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Abstract
Background—The feeling of hunger and feeding, a wake–state-dependent behavior, is regulated
by specific centers within the hypothalamus. While paraventricular nucleus (PVN), arcuate
nucleus (ARC), and dorso- and ventromedial hypothalamus (DMH/VMH) regulate feeding, the
lateral hypothalamus (LH) is associated both with feeding and wake/REM sleep regulation. In
order to examine the effects of sleep and wakefulness on food intake and body weight, we also
measured hypothalamic ATP concentrations, which are known to be involved in feeding behavior
and sleep–wake regulation.

Methods—In rats, food intake and body weight was measured during a 24-h light–dark cycle and
during 6 h of sleep deprivation (SD) performed by gentle handling. Tissue samples from the PVN,
ARC/DMH/VMH, and LH were collected after 6 h of SD and from time-matched diurnal controls.
ATP was measured by luciferin-luciferase bioluminescence assay.

Results—Across the 24-h light–dark period, rats consumed approximately 28.13±4.48 g of food
and gained 5.22±1.65 g with a positive correlation between food intake and body weight. During
SD, while food intake increased significantly +147.31±6.13%, they lost weight significantly (–
93.29±13.64%) when compared to undisturbed controls. SD resulted in a significant decrease in
ATP levels only in LH (–44.60±21.13%) with no change in PVN, ARC/DMH/VMH region when
compared with undisturbed controls.

Conclusion—The results indicate a strong overall correlation between ATP concentrations in
the LH and individual food intake and suggest a sleep–wake dependent neuronal control of food
intake and body weight.

Keywords
ATP; Food intake; Body weight; Sleep deprivation; Hypothalamus

There is convincing evidence that sleep is important for overall health and performance. The
fact that reduced or disrupted sleep impairs a variety of physiological processes, including
the immune system and neurocognitive behavior, supports its indispensable role in general
emotional and physical health [1, 2, 3, 4]. Also, recent studies suggest that sleep plays an
important role in the regulation of the whole body's energy balance. Disrupted non-rapid eye
movement (NREM) sleep, which is the most restorative sleep, affects glucose metabolism
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and insulin sensitivity and elevated risks for metabolic disorders such as obesity and type 2
diabetes [5]. However, the direct relationship between sleep and the regulation of food
intake and body weight is still unknown. Body weight reflects the balance between energy
intake and utilization. On the basis of bidirectional signaling between cerebral structures and
peripheral organs, the brain controls not only the consumption of calories but also whole
body's energy balance. Appetite and satiety that control feeding behavior are regulated by
processes within hypothalamic centers of the brain [6, 7] and disruptions in hypothalamic
nutrition sensing have been linked to increased body weight and obesity [8, 9].

Previous studies have shown that hypothalamic energy metabolism, in particular, the
concentrations of adenosine tri-phosphate (ATP) and adenosine mono-phosphate (AMP)-
activated protein kinase (AMPK), are important in the regulation of food intake and body
weight regulation [6, 10, 11]. In a recent study, we showed that ATP and AMPK
concentrations in the frontal cortex, basal forebrain, cingulated cortex, lateral hypothalamus,
and hippocampus change between sleep and wakefulness and correlate positively with the
amount of slow-wave sleep (0.5–4.5 Hz) [12].

These findings prompted us to examine in the following study the relationship between
sleep, the ATP concentrations in feeding centers within the hypothalamus, and associated
food intake and body weight, since changes in hypothalamic energy metabolism during
sleep and SD might have potential effects on food intake and whole body's energy balance.

Materials and methods
Animals

Male Sprague-Dawley rats (250–300 g) used in this study were housed individually in cages
in a temperature-controlled and noise-shielded environment (23°C) with a 12 h light–dark
cycle (lights on 7 a.m. to 7 p.m.). All rats had free access to food and water except when
noted otherwise. Animals were treated in accordance with the Association for Assessment
and Accreditation of Laboratory Animal Care and Use Committee at Boston VA Healthcare
system, Harvard University and U.S.National Institute of Health. Every effort was made to
minimize animal suffering and to reduce the number of animals used. Daily food intake and
body weights were measured. Food intake was controlled by supplying to each rat a pre-
weighed, fixed amount (15 g) of pellets (standard rodent diet, Harlan Laboratories, South
Easton, USA) in a bowl. To determine the amount of consumed food, all remaining pellets
were weighed at the specific time points and calculated with the initial weight (7 a.m.).
Body weight and food intake were measured at 7 a.m. and 1 p.m. For the 6-h food
deprivation (FD) experiments, rats had no access to food. Water was provided as during
control conditions. Between the different experiments, rats had 48 h to recover.

Sleep deprivation (SD)
SD was done by “gentle handling” which, according to standard protocols [13] involved
presentation of new objects into the cage or gentle touching by a brush. SD for 6 h began at
7 a.m. and was ended at 1 p.m. During SD, the rats continued to have access to food and
water ad libitum.

During this period, rats consumed twice the usual amount of food compared to undisturbed
controls.

Tissue collection and measurement of ATP content
The rats were killed by decapitation and brains removed. Coronal slices (2 mm thick) were
carefully placed on a dry ice (–78.5°C) containing covered Petri dish for rapid freezing and
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subsequent dissection. Three brain regions were dissected: frontal cortex (tissue vol. ~2 mm
× 2 mm × 1 mm, Bregma 4.2 to 2.2), lateral hypothalamus (~1 mm × 1.0 mm × 1.0 mm,
Bregma –1.2 to –2.2) and the ARC/DMH/VMH (~1.0 mm × 1.0 mm × 1.0 mm, Bregma –
2.2 to –3.2). Tissue samples were collected at 1 p.m. after 6-h SD or 6-h undisrupted control
conditions. Extreme precaution was exercised to complete this process, with an average time
of 80±9 s for tissue collection for all the animals. The dissected regions were kept frozen on
dry ice and stored at –80°C until used for biochemical measurements.

Determination of ATP was performed by a luciferin-luciferase based assay [14, 15] using a
commercial ATP assay system with bioluminescence detection kit (Enliten, Promega). The
assay principle is that, in the presence of ATP and oxygen, luciferase from Photinus pyralis
catalyses D-luciferin to oxyluciferin, Pi, AMP, carbon dioxide, and light. The light intensity
is measured by luminometry. This technique has been widely used for ATP measurement in
cell cultures, slices and also to measure in vivo changes using frozen dissected tissue
including brain tissue [16, 17, 18, 19]. ATP was measured according to the manufacturer's
protocol. Briefly, weighed tissue samples were homogenized in 5% trichloroacetic acid
(TCA) and transferred to 1.5 ml Eppendorf tubes. The samples were centrifuged at 5,000
rpm in cold for 5 min and the supernatant were transferred to a fresh tube. Samples (10 μl)
were neutralized with tris-acetate buffer (490 μl) adjusted to a pH value of 7.75. The
luciferase reagent was added immediately before measurement in the luminometer
(Flexstation III, Molecular Devices, Sunnyvale, CA), as described by the supplier. A new
standard curve was made daily before each measurement using known standards and ATP-
free water. The absolute concentration was calculated per mg wet tissue weight by using
known ATP standards which were provided in the commercial kit. ATP concentrations are
expressed as 10-8 M/mg tissue. This method gave highly reproducible results. The mean
coefficient of variation (standard deviation/mean) at the same time of day 10 p.m. in the four
regions was 0.13.

Data analysis
Reported values are means ± standard error (SE) from at least five rats per group. Data were
analyzed by one-way analysis of variance (ANOVA) or student t-test for group interactions,
and Pearson's product-moment correlation analysis for data correlation analysis, using
SigmaPlot 11.0 (Systat Software, Chicago, IL, USA) for MS Windows. All statistical tests
were considered significant if p<0.05.

Results
Correlation between food intake and body weight during sleep–wake cycle

Across the 24-h light–dark period, rats consumed approximately 28.13±4.48 g of food and
gained 5.22±1.65 g ( . Fig. 1a). There was a strong positive correlation (n=10; r=0.879,
p<0.001) between food intake and body weight over the 24-h period (  Fig. 1b). Next, we
examined the pattern of food intake and body weight selectively during the light and dark
period of rats. During the light period, when rats slept most of the time, 8.69±1.16 g of food
was consumed, but they lost 7.36±1.83 g of body weight. In contrast, during the dark
(active) period, food intake was significantly higher (19.44±0.82 g, p<0.001), so was the
body weight gain (12.58±1.19 g, p<0.001) when compared to the light (inactive) period (
Fig. 1c). There was a strong positive correlation between food intake and body weight
during the light period (n=10; r=0.927, p<0.001) and during the dark period (n=10; r=0.780,
p<0.01) (  Fig. 1d).
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Reciprocal relationship between food intake and body weight during 6-h SD
Next, we addressed whether SD has an effect on food intake and body weight in rats. Rats
were sleep deprived for 6 h during the light period (7:00 a.m.–1:00 p.m.) by gentle handling.
Food intake and body weight were measured as described previously. Food intake was
significantly increased by +147.31±6.13% (n=5/group; p<0.008) in sleep-deprived rats
(1.86±0.56 g vs. 4.60±0.89 g/6 h) when compared to undisturbed controls (  Fig. 2a). To
further test if the SD-induced decrease in body weight is related to increased energy use
during SD, we performed additional experiments in the same rats using four different
conditions. (1) food provided ad libitum and allowed to sleep, (2) food provided ad libitum
but deprived of sleep for 6 h (7:00 a.m.–1:00 p.m.), (3) food deprived (water was given ad
libitum) for 6 h but allowed to sleep, (4) food deprived and sleep deprived for 6 h. The rats
that were deprived of food but were not deprived of sleep showed significant decrease in (–
61.65±5.55%; p<0.001; n= 5/group) body weight in comparison with undisturbed controls
with access to food ad libitum, but not significantly different when compared to 6-h sleep-
deprived rats with ad libitum food (  Fig. 2b). Rats which underwent SD concomitant with
food deprivation showed a significant reduction in body weight compared to 6-h control rats
(–116.29±15.06%) and 6-h food-deprived rats (–33.79±9.32%;p=0.014), but no change
when compared to 6-h SD rats (p=0.293) (  Fig. 2b). Significant correlation between the
food intake and body weight was observed in both groups of rats, with and without sleep,
but were allowed access to food (with sleep (r=0.883, p<0.05) 6-h SD (r=0.902, p<0.05)).

ATP concentrations in the LH decrease with 6-h SD
The hypothalamic energy content has been considered as a primary neural control center for
regulation of appetite and body weight [20, 21, 22]. Therefore, we tested the hypothesis if
SD affects the ATP levels in the LH, a region involved in wake and REM sleep regulation as
well as in feeding and in ARC/DMH/VMH regions involved in satiety but not in sleep–
wakefulness (  Fig. 3a). SD resulted in a significant decrease in ATP concentrations (–
44.60±21.13%; p=0.041) in LH, whereas no significant change was observed in the ARC/
DMH/VMH region (p=0.953) when compared with undisturbed time matched undisturbed
controls (  Fig. 3b). These results suggest that SD reduces hypothalamic (LH) ATP
concentrations despite a higher food intake during sleep deprivation.

Correlation between hypothalamic regional ATP concentrations and food intake
To test the relationship between hypothalamic ATP concentrations and food intake in rats,
we correlated the data for measured ATP and food intake by Pearson's correlation analysis.
Sleep-deprived rats showed reduced levels of ATP concentrations in LH with higher food
intake leading to a strong negative correlation (r=–0.807, p=0.008). No correlation between
food intake and brain ATP was observed in the ARC/DMH/VMH region (r=0.105,
p=0.772).

Discussion
Our data provide evidence for a differential regulation of ATP in different areas within
hypothalamus involved in feeding. ATP levels are stringently maintained in the medial
hypothalamic areas of dorso- and ventromedial hypothalamus and arcuate nucleus (DMH/
VMH/AC), irrespective of the amount of food intake or sleep–wake conditions. On the other
hand, in the lateral hypothalamus, an area involved in feeding as well as wake and REM
sleep regulation, the ATP levels decline with SD as was also observed earlier in other wake
areas in the forebrain [12].

The present data indicate that feeding and body weight changes are impacted by
spontaneous sleep and wake. On a daily basis rats feed less during the 12 h of light period as
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they sleep most of the time. Although cerebral energy levels are observed to be restored [12,
23, 24], the body weight shows a decrease during the resting period of rats. These findings
support the assumption that anabolic processes within the brain occur predominantly during
sleep [25], whereas peripheral anabolism is likely to occur during wakefulness and is
associated with food consumption [26]. The strong positive correlation between the average
food intake and body weight across the spontaneous sleep and wake period supports the
general assumption between calorie intake and body weight regulation.

Contrary to the spontaneous waking-associated feeding and weight gain, 6 h of forced
waking (sleep deprivation) though caused hyperphagia, resulted in body weight loss. In
humans, sustained sleep restriction has been shown to increase food intake [27]. But
contrary to humans, in rats we observed that despite of increased food intake during SD the
rats lose body weight. This observation is in agreement with the previous report suggesting
that although SD led to an increase in food intake, it resulted in a significant loss of weight
[28]. This observation is contradictory to previous observations in humans showing that
reduced sleep increases body weight and the risk for obesity [2]. Numerous cross-sectional
and longitudinal epidemiological studies have revealed associations between chronic sleep
restriction and increased body mass index in children, adolescents, and adults [29, 30]. A
robust hypothesis in this field is that chronic sleep restriction leads to increased or altered
dietary intake. Reduced caloric expenditure due to feelings of fatigue is also believed to
contribute to weight gain in humans. Chronic sleep deprivation or sleep restriction affects
glucose homeostasis and metabolic function in animals and humans [30, 31, 32] and has
long-term effects on body weight and energy metabolism, whereas acute effects of SD led to
an increase in food intake and physical activity [33]. The major difference between the
animals and humans is the availability of variety of food to humans with a potential for
unhealthy choices that may contribute to increased body weight and obesity as observed in
humans.

Cerebral energy metabolism has been suggested to have an important function in body
weight regulation [7, 34, 35]. On the basis of bidirectional signaling between cerebral
structures and peripheral organs, the brain controls not only food intake but also the whole
body's energy homeostasis [7, 35]. Sensations of appetite and satiety that regulate food
intake are processed in hypothalamic centers within the brain [36, 37]. Detailed lesioning
experiments identified the LH as “hunger center”, while the ventromedial hypothalamic
nucleus that includes ARC/VLH/ DMH, was named as the “satiety center” [50, 51, 52].
Accordingly, disruptions in hypothalamic nutrition sensing have been shown to induce
increased food intake, overweight, and obesity [38, 39]. Thus, alterations in hypothalamic
energy content might have significant effects on food intake and associated body weight.
While, a hunger peptide, ghrelin, expressed by the neurons in the arcuate nucleus [40] have
been shown to be associated with diurnal rhythm of sleep–wakefulenss and disturbed by SD
[41], we have not investigated changes in ghrelin in our current study.

Our data indicate that the local energy status in the LH decreased during 6h SD, whereas no
significant change was observed in the VLH. Furthermore, we found a strong correlation
between LH ATP concentrations and food intake. The LH plays a crucial role in feeding
behavior and energy homeostasis and contains a variety of functionally distinct neuronal
populations involved in these processes. One of these cell groups, the orexin (also named
hypocretin) neurons regulate both feeding and sleep–wakefulness [42, 43]. Previous studies
supported the physiological relevance of orexin in the control of feeding by showing that
intracerebroventricular (ICV) administration of an antiorexin antibody or an orexin 1
receptor-selective antagonist reduced food intake [44, 45], whereas ICV injections of orexin
induce a rapid increase in food intake [46]. The orexinergic system also demonstrates a
molecular link between the neuroendocrine control of appetite and sleep–wake regulation.
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Orexinergic neurons are active during wakefulness and quiescent during sleep and are
overactive, when sleep deprivation is behaviorally enforced [47, 48]. That SD resulted in a
decrease in the ATP level in LH is potentially due to the increased activity-dependent
consumption of neuronal ATP.

The overall energy supply within the brain has been assumed to be an important factor in
body weight regulation [23]. Recent studies showed that cerebral high-energy phosphate
content in healthy humans correlates with subject's body mass index supporting the close
relationship between energy supply of the brain and body weight regulation [49]. Our
findings suggest that sleep loss, either behavioral or disease-related might have the potential
to promote the development of metabolic disorders such obesity and diabetes by affecting
feeding behavior and whole body metabolism. Thus, restorative sleep is not only essential
for general well being and cognitive processes, but also for processes related to general
energy metabolism and calory intake.

Conclusion
Our findings indicate that the strong overall correlation between ATP concentrations in the
“neuronal hunger center” and individual food intake suggests a sleep–wake dependent
neuronal control of food intake and body weight and implicates that disruptions in normal
sleep– wake behavior can affect these processes significantly.
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Fig. 1.
Correlation between body weight and food intake during the light–dark cycle. a Across a 24-
h period experimental rats consumed approximately 28.13±4.48 g food and increased body
weight. b Positive correlation between the average food intake and body weight across a 24-
h light–dark cycle. c Body weight and food intake during the light and dark period. During
the light (sleep) period rats lost body weight compared to the dark (wake) period. Food
intake was significantly higher during the wake period of the rats. d Strong positive
correlation between food intake and body weight. Note the stronger (r=0.927) positive
correlation during the light (sleep) period when compared to the dark (wake) period
(r=0.780)
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Fig. 2.
Effects of sleep deprivation on food intake and body weight in rats. a Average food intake
during 6h spontaneous sleep–wake (control, white bar) and during 6 h of sleep deprivation
(6h SD, black bar). Food intake was significantly (p=0.008, n=10) higher during the sleep
deprivation period when compared to control rats. b Changes in body weight during 6 h of
sleep deprivation, food deprivation, and respective controls. During spontaneous sleep–
wake, rats showed a decrease in body weight (–7.89±1.06 g). Sleep-deprived rats showed
significant higher decreases in body weight when compared to controls. 6h of food
deprivation also significantly reduced body weight, but to a lesser extend than 6h SD. When
the rats were food- and sleep-deprived at the same time, body weight decreased significantly
more, when compared to food deprivation alone. c Correlation between food intake and
body weight during 6h SD and respective controls. The rats showed a strong and significant
correlation between the amount of food intake and body weight (6h SD (r=0.902, p<0.05),
Control (r=0.883, p<0.05))
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Fig. 3.
Brain ATP concentrations during sleep and sleep deprivation. a Coronal sections of the
brain showing bregma coordinates of dissected brain regions: LH and ARC/DMH/VMH. b
Rats (N5/group), sleep deprived for 6 h (7:00 a.m.–1:00 p.m.; black bar) showed significant
decrease in ATP in the LH (p=0.041), whereas no significant change was observed in the
ARC/DMH/VMH region (p=0.953) when compared with undisturbed time matched controls
(white bars). Error bars indicate SEM
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Fig. 4.
Correlation between brain ATP concentrations and food intake. a There was a strong
negative correlation between the ATP concentrations in the LH and food intake (r=–0.807,
p=0.008). Sleep-deprived rats (black circles) showed lower LH ATP concentrations and
higher food intake when compared to undisturbed controls (white circles). b No correlation
between food intake and brain ATP was observed in the ARC/DMH/VMH region (r=0.105,
p=0.772)
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