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Abstract

Nutritional state in the gestation period influences fetal growth and development. We hypothesized that undernutrition
during gestation would affect offspring sleep architecture and/or homeostasis. Pregnant female mice were assigned to
either control (fed ad libitum; AD) or 50% dietary restriction (DR) groups from gestation day 12 to parturition. After
parturition, dams were fed AD chow. After weaning, the pups were also fed AD into adulthood. At adulthood (aged 8–9
weeks), we carried out sleep recordings. Although offspring mice displayed a significantly reduced body weight at birth,
their weights recovered three days after birth. Enhancement of electroencephalogram (EEG) slow wave activity (SWA)
during non-rapid eye movement (NREM) sleep was observed in the DR mice over a 24-hour period without changing the
diurnal pattern or amounts of wake, NREM, or rapid eye movement (REM) sleep. In addition, DR mice also displayed an
enhancement of EEG-SWA rebound after a 6-hour sleep deprivation and a higher threshold for waking in the face of
external stimuli. DR adult offspring mice exhibited small but significant increases in the expression of hypothalamic
peroxisome proliferator-activated receptor a (Ppara) and brain-specific carnitine palmitoyltransferase 1 (Cpt1c) mRNA, two
genes involved in lipid metabolism. Undernutrition during pregnancy may influence sleep homeostasis, with offspring
exhibiting greater sleep pressure.
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Introduction

Timing, duration, and depth of sleep are controlled by the

interaction of the time of day (circadian control) and by the

duration of prior wakefulness (homeostatic control) [1,2,3]. Sleep

homeostasis is expressed via electroencephalogram (EEG) slow

wave activity (SWA) during non-rapid eye movement (NREM)

sleep. SWA in NREM sleep is used as a parameter of sleep

pressure, need for sleep, or sleepiness [2]. Recently SWA has been

well documented to have an important role in synaptic plasticity

[4,5,6]. It has also been demonstrated that metabolic function,

including adenosine regulation, is critically involved in sleep

homeostasis [7,8,9].

It has been reported that peroxisome proliferator-activated

receptors (PPARs) and AMP-activated protein kinase (AMPK)

play key roles in the regulation of sleep homeostasis [10,11].

PPARs are transcription factors belonging to the nuclear

receptor family, and are closely related to the regulation of

lipid metabolism [12,13,14]. AMPK acts as an efficient sensor

of cellular energy states regulating glucose and lipid metabolism

[15,16,17]. AMPK activity is altered in response to the

intracellular AMP/ATP ratio. The activation of PPARs by

treatment with bezafibrate, a PPAR pan-agonist, augments

SWA in NREM sleep [10]. In addition to PPARs, AMPK

activity also changes SWA without affecting sleep duration [11].

In addition, sleep deprivation (SD) activates AMPK [11,18,19],

while intracerebroventricular (i.c.v.) administration of 5-aminoi-

midazole-4-carboxamide riboside (AICAR), an activator of

AMPK, augments SWA during NREM sleep, whereas com-

pound C, an inhibitor of AMPK, suppresses SWA [11].

The nutritional state during the gestation and/or lactation

period influences fetal growth and development. Low birth

weight (LBW) induced by maternal undernutrition is reported to

be a crucial risk factor for metabolic disease such as obesity,

diabetes, or cardiovascular disease [20,21]. Many studies have

shown that not only metabolic regulation but also brain

functions such as emotional behavior, locomotor activity, and

learning are all highly influenced by undernutrition during

pregnancy [22].

As both PPARs and AMPK are activated under fasting

conditions [23,24,25], it is expected that their function may be

associated with undernutrution during gestation and/or LBW.

We then hypothesized that adult offspring mice with embryonic

undernutrition would exhibit changes in sleep architecture and/

or homeostasis. In this study we found that offspring mice

display larger SWA during NREM sleep with normal sleep

timing and duration, and an exaggerated rebound of SWA

against SD.
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Materials and Methods

Animals and Experimental Design
Experiments were performed with Jcl:ICR mice (Slc Inc.,

Shizuoka, Japan). Mice (aged 10–12 weeks) were maintained on a

12-hour light/dark (L/D) cycle (lights on at 0900) at a controlled

ambient temperature (2361uC). Virgin female mice were caged

with male mice. Pregnancy was dated with vaginal plugs (day 0),

and pregnant female mice were housed individually with ad libitum

access to standard chow (MF, Oriental Yeast Co., LTD, Tokyo,

Japan). On gestation day 12, pregnant female mice were randomly

assigned to either control (fed ad libitum; AD) or dietary restriction

(DR) groups. Food intake of DR mothers was restricted to 50% of

controls from gestation days 12 to parturition. After parturition,

litter size was equalized to ten in both AD and DR groups.

Mothers received chow in the AD condition after parturition. Pups

were weaned at 3 weeks, and fed standard chow AD afterwards up

to the age of 8–9 weeks. All experiments were performed in male

mice. The Animal Study Committee of Tokushima University

(No. 12051) approved these experiments, and we performed them

in accordance with Guidelines for the Care and Use of Animals

approved by the Council of the Physiological Society of Japan.

Sleep and Body Temperature Recordings
Adult offspring male mice were anesthetized with a cocktail of

ketamine (100 mg/kg, Daiichi-Sankyo, Tokyo, Japan) and xyla-

zine (25 mg/kg, Sigma, St. Louis, MO, USA). A telemetric device

(TA10TA-F20; Data Sciences Int., USA) for recording body

temperature and spontaneous activity was implanted in the

peritoneal cavity. Stainless steel miniature screw electrodes

(M1.7-3, Unique Medical, Tokyo, Japan) were implanted in the

skull (1.0 mm anterior to the bregma, 1.0 mm right lateral to the

midline; 2.5 mm posterior to the bregma, 2.5 mm left lateral to

the midline) to record the EEG. Teflon-coated stainless steel wires

(AS633, Cooner Wire, Chatsworth, CA, USA) were implanted in

the neck muscles on both sides to record the electromyogram

(EMG). After 2 weeks of recovery, the mice were transferred to

plastic cages (20 cm624 cm630 cm) in a soundproof recording

room and allowed 3 days of habituation. Thereafter, mice were

connected through an electrical slip ring (T13EEG; Air Precision,

Paris, France) to a polygraph (RM-6100; Nihon Kohden, Tokyo,

Japan) with a computer flat cable, and then to a computer-assisted

data acquisition system CED 1401 data processor (CED, Cam-

bridge, UK). After the habituation period, polygraphic recordings

of body temperature, spontaneous activity, EEG, and EMG were

collected continuously, throughout the L/D cycle. Telemetric

signals of body temperature were sampled by Dataquest ART

(Data Sciences Int., USA). Spontaneous activity was also recorded

via signal strength of the telemetric device for body temperature.

EEG and EMG signals were sampled by the Spike2 acquisition

program (Cambridge Electronic Design, UK). Offline sleep

scoring was first done via Spike2 software, and carefully verified

by visual assessment of the EEG and EMG activities. Vigilance

states were classified over 6-s epochs as wakefulness, NREM, or

rapid eye movement (REM) sleep. NREM sleep was characterized

by a continuous, slow, high-voltage EEG and low-voltage EMG

activity. REM sleep was characterized by low-voltage EEG with

continuous theta waves and total suppression of the EMG. Fast

Fourier Transform using the Spike2 analysis program (Cambridge

Electronic Design, UK) calculated the EEG power spectrum in the

epoch determined to be NREM sleep. The sampling rate for

EEG/EMG data collection was 100 Hz. The EEG delta and theta

frequency band was set at 0.5–4.0 Hz and 4.0–8.0 Hz, respec-

tively. Each value of power was presented as a percentage of the

total power (0.5–50 Hz). In this study, we used delta/theta value

as a parameter of SWA [26]. Body temperature, spontaneous

activity, sleep/wake durations, and EEG delta/theta ratio were

averaged for hourly intervals. After the 24-hour baseline-recording

period, 6-hour SD by gentle touching with a brush was carried

out, starting at 0900 (Zeitgeber time 0; ZT 0). Immediately after

the SD, the recovery period was recorded continuously for 18

hours.

In order to estimate the phenotypic sleep pressure in mice, we

measured the awaking threshold against external sensory stimuli in

mice. Each mouse was set for sleep recording, and then a cage of

mice was put on the shaker (rocking mixer; As One, Japan).

Shaking was started 30 seconds after the appearance of EEG delta

wave activity. The latency from the start of shaking to awaking

determined by EEG and EMG was used as a parameter of sleep

Figure 1. Birth body weight (A) and body weight changes during the lactation period (B) and after weaning (C) up to 8 weeks in
offspring mice. Open bars and circles indicate AD mice. Closed bars and circles indicate DR mice. Data represent means 6 SEM (A; n = 22–23, B;
n = 36–38, C; n = 16). **p,0.01 indicates a significant difference.
doi:10.1371/journal.pone.0064263.g001

Augmented Sleep Pressure Model in Mice
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pressure. The procedure of shaking and latency measurement was

performed 5 times and the latency was averaged for each mouse.

Measurement of Plasma Levels of Triglycerides, Free
Fatty Acids (FFAs), Ketone Bodies, and Glucose
At the time of decapitation, trunk blood was collected for

measurement of triglycerides, FFAs, and ketone body levels.

Plasma triglycerides and FFAs were determined by GPO-HDAOS

(triglycerides) and ACS-ACOD (FFAs) enzyme assays using an

automatic biochemical analyzer system (HITACHI 7180, Hitachi,

Tokyo, Japan). Ketone bodies (b-hydroxybutyrate and acetoace-

tate) were measured by an automatic analyzer system JCA-BM12

(JEOL, Tokyo, Japan) using reagents for measurement of ketone

bodies by enzymatic assay (Kainos Laboratories, Tokyo, Japan).

Glucose was detected from tail blood by a glucose biosensor

(LifeScan, Inc., Milpitas, CA, USA).

In vivo Metabolic Testing
Glucose tolerance was assessed after glucose intraperitoneal

(i.p.) injection (2 g/kg for mice aged 14 weeks) in unrestrained

awake mice after a 16-hour fast. Insulin tolerance tests (1 unit/kg

for mice aged 14 weeks, Sigma Chemical Co., St. Louis, MO,

USA) were performed in mice after a 6-hour fast (ZT6).

Figure 2. The influence of dietary restriction during gestation on sleep/wake architecture, body temperature, and spontaneous
activity in adult offspring mice. Diurnal changes of wakefulness (A), NREM sleep (B), and REM sleep (C). Mean bin size (D), number of episodes (E),
and mean interval (F) in each sleep/wake state for all 24-hour recordings. Hourly time course of body temperature (G) and spontaneous activity (H).
Spontaneous activity was averaged for each 6-hour period (I) across ZT0-6 (L1), ZT6-12 (L2), ZT12-18 (D1), and ZT18-24 (D2). Open bars and circles
indicate AD mice. Closed bars and circles indicate DR mice. Data represent means 6 SEM (A–F; n = 6, G–I; n = 5). *p,0.05 indicates a significant
difference.
doi:10.1371/journal.pone.0064263.g002

Augmented Sleep Pressure Model in Mice
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Real Time RT-PCR Analysis
For molecular analyses, fetal mice were sacrificed at ZT9-10,

and then liver and whole brain were extracted at gestation day 17.

Adult offspring mice at the age of 8–9 weeks were sacrificed at

ZT4-5, and then liver and brain were extracted. The brain was

sectioned coronally on ice with a brain slicer (Muromachi Kikai,

Tokyo, Japan). Coronal brain sections were divided into fractions

of hypothalamus, cerebral cortex, hippocampus, and striatum by a

brain matrix. Brain and liver tissue were immediately frozen in

liquid nitrogen, and stored at 280uC until use. Total RNA in fetal

and adult offspring mice was isolated following Takara’s RNA

isolation protocol (RNAiso Plus; Takara Bio, Shiga, Japan). cDNA

in fetal and adult offspring mice was generated from each RNA

sample using a High-Capacity cDNA Transcription Kit (Applied

Biosystems, Foster, CA, USA). We used predesigned, gene-specific

TaqMan probes and primer sets to assess expression of the genes

indicated in Table S1. Real-time PCR was performed with an

Applied Biosystems 7900HT real-time PCR system using TaqMan

Universal PCR Master Mix (Roche Applied Science, Mannheim,

Germany) according to the manufacturer’s instructions. Cytoplas-

mic beta-actin (b-actin, encoded by Actb) was used for an

endogenous quantitative control, and values were normalized to

b-actin mRNA expression.

Pharmacological Treatments and Injection Procedures
To investigate the effect of caffeine on behavior, caffeine

(15 mg/kg, Sigma Chemical Co) was administered i.p. 30 min

before the forced swim test. The detailed procedure of the forced

swim test is described in Protocol S1. In order to evaluate the effect

of caffeine on sleep, caffeine (5 mg/kg) was injected at ZT0 during

sleep recordings. The caffeine dose was selected according to a

previous study [27].

Statistics
Results are expressed as means 6 SEM. Changes in body

weight, body temperature, spontaneous activity, sleep architecture

and EEG delta/theta ratio were analyzed by repeated measures

one-way or two-way analysis of variance (ANOVA) followed by

Scheffe’s post-hoc test. The results of latency for awaking following

cage shaking and latency to sleep following a caffeine injection

were analyzed by unpaired Student’s t-test. The results of

behavioral tests, real-time RT-PCR, blood glucose, and measure-

Figure 3. The influence of dietary restriction during gestation on sleep homeostasis in adult offspring mice. Power spectral analysis of
EEG during NREM sleep (A). Hourly time course changes of EEG delta/theta ratio in NREM sleep (B), and the averages for each 6-hour period (C) across
ZT0-6 (L1), ZT6-12 (L2), ZT12-18 (D1), and ZT18-24 (D2). Six-hour changes of the rebound rate of delta/theta ratios after sleep deprivation (D). Open
bars and circles indicate AD mice. Closed bars and circles indicate DR mice. Data represent means6 SEM (A–D; n = 6). **p,0.01 and *p,0.05 indicate
a significant difference.
doi:10.1371/journal.pone.0064263.g003

Augmented Sleep Pressure Model in Mice
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ments of plasma substances were analyzed by Mann-Whitney U

test. P,0.05 was assumed to indicate statistical significance.

Results

Body Weight
The dietary restriction (DR) female mice showed significantly

less body weight gain during the 4 days before parturition and just

after parturition (Figure S1A). DR female mice displayed a marked

decrease in blood glucose (Figure S1B). However, there were no

significant differences in the number of either live births or dead

births (Figure S1C, D). The ratio of males to females was not

significantly different between control (fed ad libitum; AD) and DR

offspring mice (Figure S1E). DR offspring mice exhibited

significantly reduced body weights at birth (Figure 1A). However,

as early as the third postnatal day, the significant differences in

body weight had already disappeared (Figure 1B). That is, the DR

mice exhibited LBW accompanied by an accelerated catch-up

growth (CUG). Up to 8 weeks of age, when the sleep recordings

and behavioral tests were carried out, no significant differences

were observed in body weight between the two groups (Figure 1C).

Sleep Architecture and Homeostasis
No significant changes were observed in the diurnal pattern and

amount of wake, NREM, and REM sleep between the two groups

(Figure 2A–C). Additionally, mean bin size, number of episodes,

and mean interval of sleep/wake cycles in DR mice were also not

changed (Figure 2D–F). The body temperature and its diurnal

variation in DR mice were not largely modified (Figure 2G),

partially and indirectly suggesting normal thermoregulation and/

or circadian rhythmicity. In comparison, DR mice displayed lower

spontaneous activity, especially in the first half of the dark period

Figure 4. Threshold for waking by external stimuli (cage shaking) in adult offspring mice. Photos of the experimental setting for
estimating waking threshold in mice against external sensory stimuli (A). Cage shaking was started 30 seconds after the continuous appearance of
EEG delta waves as shown in upper traces. We measured the latency from the start of shaking to EEG arousal. The latency for waking following
shaking stimuli (B). Open bars indicate AD mice. Closed bars indicate DR mice. Data represent means6 SEM (B; n = 6). **p,0.01 indicates a significant
difference.
doi:10.1371/journal.pone.0064263.g004

Figure 5. Metabolic state in fetal stage (gestation day 17). Blood glucose (A) and gene expression related to the regulation of lipid
metabolism in liver (B) and whole brain (C). Open bars indicate AD mice. Closed bars indicate DR mice. Data represent means 6 SEM (A–C; n = 6).
**p,0.01 indicates a significant difference.
doi:10.1371/journal.pone.0064263.g005

Augmented Sleep Pressure Model in Mice

PLOS ONE | www.plosone.org 5 May 2013 | Volume 8 | Issue 5 | e64263



(Figure 2H, I). However, DR mice exhibited increased power in

the delta frequency band (Figure 3A) and a significant enhance-

ment in their EEG delta/theta ratio (SWA) in NREM sleep

compared with AD mice over 24 hours (Figure 3B, C). The

percent power of EEG delta power in NREM sleep also

significantly increased over 24 hours (Figure S2A). Furthermore,

although there was large inter-individual variation, an increase

was seen even in the raw delta power in DR mice (Figure S2B). In

contrast, DR mice did not display changes in EEG delta/theta

ratios in either wake or REM sleep. The EEG delta/theta ratio

after a 6-hour SD in DR mice was significantly enhanced

compared with the AD mice during the first two hours of the

recovery period (Figure 3D). The latency for waking following

cage shaking (Figure 4A) was significantly longer in the DR mice

(Figure 4B). In addition, the latency for waking against lights-off

conditions also tended to be longer in DR mice (Figure S3). These

results suggest that the DR mice have a higher threshold for

waking by external stimuli.

Metabolic States
We previously found the involvement of PPARs, nuclear

receptors for lipid or glucose metabolism, or AMPK, a cellular

energy (ATP/AMP) sensor, in the sleep homeostasis. In order to

investigate the mechanism of the change in sleep homeostasis in

DR offspring mice, we therefore evaluated the metabolic condition

in those mice.

At gestation day 17, the fetuses of DR mice showed a marked

decrease in blood glucose (Figure 5A). They also showed increases

in the expression of Ppara and 3-hydroxy-3-methylglutaryl-

Coenzyme A synthase 2 (HMGCS2, encoded by Hmgcs2) mRNAs

in the liver (Figure 5B). Furthermore, the expression of brain

Hmgcs2 mRNA was also enhanced in DR mice (Figure 5C). As

Hmgcs2 is a target gene of PPARa and a key enzyme in ketogenesis

[28,29,30], we consider that the fetuses of DR mice were under

fasting conditions that produced ketogenic responses not only in

the liver but also in the brain.

At the age of 8–9 weeks, no significant differences were

observed in plasma levels of triglycerides, FFAs, b-hydroxybuty-
rate, acetoacetate, and total ketone between the two groups

(Figure 6A–E). Furthermore, there were no significant differences

in the glucose tolerance test (GTT) or the insulin tolerance test

(ITT) between the two groups (Figure 6F, G). In the liver, no

significant differences were observed in Ppara and Hmgcs2 mRNAs

(Figure 6H). In the hypothalamus, DR mice showed a small but

significant increase in Ppara and brain-specific carnitine palmitoyl-

transferase 1 (CPT1C, encoded by Cpt1c) mRNA expression

(Figure 6I). Regarding feeding-related neuropeptides, no signifi-

cant differences were observed in the expression of neuropeptide Y

(NPY, encoded by Npy), agouti-related protein (AGRP, encoded by

Agrp), pro-opiomelanocortin-alpha (POMC1, encoded by Pomc1),

and prepro-orexin (OX, encoded by Ppox) mRNAs in the

hypothalamus (Figure S7A). Also, there were no significant

differences in the mRNA expression of various glucose metabo-

lism-related enzymes, transporters, or receptors in the hypothal-

amus (Figure S7B).

Protein levels of AMPKa and phosphorylated AMPKa (p-

AMPKa), and their ratio (pAMPKa/AMPKa) in hypothalamus

and cortex were not significantly different between the two groups

(Figure S8A–H).

Figure 6. Metabolic state in adulthood (8–9 weeks). The plasma levels of triglycerides (A), free fatty acids (FFAs; B), b-hydroxybutyrate (C),
acetoacetate (D), and ketone bodies (E). Glucose tolerance test (GTT; F) and insulin tolerance test (ITT; G) in adulthood. Gene expression related to the
regulation of lipid metabolism in liver (H) and hypothalamus (I). Open bars and circles indicate AD mice. Closed bars and circles indicate DR mice.
Data represent means 6 SEM (A–E; n = 6, F, G; n = 5–6, H; n = 7, I; n = 4–6). *p,0.05 indicates a significant difference.
doi:10.1371/journal.pone.0064263.g006

Augmented Sleep Pressure Model in Mice
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Effects of Caffeine
Caffeine is a pan-antagonist at adenosine receptors. As DR mice

are considered to exhibit larger sleep pressure and adenosinergic

function is well documented to be critical for sleep homeostasis

[7,8,9], we hypothesized that adenosine or related systems would

be involved in the behavioral and sleep changes in DR mice. A

single i.p. injection of caffeine significantly elevated swimming

behavior in DR mice in the forced swim test (Figure 7A). Although

caffeine lengthened the latency to sleep in both AD and DR mice

as reported in a previous study [27], differences in SWA were not

observed (Figure 7B, C). There were also no significant changes in

adenosine A1 receptor (ADORA1, encoded by Adora1), adenosine

A2a receptor (ADORA2, encoded by Adora2), adenosine kinase

(ADK, encoded by Adk), or adenosine deaminase (ADA, encoded

by Ada) mRNA expression in either hypothalamus or cortex

(Figure 7D, E).

Discussion

Studies in animal models have shown that early undernutrition

has a great impact on developmental programming, causing

permanent changes in a variety of physiological functions

including higher brain function [22]. We found in this study for

the first time that sleep homeostasis is also affected by prenatal

nutritional condition. Our DR adult offspring mice born with

LBW showed an enhancement of SWA during NREM sleep,

which is accepted to be a parameter of sleep pressure or sleep

intensity. DR mice also displayed an exaggerated rebound of SWA

against a 6-hour SD. Although SWA during NREM sleep is well

known to be proportional to the length or activity of preceding

wakefulness [1,2], DR mice did not exhibit significant changes in

the structure of their sleep-wake cycle, and their spontaneous

activity was rather decreased. These data indicate that the

enhanced SWA in DR mice is caused by alterations not preceding

Figure 7. Adenosinergic system responsiveness in adult offspring mice. The influence of caffeine on immobility time (A) in the forced swim
test. The effect of caffeine on latency to the onset of sleep (B) and EEG delta/theta ratios in NREM sleep (C). Gene expression related to the regulation
of adenosine signaling in the hypothalamus (D) and cortex (E). Open bars and circles indicate AD mice. Closed bars and circles indicate DR mice.
Arrows indicate the injection time (ZT0). Data represent means 6 SEM (A; n = 9, B, C; n = 3, D, E; n = 6–7). **p,0.01 and *p,0.05 indicate a significant
difference.
doi:10.1371/journal.pone.0064263.g007

Augmented Sleep Pressure Model in Mice
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wakefulness but sleep homeostatic function itself, and that DR

mice have exaggerated homeostatic sleep function. As DR mice

have a higher threshold for waking by external stimuli (such as

cage shaking and lights-off conditions), with normal timing and

duration of sleep, we believe that DR mice actually exhibit a

greater sleep pressure.

The mRNA expression of Ppara and Hmgcs2, a main target gene

of PPARa [28,29,30], was increased in the fetal DR mice,

indicating that they were under a fasting condition. In fact, we

observed a marked decrease in blood glucose in the fetal DR mice.

The enhancement of ketogenesis was observed in the fetal DR

mice not only in the liver but also in the brain. At 8–9 weeks old,

the DR adult offspring mice showed small but significant increases

in the mRNA expression of Ppara and Cpt1c in the hypothalamus.

Cpt1 is another target gene of PPARa, and its activation indicates

enhanced lipid b-oxidation in mitochondria [31]. It is suggested

that hypothalamic PPARa function may still be activated even in

the adult offspring mice. We previously found that bezafibrate, a

pan-agonist of PPARs, induces increases of SWA in NREM sleep

[10]. Furthermore, we also observed that 6-hour SD slightly but

significantly increased mRNA expression of Ppara in mouse brain

(Figure S9), just as seen in the DR mice. When the pressure to

sleep is augmented, PPARa seems to be activated. It is

hypothesized that the up-regulation of PPARa in DR offspring

mice may be involved in altered sleep homeostasis.

Monoaminergic neural groups such as serotonergic, noradren-

ergic, and dopaminergic circuits are considered to be a major part

of the waking system [3,32,33]. However, we did not observe

differences in released transmitter or metabolite concentrations in

dialysates from the hippocampus (Figure S5A–C) or striatum

(Figure S5E–G) with respect to these classes. Furthermore, there

were no large changes in the mRNA expression of monoamine-

related receptors, transporters, or enzymes (Figure S5D, H).

Therefore, monoaminergic neural function also seems to not be

the cause of altered sleep homeostasis in DR mice.

Caffeine, a pan-antagonist of adenosine receptors, activated

swimming behavior in DR mice. As DR mice are considered to

have more sleep pressure and adenosinergic function is well

documented to be critical for sleep homeostasis [7,8,9], we had

hypothesized that adenosine or related systems would be involved

in the behavioral and sleep changes in DR mice. However, we did

not find significant changes in mRNA expression relating to the

adenosinergic system (including Adora1, Adora2, Adk, or Ada) in DR

mice. Furthermore, although the latency to sleep was lengthened

by caffeine in both mice groups, SWA in NREM sleep was not

affected. It is therefore considered that, although behavioral

activation systems respond to antagonism of adenosine receptors,

changes in sleep homeostasis caused by maternal undernutrition

are independent of the adenosinergic function.

It is well known that LBW accompanied by postnatal CUG

caused by maternal undernutrition is a crucial risk factor for

metabolic dysfunction, including type 2 diabetes [34,35]. Indeed,

we observed a marked increase in body weight in DR adult male

and female mice (Figure S10) in later stage (32 weeks). Metabolic

dysfunction may influence sleep mechanisms. However, our DR

mice, at least at the age of sleep recording, did not exhibit

abnormal plasma triglyceride, FFA, ketone body concentrations,

or impaired GTT or ITT. At this stage, DR mice do not yet seem

to display pathological changes in metabolic function, and changes

in sleep homeostasis do not depend on it.

DR mice exhibited a modest augmentation of anxiety- and

depression-like behavior (Figure S4A, I). However, antidepressant

drugs (an SSRI, an SNRI, and a dopaminergic stimulant) could

not alleviate depression-like behavior in DR mice (Figure S6).

Furthermore, we did not detect any changes in the brain

serotonergic, noradrenergic, or dopaminergic function (Figure

S5A–H). These results indicate that depression-like behavior in

DR mice may not model depression seen in humans. Alternatively,

the DR mice may have some impairment in terms of sensitivity to

these anti-depressant drugs. Although DR mice display normal

moving distance and speed over a short period in the open field

test (Figure S4B, C), their activity did not increase either in the

forced swim test or during the first half of the dark period. It seems

that when increased activity is required, DR mice are unable to

adjust their activity in such conditions. Combined with our data

demonstrating enhanced sleep pressure after SD, we believe that

DR mice may be vulnerable against prolonged or activated

wakefulness. This fatigability of DR mice may cause the lower

mobility in the forced swim test.

In this study, sleep homeostasis was shown to be significantly

modified by maternal undernutrition, although underlying mech-

anisms remain to be further investigated. It is possible that some

sleep disturbance in human adulthood may be caused by the

mother’s inadequate nutritional condition during pregnancy.

Supporting Information

Figure S1 The influence of dietary restriction during gestation

on maternal body weight changes, blood glucose, and live birth.

Body weight changes before and after parturition in mother mice

(A). Maternal blood glucose concentration (B) on gestation day 17.

Live births (C), dead births (D), and ratio of male to female live

births (E). Open bars and circles indicate AD mice. Closed bars

and circles indicate DR mice. Data represent means 6 SEM (A;

n= 6–9, B; n= 2, C, D; n= 11, E; n= 7–8). **p,0.01 and

*p,0.05 indicate a significant difference.

(PPTX)

Figure S2 The influence of dietary restriction during gestation

on delta power in NREM sleep (A, B) in adult offspring mice.

Open circles indicate AD mice. Closed circles indicate DR mice.

Data represent means 6 SEM (A, B; n= 6).

(PPTX)

Figure S3 Threshold for waking by external stimuli (lights off) in

adult offspring mice. The latency for awaking against lights-off

conditions. Open bars indicate AD mice. Closed bars indicate DR

mice. Data represent means 6 SEM (n=6).

(PPTX)

Figure S4 The influence of dietary restriction during gestation

on anxiety- and depression-like behaviors in adult offspring mice.

Anxiety-like behavior was assessed by open field test, light-dark

transition, and elevated plus maze. Time spent in the center area

(A), total distance (B), and average speed (C) were assessed in the

open field test. Number of transitions (D), latency to enter the light

area for the first time (E), and time spent in the light area (F) were

evaluated in the light-dark transition test. On the elevated-plus

maze, time spent in open arms (G) and number of entries into

open arms (H) were evaluated. Depression-like behavior was

assessed by the forced swim test. Immobility time (I) was evaluated.

Open bars indicate AD mice. Closed bars indicate DR mice. Data

represent means 6 SEM (A–I; n= 14). **p,0.01 and *p,0.05

indicate a significant difference.

(PPTX)

Figure S5 Monoaminergic system responsiveness in adult

offspring mice. In vivo microdialysis. The change in extracellular

concentration of serotonin (5-HT), its metabolite (5-HIAA), and

norepinephrine (NE) before and after the forced swim test (A–C) in

the hippocampus. The change in extracellular concentration of
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dopamine (DA) and its metabolites (DOPAC, HVA) before and

after the forced swim test (E–G) in the striatum. Gene expression

related to the regulation of serotonin signaling (D) such as 5-

hydroxytryptamine receptor 1A (HTR1A, encoded by Htr1a), 5-

hydroxytryptamine receptor 2C (HTR2C, encoded by Htr2c),

solute carrier family 6, member 4 (SLC6A4, encoded by Slc6a4),

tryptophan hydroxylase 1 (TPH1, encoded by Tph1), tryptophan

hydroxylase 2 (TPH2, encoded by Tph2), and monoamine oxidase

A (MAOA, encoded by Maoa) in the hippocampus. Gene

expression related to the regulation of dopamine signaling (H)

such as dopamine receptor D1A (DRD1A, encoded by Drd1a),

dopamine receptor D2 (DRD2, encoded by Drd2), dopamine

receptor D5 (DRD5, encoded by Drd5), solute carrier family 6,

member 3 (SLC6A3, encoded by Slc6a3), tyrosine hydroxylase

(TH, encoded by Th), and catechol-O-methyltransferase (COMT,

encoded by Comt) in the striatum. Open bars indicate AD mice.

Closed bars indicate DR mice. Data represent means 6 SEM (A–

C; n= 4, D; n= 6, E–G; n= 4, H; n= 7).

(PPTX)

Figure S6 Total time of immobility and changes in DR offspring

mice treated with vehicle (Vhe; saline) or therapeutic drugs in the

forced swim test. As therapeutic drugs, we used fluoxetine (Flu),

imipramine (Imi), and phenelzine (Phe). Each therapeutic drug

was injected intraperitoneally 30 min before the forced swim test.

Open bars indicate AD mice. Closed bars indicate DR mice. Data

represent means 6 SEM (n= 9–10). **p,0.01 indicates a

significant difference.

(PPTX)

Figure S7 Gene expression related to the feeding regulation (A)

and the regulation of glucose metabolism (B) such as hexokinase 1

(HK1, encoded by Hk1), hexokinase 2 (HK2, encoded by Hk2),

phosphofructokinase, muscle (PFKM, encoded by Pfkm), solute

carrier family 2, member 1 (SLC2A1, encoded by Slc2a1), solute

carrier family 2, member 3 (SLC2A3, encoded by Slc2a3), lactate

dehydrogenase A (LDHA, encoded by Ldha), and lactate

dehydrogenase B (LDHB, encoded by Ldhb) in the hypothalamus.

Open bars indicate AD mice. Closed bars indicate DR mice. Data

represent means 6 SEM (A, B; n = 6–7).

(PPTX)

Figure S8 The protein levels of AMPKa, p-AMPKa, and p-

AMPKa/AMPKa ratio in the hypothalamus (A–D) and cortex

(E–H). Open bars indicate AD mice. Closed bars indicate DR

mice. Data represent means 6 SEM (A–H; n= 5).

(PPTX)

Figure S9 The effect of 6-hour sleep deprivation on the mRNA

expression of Ppara, Pparb, and Pparc in mouse brain. Open bars

indicate control (Con) mice. Closed bars indicate sleep-deprived

(SD) mice. Data represent means 6 SEM (n= 6). *p,0.05

indicates a significant difference.

(PPTX)

Figure S10 Body weight at adulthood in offspring male (aged 32

weeks) and female (aged 28–34 weeks) mice. Open bars indicate

AD mice. Closed bars indicate DR mice. Data represent means 6

SEM (n= 14–26). **p,0.01 indicates a significant difference.

(PPTX)

Table S1 List of gene-specific TaqMan probes and primers used

for real-time RT-PCR.

(PPTX)

Protocol S1 Supplemental Methods.

(DOC)
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