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Abstract 

Sleep is a universal behavior that exists across species. We previously found that deletion of 

transcription factor APTF-1 induces sleep loss in C. elegans and Drosophila. In mammals, sleep has two 

states: rapid eye movement sleep (REMS) and non-REM sleep (NREMS), which can be distinguished by 

EEG spectral power. There are five homologs of APTF-1 in mammals, from Tfap2a to e.  However, little 

is known about whether these homologs, Tfap2a and b, have a conserved role of regulating sleep in 

animals with a more complex brain. Therefore, I characterized the sleep and wakefulness of Tfap2a 

and b mutants in mice. Consistent with our previous finding, paralogs of Tfap2a and b control sleep in 

mice. However, Tfap2a and b control sleep in a bidirectional manner. EEG results showed that 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 delta and theta power rebound in Tfap2a mutants, but a weaker response in 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 sleep in mice as well, but in a bidirectional way. It might support the 

hypothesis that, 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 

involved in the expression and function of GABAergic neurons. Here I measured the expression of the 

genes that control GABA synthesis and transportation in Tfap2a+/- and Tfap2b+/- mice. Results from 

qPCR 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, but increased in striatum. Further, using ISH, a decrease number of the 

GAD67 expressing GABAergic cells was detected in the parafacial zone, a sleep-promoting center 

located in the lower brainstem. 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, Slc family and those related to neurotransmission 

function. Together with qPCR and ISH results, they provided molecular evidences implying a functional 

role of GABAergic neurons expressing Tfap2b gene. Next, I 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 homeostatic sleep 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. 

It is very likely that Tfap2b exerts its conserved function in sleep through GABAergic system. 
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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/or a brain area?  

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 sleep is a conserved 

function that sleep deprivation in 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 nervous system grow, little is known about how the function 

of this conserved transcription factor evolved to support a more complex mammalian sleep.  
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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 discovery of the REM sleep, 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-REM sleep (NREMS) and 

REM sleep (REMS) [10].  

Mammals sleep in very different architectures. Sleep intensity (or depth), quantity, timing, stability are 

important measurements characterizing the sleep architecture [11]. Humans exhibit continuous 

monophasic sleep 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 sleep in 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 

shift through sleep-wake states in a 24-h day with most of the sleep states occurring in light phase [5]. 

In humans, NREMS can be further divided into 3 stages, N1 to N3, ranging from the lightest sleep in N1 

to the deepest sleep in N3. Human-like sleep stages have been revealed in mice in a few studies [16, 

17], but whether these stages have a physiological relevance remains to be explored. NREMS in mice, 

equivalent to 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 

electrodes implanted over the frontal/parietal cortex and EMG signals by a wire inserted into the neck 

muscle [18]. Slow and strong delta EEG power around 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 muscle 

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 

birds and mammals, components of NREMS and REMS have also been identified in reptiles and jellyfish 

[20, 21].  
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EEG activity can occur in different time and space within the same brain during sleep. Birds share 

largely similar electrophysiological 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 

symmetric sleep show spatiotemporal desynchronizations in sleep EEG [24, 25]. For example,  anterior 

power in the NREMS EEG is predominant in lower-frequency power compared with that of posterior 

derivations [26]. Therefore, in this study, I collected EEG signals from both frontal and temporal areas 

of the same murine cortex (Fig. 1). 

 

Figure 1. Example of EEG spectral power intensity in 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. 
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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 C determines the timing of sleep. For example, 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 dissipates during sleep. The dynamics of the Process S 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 under baseline level and after sleep deprivation (SD).  

Sleep intensity 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 

within the same brain. In mice, within the overall vigilance state of NREM, delta signals (approx. 0.5 – 

4Hz) derived from the frontal cortex is more intense 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 this observation, in my experiment, a stronger delta power derives from frontal 

EEG signal than parietal recording; and a higher theta oscillation 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 

highest before sleep onset [27]. After 12 to 36 hours of sleep deprivation, the power intensity in low 

frequency bands increases massively [28].  
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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 hours is considered to have anti -depressant effect that it 

has been applied to treat patients with a major depressive disorder [35, 36]. However, chronic SD, 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, chronic SD 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 forced locomotion, which might induce metabolic 

changes on top of sleep deprivation [42]. Flowerpot method requires animals to maintain wakefulness 

to remain on a platform, if not they fall into the water. These methods include forced locomotion, 

aversive stimulus or a combination of both. They are highly efficient strategies for an unsupervised SD 

but are 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, I aimed to apply the least stressful method 

to restrict total sleep while keeping its ability to induce a sleep rebound. 

An acute SD of 6 h with gentle handling (GH) is considered to be the least stressful way to study the 

homeostatic sleep rebound. Such SD protocol usually starts after the lights-on when the sleep pressure 

is the highest to ensure a maximum efficiency.  In mice, a 4-h SD by GH is enough to induce a rebound 

effect in 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 seems to reach its upper limit after 6 h (approximately 55%). Longer restriction (e.g., 10h [5]) 

does not produce further delta power increased. 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 molecular level within few hours of recovery sleep [45]. Therefore, in this study, I used 

6-h-SD with GH protocol to investigate the homeostatic regulation of sleep with the smallest 

disruptions possible to other biological functions. 
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1.4 Genetic control of sleep  

Sleep pattern is highly inheritable. Monozygotic twins share 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 

involved in 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 carrying the same mutation (Adrb1 – A187V) also 

exhibit shorter sleep [47]. Similarly, a conserved role has also been identified for Dec2 gene 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 seems to be partial. For example, 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, it is also very likely that genes affect greater portion of sleep are also detrimental 

to survival when knocked down completely from an animal.  

Circadian genes play a major role regulating the timing of sleep. Deletion of Bmal1 [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 Δ19/ Δ19 mutants [55], 

short period Npas2 -/- mice [56], Prok2 -/- mice[57] with attenuate circadian amplitude, all these 

mutations result in reduced NREMS time and an altered sleep rebound. 

Serotonin, dopamine, norepinephrine (NE), orexin are 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. 
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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. Deletion of specific subunit in potassium channel (Sk2 -/- [65]) or calcium 

channels (Cacna1b  [66]; Cacna1g [67]) does not induce massive change in sleep quantity but lead 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 α and Δ isoforms of CREB, which play an important role regulating 

memory consolidation [72]. This reflects a shared pathway between sleep and immune response/ 

memory/ metabolism. 

 

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

Genes were listed along the y-axis with their biological/cellular function added to their left side. Four 

components characterizing NREMS changes were listed along the x -axis. Legend to the right side 

described colors indicating changes of quantity/ homeostasis (marker: α 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, or with an arrhythmic schedule. All data were collected from literatures of mouse studies using 

homozygous knockout or point mutation, except for CK1D, which was from human studies. 
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1.5 Sleep-promoting brain areas  

 

1.5.1 Preoptic area 

Von Economo found that the damage in posterior hypothalamus area lead 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 preoptic area (POA, Fig. 3) plays a key 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 histaminergic tuberomammilary nucleus (TMN) in the LHA to inhibit wake active 

neurons and, therefore, promote sleep [78]. As expected, POA also has inputs from the arousal system 

[79] rendering the spatially intermingled and diffused expression of the sleep-promoting and the wake-

promoting neurons [80]. POA is 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 neurons in VLPO [83]. Although the neurotransmitters responsible for 

the mammalian sleep-promoting function remains elusive, a recent study in zebra fish 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].  
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1.5.2 Parafacial zone 

Parafacial zone (PZ), located in the medullary brainstem (Fig. 3), lies lateral and dorsal to the 7th facial 

nerve [86]. PZ is recognized as a delimited node of sleep-active neurons sending projections into medial 

parabrachial nucleus (MPB [87] , one of the pontine arousal 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 effect is strong enough to counteract the wake-promoting effect of armodafinil [89], a 

psychostimulant used to treat narcolepsy. 

 

1.5.3 Ventrolateral 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] dopaminergic neurons, but it has also 

been uncovered that the dopaminergic neurons 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 GABAergic neurons in VTA has induced sustainable sleep loss similar to 

that resulted from lesions of GABAergic PZ [86, 95], the ablation also results in mania-like behaviors in 

mice such as hyperactivity, high risk-taking behaviors, distractability [96]. 
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1.5.4 Emerging sleep-promoting areas 

Adenosine receptor A2A expressing neurons in nucleus accumbens (NAc, locates in 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 areas innervate 

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 in this review [103], 

including sublaterodorsal nucleus (SLD), ventromedial medulla, dorsomedial hypothalamus and LHA.  

 

 

 

Figure 3. NREMS-promoting areas in adult mouse brain 

NAc, nucleus accumbens; POA, preoptic area; ZI, zona incerta; VTA, ventrolateral tegmental nucleus; 

PZ, parafacial zone are marked in the graph. 
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1.6 AP-2 transcription factors 

Transcription factor AP-2 family in mice and humans has five members from α to ε , each 

correspondently encoded by Tfap2 genes from a to e [104]. AP-2 proteins consist of a transactivation 

domain rich in proline and glutamine at the amino terminus, a basic domain, a dimerization helix-span-

helix motif at the carboxyl terminus [104]. The dimerization motif and the basic domain form the DNA 

binding site 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-2α, β, γ have overlaps in in the facial 

area, AP-2a and b in midbrain and hindbrain. AP-2α and β have prominent expression in diencephalon, 

midbrain, hindbrain from embryo (E11.5) to juvenile (P28) [Allen Developing Mouse Brain Atlas, Gene 

paint]. AP-2δ is almost exclusively but very 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 for sleep regulation.  I 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 result in 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 th 

finger [116]. Except for typical syndromes of heart, face, limbs abnormalities, they are also reported 

to have parasomnia symptoms [114]. Our previous studies showed that Tfap2 homologs in C. elegans 

and Drosophila control sleep behavior [6, 117].  Therefore, I explored the molecular change in Tfap2a 

and b mutant brain from both embryo and adult mouse using RNA-seq. Since GABAergic neurons play 

a major role regulating sleep in the brainstem sleep centers, expression of GABAergic genes was 

quantified using qPCR and ISH within specific brain 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. Our previous studies showed that APTF-1 deletion results in sleep loss in 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 states in 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, I 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 patterns in brain 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 GABAergic system. To achieve this second goal, I aimed (1) 

to investigate the GABAergic gene expression using RT-qPCR in Tfap2b+/- adult mouse brain; (2) to 

analyze the distribution of GABAergic neurons in the sleep promoting parafacial zone using ISH; (3) to 

examine gene expression pattern in developing mutant brains.  

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, I determined to test its function in sleep behavior. To achieve this third goal, I aimed (1) to 

generate a mouse line with Tfap2b specific knockout in GABAergic neurons (2) characterize the sleep 

behavior using EEG/EMG recordings combined with sleep deprivation experiments.  
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2. Results 

2.1 Part 1: Publication  

 

All results from this part was published in: 

Hu, Y., Korovaichuk, A., Astiz, M., Schroeder, H., Islam, R., Barrenetxea, J., Fischer, A., Oster, H., and 

Bringmann, H. (2020). Functional Divergence of Mammalian TFAP2a and TFAP2b Transcription Factors 

for Bidirectional Sleep Control. Genetics 216, 735-752.  

DOI: https://doi.org/10.1534/genetics.120.303533 
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Supplementary materials for “Functional divergence of mammalian TFAP2a and TFAP2b transcription factors 

for bidirectional sleep control” 

 

Table S1. Genotyping protocols 

Gene 
Primer 

names 
Primer sequence 5' - 3' 

PCR 

conditions 
Products 

Tfap2a_fl; 

Tfap2a_WT 

ALFGF5 
GCCAAGTTCTAATTCCATCAGAAGCTTATCGATACC

GTCG 
45s at 95°, 

45s at 68°, 

1min at 72° 

for 35 cycles 

flox allele 

245bp; flp 

allele 600bp; 

wildtype allele 

510bp 

ALFLPF4 CCCAAAGTGCCTGGGCTGAATTGACTTCTCTAGG 

ALFLPR1 
GCTCAGAATTTATGTAAGAATCTAGCTTGGAGGCTT

ATGTC 

Tfap2a+/- 

ALFLPF1 GCTCTCTCTTTTCCTGCCTTGGAACCATGACCCTCAG 45s at 95°, 

45s at 68°, 

1min at 72° 

for 35 cycles 

Tfap2a- 

190bp; 

wildtype allele 

no band 
ALFLPR1 

GCTCAGAATTTATGTAAGAATCTAGCTTGGAGGCTT

ATGTC 

Tfap2b+/-; 

Tfap2b+/+ 

PGK-PolyA 

DW  CTGCTCTTTACTGAAGGCTCTTT 30s at 95°, 

45s at 61°, 

1min at 72° 

for 40 cycles 

Tfap2b- 

380bp; 

Tfap2b+ 

221bp  

4 Exon Rev  TTCTGAGGACGCCGCCCAGG 

4 Exon DW  CCTCCCAAATCTGTGACTTCT 

 

 

Table S2. qPCR protocols 
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Gene Forward Reverse PCR conditions 

Tfap2a GCTCACTCCAGAAGGGGTTG GTGCGGGCCTGAAGAGGTTA 
1 min at 94°, 

30s at 62°, 1min 

at 72° for 40 

cycles 

Tfap2b GGAGAGGAGCGTCGGATTTG CGTCGTGACGGTCCATAGC 

eef1a1 TGCCCCAGGACACAGAGACTTCA AATTCACCAACACCAGCAGCAA 
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Fig.S1. Reduction of mRNA expression in the cortex of Tfap2a+/- and Tfap2b+/- mutants.  

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 multiple comparisons. 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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Fig.S2. Sleep bout distributions were normal in Tfap2a+/- mice.  

(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 in 24 h: ≤ 1200 -s, p = 0.570; > 1200-s, p = 0.935.  

(C) Accumulative counts of sleep bouts in l ight 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 in 24h: ≤ 600 -s, p = 0.544; > 600-s, p = 0.351.  

(G) Accumulative counts of NREMS bouts in l ight phase: ≤ 600-s, p = 0.567; > 600-s, p = 0.574.   

(H) Accumulative counts of NREMS bouts in dark phase: ≤ 600 -s, p = 0.812; > 600-s, p = 0.442.  
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(I) 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 in l ight phase: ≤ 150 -s, p = 0.610; > 150-s, p = 0.715.  

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

All  data are shown 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 scale of 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.  

(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 in l ight phase: ≤ 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 in 24h: ≤ 200-s, p = 0.691; > 200-s, *p = 0.041.  

(G) Accumulative counts of NREMS bouts in l ight phase: ≤ 200 -s, p = 0.651; > 200-s, p = 0.412.   

(H) Accumulative counts of NREMS bouts in dark phase: ≤ 200 -s, p = 0.866; > 200-s, *p = 0.019.  
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(I) 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 in l ight phase: ≤ 100 -s, p = 0.421; > 100-s, p = 0.927.  

(L) Accumulative counts of REMS bouts in dark 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 bin in sleep, 200s in NREMS and 50s in REMS using bout counts in 24 h. According to the distribution 

plots, accumulative counts were calculated by setting a cut-off at 800s in sleep, 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: BSL vs. 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: BSL vs. 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: BSL vs. 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: BSL vs. 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: BSL vs. 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: BSL vs. 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 comparisons test 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: BSL vs. 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: BSL vs. 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: BSL vs. 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: BSL vs. 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: BSL vs. 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: BSL vs. R1 ZT6-11, the main effect of SD, F (1, 60) = 7.405, 

**p = 0.0085, Sidak’s multiple comparisons, **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 multiple comparisons test 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: BSL vs. R1 ZT10 -24, the main effect of SD, F (1, 

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

0.263, p = 0.609.  

(B) REMS time changes in control animals: BSL vs. R1 ZT10-24, the main effect of SD, F (1, 112) = 13.78, ***p = 

0.0003, Sidak’s multiple comparisons, *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: BSL vs. 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) Circadian theta power changes in Tfap2a+/- mutant animals: BSL vs. 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: BSL vs. 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 compari sons test 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: BSL vs. 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: BSL vs. 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: BSL vs. 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: BSL vs. 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: BSL vs. 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: BSL vs. 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 comparisons test and 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 first fall  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 first fall  during the training section of Rotard in Tfap2b mice: two-way ANOVA followed by 

Sidak’s multiple comparisons 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 ≥ 10 for Tfap2a+/+, Tfap2a+/-, Tfap2b+/+ or Tfap2b+/-. 
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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 

different brain areas of Tfap2a or b knockouts and their littermate controls. The expressions of GAD67, 

GAD65, Vgat were quantified using QPCR. As shown in Fig. 4, there was no significant changes in 

GAD67, GAD65, 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 decrease for each 

gene was found in the CTX. Interestingly, an up-regulation of Vgat was observed in STR. These results 

suggest an indirect role of Tfap2b in regulating 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 comparisons test 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 ANOVA followed 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 GABAergic neurons in PZ area reduces 

sleep whereas selective activation produces and maintains NREMS in mice [86, 89]. Therefore, I 

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 in both 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 expression analysis.  This is consistent with the qPCR 

result that showed a down-regulation GABAergic related genes in 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 signals in Tfap2b+/+ (A) and Tfap2b+/- adult mouse medullary 

brainstem (B) were shown. The PZ area was selected in red rectangular above  the 7th facial nerve 

marked in white dashed line. Scale bar = 1000 µm. Quantifications of DAPI (C) and GAD67 (D) signals 

in the PZ area were 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 tests and were shown as the mean ± SEM, *p<0.05. Tfap2b+/+ (n = 3) and Tfap2b+/- (n = 3); 12 

brain sections per mouse at 10 µm thick.  
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2.2.3 Divergent gene expression changes in E14.5 Tfap2b-/- developing mouse brain 

 

2.2.3a Scree plot analysis of principle components 

 

Tfap2b expressed in very early embryo stages from E8 enriched in midbrain and hindbrain area [109, 

118]. Although Tfap2b complete deletion is lethal at perinatal stages around P1-P2, Tfap2b-/- embryos 

of E14.5 were available for RNA-sequencing experiment. Therefore, I 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 pattern 

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 PC1 and 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. Along the 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 others scored negatively (or little, e.g. ctrl3_fdmh) in the PC1 direction. The three mutants and two 

controls (ctrl2_fdmh, ctrl3_fdmh) were on the opposite direction in the PC2 dimension, but ctrl1_fdmh 

was clustering with two of the mutants.  

In male SP score plot (Fig. 8C), mut1_msp lied opposite from the others along PC1 axis away from 

origin. Mut3_msp was distant from ctrl1_msp and ctrl2_msp at PC2 direction, whereas the rest 

(mut1_msp, mut2_msp, ctrl3_msp) have minimum impact to the variance at PC2 dimension. 

Mut2_msp was close to ctrl3_msp and has no contribution to the clustering of the mutant samples. In 

male DMH score plot (Fig. 8D), one mutant (mut2_mdmh) and two controls (ctrl1_mdmh, 

ctrl2_mdmh) were away from the origin in opposite directions at PC1 axis. The other two mutants 

(mut1_mdmh, mut3_mdmh) and one control (ctrl3_mdmh) had little contribution to model the 64% 

of variance PC1. In the PC2 direction, ctrl1_mdmh and ctrl2_mdmh were distant from the two mutants 

of mut1_mdmh and mut3_mdmh, but ctrl3_mdmh was close to these mutants.  

Overall, clusters of mutants and controls overlapped due to a larger variance from individual 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 kept for further analysis.  
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Figure 8. Principal components analysis of gene expression in E14.5 Tfap2b mutants brain.  

Score plots of female embryonic SP (A) andDMH (B), male sp (C) and (D). The plots modeled above 70% 

of the total variance. The contributions of the first and 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 

labeled in the volcano plots (Fig. 9, FDR < 0.2; logFC > 0.5). Patterns of overlapped DE genes are plotted 

in Venn diagram and common genes were listed in the legend (Fig. 10). Among these highlighted genes, 

Tfap2b was significantly down regulated in 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 

Tfap2 family was further confirmed in E19 whole brain samples using qPCR. Consistent with the results 

from RNA-seq analysis, only AP-2β but not other AP-2 paralogs was down regulated in 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 showing the 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 highlighted and the most robustly 

regulated genes were 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 genes analysis); 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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Figure 10. Overlapping DE genes in developing mouse brain. 

Venn diagram showing the numbers of overlapping genes of each combination. In the 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. 

 



56 

 

Tfap2a Ttfap2b Tfap2c Tfap2d

0

50

100

150

200

E19 whole brain

Genes

G
e
n

e
 e

x
p

re
s
s
io

n
s
 (

%
) Tfap2b+/+

Tfap2b+/-

Tfap2b-/-

✱

✱✱

 

Figure 11. Tfap2b was downregulated in the mutant E19 brain. 

Expression of Tfap2a to d in the E19 whole brain of heterozygous and homozygous Tfap2b knockouts 

was quantified using qPCR. 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 embryonic development and neural activity (Fig. 12). All of the DE 

genes related to the embryonic brain development are from Hox gene family except for Pax8, which is 

from Pax family that can be recruited by AP-2 paralogs when activating a target gene [115]. The group 

of DE genes involved in the neurotransmission belongs to solute carrier (Slc) family, except for Aqp1. 

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.  

 

 

Figure 12. ClueGO network analysis of the downregulated genes in female 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 under each GO term. 
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Figure 13. ClueGO network analysis of the upregulated genes in 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 in female and male mice, I characterized the sleep behavior in conditional 

knockouts of Tfap2b in GABAergic neurons. Firstly, I generated GABAergic specific knockouts (Vgat-

tfap2b -/-) by crossing Tfap2b fl/fl 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 (R1 and R2) sleep after SD were recorded 

using EEG. 

 

2.3.1 Shortened 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 not all 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 -/- mice (Fig. 15A-D). The trend of delta and theta power changes over the 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 

observed in the spectra power analysis of the wake state (Fig. 15E, F), where the EEG spectral power 

at slower frequency in Vgat-tfap2b fl/fl 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 intensity in sleep. The sleep and wake 

bout lengths in the mutant group were not affected by the altered sleep or wake spectral power (Fig. 

16). In summary, the female Vgat-tfap2b-/- mice suffered from sleep loss and reduced sleep depth. 
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Figure 14. Sleep amount is shortened in female GABAergic specific Tfap2b homozygous knockouts in 
baseline recording.  

(A) Sleep quantity changes in female Tfap2bfl/fl, 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 over the 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 Tfap2bfl/fl vs. Vgat-tfap2b -/- were marked with *P < 0.05, **P <0.01; Vgat-cre vs. Vgat-

tfap2b -/- , #P < 0.05, ##P <0.01; Tfap2b fl/fl vs. Vgat-cre, % P < 0.05. Female Tfap2b fl/fl (n = 5), Vgat-cre (n 

= 5), Vgat-tfap2b -/- (n = 5). 
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Figure 15. Weaker sleep drive in female Vgat-tfap2b -/- mice.  

NREMS power spectra in 24h scale (A) and delta power (0.5 – 4.0 Hz) changes over ZT 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. Data in (A, C, E) were analyzed using Friedman 

test followed by Dunn’s multiple comparisons test. Data in (B, D, F) were analyzed by two-way ANOVA 

followed by Sidak’s multiple comparisons test and were shown as the mean ± SEM.  Significant pairwise 

comparisons of Tfap2bfl/fl vs. Vgat-tfap2b -/- were marked with *P < 0.05, ****P < 0.0001; Vgat-cre vs. 

Vgat-tfap2b -/- , #P < 0.05, ###P < 0.001, ####P < 0.0001; Tfap2b fl/fl vs. Vgat-cre, % P < 0.05, %%%% P < 

0.0001. Female Tfap2b fl/fl (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. 

Bout analysis of female Tfap2bfl/fl, Vgat-cre, Vgat-Tfap2b-/- mice during NREMS (A), REMS (B), wake (C) 

and sleep (D) state. Data were analyzed by two-way ANOVA followed by Sidak’s multiple comparisons 

test and were shown as the mean ± SEM. Female Tfap2b fl/fl (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 during the first recovery 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 power was also analyzed after the 6 hours SD. During R1, the delta power 

was increased compared to the BSL sleep power within the equivalent ZT range in all groups tested. 

Subsequently, the delta power was recovered during R2. Although the theta power rebound was 

significant in female Vgat-tfap2b -/- mice REMS not in controls over the time course, the accumulative 

effect was therefore calculated to evaluate the strength of power rebound among all genotypes. The 

cumulative effect was calculated for NREMS and REMS. Results of both delta and theta oscillations 

showed that the recovery sleep in female Vgat-tfap2b -/- mice was slower and weaker than their wild-

type littermates (Fig. 19). Taken together, the homeostatic sleep response was reduced in female Vgat-

tfap2b -/- mice. 
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Figure 17. Sleep is increased after 6-hour sleep deprivation in all tested female mice.  

NREMS quantity changes over ZT course during baseline (BSL) , the first / second recovery day (R1/R2) 

in female Tfap2bfl/fl (A), Vgat-cre (B), Vgat-tfap2b -/- mice (C). REMS quantity changes over ZT course 

during BSL, R1, R2 in female Tfap2bfl/fl (D), Vgat-cre (E), Vgat-tfap2b -/- mice (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 BSL vs. R1 were marked with *P < 0.05. Female Tfap2b fl/fl (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 Tfap2bfl/fl (A), Vgat-cre (B), Vgat-

tfap2b -/- mice (C). Theta power changes over ZT course during BSL, R1, R2 in female Tfap2bfl/fl (D), Vgat-

cre (E), Vgat-tfap2b -/- mice (F). All data were analyzed by two-way ANOVA followed 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; pairwise comparisons 

of BSL vs. R1 were marked with *P < 0.05. Female Tfap2b fl/fl (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 fl/fl (n = 5), 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, I tested the sleep behavior in male animals. In sleep quantity analysis, a s imilar 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 fl/fl 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 after lights-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 revealed a conflictingly higher sleep pressure in male knockouts compared 

with female mutants, which exhibit a decreased sleep drive. The Vgat-tfap2b-/- mice displayed a higher 

NREMS/REMS power intensity than the floxed control while similar to Vgat-cre controls (Fig. 21A-D). 

Surprisingly, this increase of NREMS/REMS power intensity already existed in the 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 

power intensity of the major peak (0.2–5Hz) was the highest in the Tfap2b fl/fl control, but the weakest 

in Vgat-tfap2b -/- 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 Tfap2bfl/fl, 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 over the 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 Tfap2bfl/fl vs. Vgat-tfap2b -/- were marked with *P < 0.05, **P <0.01; Vgat-cre vs. Vgat-

tfap2b -/- , #P < 0.05, ##P <0.01; Tfap2b fl/fl vs. Vgat-cre, % P < 0.05. Male Tfap2b fl/fl (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 power spectra in 24h scale (A) and delta power (0.5 – 4.0 Hz) changes over ZT 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. Data in (A, C, E) were analyzed using Friedman 

test followed by Dunn’s multiple comparisons test. Data in (B, D, F) were analyzed by two-way ANOVA 

followed by Sidak’s multiple comparisons test and were shown as the mean ± SEM.  Significant pairwise 

comparisons of Tfap2bfl/fl vs. Vgat-tfap2b -/- were marked with *P < 0.05, ****P < 0.0001; Vgat-cre vs. 

Vgat-tfap2b -/- , #P < 0.05; Tfap2b fl/fl vs. Vgat-cre, %%%% P < 0.0001. Male Tfap2b fl/fl (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 Tfap2bfl/fl, Vgat-cre, Vgat-Tfap2b-/- mice during NREMS (A), REMS (B), wake (C) 

and sleep (D) state. Data were analyzed by two-way ANOVA followed by Sidak’s multiple comparisons 

test and were shown as the mean ± SEM. Male Tfap2b fl/fl (n = 5), Vgat-cre (n = 4), Vgat-tfap2b -/- (n = 

6). 
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2.3.4 Altered sleep rebound within controls as well as knockouts in male mice 

 

Homeostatic sleep response was also investigated in male mice. NREMS quantity after 6 hours SD ( Fig. 

23A-D) was not significantly changed in R1, but REMS was significantly increased in all groups (Fig.23 

E, F). The major variances in REMS amount occurred in 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 power during R1 in all tested genotypes ( Fig. 24A-

D). The rebound changes between genotypes were consistent with the analysis of sleep power 

intensity during BSL recording. The theta power rebound was only found to be significant in the Vgat-

tfap2b-/- mice, but the trend of a later rebound was observed in both controls ( Fig. 24E, F).I next 

analyzed rebound power across all genotypes in male animals. In line with a stronger BSL sleep 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-cre gene. 

 

Taken together, the deletion of Tfap2b in GABAergic neurons have reduced approximately 2h of sleep 

in female mice. This sleep loss is more likely a main effect of the homeostatic regulation rather than 

circadian, because: (1) the timing and 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 

quantity changes of sleep over the time course coincide with the pattern of power intensity. 

Surprisingly, two controls in the male colony behaved differently in sleep as the Vgat-cre control has 

an increased sleep pressure compared with the Vgat-tfap2b fl/fl 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 amount in Vgat-tfap2b -/- comes from the combination effect of the Vgat-cre gene as well as 

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 over ZT course during baseline (BSL) , the first / second recovery day (R1/R2) 

in female Tfap2bfl/fl (A), Vgat-cre (B), Vgat-tfap2b -/- mice (C). REMS quantity changes over ZT course 

during BSL, R1, R2 in female Tfap2bfl/fl (D), Vgat-cre (E), Vgat-tfap2b -/- mice (F). All data were analyzed 

by two-way ANOVA followed 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 fl/fl (n = 5), Vgat-cre (n = 4), Vgat-tfap2b -/- (n = 

6). 
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Figure 24. Sleep power rebound in both control and mutant mice after 6-hour sleep deprivation.  

Delta power changes over ZT course during BSL, R1, R2 in female Tfap2bfl/fl (A), Vgat-cre (B), Vgat-

tfap2b -/- mice (C). Theta power changes over ZT course during BSL, R1, R2 in female Tfap2bfl/fl (D), Vgat-

cre (E), Vgat-tfap2b -/- mice (F). All data were analyzed by two-way ANOVA followed 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 < 0.0001. Male 

Tfap2b fl/fl (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 fl/fl (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-1 is required for the GABAergic interneuron RIS to induce sleep in 

C. elegans [6]. In mammals, GABAergic neurons in the central nervous system play a key role promoting 

sleep. Sleep inducing GABAergic neurons have been confirmed in multiple brain areas [77, 86, 94, 99]. 

In this study, GABAergic gene expression was affected by Tfap2b half deletion but not Tfap2a. AP-2β 

transcativates target gene expression in homodimeric or heterodimeric association with AP-2α/β/γ 

[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 

GABAergic genes. 

At early developmental stage, the GABAergic cell fate is determined by a concert of transcription 

factors, such as Ascl1, Dlx1/Dlx2, bHLH-Rbpj [120-122]. These transcription factors act in pairs as 

heterodimers to transactivate the differentiation or specification of GABAergic neurons. In this study, 

I found that Tfap2b regulated the expression of Gad65, Gad67, Vagt in 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 GABAergic expression. 

Tfap2b is highly expressed in the midbrain/hindbrain area in embryonic mouse. Therefore, I examined 

the brainstem area in more a detailed way using ISH. PZ contains a delimited node of neurons in a 

rather small-sized area which allows a more precise quantification [86]. The ISH results showed the 

number of GABAergic neurons were decreased in PZ. This is consistent with the results from qPCR that 

showed a down-regulation of GABAergic genes in the brainstem where the PZ locates.  Another study 

has also revealed a role of Tfap2b in GABAergic neuron differentiation [123]. These results indicate an 

important but complex role of Tfap2b in the expression of GABAergic system. 
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3.2 Genes regulated 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 to sleep is discussed in the following sections.  

 

3.2.2 Literature analysis of down-regulated genes 

Hox genes 

Hox genes belong to the homeobox gene superfamily. Many genes in the Hox gene family implicate in 

brain development of both invertebrates and vertebrates [124, 125]. More importantly, Hox genes 

play an important role in the segmentation of the vertebrate hindbrain at early embryonic stages  [126]. 

They are also important for neuronal patterning at later stages, including neuronal 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 (a3 to 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 patterning in the hindbrain might be altered. 

Solute carrier genes 

Most of the down-regulations occurred in 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]. Allelic mutation represses SLC6A2 transcription [132] and confers to ADHD (attention-deficit 

hyperactivity disorder)  [133]. Slc6a11 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 gene increases neuronal 

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 excited 

brain. 

Noradrenergic/dopaminergic neurotransmission related genes 

Dbh, dopamine beta-hydroxylase, converts dopamine to noradrenaline. Impaired beta-hydroxylation 

of dopamine results in a complete absence of noradrenaline (NA) and adrenaline in plasma (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, optogenetic disruption 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 Slc6a2 (discussed in section 

3.3.2) were down regulated in female and male DMH (Table 2.3). However, while Dbh deletion 

deprives the body of NE, Slc6a2 mediates reuptake of NE and dopamine [149], it would be difficult to 

predict how the dopamine/NE ratio would be in the tested brain area. However, it would be interesting 

to measure how the dopamine and NE concentration within sleep centers and therefore to shed some 

light upon their roles in sleep regulation. 
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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 homeobox gene 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 deficient 

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 it is 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. 

Dlx homeobox transcription factors 

Dlx homeobox transcription factors are functionally highly redundant. Dlx1 and Dlx2 play a central role 

determining neuron-glial cell fate [154, 155], differentiation [156] and migration [157] of GABAergic 

interneurons in developmental forebrain. The Dlx5 and Dlx6 are critical for craniofacial, limb, A-P axial 

development [158]. Dlx2 and dlx5 are both involved in the MAGE-D1 mediated GABAergic neuron 

differentiation [159]. The upregulation of Dlx2 and Dlx5 in posterior embryonic brain implied an 

alternation in GABAergic neuronal development due to Tfap2b deletion. In addition, qPCR and ISH data 

showed a decreased in GABAergic expression in the adult brainstem. Therefore, it is very tempting to 

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

 

3.3.4 Summary 

Tfap2b deletion induced a major change in homeobox genes, Slc genes and neurotransmission related 

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 might act cooperatively to determine the 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, I 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 been reported 

in Tfap2b deleted mouse pups [112]. However, the neural targets of Tfap2b remain unclear. The 

previous results from qPCR, ISH, RNA-seq suggest a role of Tfap2b in regulating GABAergic gene 

expression. Therefore, it was hypothesized that Tfap2b regulates the GABAergic neuronal function in 

sleep. In addition, 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, I used both female and male mice with GABAergic specific Tfap2b 

knockouts. The EEG recordings analysis suggest that GABAergic neurons expressing Tfap2b control 

sleep in mice, at least in female.  

DNA binding site of AP-2β protein is highly conserved [105]. Its function diversifies as organism evolve 

to have more complex nervous system. However, some basic component of its function, such as sleep 

control, are still reserved though expressed in a more complicated way [119, 160, 161]. Interestingly, 

such common feature in function is also observed in between less conserved analogs. TF LIM-6, which 

controls the expression of the sleep-promoting neuropeptide FLP-11 in C. elegans [162]. Deletion of 

Lhx6, member of LIM-homeobox from M. musculus, in ZI (sleep-promoting brain area) resulted in 

decreased sleep [99]. 

Sleep homeostasis and the use of behavioral criteria has bridged the sleep research of vertebrates with 

invertebrates [163]. Conserved genes and neural system are valuable keys for exploring the 

evolutionary origin of sleep. In C. elegans, the APTF-1 expressing GABAergic interneuron RIS controls 

its sleep [6]. In mice, we found that GABAergic neurons expressing Tfap2b regulates the homeostatic 

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

 

 



80 

 

3.4 Conclusion  

The first part of results has revealed 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 

from the second part have confirmed that Tfap2b affects GABAergic system at molecular level. Further, 

the bidirectional expression pattern of GABAergic genes within different brain areas implied a complex 

mechanism underlying this regulation. Moreover, many interesting gene targets were discovered as a 

result from RNA-seq gene expression analysis in developing brain. For example, genes from the 

homeobox family that are closely related to neural development. Finally, in the 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 a gene’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, I find it very exciting meeting 

GABAergic system on the way. It was astonishing that, in the circadian field, such a gene-to-behavior 

dream has been realized. However, our sleep is 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 

GABAergic neurons were affected by the Vgat-tfap2b deletion? In another word, 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 GABAergic neurons that could be down or up regulated in a specific brain area or 

overall brain. Tfap2b expresses early in the developing stages. Its expression dissipates as the animal 

grows older and minimize in adult brain. Therefore, embryos should be included in the test.  

Except for GAD67, GAD65, Vgat, expression of genes that are involved in GABAergic development also 

need to be characterized: (1) Transcription factors Dlx1 and Dlx2 from Distal-less homeobox, which is 

important for GABAergic cell maturation [164]; (2) Dlx5, which is critical for AP axial development, 

together with Dlx2, they influence the neuronal differentiation [158, 159] and they were upregulated 

in Tfap2b-/- embryonic brain;  (3) Lhx6, which is recruited for interneuron migration and a role 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 under genetic ablation or activation conditions. 
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4. Methods 

 

4.1 Generation of Vgat-tfap2b -/- mouse line 

 

We purchased tfap2btm1a strain with the knock-out first (tm1a) allele of from EMMA. Vgat- cre mouse 

(#028862, Jackson laboratory) was a gift from Professor Nils Brose from Max Planck Institute of 

Experimental Medicine. We first crossed tfap2btm1a mouse with the FLP deleter strain (#003946, 

Jackson laboratory). This removed the trapping cassette from tfap2btm1a line, therefore converted the 

tm1a strain to the conditional (floxed) strain (tfap2b fl/+). We further crossed tfap2b fl/+ mouse with 

Vgat-cre mouse to delete tfap2b from GABAergic neurons expressing vGAT and produced Vgat-tfap2b 

-/+ mouse. Vgat-tfap2 +/- mice were bred to tfap2b fl/+ line to generate homozygous knockouts (Vgat-

tfap2b-/-) and littermate controls.  We chose the tfap2b fl/fl 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 mouse were used in this experiment. 

 

4.2 Genotyping 

Ear biopsies of mice were collected and genomic DNA was extracted as described previously [119] with 

minor modifications. Briefly, samples were lysed in 50 µl of PBND buffer (50mM KCl, 10mM Tris HCl 

pH 8.3, 0.1mg/mL MgCl2·6H2O, 0.1mg/mL Gelatin, 0.45% NP-40, 0.45% Tween20) with 2.5 µl 

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 used for genotyping and 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 

1Vgat-cre 
Common-F (12785) 

CTTCGTCATCGGCGGCATCTG 

10s at 95°, 10s at 

65°(0.5°C per 

cycle decrease), 

10s at 68° for 10 

cycles; 

10s at 95°C, 10s 

at 60°C, 10s at 

72°C for 28 

cycles 

Vgat-cre allele 

200bp; wild-type 

allele 323bp 

Wildtype-R (12786) 
CAGGGCGATGTGGAATAGAAA 

Mutant-R (oIMR8292) CCAAAAGACGGCAATATGGT 

Tfap2btm1a 
Tfap2 5’arm GACATCCTACAATGCACAGCT  

30s at 95°, 45s at 

65°, 45s at 72° 

for 39 cycles 

Tm1a allele 529bp 

(5’arm + LAR3); 

wild-type allele 

381bp (3’arm + 

5’arm) 

Tfap2 3’arm TTGCTGTGAGCTAAGAGCTTC  

LAR3  CAACGGGTTCTTCTGTTAGTCC  

Tfap2bfloxed 
Tfap2 5’arm GACATCCTACAATGCACAGCT  

30s at 95°, 45s at 

65°, 45s at 72° 

for 39 cycles 

floxed allele 497bp; 

wild-type allele 

381bp  
Tfap2 3’arm TTGCTGTGAGCTAAGAGCTTC  

1The 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. Incubate for 3 min at RT. Then, centrifuge the sample 

for 15min at 12,000 x g at 4 °C. Pipette the clear supernatant containing RNA to 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 precipitate and form a white pellet at the bottom of the tube. Discard 

the supernatant. Wash the RNA pellet in 1mL of 75% ethanol per 1mL used by tapping til l  the pellet is floating. 

Centrifuge the sample for 5min at 7,600 x g at 4 °C. Discard the supernatant and air dry the sample for ~ 10 

min at RT. All  processes shall be performed in the clean hood. 

4.3 Reverse transcription 

Measure the quality and quantity of RNA samples using NANO drop. Adjust the concentration of RNA 

samples according to need for the qPCR. Usually a total amount of up to 1ug in 10ul of RNA per 20 µl 

reverse transcription reaction is proper for later qPCR. All samples shall have the same concentration. 

High-Capacity cDNA Reverse Transcription Kit (Cat. 4368814) was used for reverse transcription. 

Master mix of 10 µl was prepared (2 µl of 10 x reverse transcription buffer; 0.8 µl of 25x dNTP Mix; 1 

µl of 10 x random primers; 1 µl of reverser transcriptase; 1 µl of RNase inhibitor; 3.2 µl of Nuclease-

free H2O). Finally, a total of 20ul per reaction (10 µl master mix + 10ul RNA sample) was prepared for 

each sample. Reverse transcription was performed at 25°C for 10 min, 37°C for 120 min, 85°C for 5 min 

and samples shall be kept in 4°C or -20°C until use. 
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4.4  qPCR 

Primers used and qPCR conditions are listed in Table 2. 

Table 2. Primers and protocols used in qPCR 

 

 

 

 

 

 

 

 

 

 

Gene Forward Reverse qPCR conditions 

eef1a1 TGCCCCAGGACACAGAGACTTCA AATTCACCAACACCAGCAGCAA 

1 min at 94°C, 

30s at 62°C, 

1min at 72°C for 

40 cycles 

Tfap2a AGCAGGGAGACGTAAAGCTG GGGATCGGAATGTTGTCGGT 

Tfap2b CCTCAATGCATCTCTCCTGGG CCAGTGAGGTGAGTAACGTGA 

Tfap2c CGTCACTCTCCTCACGTCTC GTGGCCATCTCATTCCGTC 

Tfap2d TCTGATCCGGGCAAAACCAT GCTTACGATGCAATTTCCCCC 

Gad65 TCCGGCTTTTGGTCCTTCG ATGCCGCCCGTGAACTTTT 

Gad67 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 

details were provided in the following manual. 

4.5.1 Materials and devices 

4.5.1a Surgical maintenance 

(1) Isoflurane anesthesia system (InterMed, Pelon sigma delta) 

(2) Ophthalmic gel (eye protection during surgery) 

(3) 0.9% (w/v) NaCl 

(4) Disinfectant (70% ethanol) 

(5) Sterile cotton swabs 

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

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

(8) Adhesive Resin Cement and dental cement 

(9) Heating pad 

4.5.1b Surgical instruments 

(1) Stereotaxic frame with marker pen  

KOPF stereotaxic alignment 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 calibrating indicators.  

 

(2) Sterilized surgical instrument kit including scissors, forceps and clamps 

(3) Micro drill 

(4) EEG electrodes: Miniature screw electrodes (The head diameter is 2.16mm and the shaft is 

1.6mm, Bilaney Consultants GmbH) with 5mm wire attached, EMG pad - subcutaneous 

electrode (12mm, Bilaney Consultants GmbH). 

(5) Wires assembler: 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. Administer at rate of 0.1ml / 30 gm (or 0.15ml / 45 gm), then a dosage of around 

0.1 mg/kg is delivered.  

 

4.5.2 Animal preparation and pre-surgical preparation 

Age and body weight are two vital factors affecting the size of the skull. For sleep phenotyping, we 

start the operation using adult mice around 12 weeks of age with a body weight of 25 to 35g. According 

to our previous experiments, age has an effect on sleep behavior that implantations with adolescent 

mice (younger than 9 weeks) or under 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 (3 to 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 and introduce them in the experiment room at least 1 week before surgery.   

 

4.5.3 EEG surgical 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 

observed during the process. First there’s a reduction of motor movements until it stops. Then, 

observe the frequency of breathing from the fluctuation of the abdomen. Di sconnect the tube 

and reconnect it to the tube holder on the stereotaxic frame when the frequency decreases to 

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% 

according to breathing frequency. 
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IMPORTANT NOTE If the mouse starts to choke inside the anesthesia chamber, take it out immediately 

or connect it to 100% O2 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) 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 stereotaxic frame. Use the ear bars when adjust the head at horizontal and 

vertical level, so it’s not tilted in any of the direction. Fix the head by the ear bars inserted into 

the auditory canal. However, be very careful when using the ear bars, because when inserted 

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 at a bit higher level than the body. This head-higher 

position should help reduce possible bleeding during surgery.  

 

(3) Moisturize the hairs on the scalp with 70% alcohol and shave them with bended scissors (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.  

 

(4) Illuminate the surgical area with an intensive operational l ight 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 for implantation of EEG electrodes and screws 

(5) Mark the hole position with the stereotactic frame (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 over the 

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 over the 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 delta wave intensity of NREM is the major marker of 

homeostatic sleep. 

CAUTION: If the dura mater is penetrated, cerebrospinal fluid (CSF) and/or blood will emerge 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) 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 

placed in the nuchal muscle for the electromyogram (EMG) recording. Remove the clamps.  

 

(7) Prepare the dental cement mixture on aluminium foil. Next, cement the screw without  

covering the top of wires. Let the cement flow to cover all of the open wound area and 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 cover all the contacts to fix the structure in place. 
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Figure 26. EEG surgery instruction and recording envioronment.  

Surgical view with EEG/EMG elecotrodes implantations indicated (A). Schematic description of the 

brain areas where the EEG/EMG electrodes locate (B). Example view of the recording cylinder (d = 26 

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

(1) Cut a small piece of adhesive tape and cover the connector to keep the contacts clean and free 

of dust. Shape the tape to fit the size of the plastic pedestal to avoid removal by the animal. 

 

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

anesthesia wears off and the mouse starts moving. Put it back to its home cage for re covery. 

 

(3) After the surgery, allow the mouse to recover at least 10 days prior to cable connection under 

standard housing conditions, and check the health status (Mouse Grimace Scale, MGS) of the 

animal during the first 3 days of recovery. Analgesic shall be injected under anesthesia in case 

of moderate pain. Weigh the mouse again before connecting it to the recording cables. Allows 

the mouse at least 2 days to habituate to the 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 µPA16) 

(2) Signal Collector (Fig. 26C, µPA32) 

(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 Multi Channel Systems (Germany).  
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4.6.1b EEG recording schedule 

 

(1) Place the animal into cylinder housing cage with free access to food and water. Connect it to 

the recording cable under anesthesia (Fig. 25C). The hardware setup of recording system is 

described in Fig. 26. 

 

(2) 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 

applying too much pressure on the mouse’s head.  

 

(3) The recording boxes 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 for at least 2 days. 

 

(4) 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 

signals and data is transferred to the computer (F) equipped with MC_Rack software. 
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4.7 Sleep deprivation by gentle handling 

The SD experiment is immediately following the BSL recording, sleep-deprive the animals for 6 h from 

the light onset and subsequently followed by 2 consecutive days of recovery recording.  Gentle handling 

means that the animal is kept in its home cage attached to the recording cable and left undisturbed as 

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 

tapping the 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 (MCD files) are transferred into EDF files by Multi Channel DataManager software.  Please 

refer to 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 µl of 10 x Buffer; 10 µl of Q buffer; 5 µl of dNTPs; 0.5 µl of Taq polymerase. Divide 42.5 µl of premix 

in each PCR tube (3 tubes for 3 annealing temperature). Add 5 µl of primer mix and 2.5µl cDNA to each 

tube. The run protocol for probe generation is in Table. 3. 

 

 

 

 

 



95 

 

 

Table 3. Probe PCR Run protocol 

Temperature (°C) Time  

94°C 3min  

94°C 25" 

35cycles 50°C  GRADIENT * 25" 

72°C 1min 15" 

72°C 9min  

4°C pause  

*Make sure at least 3 temperatures are included and used: 53,2°C   57,8°C   62,0°C. 

 

4.9 RNA Probe synthesis for in situ hybridization 

In vitro transcription is carried out in a cocktail of  

(1) 3µl of 10× transcription buffer 

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

(3) 0.5 μl of RNAse Riboloc inhibitor  

(4) 1 μg of probe template 

(5) μl of RNA polymerase (T7 or SP6 New England Biolabs)  

Add DEPC water to a final volume of 30 μl  

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

DNase1 (1.5 µl) to remove the residues from DNA template. After incubation, add 110µl Ammonium 

acetate (4M) and 800µl 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 carefully not to disturb the pellet / RNA (RNA will be invisible). Add 900 µl of 70% Ethanol 

(pre-chilled at -20 deg. C) to the pellet and flick the tube thoroughly.  Centrifuge the mix at highest rpm 

(> 13,000 rpm) for 20 min at 4 deg. C. Discard the supernatant carefully. RNA will be now visible as a 

small pellet. Air-dry the pellet. Dissolve the pellet in 44 µl of DEPC water. Mix well.  Take 2 µl and check 

the concentration on Nanodrop Spectrophotometer. Dissolve the remaining in Hybridization mix 

(Ambion) at the final concentration of 100 ng/µl. 
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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  12.1 g 

EDTA 2.9 g 

Make up the volume to 1L and adjust the pH to 8. 

(2) 10X TN buffer (1 L) 

Tris  121.15 g 

NaCl 87.95 g 

Make up the volume to 1L and adjust the pH to 7.5.  

(3) 20X SSC buffer (1 L) 

Sodium citrate 88.2 g 

NaCl  175.3 g 

Make up the volume to 1L and adjust the pH to 7. 

       (4)  0.2N HCl (1 L) 

      Add 16.6mL of 37%HCl to sterilized ddH2O to make 1L solution. 

       (5) TNB buffer 

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

Turn on the stirrer and set heated platform to 55ºC. Set oven temperature to 65ºC. Stir moderately 

for 2 hours (not more than 3 hours). Needs to be degassed. store at -20 ºC. Thaw and warm up to 

RT before adding primary antibody (It’s recommended to thaw the buffer in 4°C overnight until ice-

out before sitting at RT). 

(6) DAPI stock solution (5mg/ml , 5000X) 

Dissolve DAPI (sigma-aldrich, D9542-10MG) with 2ml distilled water.  
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Store in dark at 4 ºC for half a year or -20 ºC 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 (prepare fresh), 2X SSC, 0.2X SSC, 1X PBST (PBS + 1ml Tween20 

to make it 0.1%), 1X TNT (TN + 1ml Tween20 to make it 0.1%), Fluorophore Tyramide working solution 

(1:50 / prepare fresh), bring TNB buffer at RT. 
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4.10.3 ISH fluorescence staining procedure 

Table 4. ISH fluorescence single staining 

Step Procedure Reagents and solutions 
Time/ Temperature 

1 
Incubation 5% H2O2 in Methanol (prepare fresh) 20min / RT 

2 
Washing PBS 2 x 5min / RT 

3 
Denaturation 0.2N HCL 10min / RT 

4 
Washing PBS 2 x 5min / RT 

5 
Deproteinization PK buffer+35ul per 100ml proteinase K                              2 x 10min / RT 

6 
Washing PBS 2 x 5min / RT 

7 
Fixation 4% PFA in PBS 10min / RT 

8 
Washing PBS 2 x 5min / RT 

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

10 Hybridization 
Hyb-buffer + 1.5 ug/ml GAD67 probe (4ul per  
250ul) + same amount of tRNA 

Overnight / 60°C 

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 x 20min / RT 

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

17 
Antibody 

incubation 

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

18 
Washing TNT (0.1%) buffer 3 x 5min / RT 

19 
TSA amplification Incubate in tyramide working solution      (1:50)          7min / RT 

20 
Washing TNT (0.1%) buffer 3 x 5min / RT 

21 
DAPI ~300ul per slide 2min / RT 

22 
Washing PBS 3 x 5min / RT 

23 
Mounting Vectashield with DAPI Store at 4°C 
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4.11 Imaging 

 

Brain slides 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 

and the 7th facial nerve (Fig. 6) was recognized to anchor the focus. The cluster of GAD67 positive cells 

dorsal-lateral the 7th facial nerve was marked as the center. A 5-by-5 area around the center was 

scanned for each hemisphere using 405/488 lasers. 25 tiles per channel were montaged and 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 neurons identified in the PZ using GAD67 

probe was selected to mark the region of interest (ROI-PZ). The ROI-PZs of the same size were selected 

for each hemisphere per brain section and all neurons from the cluster were 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 (MorphoLibJ) under “Bright 

Objects/Dark Background” with the setting of 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 

saved in the ROI 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 as csv files respectively for each channel. The grey values of larger than 80% (or 20% for on 

pair of control and mutant specimen) of the baseline gray value and the area of larger than 0.006.   
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4.13 Statistics 

Statistics analysis and 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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GH Gentle handling 

ADHD Attention‐Deficit Hyperactivity Disorder 
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MPB Medial parabrachial nucleus 
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NAc Nucleus accumbens 

LHA Lateral hypothalamus 

SLD Sublaterodorsal nucleus 

CTX Cortex 
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