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

an increased arousal threshold, relaxed body posture, revers-
ibility, and homeostatic regulation (Campbell and Tobler
1984). By these criteria, sleep has been identified not only

in mammals, but also in other vertebrates as well as in inver-
tebrates (Campbell and Tobler 1984; Tobler 1995; Joiner
2016; Bringmann 2018; Keene and Duboue 2018). Sleep in
invertebrates is characterized mostly as quiet sleep, with a
reduction of neuronal and behavioral activity (Raizen and
Zimmerman 2011; Miyazaki et al. 2017). In the more com-
plex brains of mammals, two major stages of sleep have been
defined. Rapid eye movement sleep (REMS) is characterized
by a relatively active brain and muscle paralysis and is also
called active sleep. Non-REM sleep (NREMS) is a type of
quiet sleep characterized by a strong reduction of brain and
muscle activity (Campbell and Tobler 1984). This suggests
that sleep appeared first in evolution as a type of quiet sleep
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and then diversified into two types of sleep, which are man-
ifested as NREMS and REMS in mammals (Miyazaki et al.
2017).

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

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

In mammals, the AP-2 family consists of five paralogs,
AP-2a–AP-2e, encoded by genes Tfap2a–Tfap2e, respectively
(Eckert et al. 2005). Here, we focus on Tfap2a and b, which
are expressed prominently in neural crest cells starting
around embryonic day 8 (E8) during early development of
the central nervous system and are still detectable in adult
brains (Chazaud et al. 1996; Moser et al. 1997b; Zhao et al.
2003). In humans, mutations affecting the basic domain in
AP-2 can lead to the loss of function of these transcription
factors. Heterozygous mutation of Tfap2a causes branchio-
oculo-facial syndrome (BOFS; OMIM#113620) by a mecha-
nism that mostly involves the loss of function of transcription
factor activity (Li et al. 2013). BOFS is associated with mul-
tiple craniofacial abnormalities as well as eye, hearing, and
skin defects. To our knowledge, no sleep abnormalities have
been reported for BOFS individuals. Loss of Tfap2a causes

severe developmental problems of the heart, brain, and skeletal
systems leading to lethality (Schorle et al. 1996; Zhang et al.
1996; Brewer et al. 2004). Tfap2a+/2mice are viable and fertile.
Heterozygous deletion is associated with mild developmental
defects in craniofacial and brain development, providing amouse
model to study BOFS (Schorle et al. 1996; Zhang et al. 1996;
Kohlbecker et al. 2002; Green et al. 2015). To our knowledge,
Tfap2a+/2mice have not yet been tested for sleep abnormalities.

Heterozygous mutation of Tfap2b causes Char syndrome
(CHAR, OMIM#169100) by either dominant negative or
haploinsufficiency mechanisms (Satoda et al. 2000; Zhao
et al. 2001; Mani et al. 2005). CHAR is characterized by de-
velopmental defects that include facial dysmorphism, abnor-
malities of the fifth finger, and failure of ductus arteriosus
closure (patent ductus arteriosus, PDA) (Satoda et al. 1999).
In two families with heterozygous loss of Tfap2b function,
CHAR individuals showed self-reported sleep abnormalities.
In the first family, sleepwalking was reported, whereas in the
second family individuals reported shortened nocturnal sleep.
However, the nature of these sleep changes remains unclear as
these phenotypes were not confirmed using polysomnography
(Mani et al. 2005). Homozygous deletion of Tfap2b in mice
causes early lethality. By contrast, heterozygous deletion in
mice causes PDA and fifth finger digit abnormalities but no
obvious facial anomalies, providing a model of CHAR (Moser
et al. 1997a; Satoda et al. 1999). However, sleep has not yet
been studied in Tfap2b+/2 mice.

AP-2 transcription factors havediverged inmammals toplay
nonredundant roles in development. In invertebrates, AP-2
plays a key role in sleep induction. Hence, AP-2 transcription
factors provide a unique chance to study how sleep genes
evolved from controlling simpler types of sleep in invertebrates
to more complex types of sleep in mammals. Multiple hypoth-
eses are conceivable for how AP-2 transcription factors may
haveevolvedtocontrol sleep.Threehypothesesmayseemmost
plausible. (1)A sleep-promoting rolemightbepresent in oneof
the AP-2 paralogs, but such a role is not found in other AP-2
paralogs. (2) Multiple AP-2 paralogs might play a redundant
role inpromotingsleep. (3)DifferentAP-2paralogsmightserve
specialized subfunctions in promoting sleep.

In this study,we studied sleep inTfap2a+/2 and Tfap2b+/2

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

Materials and Methods

Animals

Neofloxed-Tfap2a conditional knockout mice were obtained
from Trever Williams (Brewer et al. 2004) and bred with
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CMV-Cre mice to delete exons 5–6 of Tfap2a. Mice that are
homozygous for this allele were perinatal lethal in our colony
probably due to neural tube closure defects and cleft second-
ary palate (Zhang et al. 1996). Thus, heterozygous mice
(Tfap2a+/2) were used in this study and their wild-type
littermates (Tfap2a+/+) were used as controls.

Tfap2b knockout mice were provided by Markus Moser
[Max Planck Institute (MPI) for Biochemistry] with PGK-
neo cassette inserted into exon four of the Tfap2b gene.
Tfap2b2/2 mice die shortly after birth due to polycystic kid-
ney disease (Moser et al. 1997a). Thus, heterozygous mice
(Tfap2b+/2) were used in this study and their wild-type lit-
termates (Tfap2b+/+) were used as controls.

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

Genotyping

Ear biopsies of mice were collected and genomic DNA was
extracted through incubation in PBND lysis buffer (PCR buf-
fer with nonionic detergents: 50 mM KCl, 10 mM Tris HCl
pH 8.3, 2.5 MMgCl2, 0.1 mg/ml Gelatin, 1 mg/ml protein-
ase K, 0.45% NP-40, 0.45% Tween) for at least 6 hr at 55�,
followed by 45 min at 85� to deactivate the Proteinase K.
Genotyping primers and conditions are listed in Supplemen-
tal material, Table S1.

Surgeries

Mice were anesthetized using isoflurane (1–2% in 100% O2)
during the surgery. Miniature screw electrodes (2.16 mm
diameter, Bilaney Consultants GmbH) with wire (5 mm) at-
tached were implanted. Two electrodes were placed over the
right and left frontal cortex [anteroposterior (AP) +1.5 mm
from bregma;mediolateral (ML) 1.7 mm). One electrode was
placed over the right parietal (AP+1.5 mm from lambda,ML,
1.7 mm) cortex. Two electrodes were placed bilaterally over
the cerebellum (AP -1.5 mm from lambda, ML, 1.7 mm) as
reference (left) and ground signal (right). One subcutaneous
electrode (12 mm, Bilaney Consultants GmbH) was placed in
the nuchal muscle for the electromyogram (EMG) recording.

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

Electroencephalogram recording setups and schedule

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

EEG data analysis

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

12, Z12-18, Z18-24 time zones following the end of SD were
used.

Behavioral testing

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

Elevated plus maze

The EPM consisted of four arms, each 30 cm long and 9.7 cm
wide, elevated 50 cm off the ground. Two arms were
enclosed by walls 25 cm high and the other two arms were
exposed. Mice were placed on the central platform. The be-
havior of each subject was tracked by an overhead camera
and a computer equipped with VideoMot (TSE Systems
GmbH, Germany), and recorded for 5 min. VideoMot was

Figure 1 Sleep amount is not significantly al-
tered in Tfap2a+/2 mice. (A) Total sleep quanti-
fication over Zeitgeber times (ZT), two-way ANOVA
followed by Sidak’s multiple comparisons test,
the main effect of genotype, F (1,240) = 0.941,
P = 0.333. (B) Total sleep time quantification,
P = 0.576; light, P = 0.574; dark, P = 0.687.
(C) NREMS quantification over ZT, two-way
ANOVA followed by Sidak’s multiple compari-
sons test, the main effect of genotype,
F (1,10) = 0.526, P = 0.485. (D) NREMS time
quantification, P = 0.446; light, P = 0.521;
dark, P = 0.543. (E) REMS quantification over
ZT, two-way ANOVA followed by Sidak’s mul-
tiple comparisons test, the main effect of geno-
type, F (1,239) = 0.492, *P = 0.0353. (F) REMS
time quantification, P = 0.466; light, P = 0.852;
dark, P = 0.053. n = 5 for Tfap2a+/+, n = 7 for
Tfap2a+/2. Two-tailed unpaired t-tests were used
for (B, D, and F). Averaged data are shown as the
mean 6 SEM.

738 Y. Hu et al.



used to calculate the time spent in the open or closed arm.
Time spent in open arm or central platform was used to eval-
uate exposure aversion.

Rotarod test

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

MWM test

A circular pool of 1.0 m in diameter was used for the MWM.
The water (21�), made opaque by addition of nontoxic tem-
pera paint, was 20 cm deep, and the wall of the pool ex-
tended 15 cm above the surface of the water. A square
hidden platform (13 3 13 cm) was located 1 cm below
the water surface approximately in the middle of one of the
pool quadrants. Distal visual cues surrounding the pool

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

Figure 2 EEG delta and theta power are in-
creased in Tfap2a+/2 mice. (A) EEG power spec-
tra in NREMS. (B) NREMS delta power (1–4 Hz),
two-way ANOVA followed by Sidak’s multiple
comparisons test, the main effect of genotype,
F (1,240) = 29.58, ****P , 0.0001. (C) EEG
power spectra in REMS. (D) REMS theta power
(6–10 Hz): two-way ANOVA followed by
Sidak’s multiple comparisons test, the main effect
of genotype, F (1,240) = 7.558, **P = 0.0064.
(E) EEG power spectra during wakefulness. (F)
Power analysis during wake (0.5–4 Hz), two-
way ANOVA followed by Sidak’s multiple
comparisons test, the main effect of genotype,
F (1,240) = 4.028, *P = 0.0459. All data are
shown as the mean6 SEM n = 5 for Tfap2a+/+,
n = 7 for Tfap2a+/2. P values for 1–25 Hz were
calculated using Wilcoxon two-sided signed-rank
test, ****P, 0.0001. All data are shown as the
mean 6 SEM.
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trajectory of swimming were recorded for each mouse. Mice
that were swimming slower than 60% of the average speed of
wild type, Tfap2a, and Tfap2b mutants during each phase
were classified as floaters. Two floaters were removed from
the Tfap2a+/2, eight from Tfap2b+/+, six from Tfap2b+/2.

Sucrose preference test

The whole experiment was carried out in the home cage of the
mice in the breeding area. Two identical bottles were used for
each cage and placed in left and right sides of the cage. Mice
wereallowed tohabituate to thebottleswith standarddrinking
water for 48 hr. In the second 24 hr of the habituation period,
weights of the bottles were recorded. Then, mice were given
48 hr of free choice between two bottles of either 2% sucrose
or standard drinkingwater. At the end of the period the bottles
were weighed again and the consumption was calculated. No
previous food or water deprivationwas applied before the test.
The percentage of sucrose preference was calculated using the

following formula: Sucrose preference = V(sucrose solution)/
[V(sucrose solution)+V(water)] 3 100%.

Forced swim test

The test apparatus consisted of an inescapable transparent
cylinder (25 cm height 3 15 cm diameter) containing
20 cm of water (23�). Dividers (35 cm height 3 22 cm
width) were used between cylinders to prevent mice from
seeing each other during the test. Mice were individually
placed into the cylinders, and the immobility was recorded
over a 6-min test period. Immobility was analyzed by an
observer according to the following criteria. Each mouse
was judged to be immobile when it ceased struggling and
remained floating motionlessly in the water, making only
those movements necessary to keep its head above water.

Tail suspension test

The TST (Gibney et al. 2013) was performed as described
previously (Can et al. 2012). Each mouse was suspended

Figure 3 Sleep during the dark phase is re-
duced in Tfap2b+/2 mice. (A) Total sleep time
quantification over ZT, two-way ANOVA fol-
lowed by Sidak’s multiple comparisons test,
the main effect of genotype, F (1,264) = 10.01,
**P = 0.002. (B) Total sleep time quantifica-
tion, **P = 0.004; light, P = 0.222; dark,
**P = 0.007. (C) NREMS quantification over
ZT, two-way ANOVA followed by Sidak’s mul-
tiple comparisons test, the main effect of geno-
type, F (1,264) = 10.26, **P = 0.002. (D)
NREMS total time quantification, *P = 0.024;
light, P = 0.411; dark, **P = 0.008. (E) REMS
quantification over ZT, two-way ANOVA fol-
lowed by Sidak’s multiple comparisons test,
the main effect of genotype, F (1,263) = 1.492,
P = 0.223. (F) REMS total time quantification,
P = 0.668; light, P = 1.000; dark, P = 0.055.
n = 7 for Tfap2b+/+, n = 6 for Tfap2b+/2. Two-
tailed unpaired t-tests were used for (B, D, and F).
All data are shown as the mean6 SEM.
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30 cm above the floor by the tail with a 16 cm long piece of
tape. Dividers (35 cm height 3 15 cm width) were hanged
between tapes to prevent mice from seeing each other during
the test. The behavior was recorded for 6 min. Immobility
was analyzed by an observer.

Contextual FC test

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

Wheel-running activity and circadian analysis

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

Tfap2b) at the age of 2–5 months. Mice were placed in single
cages with running wheels connected to a computer running
ClockLab (Actimetrics) data collection software. Genotypes
and sexes were evenly distributed over two boxes. Animals
were not disturbed during the entire experiment. Wheel
counts were checked every day to assess well-being of the
animal. The experiment consisted of five phases: training
phase, entrainment phase, phase advance (jetlag), light pulse
at ZT14, and free-running phase. During the training phase,
animals were in a 12 hr light: 12 hr dark (LD) cycle
for .7 days with a light phase light intensity of 300 lux to
habituate to the running-wheel. Next, daily activities were
recorded and calculated as an average of 10 days. After the
entrainment period in LD, mice were subjected to an abrupt
shift in the light schedule by advancing the “lights off” time by
6 hr (jetlag paradigm). The number of days needed to com-
pletely re-entrain to the shifted LD cycle was compared
between the genotypes. After mice were completely
re-entrained to the new LD cycle, a light pulse was delivered
at ZT14 for 30 min at 300 lux and mice released into con-
stant darkness (DD), and phase shifts were calculated for
activity onsets on the day after the light pulse. Mice were
retained in DD for another 2 weeks to assess free-running
period lengths by x2 periodogram analysis. One female in

Figure 4 EEG delta and theta power are de-
creased in Tfap2b+/2 mice. (A) EEG power spec-
tra in NREMS. (B) NREMS delta power (1–4 Hz),
two-way ANOVA followed by Sidak’s multiple
comparisons test, the main effect of genotype,
F (1,264) = 13.68, ***P = 0.0003. (C) EEG
power spectra in REMS. (D) REMS theta power
(6–10 Hz), two-way ANOVA followed by Sidak’s
multiple comparisons test, the main effect of
genotype, F (1,264) = 5.525, *P = 0.0195. (E)
EEG power spectra during wakefulness. (F)
Wake power analysis (0.5–4 Hz), two-way
ANOVA followed by Sidak’s multiple comparisons
test, the main effect of genotype, F (1,264) =
9.126, **P = 0.0028. All data are shown as the
mean 6 SEM, n = 7 for Tfap2b+/+, n = 6 for
Tfap2b+/2. P values for 1–25 Hz were calcu-
lated using Wilcoxon two-sided signed-rank
test, ****P , 0.0001. All data are shown as
the mean 6 SEM.
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Tfap2a+/+ was identified as an outlier using ROUT (Q = 1%)
method and was removed from further analyses.

RNA-sequencing

RNA isolation and sequencing were carried out by Bernd
Timmermann and Stefan Börno at the sequencing facility of
the Max Planck Institute for Molecular Genetics, Berlin,
according to their protocol: RNA was isolated from 20 to
80 mg of mouse brain tissue from B6N, Tfap2a+/2 and
Tfap2b+/2 (stored in RNAlater) following the Qiagen RNeasy
protocol. First, the tissue samples were homogenized with
the TissueLyser (Qiagen) at 25 Hz for 2 3 2 min in Qiazol
lysis buffer; 140 ml chloroformwas added, and, after 15 min
centrifugation at 12,000 3 g, the aqueous phase containing
the RNA was extracted. Ethanol (1.5 volumes) was added
and the samples were washed with Qiagen’s RWT buffer on
aQiagen RNeasy spin column. RNAwas treatedwith 10 ml of
DNase I on column for 15 min followed by a wash with
RWT. After further washes with RPE buffer, the purified
RNA was eluted with 50 ml water, yielding between 5 and
22 mg RNA.

After quality control using Agilent’s Bioanalyzer, sequenc-
ing libraries were prepared from 500 ng of total RNA per
sample following Roche’s stranded “KAPA RNA HyperPrep”
library preparation protocol for single indexed Illumina li-
braries: First, the polyA-RNA fraction was enriched using

oligo-dT-probed paramagnetic beads. Enriched RNA was
heat-fragmented and subjected to first-strand synthesis
using random priming. The second strand was synthesized
incorporating dUTP instead of dTTP to preserve strand in-
formation. After A-tailing, Illumina sequencing compatible
adapters were ligated. Following bead-based clean-up steps,
the libraries were amplified using 11 cycles of PCR. Library
quality and size was checked with qBit, Agilent Bioanalyzer,
and quantitative PCR (qPCR). Sequencing was carried out on
an Illumina HiSeq 4000 system in PE75bp mode, yielding
between 27 and 37 million fragments per sample.

Data analysis of RNA-sequencing

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

Statistics

Statistical analysis was performed using GraphPad Prism
8.3.0 and IBM SPSS (Version 22). All data were subjected
to a Shapiro-Wilk normality test for Gaussian distribution
and Levene’s test for equality of variances. For the dataset
that showed a Gaussian distribution (P . 0.05 in normality
test), we performed parametric tests such as two-tailed

Figure 5 NREMS delta power following sleep deprivation is increased more strongly in Tfap2a+/2 mice but less strongly in Tfap2b+/2 mice. (A) NREMS
time change in Tfap2a+/2, two-way ANOVA tests followed by Sidak’s pairwise comparison, the main effect of genotype: F(1, 30) = 0.103, P = 0.750;
the main effect of time, F(2, 30) = 0.791, P = 0.791. (B) Average NREMS bout duration change in Tfap2a+/2, two-way ANOVA tests followed by
Sidak’s pairwise comparison, the main effect of genotype: F(1, 30) = 0.072, P = 0.790; the main effect of time, F(2, 30) = 1.407, P = 0.261. (C)
NREMS delta power changes (0.5–25 Hz) in Tfap2a+/2 mice. Z06-12: 0.5–25 Hz, ****P , 0.0001. Z12-18: 0.5–10 Hz, P = 0.334; 10–25 Hz,
****P , 0.0001. Z18–24: 0.5–5 Hz, P = 0.334; 5–25 Hz, ****P , 0.0001. (D) NREMS time change in Tfap2b+/2, two-way ANOVA tests followed
by Sidak’s pairwise comparison, the main effect of genotype: F(1, 33) = 0.595, P = 0.446; the main effect of time, F(2, 33) = 3.008, P = 0.063. (E)
Average NREMS bout duration change in Tfap2b+/2, two-way ANOVA tests followed by Sidak’s pairwise comparison, the main effect of genotype:
F(1, 33) = 0.014, P = 0.906; the main effect of time, F(2, 33) = 1.476, P = 0.243. (F) NREMS delta power changes (0.5–25 Hz) in Tfap2b+/2 mice.
Z06–12: 0.5–25Hz, ****P , 0.0001. Z12–18: 0.5–25 Hz, P = 0.715. Z18–24: 0.5–25 Hz, ****P , 0.0001. n = 5 for Tfap2a+/+, n = 7 for Tfap2a+/2,
n = 7 for Tfap2b+/+, n = 6 for Tfap2b+/2. Wilcoxon two-sided signed-rank tests were used for power changes in (C and F). BSL, baseline sleep;
R, recovery sleep. All data are shown as the mean 6 SEM.
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paired/unpaired t-test and ANOVA followed by Sidak’s
multiple comparisons. For the dataset that failed to show a
Gaussian distribution, we performed nonparametric tests,
such as a Mann-Whitney test and Wilcoxon signed-rank
test. Significance levels in the figures are represented as
*P, 0.05, **P, 0.01, ***P, 0.001, and ****P, 0.0001.
Error bars in the graphs represent mean 6 SEM.

Quantitative PCR

To assess themRNA reduction of AP-2a and b in Tfap2a and b
mice, total RNA was extracted from the cortex using an RNA
extraction kit (Qiagen GmbH). Total RNA was reverse tran-
scribed into cDNA using the high capacity cDNA RT kit
(Applied Biosystems) according to the manufacturer’s
instructions. Subsequently, the mRNA expression levels of
AP-2a and b were quantified by qPCR using the Fast SYBR
Green Master Mix (Applied Biosystems) using specific pri-
mers for each gene (Table S2). cDNA amplification was
performed following a PCR program of 40 cycles, with
denaturation at 94� for 1 min and annealing at 62� for
30 sec, followed by elongation at 72� for 1 min using an
ABI 7500 qPCR cycler. mRNA expression was analyzed using
the 22DDCq method where the control was normalized to 1,
and the treated samples were compared with their control.
Primers and conditions are listed in Table S2.

Data availability

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

Results

Increased sleep pressure in Tfap2a+/2 mice

We first analyzed sleep in Tfap2amice. To quantify sleep and
wake, we used EEG and EMG recordings (Mang and Franken
2012). As homozygous knockouts of Tfap2a are not viable
(Zhang et al. 1996), we studied Tfap2a heterozygous ani-
mals. qPCR showed that these mutants had a reduced
Tfap2amRNA amount by about half (Supplemental Material,
Figure S1). We first analyzed the amount of NREMS and
REMS from the electrophysiological recordings. Total sleep
time was not significantly affected (Figure 1, A and B). We
observed a trend toward increased NREMS (Figure 1, C and
D), which did not, however, reach statistical significance.
REMS time was decreased slightly (Figure 1, E and F). Sleep

Figure 6 REMS theta power following sleep deprivation is increased more strongly in Tfap2a+/2 mice but less strongly in Tfap2b+/2 mice compared with
wild-type controls. (A) REMS time change in Tfap2a+/2, two-way ANOVA tests followed by Sidak’s pairwise comparison, the main effect of genotype:
F(1, 30) = 1.698, P = 0.202; the main effect of time, F(2, 30) = 4.585, P = 0.018. (B) Average REMS bout duration change in Tfap2a+/2, two-way
ANOVA tests followed by Sidak’s pairwise comparison, the main effect of genotype: F(1, 30) = 17.95, P = 0.010; the main effect of time, F(2,
30) = 5.365, P = 0.0002. ZT06–12: *P = 0.011. Z12–18: **P = 0.0079. Z18–24: P = 0.749. (C) Rebound differences of REMS in theta power
(0.5–25 Hz) in Tfap2a+/2. Z06–12: 0.5–25 Hz, ****P , 0.0001. Z12–18: 0.5–25 Hz, ****P , 0.0001. Z18–24: 0.5–25 Hz, ****P , 0.0001. (D)
REMS time change in Tfap2b+/2, two-way ANOVA tests followed by Sidak’s pairwise comparison, the main effect of genotype: F(1, 33) = 0.673,
P = 0.418; the main effect of time, F(2, 33) = 16.86, P , 0.0001. (E) Average REMS bout duration in Tfap2b+/2, two-way ANOVA tests followed by
Sidak’s pairwise comparison, the main effect of genotype: F(1, 33) = 0.234, P = 0.632; the main effect of time, F(2, 33) = 2.521, P = 0.096. (F)
Rebound differences of REMS in theta power (0.5–25 Hz) in Tfap2b+/2. Z06–12: 0.5–25 Hz, ****P , 0.0001. Z12–18: 0.5–25 Hz, P = 0.119. Z18–
24: 0.5–25 Hz, ****P , 0.0001. n = 5 for Tfap2a+/+, n = 7 for Tfap2a+/2, n = 7 for Tfap2b+/+, n = 6 for Tfap2b+/2. Wilcoxon two-sided signed-rank
tests were used for power changes in (C and F). BSL, baseline sleep; R, recovery sleep. All data are shown as the mean 6 SEM.
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bout analysis did not show any significant changes in sleep
architecture (Figure S2). We next investigated sleep quality
using power spectrum analysis. Tfap2a+/2 mice exhibited
significantly increased delta power in NREMS (Figure 2, A
and B) and theta power in REMS (Figure 2, C and D). Addi-
tionally, EEG spectral analysis of Tfap2a+/2 mice during
wakefulness showed increased low-frequency power (1–
7 Hz) (Figure 2, E and F). Increased delta power in NREMS
and increased theta power in REMS suggests that sleep in-
tensity in Tfap2a+/2 mice was increased.

Sleep loss and reduced sleep quality in Tfap2b+/2 mice

We next determined sleep amount and quality of Tfap2b+/2

mice by EEG/EMG recordings. Heterozygous deletion of
Tfap2b led to a reduction of mRNA by about half (Figure
S1). Total sleep time was significantly reduced, an effect that
was caused by a specific reduction of sleep during the dark
phase (Figure 3, A and B). Analysis of NREMS showed that
the reduction of total sleep was due mainly to a reduction in
NREMS during the dark phase (Figure 3, C and D). By con-
trast, no difference could be detected for REMS (Figure 3, E
and F). We next analyzed the distribution of sleep bouts in
Tfap2b+/2 mice. Longer sleep bouts were reduced, an effect

that was particularly pronounced in the dark phase (Figure
S3, A–D). NREMS bouts, particularly long ones, were signif-
icantly reduced, again most strongly in the dark phase (Fig-
ure S3, E–H). The distribution of REMS bouts remained
unchanged (Figure S3, I–L). Power analysis showed that
Tfap2b+/2 mice had significantly decreased delta power in
NREMS (Figure 4, A and B), as well as reduced theta power in
REMS (Figure 4, C and D). Delta power was already reduced
during wakefulness (Figure 4, E and F). In summary, these
findings suggest that, in contrast to Tfap2a+/2 mutants,
Tfap2b+/2 mice have reduced total sleep, which primarily
is a consequence of reduced or shortened NREMS bouts in
the dark phase. Tfap2b+/2 mice have less NREMS/REMS
power, suggesting a reduction not only of sleep amount,
but also of sleep quality.

Opposing effects of Tfap2a+/2 and Tfap2b+/2 on
homeostatic responses to SD

Baseline sleep characterization showed that reductions in the
function of Tfap2a and Tfap2b have opposing roles in sleep
regulation. To test whether these different roles of the two
transcription factors extend to sleep homeostasis, we tested
the response of Tfap2a+/2 and Tfap2b+/2 mice to SD. Using

Figure 7 Behavioral phenotyping of Tfap2a+/2 mice reveals signs of mild hyperactivity. (A) Elevate plus maze, two-tailed unpaired t-test, P = 0.136. (B)
Rotarod test, two-way ANOVA test, the main effect of genotype: F(1, 148) = 0.927, P = 0.337; the main effect of time, F(3, 148) = 2.512, P = 0.061.
(C) Morris water maze (MWM), time spent searching for visible platform during two consecutive training days: to compare mutants and their controls,
unpaired Student t-test was used for day 1, P = 0.274; Mann-Whitney U-test for day 2, P = 0.096. Wilcoxon two-sided signed-rank tests for two
related samples were used for day 1 and day 2 within each genotype: Tfap2a+/+, **P = 0.001; Tfap2a+/2, **P = 0.004. (D) MWM, time spent searching
for hidden platform during eight consecutive training days from day 3 to day 10. Two-way ANOVA tests followed by Sidak’s pairwise comparison, the
main effect of genotype: F(1, 256) = 1.049, P = 0.307; the main effect of time, F(7, 256) = 8.652, P, 0.0001. (E) MWM, time spent in each quadrant
during probe test: one-way ANOVA followed by Sidak’s pairwise comparison, F = 21.125, P , 0.0001. Tfap2a+/+ vs. Tfap2a+/2: target, P = 1.000;
right, P = 0.819; left, P = 0.918; opposite, P = 1.000. Target vs. right/left/opposite quadrant in Tfap2a+/+: ****P , 0.0001, *P = 0.024,
****P , 0.0001. Target vs. right/left/opposite in Tfap2a+/2: ###P = 0.001, ####P , 0.0001, ####P , 0.0001. (F) Sucrose preference test: habituation,
P = 0.379; test 1, P = 0.781; test 2, P = 0.415, Mann Whitney test. (G) Forced swim test (FST), latency to immobility, P = 0.830, Mann Whitney test. (H)
FST, time spent immobile, P = 0.147, Mann Whitney test. (I) Tail suspension test (TST), latency to immobility, *P = 0.039, Mann Whitney test. (J) TST,
time spent immobile, ****P , 0.0001, Mann Whitney test. (K) Fear conditioning test, average motion, training, P = 0.296; test 1, P = 0.428; test 2,
*P = 0.028, Mann Whitney test. (L) Total freezing time, training, P = 0.771; test 1, P = 0.258; test 2, *P = 0.018, Mann Whitney test. Data are shown as
the mean 6 SEM n $ 16 for Tfap2a+/+, n $ 15 for Tfap2a+/2.
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gentle handling (Colavito et al. 2013), we kept mice
awake for 6 hr starting from light onset and measured
and quantified the increase in sleep amount and quality
by EEG.

Sleep time and delta power increased after SD in all
conditions tested (Figures S4 and S5), but the magnitude
of delta power responses differed in the different mutants.
Tfap2a+/2 mutant and control animals did not show statisti-
cally significant differences in sleep time and bout length
(Figure 5, A and B). However, mutant animals exhibited
higher rebound delta power compared to control animals
within the first 6 hr after SD (Z06–12) (Figure 5C). The delta
power rebound diminished during the next (Z12–18) and
following 6 hr periods (Z18–24) in both control and mutant
animals (Figure 5C). Tfap2b+/2 animals also showed no dif-
ference in NREMS time (Figure 5D) or bout duration (Figure
5E) after SD compared to control animals, but lower rebound
delta power during Z06–12 (Figure 5F). During Z12–18, no
rebound was observed in both control and mutant animals,
but the power change was smaller in mutants during Z18–24
(Figure 5F).

We next quantified REMS time and theta power following
SD. AdelayedREMS reboundwas observed in bothTfap2a and
Tfap2b mutants for REMS time as well as for theta power

(Figure S6 and S7). REMS bout duration increased more
strongly in Tfap2a+/2 compared to wild-type littermates
(P , 0.01) (Figure 6, A and B). Tfap2a+/2 also showed a
higher theta power rebound compared to their littermates
(Figure 6C). In contrast, REMS time and REMS bout duration
increased less in Tfap2b+/2 after SD compared to wild-type
controls during ZT18-24, although these differences were not
significant (Figure 6, D and E). Supporting this trend, the theta
power rebound after SD in Tfap2b+/2 mice was significantly
weaker compared to wild-type control animals during Z06-12
and Z18-24 (Figure 6F). Thus, Tfap2a+/2 mice respond more
strongly to SD, whereas Tfap2b+/2 animals exhibit a weaker
response to SD compared to wild-type controls.

Divergent behavioral changes in Tfap2a+/2 and
Tfap2b+/2 mice

Sleep loss is correlated with emotional instability, anxiety
(Verbitsky 2017), depression (Matsuda et al. 2017), and cog-
nitive defects (Bezdicek et al. 2018). We hence tested how
reduction of function of Tfap2a and Tfap2b affects anxiety,
depression, as well as learning and memory (Figures 7 and
8). To assess anxiety-associated behavior, we performed the
EPM test (Walf and Frye 2007). Explorative behavior assayed

Figure 8 Behavioral phenotyping of Tfap2b+/2 mice reveals signs of mild depressive-like symptoms. (A) Elevated plus maze, P = 0.463, Mann Whitney
test. (B) Rotarod test, two-way ANOVA test, the main effect of genotype: F(1, 136) = 1.313, P = 0.254; the main effect of time, F(3, 136) = 0.249,
P = 0.862. (C) Morris water maze (MWM), time spent searching for visible platform during two consecutive training days: to compare mutants and their
controls, unpaired Student t-test was used for day 1, P = 0.908; Mann-Whitney U-test for day 2, P = 0.557. Wilcoxon two-sided signed-rank tests for
two related samples were used for day 1 and day 2 within each genotype: Tfap2b+/+, *P = 0.028; Tfap2b+/2, P = 0.091. (D) MWM, time spent
searching for hidden platform during eight consecutive training days, Two-way ANOVA tests, the main effect of genotype: F(1, 148) = 63.40,
P , 0.0001; the main effect of time, F(7, 148) = 0.377, P = 0.915; Sidak’s pairwise comparison between genotype,*P , 0.05,**P , 0.01. (E)
MWM, time spent in each quadrant during probe test, one-way ANOVA followed by Sidak’s pairwise comparison, F = 7.381, P , 0.0001. Tfap2b+/+

vs. Tfap2b+/2: target, P = 1.000; right, $P = 0.034; left, P = 0.141; opposite, P = 1.000. Target vs. right/left/opposite quadrant in Tfap2b+/+:
*P = 0.034, P = 0.141, ****P , 0.0001. Target vs. right/left/opposite in Tfap2b+/2: P = 1.000, P = 0.950, ###P = 0.009. (F) Sucrose preference test,
habituation, P = 0.465; test 1, P = 0.372; test 2, P = 0.961, Mann Whitney test. (G) Forced swim test (FST), latency to immobility, *P = 0.039, Mann-
Whitney test. (H) FST, time spent immobile, *P = 0.020, Mann-Whitney test. (I) Tail suspension test, latency to immobility, P = 0.231, Mann-Whitney
test. (J) Tail suspension test, time spent immobile, P = 0.087, Mann-Whitney test. (K) Fear conditioning test, average motion, training, P = 0.815; test 1,
P = 0.673; test 2, *P = 0.047, Mann Whitney test. (L) Fear conditioning test, total freezing time, training, P = 0.696; test 1, P = 0.152; test 2,
*P = 0.027. Mann Whitney test. All data are shown as the mean 6 SEM n $ 10 for Tfap2b+/+, n $ 11 for Tfap2b+/2.
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in the EPM was similar across groups (Figure S8, A–D). The
time spent in open arms and entries into the open arms were
not changed relative to the corresponding littermates. Thus,
we could not detect altered anxiety-associated exploration
behavior in Tfap2a+/2 or Tfap2b+/2 (Figures 7A and 8A).
Accelerating rotarod tests (Deacon 2013) showed that there
was no difference in latency to fall during four testing trials in
both mutants compared to their respective littermates (Fig-
ures 7B and 8B), indicating that motor coordination and bal-
ance in bothmutants are not affected. Interestingly, Tfap2b+/2

showed minor motor learning deficiency during the train-
ing trials, but this was not observed in Tfap2a+/2 (Figure S8,
E and F).

To assess spatial learning and memory, we performed the
MWMtest (Radyushkin et al. 2009). Tfap2a+/2mice aswell as
controls required similar times to reach the visible platform
during the 2 days of training, and the latency was significantly
shortened on the second training day (Figure 7C). Tfap2b+/2

and control mice did not differ significantly when exposed to
the visual water maze paradigm (Figure 8C). The mice were
next subjected to an 8-day hidden platform training test. Over
time, the latency to locate the hidden platform decreased, and
the learning pattern in Tfap2a+/2 mice was comparable to
wild-type litter mates (Figure 7D). By contrast, Tfap2b+/2

mice had severe problems finding the hidden platform (Figure

8D). Finally, the platform was removed in the probe test, and
the percentage of time spent in the target quadrant where the
platform was previously located was examined in comparison
to other quadrants. Tfap2a+/2mice and their littermates spent
most of the time in the target quadrant, suggesting that they
learnt and remembered the previous location of the platform
(Figure 7E). By contrast, Tfap2b+/2 mice did not show the
preference for the target quadrant as clearly as the wild type
(Figure 8E). Together, these data suggest that spatial learning
and memory might be impaired in Tfap2b+/2 but not in
Tfap2a+/2 mice.Depression-associated behavior was assessed
by SPT (Alkhlaif et al. 2017), FST (Yankelevitch-Yahav et al.
2015) and TST (Can et al. 2012). In Tfap2a+/2 and Tfap2b+/2

mice, no difference was observed in sucrose preference across
all days of the experiment (Figures 7F and 8F). This result
suggests that both Tfap2a+/2 and Tfap2b+/2 mice are able
to experience pleasure from the reward (sucrose water). In
the FST, there was no significant difference in latency to im-
mobility and time spent immobile in Tfap2a+/2 mice, but
Tfap2b+/2 mice showed a reduced immobility latency and
spent more time immobile (Figures 7, G–H and 8, G–H). Dur-
ing the TST, increased immobilization latency and less immo-
bility time were observed in Tfap2a+/2 mutants but not in
Tfap2b+/2 mice (Figures 7, I and J and 8, I and J). Taken
together, Tfap2a+/2 mice showed signs of hyperactive

Figure 9 Circadian rhythms are comparable to wild-type controls in Tfap2a+/2 mice. (A) Daily activity, two-way ANOVA tests followed by Sidak’s
pairwise comparison, the main effect of genotype: F(1, 432) = 1.133, P = 0.288; the main effect of time, F(47, 432) = 21.64, P , 0.0001. (B) Total
activity, P = 0.931, Mann-Whitney test. (C) Activity in light phase, P = 0.784, Mann-Whitney test. (D) Six hours phase advance, Two-way ANOVA tests
followed by Sidak’s pairwise comparison, the main effect of genotype: F(1, 126) = 0.169, P = 0.682; the main effect of time, F(13, 126) = 156.8,
P , 0.0001. (E) Phase shift, P = 0.197, Mann-Whitney test. (F) Locomotor activity during light pulse, P = 0.455, Mann-Whitney test. (G) Free-running
period during constant darkness, P = 0.626, Mann-Whitney test. All data are shown as the mean 6 SEM n = 6 for Tfap2a+/+, n = 5 for Tfap2a+/2.
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behavior in the TST. By contrast, Tfap2b+/2 mice showed
longer periods of immobility in the FST.

We next performed the contextual FC test (Fischer et al.
2004). In the conditioning session, averagemotion and freez-
ing did not differ significantly between mutants and controls
in both Tfap2a+/2 and Tfap2b+/2 mice. On the first test day
after conditioning, both groups of mice showed signs of
fear memory as evidenced by increased freezing time. On
the second test day, both Tfap2a+/2 and Tfap2b+/2 mice
exhibited higher motions and less freezing time compared
to the respective controls, indicating impaired reconsolida-
tion (Figures 7, K and L and 8, K and L).

In summary,motor functionandbalance inbothTfap2a+/2

and Tfap2b+/2 mice are comparable to wild-type controls.
Emotion-associated behavior, assayed by the response to pos-
itive sensation (sucrose water) or mild environmental stress
(e.g., EPM), in both Tfap2a+/2 and Tfap2b+/2 mice also ap-
pears to be comparable to wild-type controls. In MWM tests,
Tfap2b+/2 mice showed severe impairment in finding the
platform during training. However, the difference between
Tfap2b+/2 and controls was less severe in the probe test,
where Tfap2b+/2 still showed preference of the target quad-
rant, even though this preference did not reach statistical

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

The free-running period of the circadian rhythm is
shortened in Tfap2b+/2 mice

Sleep is strongly regulated by the circadian system. We thus
explored circadian rest-activity regulation in Tfap2a+/2 and
Tfap2b+/2 mice. We measured wheel-running activity under
baseline conditions (12 hr light: 12 hr dark - LD), during
re-entrainment to a 6 hr phase advance of the LD cycle, in re-
sponse to a nocturnal light pulse, and under constant dark
(DD) conditions (Zheng et al. 2001) (Figures 9 and 10). Under
LD conditions, Tfap2a+/2 and Tfap2b+/2 mice did not show

Figure 10 Circadian period is shortened and jetlag re-entrainment is accelerated in Tfap2b+/2 mice. (A) Daily activity, two-way ANOVA test followed by
Sidak’s pairwise comparison, the main effect of genotype: F(1, 480) = 13.12, ***P = 0.0003; the main effect of time, F(47, 480) = 65.66,
P , 0.0001. (B) Total activity, P = 0.310, Mann-Whitney test. (C) Activity in light phase, P = 0.558, Mann-Whitney test. (D) Six hours phase advance
two-way ANOVA test followed by Sidak’s pairwise comparison, the main effect of genotype, F(1, 160) = 24.82, ****P , 0.0001; the main effect of
time, F(15, 160) = 161.1, P, 0.0001; 50% phase shift (PS50): two-tailed unpaired t-test, *P = 0.0273. (E) Phase shift, P = 0.452, Mann-Whitney test.
(F) Locomotor activity during light pulse, P = 0.558, Mann-Whitney test. (G) Free-running period during constant darkness, *P = 0.022, Mann-Whitney
test. All data are shown as the mean 6 SEM n = 6 for Tfap2b+/+, n = 6 for Tfap2b+/2.
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significant differences in their rest-activity patterns compared to
controls (Figures 9, A–C and 10, A–C). We next measured the
response of Tfap2a+/2 and Tfap2b+/2 mice to a shift in the LD
cycle by advancing the dark phase by 6 hr (jetlag paradigm).
Re-entrainment to the new cycle was normal in Tfap2a+/2mice
compared with wild-type controls (Figure 9D), but it was sig-
nificantly faster in Tfap2b+/2 mice (Figure 10D).

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

Divergent differential gene expression in Tfap2a+/2 and
Tfap2b+/2 mice

The divergent effects of Tfap2a+/2 and Tfap2b+/2 on behavior
might stem from different gene expression caused by reduction
of the amount of the respective transcription factor. We thus
measured gene expression changes in the brain in Tfap2a+/2,
Tfap2b+/2, and wild type controls. For this, we took brain sam-
ples from these mutants and controls, determined their tran-
scriptomes using RNA sequencing, and extracted differentially

expressed genes. We found 276 genes to be significantly differ-
entially expressed in Tfap2b+/2 compared with wild types,
whereas only 39 geneswere found to be differentially expressed
in Tfap2a+/2. Thus, the more severe behavioral and sleep phe-
notypes in Tfap2b+/2 correlate with increased differences in
gene expression (Figure 11). Only one genewas downregulated
and three genes were upregulated in both Tfap2a+/2 and
Tfap2b+/2 (Supplemental excel workbook), while all other
genes were unique to either of the mutants. This broad diver-
gence in gene expression is consistent with the divergence in
sleep and behavior. The differentially expressed genes could
potentially explain the sleep and behavioral phenotypes ob-
served in Tfap2a+/2 and Tfap2b+/2. We hence searched the
literature for these genes to find phenotypes associated with
sleep and the behavioral tests that we have performed. Only
one gene that is differentially expressed in Tfap2a+/2 has been
previously associatedwith sleep and none of the genes has been
described to have phenotypes in the behavioral tests. By con-
trast, four genes that are differentially expressed in Tfap2b+/2

have been associated with sleep phenotypes, and eight
genes have been associated with phenotypes in the behavior-
al tests that we have performed (see details in Table 1).
Future studies will be required to establish causality and to
solve mechanisms by which Tfap2a+/2 and Tfap2b+/2 affect
behavior.

Discussion

Divergent phenotypes in sleep, behavior, circadian
rhythms, and gene expression in Tfap2a+/– and Tfap2b+/–

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

Figure 11 Divergent gene expression changes in Tfap2a+/2 and Tfap2b+/2. (A) Volcano plot of genes that are differentially expressed in Tfap2a+/2 mice.
(B) Volcano plot of genes that are differentially expressed in Tfap2b+/2 mice. (C) Venn diagram showing distinct and overlapping genes that are
differentially expressed [false discovery rate (FDR) , 0.20] in Tfap2a+/2 and Tfap2b+/2. The overlapping P value was calculated using Fischer’s
Exact tests, P = 0.005. n = 3 for B6N, n = 3 for Tfap2a+/2, n = 3 for Tfap2b+/2. Genes that are differentially expressed at FDR , 0.20 and
logFC . 0.5 are highlighted and labeled in the volcano plot.
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smooth muscle cells of the cardiovascular system, pigment
cells in the skin, and craniofacial bones (Moser et al. 1997b).
Despite their common expression pattern during early em-
bryonic stages, deletion of Tfap2a or Tfap2b produces strik-
ingly different phenotypes (Zhang et al. 1996). The loss of
Tfap2a causes neuronal, craniofacial, skeletal, and body wall
defects, whereas Tfap2b-deficient mice show brain develop-
ment, ductus arteriosus, and renal impairments (Zhang et al.
1996; Moser et al. 1997a; Brewer et al. 2004).

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

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

We show that this functional divergence extended to addi-
tional behaviors. Tfap2a+/2wasmore robust in the behavioral
assays, at least in the TST, which indicated a mild hyperactiv-
ity. By contrast, the performance of Tfap2b+/2 revealed mildly
depressive-like symptoms. Consistent with diverging roles in
development and behavior, our RNA-sequencing data of
Tfap2a+/2 and Tfap2b+/2 mice revealed divergent patterns
of gene expression. The divergent behavioral changes ob-
served in Tfap2a+/2 and Tfap2b+/2 mice may, thus, specula-
tively result from the modulation of expression of Tfap2a and
Tfap2b target genes. Consistent with this view, Tfap2a and
Tfap2b have been shown to play distinct roles in the specifica-
tion of GABAergic neurons (Zainolabidin et al. 2017). This
finding is intriguing as sleep-active, sleep-inducing neurons
typically are GABAergic. Alternatively, changes in depressive-
like symptoms in themutantsmay be the consequence of sleep
quality alterations. As poor sleep quality impairs memory con-
solidation (Mander et al. 2013; Bezdicek et al. 2018), the
memory deficits shown in Tfap2b+/2 mice might be the result

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

Assay
Tfap2a+/2

Tfap2b+/2

Phenotype DE genes Phenotype DE genes

EEG/EMG recording Normal sleep amount but increased sleep
power

Slc5a5a Shortened sleep amount and
impaired sleep quality

Fosa, Fosba, Slc5a5a

Slc18a2b

EPM Normal anxiety-associated
behavior

— Normal anxiety-associated
behavior

—

Rotarod Normal motor function — Normal motor function —

MWM Normal spatial learning and memory — Impaired spatial learning and memory Arca, Fosa, Fosba,
Vgfa

SPT, FST, TST Hyperactive in TST, but normal in SPT or TST — Depression-like behavior only in FST,
but normal in SPT or TST

Fosba, Dusp1a

Slc6a4b

Contextual fear
conditioning

Shortened freezing behavior — Shortened freezing behavior Arca, Vgfa

Slc6a4b

Wheel-running Normal circadian activity — Shortened circadian period and
accelerated re-entrainment

Vgfa

Literature analysis of genes that are differentially expressed in Tfap2a+/2 and TFAP2b+/2. All interpretations are purely speculative. Fos and Fosb from the Fos family of
transcription factors as well as Slc5a5 and Slc18a2 from the solute carrier (SLC) group of membrane transport proteins were found to be differentially regulated in Tfap2b+/2

mice, which might contribute to the shortened sleep (Figure 3). Slc5a5, which encodes a sodium/iodide symporter (NIS), was down regulated in both Tfap2a+/2 and Tfap2b+/
2 mice. The NIS plays a fundamental role in the first step in thyroid hormone biosynthesis (Dohán et al. 2003). Multiple phenotypes relating to neurological features, skeleton,
vision, and metabolism have been discovered in Slc5a5 knockouts. Among those phenotypes, abnormal sleep behavior, such as shorter sleep bout duration during the dark
phase, has been found in male Slc5a52/2 mice (Dickinson et al. 2016). Fos (c-fos) is a nuclear proto-oncogene, whose expression is used as an indirect marker of neuronal
activity. Fosb expression is induced often in the same cells as Fos, but at a later time (Gass et al. 1992; Peters et al. 1994). In Tfap2b+/2 mice, Fos and Fosb were
downregulated. Abnormal sleep has been found in Fos or Fosb-deficient mice such that Fos-null mice have less NREMS and normal REM sleep, but Fosb-deficient mice
have less REMS but unchanged NREMS (Shiromani et al. 2000). Dopamine is transported into synaptic vesicles by the vesicular monoamine transporter (VMAT2), which is
encoded by Slc18a2. VMAT2-deficient mice are used as a model of Parkinson’s Disease (PD) that exhibits shorter latency to sleep and lower circadian activity except for a
major phenotype of the motor dysfunction (Taylor et al. 2009). In Tfap2b+/2 animals, Slc18a2 was upregulated, and overexpression of this gene was reported to have
neuroprotective effects, such as antidepressive and anxiolytic activity and increased ambulation during the dark phase (Lohr et al. 2014). The downregulation of Arc, Fos,
Fosb, and Vgfmight be associated with the impaired spatial learning and memory that we found in Tfap2b+/2 animals (Figure 8, C–E). The deletion of either Arc, Fos, Fosb, or
Vgf in mice result in impaired spatial learning (Paylor et al. 1994; Plath et al. 2006; Bozdagi et al. 2008; Ohnishi et al. 2011). Increased immobility was observed in Tfap2b+/2

mice (Figure 8H), which is consistent with downregulation of Fosb and Duspt1 as well as upregulation of Slc6a4. Fosb null mice have increased immobility in FST compared
with their controls (Ohnishi et al. 2011). On the contrary, overexpression of Dusp1 causes depressive behaviors and mice lacking Dusp-1 are resilient to stress (Duric et al.
2010). Slc6a4 encodes the serotonin transporter (SERT) in mice. It is reported that mice that are more susceptible to stress have increased expression of SERT and exhibit
longer immobility in FST (Couch et al. 2013). In addition, SERT overexpression (5-HTTOE) mice have reduced freezing time in the cued fear conditioning test (McHugh et al.
2015). In Tfap2b+/2 mice, we found a shortened freezing time in the contextual fear conditioning test (Figure 8L). The downregulation of Arc and Vgf might also contribute
to this fear-related phenotype, as Arc and Vgf null mice exhibit shortened freezing time in the contextual fear conditioning test (Plath et al. 2006; Bozdagi et al. 2008).
Moreover, Vgf2/2 mice have a slightly shortened circadian period length (Hahm et al. 1999), which might help explain the similar phenotype we observed in Tfap2b+/2 mice
(Figure 10).
a Upregulated genes.
b Downregulated genes. “—” indicates that no information was found.
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of a loss of sleep time or quality. Tfap2a+/2 mice showed less
freezing in FC despite a better sleep quality. However, since
Tfap2a+/2 mice exhibited hyperactive behavior in a stressful
situation (TST), this effect might speculatively have blunted
the freezing response in FC.

Different phenotypes were also found in circadian rhythm
regulation for Tfap2a+/2 and Tfap2b+/2 mice. Circadian
rhythmicity was unaffected in Tfap2a+/2, whereas
Tfap2b+/2 showed a shortened period of the internal clock
system. The circadian period shortening in Tfap2b+/2 most
likely is too mild to be the cause of the sleep impairment. For
example, mice lacking the clock gene Per1 with 1 hr shorter
intrinsic period and preserved homeostatic responses do not
exhibit overall sleep changes (Kopp et al. 2002).

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