
Behavioral/Cognitive

Restoring Serotonergic Homeostasis in the Lateral
Hypothalamus Rescues Sleep Disturbances Induced by
Early-Life Obesity
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Early-life obesity predisposes to obesity in adulthood, a condition with broad medical implications including sleep disorders, which can
exacerbate metabolic disturbances and disrupt cognitive and affective behaviors. In this study, we examined the long-term impact of
transient peripubertal diet-induced obesity (ppDIO, induced between 4 and 10 weeks of age) on sleep–wake behavior in male mice. EEG
and EMG recordings revealed that ppDIO increases sleep during the active phase but reduces resting-phase sleep quality. This impaired
sleep phenotype persisted for up to 1 year, although animals were returned to a non-obesiogenic diet from postnatal week 11 onwards. To
better understand the mechanisms responsible for the ppDIO-induced alterations in sleep, we focused on the lateral hypothalamus (LH).
Mice exposed to ppDIO did not show altered mRNA expression levels of orexin and melanin-concentrating hormone, two peptides that
are important for sleep–wake behavior and food intake. Conversely, the LH of ppDIO-exposed mice had reduced contents of serotonin
(5-hydroxytryptamine, 5-HT), a neurotransmitter involved in both sleep–wake and satiety regulation. Interestingly, an acute peripheral
injection of the satiety-signaling peptide YY 3–36 increased 5-HT turnover in the LH and ameliorated the ppDIO-induced sleep distur-
bances, suggesting the therapeutic potential of this peptide. These findings provide new insights into how sleep–wake behavior is
programmed during early life and how peripheral and central signals are integrated to coordinate sleep.
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Introduction
Many aspects of adult physiology and behavior, including the
timing, duration, and depth of sleep, are determined by extensive
reorganization of neural circuits during the peripubertal period

(Spear, 2000; Hagenauer and Lee, 2013; Nelson et al., 2013). Ro-
dent studies have suggested that even mild, transient environ-
mental perturbations during this sensitive phase exert persistent
effects on health and well-being (Vendruscolo et al., 2010; Patchev et
al., 2014; Iñiguez et al., 2015). Food preferences develop early in
humans (Spear, 2000) and increase the propensity to become
obese (Serdula et al., 1993; Spear, 2000), thereby raising the risk
for acquiring serious conditions such as cardiovascular disease,
type 2 diabetes, and affective and cognitive disorders (Alfaradhi
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Significance Statement

Adult physiology and behavior are strongly influenced by dynamic reorganization of the brain during puberty. The present work
shows that obesity during puberty leads to persistently dysregulated patterns of sleep and wakefulness by blunting serotonergic
signaling in the lateral hypothalamus. It also shows that pharmacological mimicry of satiety with peptide YY3–36 can reverse this
neurochemical imbalance and acutely restore sleep composition. These findings add insight into how innate behaviors such as
feeding and sleep are integrated and suggest a novel mechanism through which diet-induced obesity during puberty imposes its
long-lasting effects on sleep–wake behavior.
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and Ozanne, 2011; Kelsey et al., 2014; Balakumar et al., 2016).
Importantly, obesity also triggers disturbed sleep–wake behavior,
with poor sleep due to frequent nighttime awakening and day-
time sleepiness being a common complaint in obese subjects
(Vgontzas et al., 2008). It is also pertinent to note that sleep
disturbances are strongly linked to impaired mood (Steiger and
Kimura, 2010) and cognition (Havekes et al., 2015; Tarokh et al.,
2016). The recognition of an association among sleep, metabolism,
and physical and mental health has spurred considerable interest
recently (Dresler et al., 2014); however, little is known regarding the
mechanisms underpinning these interactions or indeed about where
and when they are initiated. Obese humans and mice both display
sleep disturbances (Jenkins et al., 2006; Guan et al., 2008; Perron et
al., 2015). Importantly, polysomnograms of EEG and EMG activity
in both species allow distinction between shallow-to-deep, non-
rapid eye movement (NREM) sleep (characterized by synchronized
cortical neuronal activity, reflected in high-delta-power EEG) and
REM sleep (a low-conscious state despite high cortical activity) (To-
bler, 1995). Moreover, quality of sleep, which often correlates nega-
tively with obesity and aging (Vgontzas et al., 2008; Steiger and
Kimura, 2010) and which is reflected in high delta power during
uninterrupted NREM sleep (Borbély, 1977), can be equally well as-
sessed in humans and rodents.

Feeding rhythms are tightly coupled to sleep–wake bouts and
both behaviors occur in a circadian fashion (Challet, 2013). Sleep
curtailment promotes food intake such as intermittent “snack-
ing” and raises the risk of obesity in humans and rodents (Mark-
wald et al., 2013; Wang et al., 2014; Chaput and Dutil, 2016).
Conversely, food deprivation in rodents causes arousal and facil-
itates food-seeking behavior (Borbély, 1977). However, the ef-
fects of fasting are abolished by ablation of orexin neurons in the
lateral hypothalamus (LH) (Yamanaka et al., 2003a), a finding
consistent with recent work demonstrating that signals converg-
ing in the LH contribute to the coordination of feeding and sleep–
wake behavior (Bonnavion et al., 2016; Stuber and Wise, 2016).
Complementary work demonstrated that neuropeptide secretion
by the LH is subject to modulation by arousal- and satiety-promo-
ting serotonergic (5-HTergic) inputs from the dorsal raphe nu-
cleus (DR) (Yamanaka et al., 2003b; Saper et al., 2010; Ito et al.,
2013; Chowdhury and Yamanaka, 2016). Together, these previ-
ous observations prompted the question of whether peripubertal
obesity predisposes to impaired sleep quality in later life and, if so,
how altered LH function might serve as a conduit of the effects of
early life challenges to metabolic status. In addition to confirming
our hypothesis that peripubertal diet-induced obesity (ppDIO)
generates long-lasting impairments in sleep quality, we demon-
strated that ppDIO-induced sleep disturbances are accompanied
by reductions in the serotonin (5-hydroxytryptamine, 5-HT)
content of the LH. Furthermore, we show that a single peripheral
injection of the satiety-signaling gut peptide, peptide YY (PYY3–36),
ameliorates the aberrations in sleep patterns produced by ppDIO
significantly.

Materials and Methods
Animals. Male C57BL/6N mice, bred at the Max Planck Institute of Bio-
chemistry, were obtained at 21 d of age and housed (4 mice/cage) under
standard conditions. One group of mice (ppDIO; n � 65) was given ad
libitum access to a high-fat diet (HFD; 4.73 kcal/g; D12451, Research
Diets) for 6 weeks (postnatal weeks 4 –10). A control group of mice (n �
68) was maintained on standard laboratory chow (2.85 kcal/g, diet #1324,
Altromin) throughout the experiment. All procedures on animals were
approved by the Government of Upper Bavaria’s Commission for the
Care and Use of Laboratory Animals in Germany.

Diets. Compositions of diets were as follows: the HFD used in the
ppDIO paradigm from weeks 4 –10 (4.73 kcal/g) was 45% fat, 20% pro-
tein, and 35% carbohydrates; the standard laboratory diet fed to controls
and ppDIO mice from 11 weeks of age onwords (2.84 kcal/g) was 12.6%
fat, 26.7% protein, and 60.7% carbohydrates.

Housing. Mice were kept on a 12:12 light/dark cycle [lights on at 08:00,
Zeitgeber time (ZT) 0] under constant temperature (24 � 1°C) and
relative humidity (50 � 10%) in a sound-attenuated chamber. The ani-
mals were individually housed in custom-made Lucite cages (transparent
Lucite walls, 35 cm height; replaceable, gray Lucite floor, 26 cm � 26 cm)
from the time of surgeries and maintained under the same environmen-
tal conditions as before.

Surgery. Control and ppDIO mice aged 8, 22, and 50 weeks were im-
planted with 4 epidural EEG gold-wire electrodes under isoflurane/oxy-
gen anesthesia. As described previously (Romanowski et al., 2010; Kumar
et al., 2015), bilateral electrodes were placed on the frontal lobes (L: � 1.7
mm, AP: � 1.5 mm from bregma) and parietal lobes (L: � 3 mm from
bregma, AP: � 1 mm from lambda), respectively. In addition, each mouse
received two intramuscular (neck) gold-wire electrodes for EMG record-
ings. The lead wires of the EEG and EMG electrodes were connected to an
electric swivel through a flexible tether, as described previously (Kumar
et al., 2015). The first baseline EEG and EMG recordings were made after
a 14 d postsurgical recovery period in freely behaving mice.

Sleep recording and analysis. Polysomnographic recordings were
obtained using a LabVIEW-based acquisition system (National Instru-
ments) customized for use in mice (EGErAVigilanz; SEA) (Kumar et al.,
2015). EEG and EMG signals were amplified (10,000�) and both filtered
EEGs (0.25– 64 Hz) and EMGs (175–1000 Hz, root mean square recti-
fied) were digitized using a high-speed analog-to-digital converter (NI-
USB-6343-X-series; National Instruments) at a sampling rate of 128 Hz.

Sleep data were processed by fast Fourier transform algorithmic anal-
ysis and semiautomatic classification of particular sleep–wake vigilance
states was achieved using the LabVIEW-based acquisition system (Na-
tional Instruments). As described previously (Kimura et al., 2010), vigi-
lance states were defined from polygraphic traces in consecutive 4 s
epochs as wakefulness, REM sleep, and NREM sleep; these states were
confirmed by visual inspection of the somnograms. Images of dynamic
changes in spectral power densities were produced by averaging absolute
spectrum data encompassing all vigilance states from individual animals
(30 consecutive 4 s epochs, i.e., per 2 min duration); 3D plots were
subsequently created using Origin 8 software (OriginLab), as described
previously (Jakubcakova et al., 2011). Slow-wave activity (SWA) was
calculated from the absolute power of the frequency range between 0.5
and 4 Hz during NREM sleep per 0.25 Hz bins and normalized to the
individually averaged total EEG power of all vigilance states. Epochs
containing artifacts were eliminated from the power spectral analysis.
Sleep architecture was analyzed by quantifying the number of transitions
from WAKE to NREMS, NREMS to REMS, REMS to WAKE, and
NREMS to WAKE in 6 h bins.

Brain tissue collection and processing. Mice were deeply anesthetized
(isoflurane) and killed by decapitation at ZT 8 or ZT 13 (� 15 min) after
PYY3–36/vehicle injections. Brains were carefully removed from the skull,
snap frozen in isopentane/dry ice, and stored at �80°C until further
processing.

For in situ hybridization histochemistry (see below), 10-�m-thick cor-
onal sections from areas containing the LH were cryo-cut at �20°C and
mounted on SuperFrost Plus slides (Menzel).

For neurotransmitter and neuropeptide measurements (see below),
cylindrical cubes (0.5 mm 3 tissue punches) containing the LH or DR
were obtained as described previously (Palkovits, 1973) (coordinates for
LH: AP �1.3 mm, DV �4.8 mm, L � 1.0 mm from bregma, and for DR:
AP �4.3 mm, DV �2.8 mm, L � 0.5 mm from bregma).

In situ hybridization histochemistry. Ten-micrometer cryo-cut sections
of brains obtained from mice at ZT 8 were hybridized with 35S-dATP-
labeled oligonucleotide probes for orexin (5�AGCAGCGTCACGGCG
GCCCAGGGAACCTTTGTAG),MCH (5�CAACATGGTCGGTAGACT
CTTCCCAGCATACACCTGAGCATGTCAA),andGAD67(5�CAGTCA
ACCAGGATCTGCTCCAGAGACTCGGGGTGGTCAGACAGCTCCA),
as described previously (Patchev et al., 2007). Autoradiograms were gen-
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erated by exposure to chemiluminescent film (BioMax MR; Kodak) and
digitized; signal intensity (relative mRNA levels) was quantified by
computer-assisted optical densitometry (ImageJ) against a 14C reference
(range: 0 –35 nCi/mg; ARC 0146, American Radiolabeled Chemicals).
Signal intensities are given as nanocuries per milligram.

Monoamine assay. Monoamines were extracted from the LH and DR
using 0.1 M perchloric acid (1:20 for LH and 1:10 for DR). The extracts
were assayed for 5-HT, dopamine (DA), 3,4-dihydroxyphenylacetic acid
(DOPAC), homovanillic acid (HVA), 3-methoxytyramine (3-MT), and
5-hydroxyindoleacetic acid (5-HIAA) using reverse-phase high-per-
formance liquid chromatography (RP-HPLC) with electrochemical
detection (UltiMate3000/CoulochemIII; Thermo Fisher) using citrate-
phosphate buffer (containing 8.5% acetonitrile, pH 3) as the mobile
phase, as described previously (Anderzhanova et al., 2013). Monoamines
were separated on an analytical column (C18, 150 mm � 3 mm, 3 �m;
Triart, YMC Europe) at a flow rate of 0.5 ml/min and detected at �175
mV. The detection limit for all compounds of interest was between 0.032
and 0.050 nM. Peak areas were used to calculate monoamine concentra-
tions by reference to an external standard curve. Monoamine tissue con-
tents are reported as micromoles per milligram of protein (the protein
concentration of extracts was determined by the Lowry assay method;
Lowry et al., 1951). To evaluate the acute effects of PYY3–36 treatment,
5-HT turnover was calculated as the ratio between the tissue levels of
5-HT and its major metabolite, 5-HIAA (Le Moal and Simon, 1991).

Radioimmunoassay (RIA). An RIA kit (Phoenix Pharmaceuticals) was
used to determine orexin A concentrations in bilateral perchloric acid-
extracted LH tissue extracts (see “Monoamine assay” section above). The
limit of detection of the RIA was 10 pg/ml and interassay and intraassay
coefficients of variation were �15%.

Peptide YY3–36 administration. Subgroups of control and ppDIO mice
were given a single intraperitoneal injection of either PYY3–36 (H-6042;
Bachem) or vehicle (0.9% NaCl) when 10 or 52 weeks of age. Previous
studies by others (Akanmu et al., 2006) and our own pilot studies showed
that the dose chosen (60 �g/kg) reduces food ingestion and induces
NREM sleep in naive adult rodents. Here, food intake was monitored at
1, 3, and 24 h after injection and sleep EEG/EMG recordings were made
for 24 h after injection. Brain punches obtained from a separate group of
control and ppDIO mice treated with vehicle or PYY3–36 for 1 h were used
for determining neurotransmitter contents by RP-HPLC (see above).

Experimental design and statistical analysis. Primarily, six individual
groups were set for studying and comparing the effects of transient HFD
exposure during puberty (ppDIO vs control group) on sleep parameters
at three different time spans (10, 24, and 52 weeks of age). Weekly changes in
body weight (BW; in grams), hourly changes in 24 h sleep (percentage per
hour), the amount of time spent in sleep during ZT 13–18 (percentage
per 6 h), and differences in SWA during baseline (in percentage of total
power) and after sleep deprivation (relative changes from baseline SWA
in percentage) were analyzed by two-way ANOVA, with the between fac-
tors age and diet. A multivariate ANOVA (MANOVA) was applied to eval-
uate the effects of age, diet (both between factors), and time (within
factor) on vigilance transitions (counts) in 6 h bins. Neurochemical pa-
rameters such as orexin mRNA expression or protein levels and tissue
neurotransmitter contents, which might have been affected by the pp-
DIO paradigm, were analyzed between only two age groups (10 and 52
weeks) using two-way ANOVA, with the between factors age and diet. To
explore a therapeutic potentiality, the effects of peripherally adminis-
tered PYY3–36 on food intake and sleep amount were compared with the
counterpart group that received vehicle at 10 and 52 weeks of age by
two-way ANOVA (PYY3–36 vs vehicle treatment served as within factors,
and diet or age as between factors). The effects of PYY3–36 versus vehicle
on neurotransmitter turnover were tested only in 10-week-old groups
and analyzed by two-way ANOVA; the included factors were diet (be-
tween) and treatment (within). The above ANOVA and MANOVA anal-
yses were followed by Sidak’s multiple-comparisons test and Bonferroni
post hoc comparisons, respectively; a value of p � 0.05 was considered
significant. To perform these statistical comparisons, GraphPad Prism
version 6.01 software and SPSS version 18 software were used. All data
are shown as mean � SEM.

Results
Transient exposure to an obesogenic diet during puberty
results in persistent sleep impairments
The ppDIO paradigm (transient exposure of mice to an obe-
sogenic HFD between the ages of 4 and 10 weeks) significantly
increased BW (Fig. 1A; p � 0.01, Sidak’s post hoc test; weight gain
between 4 and 10 weeks of age in control mice: 15.49 � 0.35 g vs
18.04 � 2.28 g in ppDIO animals). Reinstatement of the stan-
dard, nonobesogenic diet resulted in an initial loss (weeks 11–14)
of BW in ppDIO mice, but this was followed by consistently
higher BWs that were maintained for up to 1 year (Fig. 1A; diet
effect: F(1,29) � 7.201, p � 0.05, age effect: F(47,1363) � 485.4, p �
0.01, 2-way ANOVA). These BW profiles were matched by sig-
nificant differences in BW-adjusted energy intake between pp-
DIO and control mice, with the factors age and diet making
significant contributions (Fig. 1A, inset; diet effect: F(1,6) � 8.932,
p � 0.05, age effect: F(46,276) � 447.2, p � 0.01, diet–age interac-
tion: F(46,276) � 17.91, p � 0.01, 2-way ANOVA). Whereas the
obesogenic diet led to an expected increase in caloric intake (p �
0.01, Sidak’s post hoc test) because of its high energy density and
known hedonic properties, ppDIO mice showed an initial de-
crease in energy consumption when returned to standard diet
(Fig. 1A, inset; p � 0.01, weeks 11–14, Sidak’s post hoc test, ppDIO
vs control mice).

Next, using standardized EEG/EMG recording-based classifi-
cation of vigilance states, we observed typical circadian sleep–
wake profiles in control and ppDIO mice at between 10 and 52
weeks of age (Fig. 1B). However, 10-week-old ppDIO mice showed
an increase in NREM sleep time between ZT 13 and 18 when
control mice were displaying high levels of activity (wakefulness;
p � 0.01, Sidak’s post hoc test, NREM sleep in 10-week-old con-
trols: 10.8 � 1.51% vs in ppDIO mice: 21.0 � 1.43%); the aber-
rant NREM sleep in ppDIO animals was particularly conspicuous
at ZT 17 (Fig. 1B, top left; C, left; p � 0.05, Sidak’s post hoc test).
A similar trend for increased NREM sleep during ZT 13–18 was
observed in 24-week-old ppDIO (Fig. 1B, middle left; C, left;
NREM sleep in 24-week-old controls: 18.3 � 2.47% vs ppDIO
mice: 24.1 � 2.75%). At 52 weeks of age, NREM sleep duration
between ZT 13 and ZT 18 was significantly greater in the ppDIO
group than in control mice (Fig. 1B, bottom left; C, left; p � 0.05,
Sidak’s post hoc test; NREM sleep in controls: 20.8 � 2.18% vs
ppDIO mice: 28.7 � 2.77%). However, whereas both ppDIO and
control mice displayed age-related increases in NREM sleep dur-
ing ZT 13–18 (Fig. 1C, left; age effect: F(2,61) � 9.53, p � 0.01,
2-way ANOVA), the ppDIO group showed consistently greater
amounts of NREM sleep compared with the controls (diet effect:
F(1,61) � 20.40, p � 0.01, 2-way ANOVA).

At 10, 24, and 52 weeks of age, control and ppDIO mice
showed highly similar circadian REM sleep profiles (Fig. 1B, right).
However, consistent with the corresponding patterns of NREM
sleep, ppDIO animals spent more time in REM sleep during ZT
13–18 compared with controls (Fig. 1C, right; diet effect: F(1,61) �
7.29, p � 0.01, 2-way ANOVA; Sidak’s post hoc comparisons:
n.s.). Nevertheless, the REM/NREM sleep ratios did not differ
between control and ppDIO mice at any of the ages studied (data
not shown).

Sleep architecture, judged by the frequency of transitions be-
tween different states of vigilance, differed significantly between
10-week-old control and ppDIO mice. Specifically, stability of
sleep was poorer in the ppDIO group; in these animals, NREM
sleep was frequently interrupted by bouts of wakefulness (Fig. 2A,
top, p � 0.01, Bonferroni post hoc comparisons). However, the
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difference in sleep–wake architecture between control and pp-
DIO mice was diminished when animals were 1 year old (Fig. 2A,
bottom); this could be ascribed to age-dependent increases in the
number of NREM¡WAKE and WAKE¡NREM transitions in
control mice (Fig. 2A, bottom, diet–age–time interaction: NREM¡
WAKE transitions: F(1,46) � 9.266, p � 0.01; WAKE¡NREM
transitions: F(1,46) � 9.599, p � 0.01, MANOVA). In contrast, no

differences in switches from NREM¡REM and REM¡WAKE
were found between ppDIO and control mice regardless of age
(data not shown). These observations show that the disruptive
effects of ppDIO on sleep continuity are greater in peripubertal
versus mature mice.

Sleep demand (homeostatic sleep pressure) accumulates dur-
ing periods of wakefulness and can be assessed by measurements

Figure 1. Peripubertal exposure to obesogenic food induces lifetime obesity and increased nocturnal sleep. A, BWs in ppDIO (n � 16) and control (n � 15) mice are given as mean gram per
week � SEM. The six-week HFD exposure during peripuberty (postnatal weeks 4 –10) led to significantly enhanced weight gain in ppDIO mice compared with controls even after HFD was replaced
with the standard diet ( p � 0.05). A dashed gray line indicates the end of HFD exposure. Inset shows weekly BW-adjusted energy intake in ppDIO and control mice, shown as mean kilocalories per
gram BW � SEM. B, Circadian dynamics of 24 h NREM (left) and REM (right) sleep in ppDIO and control mice during aging. Data points represent time spent in NREM or REM sleep per hour expressed
as percentage � SEM. Significant differences in sleep patterns between the two groups appeared during the first half of the dark period when the active phase started ( p � 0.05). White and black
bars above the x-axis refer to the daily light/dark cycle. The respective numbers of animals studied under each condition are shown in corresponding bars in C. C, Comparison of the amount of sleep
during ZT 13–18 in different age groups. Each bar represents averaged percentage time (� SEM) spent in NREM (left) or REM (right) sleep between ZT 13 and 18. Time spent in NREM sleep increased
significantly during aging (age effect; p � 0.01) and was consistently higher in ppDIO mice (diet effect; p � 0.01). Similarly, REM sleep was elevated in ppDIO mice (diet effect; p � 0.01). *p � 0.05.
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Figure 2. Comparison of changes in sleep architecture and homeostasis in control mice and mice with a ppDIO history. A, Number (�SEM) of transitions from NREM sleep to wakefulness (left)
and from wakefulness to NREM sleep (right) in 10-week-old (top, ppDIO: n � 17; control: n � 11) and 52-week-old (bottom; ppDIO: n � 10; control: n � 11) ppDIO and control mice during 6 h
bins. At 10 weeks of age, ppDIO mice displayed significantly more frequent transitions compared with control mice ( p � 0.01), indicative of impaired sleep (Figure legend continues.)
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of SWA during NREM sleep. SWA, which peaks at the onset of
sleep and decreases as sleep progresses, provides an index of sleep
depth and serves as an objective indicator of sleep quality (Bor-
bély et al., 1989). As shown in representative EEG power spectro-
grams (Fig. 2B), the power density within the lower-frequency
bands (	0.5–8 Hz) during NREM sleep bouts was weaker in mice
that had been exposed to ppDIO compared with age-matched con-
trol animals. Indeed, markedly reduced SWA was observed in pp-
DIO mice from as early as 10 weeks of age (Fig. 2C, top; diet effect:
F(1,24) � 4.869, p � 0.05, 2-way ANOVA). Those signs of im-
paired sleep quality were evident for at least 42 weeks after termi-
nation of the ppDIO paradigm when mice were 52 weeks of age
(Fig. 2C, bottom; diet–time interaction: F(11,176) � 1.895, p �
0.05, 2-way ANOVA), being most pronounced at the onset of the
resting phase (ZT 2, p � 0.05, Sidak’s post hoc test).

We next investigated whether ppDIO has a detrimental im-
pact upon sleep homeostasis during recovery from sleep depriva-
tion (6 h of forced wakefulness during the resting phase). Sleep
deprivation similarly increased SWA (Fig. 2D) and the amount of
rebound sleep NREM and REM sleep time in both ppDIO and
control mice (data not shown). The magnitude of “catch-up”
sleep and the relative change in SWA after sleep deprivation did
not differ significantly between peripubertal (10-week-old) and
adult (52-week-old) ppDIO versus control mice (data not shown
and Fig. 2D); these data indicate that homeostatic sleep pressure
is not influenced by ppDIO.

Hypothalamic correlates of ppDIO-associated changes
in sleep
Given the coincidence in the timing of BW gain and altered sleep
patterns (increased amount of nocturnal sleep and decreased
sleep quality) in ppDIO mice, we next investigated whether
changes in the activity of the LH might be responsible for the
impact of ppDIO on feeding and sleep. It is pertinent to note here
that the LH serves as an integratory hub for both behaviors (Bon-
navion et al., 2016). Briefly, hunger and satiety signals are chiefly
relayed to the LH from the arcuate nucleus (Arc) (Elias et al.,
1998; Schwartz et al., 2000) and feeding is ultimately stimulated
after activation of orexin-producing, melanin-concentrating
hormone (MCH)-producing, and GABA-producing neurons in
the LH (Qu et al., 1996; Lubkin and Stricker-Krongrad, 1998;
Jennings et al., 2013). Moreover, whereas LH orexin and GABA
have been shown to facilitate wakefulness (Adamantidis et al.,
2007; Herrera et al., 2016), MCH is known to promote NREM
and REM sleep (Jego et al., 2013; Konadhode et al., 2013). At ZT
8, orexin mRNA levels in the LH did not differ between young
(10-week-old) and adult (52-week-old) ppDIO mice (Fig. 3A,

left). However, there was an age-related reduction in the LH con-
tent of orexin (Fig. 3A, middle, age effect: F(1,35) � 13.02, p �
0.01, 2-way ANOVA), a phenomenon that was more pronounced
in control animals (p � 0.01, Sidak’s post hoc test). Neither
ppDIO nor age influenced mRNA expression of glutamic acid
decarboxylase 67 (GAD67), the rate-limiting enzyme in GABA
biosynthesis [10-week-old mice, 0.41 � 0.02 (control) vs 0.41 �
0.01 nCi/mg (ppDIO); 52-week-old mice, 0.39 � 0.02 (control)
vs 0.39 � 0.01 nCi/mg (ppDIO)] or MCH mRNA levels (Fig. 3A,
right) in the LH.

Because the LH is densely innervated by 5-HT and DA fibers
from the DR and ventral tegmental area, respectively, and 5-HT
and DA are implicated in the induction of satiety and wakefulness
(Hoebel et al., 1989; Schwartz et al., 1989; Dzirasa et al., 2006;
Nonogaki, 2012; Ito et al., 2013), we next analyzed 5-HT and DA
levels in the LH. Whereas the LH content of DA was not affected
by ppDIO exposure [10-week-old mice, 9.35 � 1.49 (control) vs
9.34 � 0.99 �mol/�g protein (ppDIO); 52-week-old mice,
8.39 � 1.27 (control) vs 7.00 � 1.19 �mol/�g protein (ppDIO)],
that of 5-HT was significantly reduced in ppDIO mice aged 10
and 52 weeks (Fig. 3B, left; diet effect: F(1,34) � 10.61, p � 0.01,
2-way ANOVA; Sidak’s multiple-comparisons post hoc test: 10-
week-old controls vs ppDIO mice: p � 0.05; 52-week-old control
vs ppDIO mice: n.s.). However, the DR content of 5-HT did not
differ between ppDIO and control mice (Fig. 3C, diet effect:
F(1,28) � 2.28, p 
 0.05; age effect: F(1,28) � 0.63, p 
 0.05),
suggesting that reduced 5-HTergic tone in the LH contributes to
the aberrations in the sleep–wake patterns observed in ppDIO
mice.

Rescue of excessive nocturnal sleep in ppDIO mice by
peptide YY3–36

Given that the satiety-inducing effects of 5-HT in the LH are most
likely modulated by satiety signals from the periphery (Elias et al.,
1999), we hypothesized that ppDIO may interfere with the mag-
nitude or efficacy of the latter. To test this, we mimicked satiety by
injection of the potent and rapidly acting satiety peptide PYY3–36

(60 �g/kg, i.p.) (Batterham et al., 2002, 2003; Karra et al., 2009) at
ZT 12 (Fig. 3B, right) and measured the levels of 5-HT and its
metabolite, 5-HIAA, and DA and its metabolites, DOPAC, HVA,
and 3-MT, in the LH of control and ppDIO mice 1 h after inject-
ing PYY3–36. Whereas PYY3–36 produced only a tendential in-
crease in DA turnover (data not shown), the peptide significantly
increased 5-HT turnover in the LH (Fig. 3B, right; treatment
effect: F(1,26) � 5.609, p � 0.05, 2-way ANOVA) of ppDIO mice
(p � 0.05, Sidak’s post hoc test), compared with controls.

Strikingly, the acute application of PYY3–36 reversed the sleep
impairments observed in ppDIO mice (Fig. 3D). Specifically,
PYY3–36 increased NREM sleep time in control mice during the
first hour after injection independently of age (treatment effect in
controls: F(1,17) � 9.792, p � 0.01, 2-way ANOVA; Sidak’s post
hoc test: 10-week-old controls: n.s., 52-week-old controls: p �
0.05); in contrast, PYY3–36 reduced NREM sleep time in ppDIO
mice (Fig. 3D; treatment effect in ppDIO mice: F(1,15) � 12.75,
p � 0.01, 2-way ANOVA; Sidak’s post hoc test: 10-week-old pp-
DIO mice: p � 0.05, 52-week-old ppDIO mice: n.s.). Therefore,
dietary history (standard chow vs ppDIO, diet–treatment inter-
action: F(3,32) � 7.309, p � 0.01, 2-way ANOVA) clearly plays a
role in determining sleep duration. Further, PYY3–36 reversed the
aberrant distribution of NREM sleep in adult animals that had
experienced the ppDIO paradigm; however, this single treatment
did not elicit prolonged effects on sleep quality (SWA and state-
transition frequency) during the subsequent light period.

4

(Figure legend continued.) stability; such a difference was not detected in mice aged 52 weeks
(diet–age–time interaction: NREM¡WAKE transitions: F(1,46) � 9.266, p � 0.01; WAKE¡
NREM transitions: F(1,46) � 9.599, p � 0.01). B, Exemplary spectrograms with corresponding
hypnograms of a 10-week-old control (top) and ppDIO mouse (bottom) across a 24 h baseline
recording. Compared with controls, ppDIO mice displayed lower intensity of EEG power in the
lower-frequency bands during NREM sleep. C, D, Hourly changes in SWA during NREM sleep
under baseline conditions (percentage � SEM; left; 10-week-old ppDIO: n � 17; 10-week-old
control: n � 9; 52-week-old ppDIO: n � 7; 52-week-old control: n � 7; C) and SWA responses
to sleep deprivation through forced wakefulness (relative to the baseline, % � SEM) in 10-
week-old (D, top; ppDIO: n � 10; control: n � 4) and 52-week-old (D, bottom; ppDIO: n � 7;
control: n�7) mice. As compared with baseline SWA (a marker of sleep depth) in controls, SWA
was significantly lower in 10-week-old ( p � 0.05) and 52-week-old ppDIO mice ( p � 0.05).
However, homeostatic sleep pressure, tested here by forced waking, was accumulated to a
similar extent in ppDIO and control mice. *p � 0.05.
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Discussion
Neural circuits undergo continuous remodeling under the influ-
ence of inherent developmental programs and external environ-
mental stimuli. Reorganization reaches a peak during puberty,
with recent research suggesting that peripubertal experiences can
determine lifetime behavior and health trajectories (Blakemore,

2012). Sleep, a complex behavior regulated through intricate in-
teractions among different brain areas, neurotransmitters, neu-
ropeptides, and metabolic signals and modulated by a variety of
external cues and Zeitgebers, plays an essential role in maintain-
ing physiological and behavioral homeostasis (Roenneberg and
Merrow, 2007; Saper et al., 2010; Shukla and Basheer, 2016).

Figure 3. Reduced hypothalamic 5-HT levels in ppDIO mice are rescued by PYY3–36 treatment. A, Orexin (left) and MCH (right) mRNA and orexin A peptide (middle) levels in the LH of ppDIO and
control mice aged 10 or 52 weeks. Inset (left) is an image of a brain section from a ppDIO mouse showing in situ hybridization signal for orexin mRNA and the corresponding anatomical reference
image (adapted from Paxinos and Franklin, 2001). B, Comparison of 5-HT contents in the LH of ppDIO and control mice (left). The content of 5-HT in the LH was significantly reduced in ppDIO-exposed
animals ( p � 0.05). An acute injection of PYY3–36 enhanced 5-HTergic tone (5-HT turnover) in the LH of 10-week-old ppDIO mice (middle, p � 0.05). C, 5-HT contents in the DR of ppDIO and control
mice. Age and diet did not have any significant effect on this measure. D, Treatment with PYY3–36 rectified the altered nocturnal sleep patterns for at least 1 h in ppDIO mice ( p � 0.05); data are
shown as mean percentage � SEM in 10-week-old (left) and 52-week-old (middle) ppDIO and control mice. Treatment with PYY3–36 resulted in a significant reduction of food intake in all
experimental groups (right). The dashed line (100%) represents the amount of food consumed by vehicle-treated ppDIO and control mice; measurements were made at 1 h after injection of PYY3–36

or vehicle. Numbers of animals in each group are indicated in the bars. *p � 0.05 between diet groups, §p � 0.05 between age groups.
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The present study demonstrates that transient exposure to an
obesogenic diet during peripuberty (ppDIO) triggers profound
and long-lasting alterations in sleep depth, duration, and distri-
bution. Similar aberrations in sleep have been reported previ-
ously after DIO in adult rodents (Jenkins et al., 2006; Guan et al.,
2008). However, whereas the disturbed sleep phenotype that follows
DIO during adulthood is reversible by induction of weight loss (e.g.,
through re-exposure to standard diet; Guan et al., 2008; Perron et al.,
2015), the present results show that the effects of transient DIO dur-
ing the peripubertal period on BW and sleep disturbances persist
throughout life. Analysis revealed that ppDIO impairs sleep quality
by increasing sleep fragmentation and lowering SWA followed by a
compensatory increase in sleep during the nocturnal (active) phase.
The sleep phenotype of ppDIO mice resembles that seen in obese
humans who report daytime sleepiness and the frequent occurrence
of arousal during normal sleep time (Vgontzas et al., 2008); there-
fore, these observations may have wider implications because sleep
quality is known to affect cognitive and affective functions (Steiger
and Kimura, 2010; Roth, 2015).

Our search for mechanisms that might explain the impaired
sleep phenotype expressed by ppDIO mice was based on the pos-
tulate that ppDIO induces robust rewiring of neuronal circuits
that regulate and link metabolism and sleep. We initially consid-
ered the orexinergic system as a likely target of ppDIO, because
orexin neurons in the LH innervate brain regions involved in the
regulation of both arousal and feeding (Sakurai, 2005; Adaman-
tidis and de Lecea, 2008). Previous studies suggested an inverse
relationship between orexin mRNA expression and peptide levels

in the LH and the amount of NREM sleep in adult DIO mice
(Kohsaka et al., 2007; Tanno et al., 2013). Because we did not
detect altered orexin expression in ppDIO mice, we next asked
whether ppDIO modulates MCH and/or GABA expression in the
LH. The LH is known to contain both MCH and GABA neurons,
which exert reciprocal control over metabolism and sleep. Spe-
cifically, enhanced GABA activity in the LH induces arousal from
NREM sleep and elicits feeding (Jennings et al., 2015; Herrera et
al., 2016), whereas activation of MCH neurons in the LH in-
creases meal size and counters the wake-promoting actions of
orexin (Kowalski et al., 2004; Jego et al., 2013; Konadhode et al.,
2013; Apergis-Schoute et al., 2015). However, lack of altered ex-
pression of MCH and GAD67 (which catalyzes the decarboxyl-
ation of glutamate to GABA) mRNA in ppDIO mice suggested
that neuromodulators other than MCH/GAD67 might be re-
sponsible for the impaired sleep displayed by these animals. In
addition to MCH/GAD67 and orexin, the LH contains a separate
population of GABAergic [vesicular GABA transporter (Vgat)-
expressing] neurons, which support the actions of orexin by produc-
ing arousal and facilitating feeding (Jennings et al., 2015; Herrera et
al., 2016). Moreover, glutamatergic and dynorphin-expressing neu-
rons present in the LH are reported to oppose orexinergic function
in reward-related tasks (Muschamp et al., 2014; Stamatakis et al.,
2016). Although the role of these latter neurons in sleep–wake regu-
lation has yet to be defined, their possible involvement in obesity-
associated sleep disturbances cannot be excluded.

Because 5-HT is suggested to dissociate feeding cues from
wakefulness (Sakurai, 2005; Nonogaki, 2012), we subsequently

Figure 4. Schematic representation of how restoration of 5-HTergic tone in the LH by peripherally administered PYY3–36 reverses the detrimental effects of ppDIO on sleep–wake behavior.
Sample hypnograms (top) and hypothetical representations of 5-HT neurotransmission at synaptic terminals in the LH (bottom). Left, Normal sleep–wake patterns depend on adequate 5-HTergic
innervation of LH neurons involved in the regulation of feeding and energy metabolism as well as sleep; among others, orexin neurons are a likely target of 5-HT originating in neurons located in the
dorsal raphe. Middle, Exposure to ppDIO results in persistently blunted 5-HTergic stimulation of the LH and increased amount of inappropriately timed sleep; that is, reduced wakefulness during the
normal active phase, especially during the first half of the dark period (green frame). Right, Exogenous (peripheral) administration of PYY3–36 to mimic a state of satiety delivers 5-HT rapidly to the LH
and restores normal sleep–wake behavior in adult ppDIO mice. Because ppDIO likely results in reduced presynaptic levels of 5-HT, it is proposed that the effects of PYY3–36 stimulate the release and
reuptake of 5-HT in the LH. The effect of PYY3–36 on 5-HT levels in the LH is likely conveyed by intermediary neurons (identity presently unknown) rather than by diffusion of PYY3–36 to the LH, as
indicated by the green terminal.
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investigated whether ppDIO modulates the amount of 5-HT reach-
ing the LH from the DR nucleus. Whereas increased 5-HTergic
tone is generally associated with wakefulness, it also induces sa-
tiety specifically by acting on the LH (Hoebel et al., 1989; Le
Feuvre et al., 1991; Nonogaki, 2012; Ito et al., 2013). Although
similar 5-HT levels were found in the DR of control and ppDIO
mice, we observed markedly lower amounts of 5-HT in the LH of
ppDIO versus control animals. Because 5-HT is a potent signal of
satiety (Schwartz et al., 1989; Le Feuvre et al., 1991; Kumar et al.,
2007; Burke et al., 2014), the reduced 5-HTergic tone observed in
the LH of both peripubertal and adult ppDIO mice implies that
ppDIO impairs the transduction of satiety signals, leading to per-
sistent obesity. Further, given that 5-HT promotes wakefulness
(Ito et al., 2013), the reduced 5-HT-mediated signaling of sati-
ety may plausibly be linked to the sleep phenotype of ppDIO
animals.

Peripheral cues of satiety are centrally integrated into the reg-
ulatory mechanisms responsible for sleep–wake behavior (Shukla
and Basheer, 2016). Because systemic levels of the gut-derived
satiety peptide PYY3–36 are reduced in obese humans (Batterham
et al., 2003; Karra et al., 2009), we hypothesized that mimicking a
state of satiety with exogenous PYY3–36 would restore normal
sleep–wake profiles in ppDIO mice. In agreement with previous
findings in diet-induced obese adult rats (Reidelberger et al., 2008),
acute peripheral administration of PYY3–36 was found to similarly
suppress feeding in control and ppDIO mice. As predicted (Akanmu
et al., 2006), PYY3–36 promoted sleep time in control animals. In
contrast, injection with the same dose of PYY3–36 reduced the
abnormally enhanced sleep displayed by ppDIO mice during the
active phase of the light/dark cycle. Interestingly, the pharmaco-
logical intervention was accompanied by a contemporaneous
increase in 5-HT turnover in the LH. Based on this result, we
propose that PYY3–36 rescues the sleep impairment induced by
ppDIO by augmenting 5-HT tone in the LH (see Fig. 4 for a
hypothetical model). At present, the mechanism by which PYY3–36

affects 5-HT signaling in the LH is unknown. However, because
PYY3–36 can cross the blood– brain barrier and act directly on Arc
neurons (Nonaka et al., 2003), it is plausible that PYY3–36 signals
are polysynaptically conveyed to the LH (Blevins et al., 2008)
(Fig. 4, green terminal). Indeed, PYY3–36 likely suppresses the
release of the orexigenic neuropeptide Y (NPY) after binding to
Y2 receptors in the Arc (Grandt et al., 1992); note that NPY
neurons in the Arc project to the LH (Elias et al., 1999) and that
intra-LH injections of NPY were found previously to blunt 5-HT
signaling locally (Shimizu and Bray, 1989). Pending the results of
experiments to unravel the complex pathways involved, we pres-
ently suggest that PYY3–36-induced increases in 5-HT release in
the LH results from the relief of NPY inhibition of 5-HT activity.
Although it is also plausible that PYY3–36 modulates the activity of
5-HT neurons directly by binding to Y2 receptors in the DR
(Dumont et al., 1996; Nectow et al., 2017), the latter mechanism
seems unlikely because the current study found no enhancement
of DR 5-HT turnover by peripherally administered PYY3–36.

An additional important finding in this study was that
PYY3–36 reversed the “excessive daytime sleepiness” displayed by
ppDIO mice, suggesting that the therapeutic potential of PYY3–36

to reset diet-induced sleep disturbances may be worthy of explo-
ration. Furthermore, our results demonstrate that the window of
time for interventions aimed at reversing the detrimental effects
of ppDIO is wide, possibly extending over the whole lifespan.

In summary, this study shows that transient DIO during
peripubertal development predestinates mice for lifetime obesity
and dysregulated sleep–wake behavior by affecting the 5-HT-

mediated relay of peripheral signals of satiety to the LH. This
work also demonstrates that pharmacological mimicry of satiety
by an acute injection of PYY3–36 can reverse the neurochemical
imbalance induced by peripubertal obesity and re-establish nor-
mophysiological sleep–wake cycles. Interestingly, the pharmaco-
logical intervention is efficient even if introduced months after
the onset of adult obesity.
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