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Abstract 32 

Early life obesity predisposes to obesity in adulthood, a condition with broad medical implications 33 

including sleep disorders; the latter can exacerbate metabolic disturbances and disrupt cognitive 34 

and affective behaviors. In this study, we examined the long-term impact of transient peripubertal 35 

diet-induced obesity (ppDIO, induced between 4 and 10 weeks of age) on sleep-wake behavior in 36 

male mice. Electroencephalographic and electromyographic recordings revealed that ppDIO 37 

increases sleep during the active phase but reduces resting-phase sleep quality. This impaired 38 

sleep phenotype persisted for up to one year although animals were returned to a non-obesogenic 39 

diet from postnatal week 11 onwards. To better understand the mechanisms responsible for the 40 

ppDIO-induced alterations in sleep, we focused on the lateral hypothalamus (LH). Mice exposed to 41 

ppDIO did not show altered mRNA expression levels of orexin and melanin-concentrating 42 

hormone, two peptides that are important for sleep-wake behavior and food intake. On the other 43 

hand, the LH of ppDIO-exposed mice had reduced contents of serotonin, a neurotransmitter 44 

involved in both sleep-wake and satiety regulation. Interestingly, an acute peripheral injection of the 45 

satiety-signaling peptide YY 3-36 (PYY3-36) increased serotonin turnover in the LH and ameliorated 46 

the ppDIO-induced sleep disturbances, suggesting the therapeutic potential of this peptide. These 47 

findings provide new insights into how sleep-wake behavior is programmed during early life and 48 

how peripheral and central signals are integrated to coordinate sleep.  49 

 50 

Key words:  51 

Sleep disorders, puberty, obesity, serotonin, PYY 52 
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Significance Statement  54 

Adult physiology and behavior are strongly influenced by dynamic reorganization of the brain 55 

during puberty. The present work shows that obesity during puberty leads to persistently 56 

dysregulated patterns of sleep and wakefulness by blunting serotonergic signaling in the lateral 57 

hypothalamus. It also shows that pharmacological mimicry of satiety with peptide YY3-36 can 58 

reverse this neurochemical imbalance and acutely restore sleep composition. These findings add 59 

insight into how innate behaviors such as feeding and sleep are integrated and suggest a novel 60 

mechanism through which diet-induced obesity during puberty imposes its long-lasting effects on 61 

sleep-wake behavior. 62 

63 
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Introduction 64 

Many aspects of adult physiology and behavior, including the timing, duration and depth of sleep, 65 

are determined by extensive reorganization of neural circuits during the peripubertal period (Spear, 66 

2000; Hagenauer and Lee, 2013; Nelson et al., 2013). Rodent studies have suggested that even 67 

mild, transient environmental perturbations during this sensitive phase exert persistent effects on 68 

health and well-being (Vendruscolo et al., 2010; Patchev et al., 2014; Iniguez et al., 2015). Food 69 

preferences develop early in humans (Spear, 2000) and increase the propensity to become obese 70 

(Serdula et al., 1993; Spear, 2000), thereby raising the risk for acquiring serious conditions such as 71 

cardiovascular disease, type 2 diabetes and, affective and cognitive disorders (Alfaradhi and 72 

Ozanne, 2011; Kelsey et al., 2014; Balakumar et al., 2016). Importantly, obesity also triggers 73 

disturbed sleep-wake behavior, with poor sleep due to frequent nighttime awakening and daytime 74 

sleepiness being a common complaint in obese subjects (Vgontzas et al., 2008). It is also pertinent 75 

to note that sleep disturbances are strongly linked to impaired mood (Steiger and Kimura, 2010) 76 

and cognition (Havekes et al., 2015; Tarokh et al., 2016). The recognition of an association 77 

between sleep, metabolism and physical and mental health has spurred considerable interest 78 

recently (Dresler et al., 2014); however, little is known regarding the mechanisms underpinning 79 

these interactions or indeed about where and when they are initiated. Obese humans and mice 80 

both display sleep disturbances (Jenkins et al., 2006; Guan et al., 2008; Perron et al., 2015). 81 

Importantly, polysomnograms of electroencephalographic (EEG) and electromyographic (EMG) 82 

activity in both species allow distinction between shallow-to-deep, non-rapid eye movement 83 

(NREM) sleep (characterized by synchronized cortical neuronal activity, reflected in high delta 84 

power EEG) and REM sleep (low-conscious state despite high cortical activity) (Tobler, 1995). 85 

Moreover, quality of sleep, which often correlates negatively with obesity and ageing (Vgontzas et 86 

al., 2008; Steiger and Kimura, 2010) and which is reflected in high delta power during 87 

uninterrupted NREM sleep (Borbely, 1977), can be equally well assessed in humans and rodents. 88 

Feeding rhythms are tightly coupled to sleep-wake bouts, and both behaviors occur in a 89 

circadian fashion (Challet, 2013). In this regard, sleep curtailment promotes food intake such as 90 
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intermittent “snacking” and raises the risk of obesity in humans and rodents (Markwald et al., 2013; 91 

Wang et al., 2014; Chaput and Dutil, 2016). On the other hand, food deprivation in rodents causes 92 

arousal and facilitates food-seeking behavior (Borbely, 1977). The effects of fasting are however 93 

abolished by ablation of orexin neurons in the lateral hypothalamus (LH) (Yamanaka et al., 2003a), 94 

a finding consistent with recent work demonstrating that signals converging in the LH contribute to 95 

the coordination of feeding and sleep-wake behavior (Bonnavion et al., 2016; Stuber and Wise, 96 

2016). Complementary work demonstrated that neuropeptide secretion by the LH is subject to 97 

modulation by arousal- and satiety-promoting serotonergic (5-HTergic) inputs from the dorsal raphe 98 

nucleus (DR) (Yamanaka et al., 2003b; Saper et al., 2010; Ito et al., 2013; Chowdhury and 99 

Yamanaka, 2016). Together, these previous observations prompted the question of whether 100 

peripubertal obesity predisposes to impaired sleep quality in later life and if so, how altered LH 101 

function might serve as a conduit of the effects of early life challenges to metabolic status. Besides 102 

confirming our hypothesis that peripubertal diet-induced obesity (ppDIO) generates long-lasting 103 

impairments in sleep quality, we demonstrated that ppDIO-induced sleep disturbances are 104 

accompanied by reductions in the serotonin content of the LH. In addition, we show that a single 105 

peripheral injection of the satiety-signaling gut peptide, peptide YY (PYY3-36), significantly 106 

ameliorates the aberrations in sleep patterns produced by ppDIO.  107 

108 
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Materials and Methods 109 

 110 

Animals. Male C57BL/6N mice, bred at the Max Planck Institute of Biochemistry (Martinsried, 111 

Germany), were obtained at 21 days of age and housed (4 mice/cage) under standard conditions. 112 

One group of mice (ppDIO; N = 65) was given ad libitum access to a high fat diet (HFD; 4.73 113 

kcal/g, D12451, Research Diets, Inc., New Brunswick, NJ) for 6 weeks (postnatal weeks 4-10). A 114 

control group of mice (N = 68) were maintained on standard laboratory chow (2.85 kcal/g, diet 115 

#1324, Altromin GmbH & Co. KG, Lage, Germany) throughout the experiment. All procedures on 116 

animals were approved by the Government of Upper Bavaria’s Commission for the Care and Use 117 

of Laboratory Animals, Germany.  118 

 119 

Diets. Composition of diets were as follows: High fat diet used in ppDIO paradigm from weeks 4-120 

10 (HFD, 4.73 kcal/g) 45 % from fat, 20 % from protein and 35 % from carbohydrates; standard 121 

laboratory diet fed to controls and to ppDIO mice from 11 weeks of age onwards (2.84 kcal/g) 12.6 122 

% from fat, 26.7 % from protein, 60.7 % from carbohydrates. 123 

 124 

Animal housing. Mice were kept on a 12:12 light/dark cycle (lights on at 08:00, ZT 0) under 125 

constant temperature (24 ± 1°C) and relative humidity (50 ± 10%) in a sound-attenuated chamber. 126 

The animals were individually housed in custom-made Lucite® cages (transparent Lucite® walls, 127 

35cm height; replaceable, grey Lucite® floor, 26cm x 26cm) from the time of surgeries and 128 

maintained under the same environmental conditions as before.  129 

 130 

Surgery. Control and ppDIO mice, aged 8, 22 and 50 weeks, were implanted with four epidural 131 

EEG gold-wire electrodes under isoflurane/oxygen anesthesia. As previously described 132 

(Romanowski et al., 2010; Kumar et al., 2015), bilateral electrodes were placed on the frontal lobes 133 

(L: ± 1.7 mm, AP: + 1.5 mm from bregma) and parietal lobes (L: ± 3 mm from bregma, AP: + 1 mm 134 

from lambda), respectively. In addition, each mouse received 2 intramuscular (neck) gold-wire 135 

electrodes for EMG recordings. The lead wires of the EEG and EMG electrodes were connected to 136 
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an electric swivel through a flexible tether, as previously described (Kumar et al., 2015). The first 137 

baseline EEG and EMG recordings were made after a 14-d post-surgical recovery period in freely-138 

behaving mice. 139 

 140 

Sleep recording and analysis. Polysomnographic recordings were obtained using a LabVIEW-141 

based acquisition system (National Instruments, Austin, TX, USA), customized for use in mice 142 

(EGErAVigilanz, SEA, Cologne, Germany) (Kumar et al., 2015). EEG and EMG signals were 143 

amplified (10,000×), and both filtered EEGs (0.25-64 Hz) and EMGs (175-1,000Hz, root mean 144 

square rectified) were digitized using a high-speed analog-to-digital converter (NI-USB-6343-X-145 

series, National Instruments, Austin, TX, USA) at a sampling rate of 128 Hz.  146 

Sleep data were processed by fast Fourier transform algorithmic analysis, and semiautomatic 147 

classification of particular sleep-wake vigilance states was achieved using the LabVIEW-based 148 

acquisition system (National Instruments). As described previously (Kimura et al., 2010), vigilance 149 

states were defined from polygraphic traces in consecutive 4 s epochs as wakefulness, rapid eye 150 

movement sleep (REM) and non-REM (NREM) sleep; these states were confirmed by visual 151 

inspection of the somnograms. Images of dynamic changes in spectral power densities were 152 

produced by averaging absolute spectrum data encompassing all vigilance states from individual 153 

animals (thirty consecutive 4-s epochs, i.e., per 2-min duration); 3-D plots were subsequently 154 

created using Origin® 8 software (OriginLab Corporation, Northampton, MA), as described 155 

previously (Jakubcakova et al., 2011). Slow-wave activity (SWA) was calculated from the absolute 156 

power of the frequency range between 0.5–4 Hz during NREM sleep per 0.25 Hz bins, and 157 

normalized to the individually averaged total EEG power of all vigilance states. Epochs containing 158 

artifacts were eliminated from the power spectral analysis. Sleep architecture was analyzed by 159 

quantifying the number of transitions from WAKE to NREMS, NREMS to REMS, REMS to WAKE 160 

and NREMS to WAKE in 6 h bins. 161 

 162 

Brain tissue collection and processing. Mice were deeply anesthetized (isoflurane) and 163 

sacrificed by decapitation at ZT8 or ZT13 (  15 minutes) following PYY3-36/vehicle injections. Brains 164 

were carefully removed from the skull and snap-frozen in isopentane/dry ice and stored at -80°C 165 
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until further processing.  166 

For in situ hybridization histochemistry (see below), 10 μm-thick coronal sections from areas 167 

containing the lateral hypothalamus (LH) were cryo-cut at -20°C and mounted on SuperFrost Plus 168 

slides (Menzel GmbH, Braunschweig, Germany). 169 

For neurotransmitter and neuropeptide measurements (see below), cylindrical cubes (0.5 mm3 170 

tissue punches) containing the LH or dorsal raphe (DR) were obtained according to Palkovits 171 

(Palkovits, 1973) (coordinates for LH: AP -1.3 mm, DV -4.8 mm, L ± 1.0 mm from bregma, and for 172 

DR: AP -4.3 mm, DV -2.8 mm, L ± 0.5 mm from bregma). 173 

 174 

In situ hybridization histochemistry. 10 μm cryo-cut sections of brains obtained from mice at 175 

ZT8 were hybridized with 35S-dATP-labeled oligonucleotide probes for orexin 176 

(5’AGCAGCGTCACGGCGGCCCAGGGAACCTTTGTAG), MCH 177 

(5’CAACATGGTCGGTAGACTCTTCCCAGCATACACCTGAGCATGTCAA), and GAD67 (5’ 178 

CAGTCAACCAGGATCTGCTCCAGAGACTCGGGGTGGTCAGACAGCTCCA), as described 179 

previously (Patchev et al., 2007). Autoradiograms were generated by exposure to 180 

chemiluminescent film (BioMax MR; Kodak, Rochester, NY, USA) and digitized; signal intensity 181 

(relative mRNA levels) was quantified by computer-assisted optical densitometry (ImageJ, 182 

http://rsb.info.nih.gov/ij/) against a 14C reference (range: 0-35 nCi/mg, ARC 0146, American 183 

Radiolabeled Chemicals Inc, St. Louis, MO, USA). Signal intensities are given as nCi/mg. 184 

 185 

Monoamine assay. Monoamines were extracted from the LH and DR using 0.1 M perchloric acid 186 

(1:20 for LH and 1:10 for DR). The extracts were assayed for serotonin, dopamine, DOPAC, HVA, 187 

3-MT and 5-HIAA using reverse-phase high-performance liquid chromatography (RP-HPLC) with 188 

electrochemical detection (UltiMate3000 / CoulochemIII, ThermoFischer, USA), using citrate-189 

phosphate buffer (containing 8.5 % acetonitrile, pH 3) as the mobile phase, as described 190 

previously (Anderzhanova et al., 2013). Monoamines were separated on an analytical column 191 

(C18, 150 mm×3 mm, 3 μm, YMC Triart, YMC Europe GmbH, Germany) at a flow rate of 0.5 192 

ml/min and detected at -175mV. The detection limit for all compounds of interest was between 193 

0.032-0.050 nM. Peak areas were used to calculate monoamine concentrations by reference to an 194 
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external standard curve. Monoamine tissue contents are reported as μmol/mg protein [protein 195 

concentration of extracts determined by the Lowry Assay method (Lowry et al., 1951)]. To evaluate 196 

the acute effects of PYY3-36 treatment, 5-HT turnover was calculated as the ratio between the 197 

tissue levels of 5-HT and its major metabolite 5-HIAA (Le Moal and Simon, 1991). 198 

 199 

Radioimmunoassay. A radioimmunoassay (RIA) kit (Phoenix Pharmaceuticals, Phoenix, AZ) was 200 

used to determine orexin A concentrations in bilateral perchloric acid-extracted LH tissue extracts 201 

(see “Monoamine assay”, above). The limit of detection of the RIA was 10 pg/ml and inter- and 202 

intra-assay coefficients of variation were < 15 %. 203 

 204 

Peptide YY3-36 administration. Subgroups of control and ppDIO mice were given a single i.p. 205 

injection of either PYY3-36 (H-6042, Bachem AG, Bubendorf, Switzerland) or vehicle (0.9 % NaCl) 206 

when 10 or 52 weeks of age. Previous (Akanmu et al., 2006) and our own pilot studies showed that 207 

the dose chosen (60 μg/kg) reduces food ingestion and induces NREMS in naïve adult rodents. 208 

Here, food intake was monitored at 1, 3 and 24 h post-injection and sleep EEG/EMG recordings 209 

were made for 24 h post-injection. Brain punches obtained from a separate group of control and 210 

ppDIO mice treated with vehicle or PYY3-36 for 1 h were used for determining neurotransmitter 211 

contents by RP-HPLC (see above).  212 

 213 

Experimental design and statistical analysis. Primarily, 6 individual groups were set for studying 214 

and comparing the effects of transient HFD exposure during puberty (ppDIO vs. control group) on 215 

sleep parameters at three different time spans (10, 24, and 52 weeks of age). Weekly changes in 216 

body weight (g), hourly changes in 24-h sleep (percent per hour), the amount of time spent in sleep 217 

during ZT 13-18 (percent per 6 h), differences in SWA during baseline (in percent of total power) 218 

and after sleep deprivation (relative changes from baseline SWA in percent) were analyzed by two-219 

way ANOVA, with the between factors age and diet. A multivariate ANOVA (MANOVA) was applied 220 

to evaluate the effects of age, diet (both between factors), and time (within factor) on vigilance 221 

transitions (counts) in 6 h-bins. Neurochemical parameters such as orexin mRNA expression or 222 

protein levels and tissue neurotransmitter contents, which might have been affected by the ppDIO 223 
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paradigm, were analyzed between only 2 age groups (10 and 52 weeks) using two-way ANOVA, 224 

with the between factors age and diet. To explore a therapeutic potentiality, the effects of 225 

peripherally administered PYY3-36 on food intake and sleep amount were compared with the 226 

counterpart group that received vehicle in10 and 52 weeks of age by two-way ANOVA (PYY3-36 vs 227 

vehicle treatment served as within factors, and diet or age as between factors). The effects of 228 

PYY3-36 vs. vehicle on neurotransmitter turnover were tested only in 10 week-old groups, and 229 

analyzed by two-way ANOVA, the included factors were diet (between) and treatment (within). The 230 

above ANOVA and MANOVA analyses were followed by Sidak’s multiple comparisons test and 231 

Bonferroni post-hoc comparisons, respectively; a value of P < 0.05 was considered significant. To 232 

perform these statistical comparisons, GraphPad Prism (Version 6.01, GraphPad, San Diego, CA) 233 

and SPSS (SPSS 18, Chicago, IL) software were used. All depicted data are mean ± SEM. 234 
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Results 235 

 236 

Transient exposure to an obesogenic diet during puberty results in persistent sleep 237 

impairments  238 

The ppDIO paradigm [transient exposure of mice to an obesogenic high-fat diet (HFD) between the 239 

ages of 4 and 10 weeks] significantly increased body weight (BW) (Fig. 1A; P < 0.01, Sidak’s post-240 

hoc test; weight gain between 4 and 10 weeks of age in control mice: 15.49  0.35 g vs. 18.04  241 

2.28 g in ppDIO animals). Reinstatement of the standard, non-obesogenic, diet resulted in an initial 242 

loss (weeks 11-14) of BW in ppDIO mice, but this was followed by consistently higher BW that 243 

were maintained for up to one year (Fig. 1A; diet effect: F1,29 = 7.201, P < 0.05, age effect: F47,1363 = 244 

485.4, P < 0.01, two-way ANOVA). These BW profiles were matched by significant differences in 245 

BW-adjusted energy intake between ppDIO and control mice with the factors age and diet making 246 

significant contributions (inset in Fig. 1A; diet effect: F1,6 = 8.932, P < 0.05, age effect: F46,276 = 247 

447.2, P < 0.01, diet-age interaction: F46,276 = 17.91, P < 0.01, two-way ANOVA). Notably, whereas 248 

the obesogenic diet led to an expected increase in caloric intake (P < 0.01, Sidak’s post-hoc test) 249 

because of its high energy density and known hedonic properties, ppDIO mice showed an initial 250 

decrease in energy consumption when returned to standard diet (Fig. 1A inset; P < 0.01, weeks 11 251 

-14, Sidak’s post-hoc test, ppDIO vs. control mice).  252 

Next, using standardized EEG/EMG recording-based classification of vigilance states, we 253 

here observed typical circadian sleep-wake profiles in control and ppDIO mice aged between 10 254 

and 52 weeks (Fig. 1B). However, 10-week old ppDIO mice showed an increase in NREM sleep 255 

time between Zeitgeber time (ZT) 13-18 when control mice were displaying high levels of activity 256 

(wakefulness; P < 0.01, Sidak’s post-hoc test, NREM sleep in 10-week old controls: 10.8  1.51 % 257 

vs. in ppDIO mice: 21.0  1.43 %); the aberrant NREM sleep in ppDIO animals was particularly 258 

conspicuous at ZT17 (Fig. 1B, upper left panel; Fig. 1C, left panel; P < 0.05, Sidak’s post-hoc test). 259 

A similar trend for increased NREM sleep during ZT13-18 was observed in 24-week old ppDIO 260 

(Fig. 1B, middle left panel; Fig. 1C, left panel; NREM sleep in 24-week old controls: 18.3  2.47 % 261 

vs. ppDIO mice: 24.1  2.75 %). At 52 weeks of age, NREM sleep duration between ZT13 and 262 
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ZT18 was significantly greater in the ppDIO group than in control mice (Fig. 1B, lower left panel; 263 

Fig. 1C, left panel; P < 0.05, Sidak’s post-hoc test; NREM sleep in controls: 20.8  2.18 % vs. 264 

ppDIO mice: 28.7  2.77 %). However, whereas both ppDIO and control mice displayed age-265 

related increases in NREM sleep during ZT13-18 (Fig. 1C, left panel; age effect: F2,61 = 9.53, P < 266 

0.01, two-way ANOVA), the ppDIO group showed consistently greater amounts of NREM sleep as 267 

compared to the controls (diet effect: F1,61 = 20.40, P < 0.01, two-way ANOVA). 268 

At 10, 24 and 52 weeks of age, control and ppDIO mice showed highly similar circadian 269 

REM sleep profiles (Fig. 1B, right panels). However, consistent with the corresponding patterns of 270 

NREM sleep, ppDIO animals spent more time in REM sleep during ZT13-ZT18, as compared to 271 

controls (Fig. 1C, right panel; diet effect: F1,61 = 7.29, P < 0.01, two-way ANOVA; Sidak’s post-hoc 272 

comparisons: n.s.). Nevertheless, the REM/NREM sleep ratios did not differ between control and 273 

ppDIO mice at any of the ages studied (data not shown).  274 

Sleep architecture, judged by the frequency of transitions between different states of 275 

vigilance, differed significantly between 10-week old control and ppDIO mice. Specifically, stability 276 

of sleep was poorer in the ppDIO group; in these animals, NREM sleep was frequently interrupted 277 

by bouts of wakefulness (Fig. 2A, upper panels, P < 0.01, Bonferroni post-hoc comparisons). 278 

However, the difference in sleep-wake architecture between control and ppDIO mice was 279 

diminished when animals were 1-year old (Fig. 2A, lower panels); this could be ascribed to age-280 

dependent increases in the number of NREM WAKE and WAKE NREM transitions in control 281 

mice (Fig. 2A, lower panels, diet-age-time interaction: NREM WAKE transitions: F1,46 = 9.266, P < 282 

0.01; WAKE NREM transitions: F1,46 = 9.599, P < 0.01, MANOVA). In contrast, no differences in 283 

switches from NREM REM and REM WAKE were found between ppDIO and control mice, 284 

regardless of age (data not shown). These observations show that the disruptive effects of ppDIO 285 

on sleep continuity are greater in peripubertal vs. mature mice.  286 

  Sleep demand (homeostatic sleep pressure) accumulates during periods of wakefulness 287 

and can be assessed by measurements of slow-wave activity (SWA) during NREM sleep; SWA, 288 

which peaks at the onset of sleep and decreases as sleep progresses, provides an index of sleep 289 

depth and serves as an objective indicator of sleep quality (Borbely et al., 1989). As shown in 290 
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representative EEG power spectrograms (Fig. 2B), the power density within the lower frequency 291 

bands (ca. 0.5 – 8 Hz) during NREM sleep bouts was weaker in mice that had been exposed to 292 

ppDIO, as compared to age-matched control animals. Indeed, markedly reduced SWA was 293 

observed in ppDIO mice from as early as 10 weeks of age (Fig. 2C, upper panel; diet effect: F1,24 = 294 

4.869, P < 0.05, two-way ANOVA). Those signs of impaired sleep quality were evident for at least 295 

42 weeks after termination of the ppDIO paradigm when mice were aged 52 weeks (Fig. 2C, lower 296 

panel; diet-time interaction: F11,176 = 1.895, P < 0.05 ,two-way ANOVA), being most pronounced at 297 

the onset of the resting phase (ZT2, P < 0.05, Sidak’s post-hoc test).  298 

We next investigated whether ppDIO has a detrimental impact upon sleep homeostasis 299 

during recovery from sleep deprivation (6 h of forced wakefulness during the resting phase). Sleep 300 

deprivation similarly increased SWA (Fig, 2D) as well as the amount of rebound sleep NREM and 301 

REM sleep time in both, ppDIO and control mice (data not shown). Notably, the magnitude of 302 

“catch-up” sleep and the relative change in SWA after sleep deprivation did not differ significantly 303 

between peripubertal (10-week old) and adult (52-week old) ppDIO vs. control mice (data not 304 

shown and Fig. 2D); these data indicate that homeostatic sleep pressure is not influenced by 305 

ppDIO. 306 

 307 

Hypothalamic correlates of ppDIO-associated changes in sleep 308 

Given the coincidence in the timing of body weight gain and altered sleep patterns (increased 309 

amount of nocturnal sleep and decreased sleep quality) in ppDIO mice, we next asked whether 310 

changes in the activity of the lateral hypothalamus (LH) might be responsible for the impact of 311 

ppDIO on feeding and sleep. It is pertinent to note here that, the LH serves as an integratory hub 312 

for both behaviors (Bonnavion et al., 2016). Briefly, hunger and satiety signals are chiefly relayed 313 

to the LH from the arcuate nucleus (Arc) (Elias et al., 1998; Schwartz et al., 2000), and feeding is 314 

ultimately stimulated following activation of orexin-, melanin-concentrating hormone (MCH)- and -315 

aminobutyric acid (GABA)-producing neurons in the LH (Qu et al., 1996; Lubkin and Stricker-316 

Krongrad, 1998; Jennings et al., 2013). Moreover, while LH orexin and GABA have been shown to 317 

facilitate wakefulness (Adamantidis et al., 2007; Herrera et al., 2016), MCH is known to promote 318 

NREM and REM sleep (Jego et al., 2013; Konadhode et al., 2013). At ZT8, orexin mRNA levels in 319 
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the LH did not differ between young (10-week old) and adult (52-week old) ppDIO mice (Fig.3A, left 320 

panel). However, there was an age-related reduction in the LH content of orexin (Fig. 3A, middle 321 

panel, age effect: F1,35 = 13.02, P < 0.01, two-way ANOVA), a phenomenon that was more 322 

pronounced in control animals (P < 0.01, Sidak’s post-hoc test). Neither ppDIO nor age influenced 323 

mRNA expression of glutamic acid decarboxylase 67 [GAD67, the rate-limiting enzyme in GABA 324 

biosynthesis: 10-week old mice, 0.41  0.02 (control) vs. 0.41  0.01 nCi/mg (ppDIO); 52-week old 325 

mice, 0.39  0.02 (control) vs. 0.39  0.01 nCi/mg (ppDIO)] or MCH mRNA levels (Fig. 3A, right 326 

panel) in the LH. 327 

Since the LH is densely innervated by serotonergic (5-HT) and dopaminergic (DA) fibers 328 

from the dorsal raphe (DR) and ventral tegmental area (VTA), respectively, and 5-HT and DA are 329 

implicated in the induction of satiety and wakefulness (Hoebel et al., 1989; Schwartz et al., 1989; 330 

Dzirasa et al., 2006; Nonogaki, 2012; Ito et al., 2013), we next analyzed 5-HT and DA levels in the 331 

LH. Whereas the LH content of DA was not affected by ppDIO exposure [10-week old mice, 9.35  332 

1.49 (control) vs. 9.34  0.99 mol/ g protein (ppDIO); 52-week old mice, 8.39  1.27 (control) vs. 333 

7.00  1.19 mol/ g protein (ppDIO)], that of 5-HT was significantly reduced in ppDIO mice aged 334 

10 and 52 weeks (Fig. 3B, left panel; diet effect: F1,34 = 10.61, P < 0.01, two-way ANOVA; Sidak’s 335 

multiple comparisons post-hoc test: 10-week old controls vs. ppDIO mice: P < 0.05; 52-week old 336 

control vs. ppDIO mice: n.s.). However, the DR content of 5-HT did not differ between ppDIO and 337 

control mice (Fig. 3C, diet effect: F1,28 = 2.28, P > 0.05; age effect: F1,28 = 0.63, P > 0.05), 338 

suggesting that reduced 5-HTergic tone in the LH contributes to the aberrations in the sleep-wake 339 

patterns observed in ppDIO mice.  340 

 341 

Rescue of excessive nocturnal sleep in ppDIO mice by peptide YY3-36 342 

Given that the satiety-inducing effects of 5-HT in the LH are most likely modulated by satiety 343 

signals from the periphery (Elias et al., 1999), we hypothesized that ppDIO may interfere with the 344 

magnitude or efficacy of the latter. To test this, we mimicked satiety by injection of the potent and 345 

rapidly-acting satiety peptide PYY3-36 (60 μg/kg, i.p.) (Batterham et al., 2002, 2003; Karra et al., 346 

2009) at ZT12 (Fig. 3B, right panel) and measured 5-HT [and its metabolite 5-hydroxyindoleacetic 347 
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acid (5-HIAA)] and DA [and its metabolites 3,4-dihydroxyphenylacetic acid (DOPAC), homovanillic 348 

acid (HVA) and 3-methoxytyramine (3-MT)] levels in the LH of control and ppDIO mice 1 h after 349 

injecting PYY3-36. While PYY3-36 produced only a tendential increase in DA turnover (data not 350 

shown), the peptide significantly increased 5-HT turnover in the LH (Fig. 3B, right panel; treatment 351 

effect: F1,26 = 5.609, P < 0.05, two-way ANOVA) of ppDIO mice (P < 0.05, Sidak’s post-hoc test), as 352 

compared to controls.  353 

Strikingly, the acute application of PYY3-36 reversed the sleep impairments observed in 354 

ppDIO mice (Fig. 3D). Specifically, PYY3-36 increased NREM sleep time in control mice during the 355 

first hour post-injection, independently of age (treatment effect in controls: F1,17 = 9.792, P < 0.01, 356 

two-way ANOVA; Sidak’s post-hoc test: 10-week old controls: n.s., 52-week old controls: P < 0.05); 357 

in contrast, PYY3-36 reduced NREM sleep time in ppDIO mice (Fig. 3D; treatment effect in ppDIO 358 

mice: F1,15 = 12.75, P < 0.01, two-way ANOVA; Sidak’s post-hoc test: 10-week old ppDIO mice: P < 359 

0.05, 52-week old ppDIO mice: n.s.). Thus, dietary history (standard chow vs. ppDIO, diet-360 

treatment interaction: F3,32 = 7.309, P < 0.01, two-way ANOVA) clearly plays a role in determining 361 

sleep duration. Further, PYY3-36 reversed the aberrant distribution of NREM sleep in adult animals 362 

that had experienced the ppDIO paradigm; however this single treatment did not elicit prolonged 363 

effects on sleep quality (SWA and state-transition frequency) during the subsequent light period. 364 
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Discussion 365 

 366 

Neural circuits undergo continuous remodeling under the influence of inherent developmental 367 

programs and external environmental stimuli. Reorganization reaches a peak during puberty, with 368 

recent research suggesting that peripubertal experiences can determine lifetime behavior and 369 

health trajectories (Blakemore, 2012). Sleep, a complex behavior regulated through intricate 370 

interactions between different brain areas, neurotransmitters, neuropeptides and metabolic signals, 371 

and modulated by a variety of external cues and Zeitgebers, plays an essential role in maintaining 372 

physiological and behavioral homeostasis (Roenneberg and Merrow, 2007; Saper et al., 2010; 373 

Shukla and Basheer, 2016).  374 

The present study demonstrates that transient exposure to an obesogenic diet during 375 

peripuberty (ppDIO) triggers profound and long-lasting alterations in sleep depth, duration, and 376 

distribution. Similar aberrations in sleep have been previously reported after DIO in adult rodents 377 

(Jenkins et al., 2006; Guan et al., 2008). However, whereas the disturbed sleep phenotype that 378 

follows DIO during adulthood is reversible by induction of weight loss (e.g. through re-exposure to 379 

standard diet) (Guan et al., 2008; Perron et al., 2015), the present results show that the effects of 380 

transient DIO during the peripubertal period on body weight and sleep disturbances persist 381 

throughout life. Analysis revealed that ppDIO impairs sleep quality by increasing sleep 382 

fragmentation and lowering SWA followed by a compensatory increase in sleep during the 383 

nocturnal (active) phase. The sleep phenotype of ppDIO mice resembles that seen in obese 384 

humans who report daytime sleepiness and the frequent occurrence of arousal during normal 385 

sleep time (Vgontzas et al., 2008); thus, these observations may have wider implications because 386 

sleep quality is known to impact on cognitive and affective functions (Steiger and Kimura, 2010; 387 

Roth, 2015).  388 

Our search for mechanisms that might explain the impaired sleep phenotype expressed by 389 

ppDIO mice was based on the postulate that ppDIO induces robust rewiring of neuronal circuits 390 

that regulate and link metabolism and sleep regulation. We initially considered the orexinergic 391 

system as a likely target of ppDIO, because orexin neurons in the LH innervate brain regions 392 

involved in the regulation of both arousal and feeding (Sakurai, 2005; Adamantidis and de Lecea, 393 
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2008). Previous studies suggested an inverse relationship between orexin mRNA expression and 394 

peptide levels in the LH and the amount of NREM sleep in adult DIO mice (Kohsaka et al., 2007; 395 

Tanno et al., 2013). Since we did not detect altered orexin expression in ppDIO mice, we next 396 

asked, does ppDIO modulate MCH and/or GABA expression in the LH? The LH is known to 397 

contain both, MCH and GABA neurons, which exert reciprocal control over metabolism and sleep. 398 

Specifically, enhanced GABA activity in the LH induces arousal from NREM sleep and elicits 399 

feeding (Jennings et al., 2015; Herrera et al., 2016), while activation of MCH neurons in the LH 400 

increases meal size and counters the wake-promoting actions of orexin (Kowalski et al., 2004; 401 

Jego et al., 2013; Konadhode et al., 2013; Apergis-Schoute et al., 2015). However, lack of altered 402 

expression of MCH and GAD67 (catalyzes decarboxylation of glutamate to GABA) mRNA in ppDIO 403 

mice suggested that neuromodulators other than MCH/GAD67 might be responsible for the 404 

impaired sleep displayed by these animals. In addition to MCH/GAD67 and orexin, the LH contains 405 

a separate population of GABAergic [vesicular GABA transport (Vgat)-expressing] neurons, which 406 

support the actions of orexin by producing arousal and facilitating feeding (Jennings et al., 2015; 407 

Herrera et al., 2016). Moreover, glutamatergic, and dynorphin-expressing neurons are present in 408 

the LH, which are reported to oppose orexinergic function in reward-related tasks (Muschamp et 409 

al., 2014; Stamatakis et al., 2016); although the role of these latter neurons in sleep-wake 410 

regulation has yet to be defined, their possible involvement in obesity-associated sleep 411 

disturbances cannot be excluded.  412 

 Since 5-HT is suggested to dissociate feeding cues from wakefulness (Sakurai, 2005; 413 

Nonogaki, 2012), we subsequently examined whether ppDIO modulates the amount of 5-HT 414 

reaching the LH from the DR nucleus. While increased 5-HTergic tone is generally associated with 415 

wakefulness, it also induces satiety specifically by acting on the LH (Hoebel et al., 1989; Le Feuvre 416 

et al., 1991; Nonogaki, 2012; Ito et al., 2013). Although similar 5-HT levels were found in the DR of 417 

control and ppDIO mice, we observed markedly lower amounts of 5-HT in the LH of ppDIO vs. 418 

control animals. Since 5-HT is a potent signal of satiety (Schwartz et al., 1989; Le Feuvre et al., 419 

1991; Kumar et al., 2007; Burke et al., 2014), the reduced 5-HTergic tone observed in the LH of 420 

both, peripubertal and adult ppDIO mice implies that ppDIO impairs the transduction of satiety 421 

signals, leading to persistent obesity. Further, given that 5-HT promotes wakefulness (Ito et al., 422 
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2013), the reduced 5-HT-mediated signaling of satiety may plausibly be linked to the sleep 423 

phenotype of ppDIO animals.  424 

 Peripheral cues of satiety are centrally integrated into the regulatory mechanisms 425 

responsible for sleep-wake behavior (Shukla and Basheer, 2016). Since systemic levels of the gut-426 

derived satiety peptide PYY3-36 are reduced in obese humans (Batterham et al., 2003; Karra et al., 427 

2009), we hypothesized that mimicking a state of satiety with exogenous PYY3-36 would restore 428 

normal sleep-wake profiles in ppDIO mice. In agreement with previous findings in diet-induced 429 

obese adult rats (Reidelberger et al., 2008), acute peripheral administration of PYY3-36 was found 430 

to similarly suppress feeding in control and ppDIO mice. As predicted (Akanmu et al., 2006), PYY3-431 

36 promoted sleep time in control animals. In contrast, injection with the same dose of PYY3-36 432 

reduced the abnormally enhanced sleep displayed by ppDIO mice during the active phase of the 433 

light-dark cycle. Interestingly, the pharmacological intervention was accompanied by a 434 

contemporaneous increase in 5-HT turnover in the LH. Based on this result, we propose that PYY3-435 

36 rescues the sleep impairment induced by ppDIO by augmenting 5-HT tone in the LH (see Fig. 4 436 

for a hypothetical model). At present, the mechanism by which PYY3-36 affects 5-HT signaling in the 437 

LH is unknown. However, since PYY3-36 can cross the blood-brain barrier and act directly on Arc 438 

neurons (Nonaka et al., 2003), it is plausible that PYY3-36 signals are polysynaptically conveyed to 439 

the LH (Blevins et al., 2008) (green terminal in Fig. 4). Indeed, PYY3-36 likely suppresses the 440 

release of the orexigenic neuropeptide Y (NPY) after binding to Y2 receptors in the Arc (Grandt et 441 

al., 1992); note that NPY neurons in the Arc project to the LH (Elias et al., 1999) and that intra-LH 442 

injections of NPY were previously found to blunt 5-HT signaling locally (Shimizu and Bray, 1989). 443 

Pending the results of experiments to unravel the complex pathways involved, we presently 444 

suggest that PYY3-36-induced increases in 5-HT release in the LH results from the relief of NPY 445 

inhibition of 5-HT activity. While it is also plausible that PYY3-36 directly modulates the activity of 5-446 

HT neurons by binding to Y2 receptors in the DR (Dumont et al., 1996; Nectow et al., 2017), the 447 

latter mechanism seems unlikely since the current study found no enhancement of DR 5-HT 448 

turnover by peripherally administered PYY3-36.  449 

An additional important finding in this study was that PYY3-36 reversed the “excessive 450 

daytime sleepiness” displayed by ppDIO mice, suggesting that the therapeutic potential of PYY3-36 451 
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to reset diet-induced sleep disturbances may be worthy to exploration. Furthermore, our results 452 

demonstrate that the window of time for interventions aimed at reversing the detrimental effects of 453 

ppDIO is wide, possibly extending over the whole lifespan.  454 

In summary, this study shows that transient DIO during peripubertal development 455 

predestinates mice for lifetime obesity and dysregulated sleep-wake behavior by affecting the 5-456 

HT-mediated relay of peripheral signals of satiety to the LH. This work also demonstrates that 457 

pharmacological mimicry of satiety, by an acute injection of PYY3-36, can reverse the neurochemical 458 

imbalance induced by peripubertal obesity and re-establish normophysiological sleep-wake cycles. 459 

Interestingly, the pharmacological intervention is efficient even if introduced months after the onset 460 

of adult obesity.   461 
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Figure legends 670 

 671 

Fig. 1. Peripubertal exposure to obesogenic food induces lifetime obesity and increased 672 

nocturnal sleep. (A) Body weights in ppDIO (N = 16) and control mice (N = 15) are given as mean 673 

gram per week ± SEM. The six-week HFD exposure during peripuberty (postnatal weeks 4 to 10) 674 

led to significantly enhanced weight gain in ppDIO mice as compared to controls, even after HFD 675 

was replaced with the standard diet (P < 0.05). A dashed grey line indicates the end of HFD 676 

exposure. Inset shows weekly body weight-adjusted energy intake in ppDIO and control mice, 677 

shown as mean kcal/g body weight ± SEM. (B) Circadian dynamics of 24-hour NREM (left panels) 678 

and REM sleep (right panels) in ppDIO and control mice during aging. Data points represent time 679 

spent in NREM or REM sleep per hour in percentage ± SEM. Significant differences in sleep 680 

patterns between 2 groups appeared during the first half of the dark period when the active phase 681 

started (P < 0.05). White and black bars above the x-axis refer to the daily light-dark cycle. The 682 

respective numbers of animals studied under each condition are shown in corresponding bars in 683 

panel C. (C) Comparison of the amount of sleep during Zeitgeber time (ZT) 13-18 in different age 684 

groups. Each bar represents averaged percentage time (± SEM) spent in NREM (left panel) or 685 

REM sleep (right panel) between ZT13 and 18. Time spent in NREM sleep increased significantly 686 

during aging (age effect; P < 0.01) and was consistently higher in ppDIO mice (diet effect; P < 687 

0.01). Similarly, REM sleep was elevated in ppDIO mice (diet effect; P < 0.01). *P < 0.05 688 

 689 

Fig. 2. Comparison of changes in sleep architecture and homeostasis in control mice and 690 

mice with a ppDIO history. (A) Number (± SEM) of transitions from NREM sleep to wakefulness 691 

(left panel) and from wakefulness to NREM sleep (right panel) in 10-week old (upper panel, ppDIO: 692 

N = 17; control: N= 11) and 52-week old (lower panel; ppDIO: N = 10; control: N = 11) ppDIO and 693 

control mice during 6 h bins. At 10 weeks of age, ppDIO mice displayed significantly more frequent 694 

transitions as compared to control mice (P < 0.01), indicative of impaired sleep stability; such a 695 

difference was not detected in mice aged 52 weeks (diet-age-time interaction: NREM WAKE 696 

transitions: F1,46 = 9.266, P < 0.01; WAKE NREM transitions: F1,46 = 9.599, P < 0.01). (B) 697 
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Exemplary spectrograms with corresponding hypnograms of a 10-week old control (upper panel) 698 

and ppDIO mouse (lower panel) across a 24-hour baseline recording. As compared to controls, 699 

ppDIO mice displayed lower intensity of EEG power in the lower frequency bands during NREM 700 

sleep. (C) Hourly changes in SWA during NREM sleep under baseline conditions (% ± SEM; left 701 

panel; 10 week old ppDIO: N = 17; 10 week old control: N = 9; 52 week old ppDIO: N = 7; 52 week 702 

old control: N = 7) and (D) SWA responses to sleep deprivation through forced wakefulness 703 

(relative to the baseline, % ± SEM) in 10 week old (upper panel; ppDIO: N = 10; control: N = 4) and 704 

52 week old (lower panel; ppDIO: N = 7; control: N = 7) mice. As compared to baseline SWA (a 705 

marker of sleep depth) in controls, SWA was significantly lower in 10 week old (P < 0.05) and 52 706 

week old ppDIO mice (P < 0.05). However, homeostatic sleep pressure, tested here by forced 707 

waking, was accumulated to a similar extent in ppDIO and control mice. *P < 0.05.  708 

 709 

Fig. 3. Reduced hypothalamic serotonin levels in ppDIO mice are rescued by PYY3-36 710 

treatment. (A) Orexin (left panel) and MCH mRNA (right panel) and orexin A peptide (middle 711 

panel) levels in the LH of ppDIO and control mice aged 10 or 52 weeks. The inset (left panel) is an 712 

image of a brain section from a ppDIO mouse showing in situ hybridization signal for orexin mRNA 713 

and the corresponding anatomical reference image [adapted from Paxinos and Franklin(2001)]. (B) 714 

Comparison of serotonin (5-HT) contents in the LH of ppDIO and control mice (left panel). The 715 

content of 5-HT in the LH was significantly reduced in ppDIO-exposed animals (P < 0.05). An acute 716 

injection of PYY3-36 enhanced 5-HTergic tone (5-HT turnover) in the LH of 10-week old ppDIO mice 717 

(middle panel, P < 0.05). (C) 5-HT contents in the DR of ppDIO and control mice. Age and diet did 718 

not have any significant effect on this measure. (D) Treatment with PYY3-36 rectified the altered 719 

nocturnal sleep patterns for at least 1 h in ppDIO mice (P < 0.05); data are shown as mean 720 

percentage ± SEM in 10- (left panel) and 52- (middle panel) week old ppDIO and control mice. 721 

Treatment with PYY3-36 resulted in a significant reduction of food intake in all experimental groups 722 

(right panel). The dashed line (100%) represents the amount of food consumed by vehicle-treated 723 

ppDIO and control mice; measurements were made at 1 h post-injection of PYY3-36 or vehicle. 724 

Numbers of animals in each group are indicated in the bars. *P < 0.05 between diet groups, § P < 725 

0.05 between age groups.  726 



31 
 

 31 

Fig. 4. Schematic representation of how restoration of serotonergic (5-HTergic) tone in the 727 

lateral hypothalamus (LH) by peripherally administered PYY3-36 reverses the detrimental 728 

effects of ppDIO on sleep-wake behavior. 729 

Sample hypnograms (uppermost panel) and hypothetical representations of 5-HT 730 

neurotransmission at synaptic terminals in the LH (lower panel). Left-hand panel: Normal sleep-731 

wake patterns depend on adequate 5-HTergic innervation of LH neurons involved in the regulation 732 

of feeding and energy metabolism as well as sleep; among others, orexin neurons are a likely 733 

target of 5-HT originating in neurons located in the dorsal raphe. Middle panel: Exposure to ppDIO 734 

results in persistently blunted 5-HTergic stimulation of the LH and increased amount of 735 

inappropriately timed sleep, i.e. reduced wakefulness during the normal active phase, especially 736 

during the first half of the dark period (green frame). Right-hand panel: Exogenous (peripheral) 737 

administration of PYY3-36 to mimic a state of satiety rapidly delivers 5-HT to the LH and restores 738 

normal sleep-wake behavior in adult ppDIO mice. Since ppDIO likely results in reduced 739 

presynaptic levels of 5-HT, it is proposed that the effects of PYY3-36 stimulate the release and re-740 

uptake of 5-HT in the LH. The effect of PYY3-36 on 5-HT levels in the LH is likely conveyed by 741 

intermediary neurons (identity presently unknown) rather than by diffusion of PYY3-36 to the LH, as 742 

indicated by the green terminal.  743 










