

4.5.2 Animal preparationand pre-surgical preparation

Age and body weight are two vital factors affecting the size of the skull. For sleep phenotyping, we
startthe operation using adult micearound 12 weeks of age with a body weight of 25to 35g. According
to our previous experiments, age has an effecton sleep behaviorthat implantations with adolescent
mice (youngerthan 9weeks)orunder 20g had caused problems (which was mainly lack of delta power
rebound). The adolescent mice (around 2 months old) were reported to have different homeostatic
regulation of sleep [citation] compared with adult mice (3to 9 months old). Male and female mice

were recorded separately to avoid the influence of sexual excitation on the sleep pattern.

Check the general health condition according to the criteria in table.1 and transfer them to the
recording room if no severe abnormality observed. Allow the mice to habituate to the single house

condition andintroduce theminthe experimentroom at least 1 week before surgery.

4.5.3 EEGsurgical procedures

(1) Put or lead the mouse in the anesthesia chamber, then fill the chamber with 5% isoflurane.
Observe carefully as the mouse becomes unconscious. Important behavior signs can be
observedduringthe process. First there’s areduction of motor movements until it stops. Then,
observe the frequency of breathing from the fluctuation of the abdomen. Di sconnect the tube
andreconnectittothe tube holderonthe stereotaxicframe when the frequency decreasesto
around 2 to 3 times per second. Take out the mouse and hook its teeth to the tooth holder.
Place the tongue out of the mouth to avoid suffocation and fix the nose mask. Cover the
complete nose including whisker part with the mask and decrease the isoflurane to 1%-2%

accordingto breathingfrequency.
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IMPORTANTNOTE If the mouse starts to choke inside the anesthesia chamber, take it out immediately

orconnectit to 100% O, when necessary. On the contrary, if the mouse start to move immediately after

taking out of the chamber, do not force it to the nose mask, but put it back to the chamber to reinforce

the anesthesia process.

(2)

(3)

(4)

Place the anesthetized mouse into a stereotaxic frame to fix its head in. Check the anterior-
posterior, dorsal-lateral and horizontal position (Fig. 1A) and keep them in parallel with the
XYZ axes with the stereotaxicframe. Use the ear bars when adjust the head at horizontal and
vertical level, soit’s not tilted in any of the direction. Fix the head by the earbarsinsertedinto
the auditory canal. However, be very careful when using the ear bars, because wheninserted
too deeply they can severely damage the ear and this could lead to death. Put some surgical
tissue beneath the body to keep the head atabit higherlevelthan the body. This head -higher

position should help reduce possible bleeding during surgery.

Moisturize the hairs on the scalp with 70% alcohol and shave them with bendedscissors (avoid
to cut the skin), so that the hair will not enter the wound or stick to the cement afterwards.

Apply protective gel to the mouse’s eyes to prevent them from drying out.

[lluminate the surgical area with an intensive operational light source. After removing the
hairs, make a longitudinal incision with a scalpel or a scissor along the midline, starting
between the end of the eyes and measuring ~1 cm backwards (Fig. 1). Produce a broad
window by placing some clamps on the edge of the cut skin, on both sides of the opening, to
best expose the target area. Carefully remove the skull periosteum, clean thoroughly with

saline and remove any blood or fluids by cotton swabs, and allow the bone to dry.

Drilling holes in preparation forimplantation of EEG electrodes and screws

(5)

Mark the hole position with the stereotacticframe (Fig.1B). Cautiously drill five holes into the
cranium. Apply enough counter-pressure to keep the drill bit from engaging into the dura
mater when it passes through the skull. Two holes are drilled over the right and left frontal
cortex (anteroposterior, AP, +1.5mm from bregma; mediolateral, ML, 1.7mm). One is overthe
right parietal (AP +1.5mm from lambda, ML, 1.7mm) cortex. Two are bilaterally over the
cerebellum (AP-1.5mm from lambda, ML, 1.7mm) as reference (left) and ground signal (right).
The electrode positions are chosen to reconcile the heterogeneity between the frontal and

parietal signals within same vigilance state and ensure the optimal differentiation among all
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states. The rostral electrode placed overthe frontal cerebral cortex captures EEG delta waves
of NREM sleep (NREMS), the caudal electrode placed above the hippocampal structures
captures the thaw-tooth like theta oscillation of REM sleep (REMS). Although the use of a
neutral reference electrode allows recording from a monopolar derivation, we put one more
electrode that makes it bipolar for frontal lobe. This helps increase the chance of capturing
signals from the frontal cortex where, to our previous experiences, premature disconnection
occurs the most. More importantly, the deltawave intensity of NREM is the major marker of

homeostaticsleep.

CAUTION: If the dura mater is penetrated, cerebrospinalfluid (CSF) and/or blood willemerge from the

hole. In this case, wet the cotton swab with saline water and, if necessary, apply some force to the

bleeding point, remove the swab until no more fluid is emerging; the operation can be continued, but

there is a risk of signal disturbance. Keep this noted in the lab record and check the quality of signal

after connection to the cables. Make sure the skull is dry and clean before the implantation of screws.

(6)

(7)

Place the screws into the holes using a hemostatic forceps as the screwdriver. To avoid
puncturing the complete screw, around half of each screw should be kept above the surface
of the cortex (with our screws this corresponds usually to two to three turns, if there’s no
invalid turns that the screw does not actually engage in depth). One subcutaneous pad is

placedinthe nuchal muscle forthe electromyogram (EMG) recording. Remove the clamps.

Prepare the dental cement mixture on aluminium foil. Next, cement the screw without
coveringthe top of wires. Letthe cement flowto coverall of the open wound areaand ensure
the cement meets and covers the margins of the wounded skin. Do not let the cement run into
the sheath attached to the electrodes. Keep the unfixed EMG wire temporarily immobile by
leaning it on one of the closest EEG electrodes. Quickly assemble the wires into the plastic
pedestal before the cement dries out. Prepare another dental cement (flowing slower than

the previous preparation)to coverall the contacts to fix the structure in place.
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Ear Bar

Muscle pad

@ Reference electrode

@ Recording electrode

Figure 26. EEG surgery instruction and recording envioronment.

Surgical view with EEG/EMG elecotrodes implantations indicated (A). Schematic description of the
brainareas where the EEG/EMG electrodeslocate (B). Exampleview of the recording cylinder (d = 26

cm; h = 35 cm) envioronment forindividual mouse.
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4.5.4 Post-surgical considerations

(1) Cutasmall piece of adhesive tape and coverthe connectorto keepthe contacts clean and free

of dust. Shape the tape to fitthe size of the plasticpedestal to avoid removal by the animal.

(2) Weigh the animal. Put it back into a cage with heating pad and monitor constantly until

anesthesiawears off and the mouse starts moving. Putit back to its home cage for re covery.

(3) Afterthesurgery, allow the mouse torecoveratleast 10 days priorto cable connection under
standard housing conditions, and check the health status (Mouse Grimace Scale, MGS) of the
animal duringthe first 3 days of recovery. Analgesicshall be injected underanesthesiain case
of moderate pain. Weigh the mouse again before connectingitto the recording cables. Allows

the mouse at least 2 days to habituate tothe cable and cylinder cage ((Fig. 25C).

4.6 EEG setup and recording schedule
4.6.1a EEG recording system devices

(1) Preamplifier with plug-in wires (Fig. 26B, Micro Preamplifier uPA16)

(2) Signal Collector (Fig. 26C, uPA32)

(3) Programmable Amplifier (Fig. 26D, PGA)

(4) Aata Acquisition Station (Fig. 26E)

(5) Recording cylinder: provided with beddings, water, nesting material, food (Fig. 25C)

All devices were purchased from MultiChannel Systems (Germany).
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4.6.1b EEG recording schedule

(1)

(2)

(3)

Place the animalinto cylinder housing cage with free access to food and water. Connectit to
the recording cable under anesthesia (Fig. 25C). The hardware setup of recording system is

describedin Fig. 26.

When connecting the animal to the cable, hold the basic cement of the connector on the
animal’s head when inserting the cable plugged into the head connector. This is to avoid

applyingtoo much pressure onthe mouse’s head.

The recordingboxes are placed into a Faraday cage to avoid contamination of the signal from
environmental electromagnetic field. Allow the mouse to habituate to the cable and the

experimental cage foratleast 2 days.
After sufficient habituation, record for 2 consecutive days as baseline (BSL), without any

disturbance. This allows determining day—to-day stability of the sleep and EEG variables being

assessed.
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Figure 27. Scheme of the experimental EEG recording system setup.
Mouse implanted with EEG/EMG electrodes is connected to the recording cable (A). The recording
signals are pre-amplified (B), before gathered by signal collector (C). Signals are amplified again within

a flexible range by the programmable amplifier (D). The data acquisition station (E) processes the

signalsand data istransferred tothe computer (F) equipped with MC_Rack software.
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4.7 Sleep deprivation by gentle handling

The SD experimentisimmediately following the BSLrecording, sleep-deprivethe animals for 6 h from
the lightonsetand subsequently followedby 2 consecutive days of recoveryrecording. Gentle handling
meansthatthe animalis keptinits home cage attached to the recording cable and left undisturbedas
long as it does not display behavioral or EEG signs of sleep. When needed, sleep is prevented by
introducing novel objects (e.g. paper tissue, wooden cubes) brushing the whiskers or fur, gently

tappingthe cage.

4.7 EEG data acquisition and analysis

All signals are amplified and the reference signals are subtracted from the recording signals before
analog-to-digital conversion. Signals were acquired by a computer equipped with MC_Rack software.
The raw files (MCDfiles)are transferredinto EDF files by Multi Channel DataManager software. Please

referto my publication here [119] for the method of EEG data analysis.

4.8 Generating ISH probe template

Probe template for GAD67 was generated by PCR. E15.5 brain cDNA which contains high expression of
the target gene served as DNA template in the following PCR reaction. Prepare the premix buffer with
5 pl of 10 x Buffer; 10 ul of Q buffer; 5 pl of dNTPs; 0.5 ul of Tag polymerase. Divide 42.5 ul of premix
ineach PCR tube (3tubesfor 3 annealingtemperature).Add 5 ul of primermix and 2.5ul cDNA to each

tube. The run protocol for probe generationisin Table. 3.
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Table 3. Probe PCR Run protocol

Temperature (°C) Time

94°C 3min

94°C 25"

50°C GRADIENT * 25" 35cycles
72°C 1Imin 15"

72°C 9min

4°C pause

*Make sure atleast3 temperatures areincludedandused: 53,2°C 57,8°C 62,0°C.

4.9 RNA Probe synthesis for in situ hybridization

In vitro transcriptionis carried outin a cocktail of

(1) 3l of 10x transcription buffer

(2) 3 pl of 10X DIG / FITC mix (Roche Applied Science)

(3) 0.5 pl of RNAse Ribolocinhibitor

(4) 1 pg of probe template

(5) ul of RNA polymerase (T7or SP6 New England Biolabs)

Add DEPC waterto a finalvolume of 30 ul

The reaction mix is incubated at 37 °C for at least 2.5 hrs followed by a 15-min incubation with a

DNase1l (1.5 ul) to remove the residues from DNA template. After incubation, add 110ul Ammonium

acetate (4M) and 800ul of 100% Ethanol (both pre-chilled at-20 deg. C). Incubate the mix at -80 deg.
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C overnight. Centrifuge the mix at highest rpm (> 13,000 rpm) for 20 min at 4 deg. C. Discard the
supernatant carefullynotto disturb the pellet/RNA (RNA will be invisible). Add 900 ul of 70% Ethanol
(pre-chilled at-20deg. C) to the pelletand flick the tube thoroughly. Centrifuge the mixat highest rom
(> 13,000 rpm) for 20 minat 4 deg. C. Discard the supernatant carefully. RNA will be now visible asa
small pellet. Air-dry the pellet. Dissolve the pelletin 44 ul of DEPCwater. Mix well. Take 2 ul and check
the concentration on Nanodrop Spectrophotometer. Dissolve the remaining in Hybridization mix

(Ambion) at the final concentration of 100 ng/pl.
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4.10 Fluorescent TSA-amplification on standard non-radiometric ISH for

adult mouse brain

4.10.1 Preparation of stock solutions

(1) Proteinase K buffer 2X stock (1 L)

Tris 12.1g

EDTA 29g

Make up the volumeto 1L and adjustthe pH to 8.

(2) 10X TN buffer(1L)

Tris 121.15 g

NaCl 87.95 g

Make up the volumeto 1L and adjustthepH to 7.5.

(3) 20X SSC buffer(1L)

Sodium citrate 88.2¢g

NaCl 175.3 g

Make up the volumeto 1L and adjustthepH to 7.

(4) 0.2N HCI (1L)
Add 16.6mL of 37%HCI to sterilized ddH20 to make 1L solution.
(5) TNB buffer

Add 2.5g of Perkin EImerTSA blocking powder (FP1020) to 500mL 1xTN buffer.

Turn on the stirrer and set heated platform to 55°C. Set oven temperature to 65°C. Stir moderately
for 2 hours (not morethan 3 hours). Needs to be degassed. store at -20 °C. Thaw and warm up to
RT before adding primary antibody (It’srecommended to thaw the buffer in 4°C overnight untilice-
out beforesitting at RT).

(6) DAPIstock solution (5mg/ml, 5000X)

Dissolve DAPI (sigma-aldrich, D9542-10MG) with 2ml distilled water.
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Store in dark at 4 °C for half a year or -20 °C for at least one year. Dilute with PBS to make 1X

working solution.

4.10.2 Working solutions to be prepared in advance

1X PBS, 1X Proteinase K buffer, 4% PFA (preparefresh), 2XSSC, 0.2X SSC, 1X PBST (PBS + 1ml Tween20
to make it 0.1%), IX TNT (TN + 1ml Tween20to make it 0.1%), Fluorophore Tyramide working solution
(1:50 / prepare fresh), bring TNB bufferat RT.
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4.10.3 ISH fluorescence staining procedure

Table 4. ISH fluorescence single staining

Time/ Temperature

Step Procedure Reagents andsolutions

1 Incubation 5% H20; in Methanol (prepare fresh) 20min/RT

2 Washing PBS 2 x5min/RT

3 Denaturation 0.2N HCL 10min/RT

4 Washing PBS 2 x5min/RT

5 Deproteinization PK buffer+35ul per 100ml proteinaseK 2 x10min/RT

6 Washing PBS 2 x5min/RT

7 Fixation 4% PFA in PBS 10min/RT

3 Washing PBS 2 x5min/RT

9 Pre-hybridization = Hyb-buffer (+1mg/ml DTT) 30min/ 60°C

10 Hybridization Hyb-buffer + 1.5 ug/ml GAD67 probe (4ul per Overnight/60°C

250ul) + same amount of tRNA

11 Washing 2 x SSC buffer 15min/ 60°C

12 Washing 2 x SSC buffer 5min /RT

13 Washing 0.2 x SSC buffer 2 x 30min/ 60°C

14 Washing 0.2 x SSC buffer 2min /RT

15 Washing PBST (0.1%) 2 x20min/RT

16 Blocking 10% inactivated sheep serum in TNB buffer 30min/RT

17 Antibody Anti-FITC-antibody (1:500) in blocking buffer 30min/RT
incubation

18 Washing TNT (0.1%) buffer 3 x5min/RT

19 TSA amplification Incubate intyramide workingsolution  (1:50) 7min /RT

20 Washing TNT (0.1%) buffer 3 x5min/RT

21 DAPI ~300ul per slide 2min /RT

22 Washing PBS 3 x5min/RT
Mounting Vectashield with DAPI Store at4°C
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4.11 Imaging

Brainslides were sealed with transparent nail polish and examined under Nikon microscopy equipped
with spinning DISK. The sleep active GABAergic neurons were identified by Anaclet et al in the
medullary parafacial zone dorsal lateral of the 7th facial nerve. GAD67 positive stained pe rkenje cells
andthe 7th facial nerve (Fig. 6) was recognized to anchorthe focus. The cluster of GAD67 positive cells
dorsal-lateral the 7t facial nerve was marked as the center. A 5-by-5 area around the center was
scanned foreach hemisphere using 405/488 lasers. 25 tiles per channel were montagedand projected

by maximum intensity (MIP).

4.12 ISH data analysis

The number and intensity of positively stained cell nuclei (DAPI) and GAD67 expressed GABAergic
neurons were quantified using ImageJ 1.53f51. A cluster of neuronsidentifiedinthe PZ using GAD67
probe was selectedto mark the region of interest (ROI-PZ). The ROI-PZs of the same size were selected
for each hemisphere perbrainsection and all neuronsfromthe clusterwere include d in this selected
region. The ROI-PZs were merged and saved as JPEG. The merged image was first transferred into a
binary image (16-bit) and then filtered with the Gaussian blur (Radius = 6.00). The positively double
stained cells were distinguished by the classic watershed plugin (Morpholibl) under “Bright
Objects/Dark Background” with the settingof a value =200, mask = none. Subsequently, the threshold
the watershed-conducted image was adjusted to include the most of the distinguished cells. “Analyze
Particles” was conducted on the threshold-adjusted image and the ROIs of the particles (ROI-Ps) were
savedin the ROl manager. All of the ROI-Ps were redirected and shown on the MIP image of the two
channels, respectively. Measurements were taken and results of mean gray values and areas were
exported ascsv filesrespectively foreach channel. The grey values of larger than 80% (or 20% for on

pair of control and mutantspecimen) of the baseline gray value and the area of larger than 0.006.
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4 .13 Statistics

Statistics analysisand graph plotting were performed using GraphPad Prism 8 or Rstudio. Shapiro-Wilk
Normality test was used to analyze the distribution of data. Levene’s test was adopted to test whether
variances were equal. Parametric tests were performed for the datasets showed a Gaussian
distribution. Specifically, for comparisons between two groups, two-tailed paired/unpaired t-test was
performed. As for multi-group comparisons, ANOVA followed by Sidak’s multiple comparisons was
performed. Nonparametric tests were used for the dataset that was not normally distributed or the
variances were not equal. In such circumstances, Mann-Whitney test or Wilcoxon signed-rank were
used for two-group comparison, or Friedman test followed by Dunn’s multiple comparisons test was
performed for multi-group comparisons. Linear regression analysis was performed to plaot
accumulative spectral power, and equality of slopes or intercepts was calculate to examine the
difference between genotypes. ClueGO [165] was used to network anlaysis of DE genes from RNA-

analysis.
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