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Effects of Sleep Deprivation on Body Weight, Food Intake and Energy 

Expenditure in Rodent Models 

 

ABSTRACT 

 

Epidemiological studies document an association between lack of sleep and 

obesity. Past sleep deprivation (SD) studies in rodents have resulted in weight loss, 

while SD by the environmental noise method caused weight gain. Thus the latter is a 

more applicable rodent model of SD for humans. The purpose of my study was to 

determine the effect of chronic SD on energy expenditure and physical activity. I 

hypothesized that SD by environmental noise would decrease or maintain energy 

expenditure and decrease physical activity. 3-4 month old Sprague-Dawley rats were 

subjected to SD by environmental noise during the light phase [8 h/day for 9d] after a 

three-day acclimation period. After the SD period, rats were allowed to recover for 72h. 

Change in food intake and body weight was insignificant during SD compared to the 

acclimation period. When data were looked at in 24h increments no clear trends were 

observed. However, when the data were expressed at a higher resolution, the diurnal 

circadian rhythm was disrupted towards the end of the SD and recovery periods as 

evidenced by altered energy expenditure, feeding behavior, and physical activity levels. 

Based on this preliminary analysis, the circadian rhythmicity altered during and after 

chronic sleep deprivation.  
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INTRODUCTION 

 Despite the fact that humans spend nearly one third of their lives asleep 

scientists are only now beginning to understand how sleep affects various physiological 

functions [1]. Immense progress is being made in the field of sleep research but there is 

a tremendous amount to learn. Resolving this enigma may also reveal how sleep so 

profoundly influences functions such as body weight regulation. It is highly probable that 

impairing sleep in any way could negatively impact metabolism in both rodents and 

humans.  

 Scientific papers published in the past half of the 20th century have established 

definitions for the different categories and stages of sleep. In humans sleep is divided 

into two categories: rapid eye movement (REM) or paradoxical sleep and non-rapid eye 

movement (NREM) sleep. REM sleep is characterized by rapid movement of the eyes 

during which time the activity of the neurons in brain are almost as active as during 

wakefulness [2]; NREM sleep is characterized by little to no eye movement and muscle 

atonia [2]. Each stage of sleep is heavily regulated by different areas of the brain and 

normally lasts 90 minutes in humans [3] and only several minutes in rodents [4].  

 In effort to determine the role of sleep in various physiological functions, 

scientists have performed many experiments either partially or completely depriving 

humans and animals of sleep. Sleep deprivation is simply defined as reducing the 

amount of time spent asleep and depending on the severity can result in many adverse 

affects on the body. Effects of sleep deprivation include, but are not limited to: cognitive 

impairment, memory loss, hallucinations, impaired immune system, decreased body 

temperature and weight gain or loss [5].  Because sleep deprivation can refer to a 

 2 



reduction in the duration or quality of sleep, sleep deprivation can also be achieved by 

increasing sleep fragmentation. Sleep fragmentation, which reduces sleep quality, is 

characterized by increasing bouts of sleep and wake and decreasing the duration of the 

bouts; these interruptions may or may not reduce the overall time spent in sleep and 

wake. In some cases sleep fragmentation decreased time spent in slow wave sleep 

resulted in metabolic impairments including obesity and diabetes [6], as well as 

neurocognitive deficits and cardiovascular diseases [7]. In other cases, sleep 

fragmentation can occur without a change in total sleep or wake [8].  

 

Sleep Deprivation Methodology 

Physical methods to deprive sleep: 

 Many different techniques have been implemented to achieve sleep deprivation 

and sleep fragmentation in rodent models. Some methods physically force an animal to 

stay awake to avoid falling in water while others such as wake-promoting agents work 

physiologically to keep the animal awake. The single platform method or ‘flower pot 

method’ is the most commonly used method of sleep deprivation. This method was first 

reported in 1964 [9] and involves a rat being placed on an inverted flowerpot 

surrounded by a pool of water 1cm deep. This specific method functions to prevent 

REM sleep while allowing NREM sleep. During NREM sleep the rat’s muscles are tense, 

allowing it to remain asleep on the flowerpot. As soon as the rodent enters REM sleep 

the rat’s muscles are no longer tense and the rodent’s will fall off of the pot and into the 

water. Rats in the control (non-sleep deprived) group are typically placed on a larger 

platform, allowing them to enter REM sleep without the risk of falling into water. Despite 
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being developed almost 50 years ago this technique is still frequently used because of 

its simplicity.  

 The multiple platform method is similar to the flowerpot method and was 

developed in response to the flowerpot method. Researchers noticed that movement 

restriction by the single platform method elevated stress in the animals, so they added 

multiple platforms to reduce stress [10]. This provided the rat with the freedom to move 

from one platform to another but still allowed REM sleep deprivation due to water 

exposure. A modified version of the multiple platform method is also frequently used in 

which multiple rats are exposed to multiple platforms simultaneously. Like the flowerpot 

technique this method specifically inhibits REM sleep. 

 The cuff pedestal technique developed in 1978 [11] is another method of sleep 

deprivation that evolved from the original single platform method. In this technique an 

aluminum cuff is affixed to the platform, which is typically made of plastic. The cuff can 

be moved up and down vertically. In its up position the cuff provides a space for the rat 

to sleep; however, when the cuff is lowered the rat must avoid REM sleep at risk of 

falling into the water below. The rat is typically given time prior to the beginning of the 

experiment to adapt to the environment during which time the cuff is raised and the rat 

can acquire both REM and NREM sleep. After acclimation to the new environment the 

cuff can be raised or lowered at will. One advantage of this technique is the ability to 

record body weight without handling the animal; weight measurements are made 

possible by a 1000g spring gauge fixed underneath the pedestal.  

 In 2003 a new technique was developed by Shinomiya et. al [12] that involved a 

grid suspended 1cm over water. Animals subjected to this method of sleep deprivation 
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have displayed increased wakefulness and a decrease in time spent in both REM and 

NREM sleep [12]. Like the single platform method, this is the direct result of the stress 

induced by the new environment and the water. Since this is a continuous source of 

stress on the animal there has been debate whether or not this method, along with the 

single platform method, represents a model of insomnia. For this reason the suspended 

grid over water method is typically used in experiments where that stress would not 

compromise results, such as testing the hypnotic properties of drugs.  

Previously described methods of sleep deprivation involved the animal being 

forced to stay awake to avoid an unpleasant interaction like falling into water. Another 

commonly used yet very different group of sleep deprivation technique relies on forced 

physical activity to keep the animal awake. One example of such technique is the 

rotating wheel technique, where a rat is placed in a wheel that rotates at a constant rate 

(typically 1 revolution/3 minutes) for several hours a day. When this wheel is moving the 

rat must move slowly, yet it is still capable of eating and drinking freely (if the 

experiment allows). This method is fairly straightforward and easy to use but requires 

more technology than the traditional platform techniques. This method has also been 

modified (8 seconds of rotation/30 second with random direction and random time when 

the rotation will occur during the 30 seconds [8]. The modification causes sleep 

fragmentation with no change in total sleep. 

 The pendulum method developed in 1980 [13] is quite similar to the rotating 

wheel technique. As the name suggests, the pendulum method involves the animal’s 

cage being placed on an apparatus that moves slowly in a pendulum-like motion. At 

both extremes of oscillation of the pendulum the rat loses its balance and is forced to 
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wake up and move to the other side of the cage to regain stability. This method of sleep 

deprivation prevents REM sleep but allows brief periods of NREM sleep.  

 “Gentle handling” is an umbrella term that involves all techniques used to gently 

wake an animal that is displaying signs of sleep [14]. Commonly used techniques range 

from opening cage doors to gently poking the animal. In the past this technique was 

performed by a person who observed the animal and introduced a stimulus when the 

animal appeared to be asleep. This was unreliable because animals that appear to be 

asleep may not actually be doing so. Now, this technique is typically used in conjunction 

with polysomnography to achieve more accurate information regarding the sleep state 

of the animal. The technique is typically used for total sleep deprivation, preventing both 

REM and NREM sleep.  

Methods to increase sleep fragmentation exist. In addition the modified rotating 

wheel mentioned previously, one device used to induce sleep fragmentation in rodents 

utilizes a special cage with a bar that sweeps across the cage (catalog # Model 80390, 

Lafayette Instruments, Lafayette, IN, USA). This method employs an intermittent tactile 

stimulation in freely behaving rodents in a standard laboratory cage, using a motorized 

mechanical bar that sweeps across the cage continuously [15]. This is not a method of 

sleep deprivation per se, and is different from those described previously because this 

method does not reduce the duration of sleep but instead reduces sleep quality by 

increasing sleep fragmentation [15, 16].  

  

 6 



Environmental methods to deprive sleep: 

Changes in the environment are known to heavily influence sleep. The vast 

majority of studies have an acclimation period prior to beginning the experiment to 

ensure the change in environment does not influence the quality and length of sleep of 

the subject. It is thus perfectly sensible to use environmental change as a method of 

sleep deprivation. One such method involves introducing a novel object into the cage. 

Placing novel objects in the cages enables the researcher to introduce a sensory 

stimulus without having to touch the animal. Objects are typically harmless and made of 

plastic, and include tubes, cups, or other toys [17] This simple method has been shown 

to decrease both REM and NREM sleep in both rats and mice [14]. 

 Another effective method of sleep deprivation involves environmental vibration 

using an orbital shaker. Cages are affixed to an orbital shaker with double-sided 

mounting tape [18]. The shaker typically rotates at 100rpm and is set to a cycle of 30s 

on, 90s off during the 12h light cycle for several days (19d) followed by continuous 30s 

on, 90s off during the final 48-hour period. This method has shown decrease both REM 

and NREM sleep and strongly suggests that the effects of sleep fragmentation may be 

equally as severe as those of paradoxical sleep deprivation [18]. 

 Exposing rats to environmental noise has recently been shown to be just as 

effective at depriving sleep compared to more physical methods of sleep deprivation. 

Exposure to environmental noise is a method of partial sleep deprivation where noise is 

typically played 8h/day for 9 days [19]. Results indicate that exposure to noise 

decreased both slow wave sleep and REM sleep while simultaneously increasing 

wakefulness, as well as increased food intake and body weight [19]. 
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One final method of sleep deprivation changed the animal’s environment by 

altering circadian rhythms or the rodent’s light and dark cycle. Rodents are nocturnal so 

altering the normal light cycle will directly impact the amount of time it spends asleep. A 

standard light cycle typically consists of 12 hours of exposure to light and 12 hours of 

exposure to darkness. To change this cycle researches have used 16 hours of light 

exposure with 8 hours of dim light exposure, or 24 hours of continuous lighting [20]. 

Such studies have shown correlation between increasing the exposure to light and 

increased food intake and body weight, as well as body temperature [20]. This method 

appears to be a useful sleep deprivation technique but will not be focused upon.   

 

Pharmacological methods to deprive sleep: 

All of the previously mentioned methods of sleep deprivation were based on a 

physical, tactile or auditory stimulus that kept the animal awake. These techniques tend 

to be easier to implement and rather inexpensive. However, a completely different 

group of sleep deprivation methods is based on administering wake-promoting agents 

to the animals. These agents include pharmaceutical drugs and neurotransmitters that 

function differently to induce wakefulness. One such wake-promoting agent that is 

commonly used is orexin (A and B), a neurotransmitter produced in the lateral 

hypothalamus that regulates wakefulness, arousal, physical activity, energy expenditure 

and appetite [21]. Orexin is a critically important regulator of sleep and is a highly 

effective in increasing locomotor activity, as well as decreasing both REM and NREM 

sleep times [21]. This method is particularly useful because it can be used together with 
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other methods of sleep deprivation and can be controlled depending upon the amount 

of orexin administered.  

Modafinil is another wake promoting agent commonly used in sleep deprivation 

studies. Unlike orexin-B, modafinil is a pharmaceutical drug that is used to treat 

narcolepsy and other disorders. Unlike classic amphetamine-like stimulants modafinil 

elevates hypothalamic histamine levels, which promotes wakefulness [22]. It also 

increases synaptic concentrations of dopamine by inhibiting the reuptake action of the 

dopamine transporter [22]. Modafinil is a relatively safe and effective way to induce 

dose-dependent sleep deprivation in animals.  

 

Effect of Sleep Deprivation on Body Weight, Food Intake and Energy Expenditure 

 The majority of previous experiments measuring the effect of sleep deprivation 

on food intake found that depriving rodents of sleep results in either a decrease in body 

weight or a slower increase in body weight gain compared to a control non-sleep 

deprived animals [10, 11, 23-97].  These body weight results are coupled with increased 

food intake [6, 11, 23, 24, 34, 35, 37, 42, 44, 45, 50, 56, 57, 61, 62, 64, 67, 70, 71, 73, 

75, 77, 78, 80-84, 86-89, 92, 98-109], with few exceptions [26, 29, 32, 39, 40, 51, 55, 68, 

77, 90, 95, 100, 101, 110-114]. If sleep deprivation continues, the animals will continue 

to lose weight to the point of death [89]. Investigators will typically euthanize the animal 

as soon as it begins to display signs of imminent death [95]. It is important to note that 

the methodology for recording food intake has not always been entirely accurate. A 

2006 study showed that many studies claimed to have measured food intake did not 

account for spillage, or the morsels of food left on the bottom of the cage after eating 
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[55]. As a result of this, the reported food intake was less than what was reported, 

subsequently affecting calculations for energy expenditure. Few studies in recent years 

have accurately measured food intake (e.g. measure spillage) while quantitatively 

measuring energy expenditure using indirect calorimetry.  

 In contrast to the majority of studies in the literature, a few studies show that the 

effect of sleep deprivation on feeding or body weight is dependent on other factors. A 

recent study determined if dietary composition and texture modified the effect of sleep 

deprivation on body weight and food intake in response to sleep deprivation.  They 

concluded that a 96h period of sleep deprivation by the disk-over-water method resulted 

in a decrease in body weight coupled with an uncharacteristic decrease in food intake 

[32]. The author’s attributed the decrease in body weight to an increase in energy 

expenditure though energy expenditure was not measured. The author’s concluded that 

elevated plasma glucagon levels may have significantly altered feeding. The rats were 

fed diets that varied in fat content, yet the glucagon increase was present among 

rodents across the diets. Interestingly, rats fed the chow pellets decreased in food 

intake, while rats fed the liquid diet increased food intake and rats fed the high-fat diet 

had statistically similar food intake compared to the controls. In another experiment 

three groups of rats were sleep deprived for 12h, 24h or 36h [101] and focused on the 

repair processes and synapse ultrastructure of different brain areas. Rodents sleep 

deprived for 12 or 24h showed a significant increase in food consumption, but rodent 

deprived for 36h consumed less food compared to non-sleep deprived rodents. The 

authors hypothesized that this was due to the repair mechanisms in the neurons and 

synapses being weakened after 36h despite that food consumption varied in response 
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to the duration of sleep deprivation. A 2009 study observed the relationship between 

female gonadal hormones (estradiol and progesterone) and sleep deprivation and 

reported an increase in body weight after a 6h period of sleep deprivation by gentle 

handling [115]. The study concluded that “Estradiol promotes arousal in the active 

phase in sleep- satiated rats, but after sleep loss, both estradiol and progesterone 

selectively facilitate REMS rebound while reducing NREMS intensity” [115]. It is difficult 

to determine the contribution of estradiol to sleep/wake and body weight given that high 

and low doses of the hormone had the same result. Body weight gain was almost 

identical in the group that received low estradiol, or both low estradiol and low 

progesterone, indicating that progesterone has very little affect on body weight gain in 

response to sleep deprivation. This was confirmed because the low progesterone group 

showed similar body weight gain compared to the control group that received oil. Taken 

together these studies suggest that palatability of the diet and gonadal hormones 

modifies the effect of sleep deprivation on body weight and food intake and that the 

duration or severity of sleep deprivation influences feeding.  

The effect of sleep deprivation on physical activity remains inconclusive [6, 10, 

20, 23, 29, 31, 33, 38, 43, 46-49, 53, 66, 75, 90, 96, 98, 99, 111, 116-139]. One reasons 

for the inconsistent effects of sleep deprivation on physical activity may be related to the 

variety of methods used across studies to quantify physical activity.  Second, some 

studies use forced physical activity as a method to deprive sleep, which may confound 

the amount of voluntary physical activity that occurs in response to sleep deprivation. 

For example, body weight was reported to have increased after sleep deprivation due to 

forced activity during both active and rest phase, the latter phase when rodents typically 
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sleep [112]. Rats subjected to 8h of forced activity via a rotating drum 5 d/week for 4-5 

weeks experienced an increase in body weight with no change in food intake compared 

to control. However, the rats in the group that were sleep deprived during their active 

phase exhibited more normal blood glucose and triglyceride levels that were not 

significantly different compared to the controls who were not sleep deprived. An 

increase in body weight with no change in food intake implies that energy expenditure 

decreased, although this was not measured in this experiment. This seems paradoxical 

because forced exercise typically increases energy expenditure, so it is unclear why 

there is a reported weight gain. Also, this study performed sleep deprivation during the 

active phase when one would expect the rats to be awake while most sleep deprivation 

studies are performed during a rat’s sleep phase. Hence, it is unclear if rats were in fact 

sleep deprived since they were allowed to rest during their normal sleep/rest period.  

 Another experiment tested the effects of normal exercise (50 min./ day for 40 

days) on sleep in young (3 months) and old (22 months) rodents [59]. The older rats 

experienced results that were supported by other literature; mainly a decrease in body 

weight but the younger rats experienced an increase in body weight. The author’s 

concluded that the divergent body weight response to forced activity was largely due to 

the significant decrease in CSF levels of hypocretin in the old rats as compared to the 

younger group. The study suggested that regular exercise could improve the sleep 

architecture that tends to worsen with increasing age, and this data can be compared 

with similar studies performed on elderly humans [140].  

A decrease in body weight paired with an increase in food intake implies that 

sleep deprivation increased energy expenditure in the animals. A large percentage of 
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studies measuring the effects of sleep deprivation on food intake and body weight imply 

or state in the conclusion that increased energy expenditure is responsible for 

decreased body weight and increased food intake; however few were able to support 

their conclusion with experimental data. We are now able to use indirect calorimeter to 

calculate energy expenditure quantitatively by simultaneously measuring oxygen 

consumption and carbon dioxide production paired with sleep/wake quantification to 

determine the effect of sleep deprivation on energy expenditure. Despite that many 

previous studies have suggested increased energy expenditure is a direct result of 

sleep deprivation, current research continues to be done to measure energy 

expenditure explicitly during sleep deprivation  

 A small number of studies have quantitatively measured energy expenditure 

either during sleep deprivation.  One such study used the rotating drum method to sleep 

deprive rodents (20h/d for 8d) and measured energy expenditure by doubly labeled 

water for the final three days during sleep deprivation [141]. Sleep deprivation 

attenuated weight gain, had no effect on caloric intake and increased energy 

expenditure relative to control rats allowed to sleep ad libitum. Another study used the 

multiple platform technique method to sleep deprive the rodents for 20 days. They 

measured metabolic rate by indirect calorimetry, measuring CO2 production and O2 

consumption [61]. The study determined that metabolic rate increased significantly 

during the period of sleep deprivation and returned back to baseline levels within 48h of 

recovery [61].  
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PURPOSE AND HYPOTHESIS 

Based on the inconsistent effect of sleep deprivation on energy expenditure 

measured during energy expenditure [29, 39, 61], the purpose of this study was to 

determine whether chronic sleep deprivation augments energy expenditure and 

contributes to weight gain observed previously [19]. We also determined whether 

chronic sleep deprivation by environmental noise, which has been validated and shown 

to reduce sleep and increase body weight, parallels changes in physical activity and 

feeding [19].  We hypothesized that energy expenditure and physical activity will 

decrease or remain unchanged in response to chronic sleep deprivation by 

environmental noise. 

 

METHODS 

Animals: 

Three to four month old male Sprague-Dawley rats (N = 6 (n = 3/cohort)) were 

housed individually in indirect calorimeter chambers in a room with a 12 h light–12 h 

dark photoperiod (lights on at 06:00) in a temperature controlled room (72-75°F). 

Rodent chow (Teklad rodent diet 8604, Harlan, Madison, WI) and water was available 

ad libitum throughout the experiment. Protein, fat, and carbohydrate provided 33%, 14%, 

and 53% of calories, respectively, with a metabolizable energy of 3.1 kcals per gram. All 

studies were approved by the Institutional Animal Care and Use Committee at the 

University of Arizona.  
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Experimental protocol:  

The Sprague-Dawley rats were subjected to partial sleep deprivation during the 

light phase [8 h/day beginning at 09:00 and ending at 17:00] for nine consecutive days 

after a three-day acclimation period in the indirect calorimeter chambers. Sleep 

deprivation was achieved by exposing the animals to environmental noise, which has 

been validated previously [19]. A 15-minute recording was repeated 32 times in an 

iTunes playlist. 

Prior to sleep deprivation the animals were placed into their indirect calorimeter 

chambers for a period of 3 days to acclimate to the new environment. After the 3-day 

period the animals were sleep deprived by environmental noise for a period of 9 days 

(8h/d during the light cycle). There was a 2-day recovery period from the sleep 

deprivation at the end of the 9 days. Energy expenditure was measured continuously 

throughout the entire study (Promethion-C Continuous, Sable Systems International Las 

Vegas, NV). Food intake, body weight and spillage were measured daily at 09:00. This 

took approximately 30 minutes daily during which time the sampling tube from the 

chambers were disconnected. Hence, this resulted in sudden decrease in energy 

expenditure. Energy expenditure (total, resting and non-resting), resting metabolic rate, 

respiratory quotient, and physical activity were measured continuously by the indirect 

calorimetry equipment (Promethion-C Continuous, Sable Systems International Las 

Vegas, NV).  
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RESULTS 

The ANOVA for body weight gain among all animals failed to reach statistical 

significance (P = 0.0572, Figure 1A). For rodents in the first cohort, body weight gain for 

two of the three rats did not change between the baseline and the sleep deprivation 

periods (Figure 1B). The third rat had a sight decrease in body weight gain between the 

baseline and sleep deprivation period (Figure 1B). Between the sleep deprivation and 

recovery period, one rat had a slight increase in body weight, one had a decreased 

body weight gain, and the third gained weight (Figure 1B). In the second cohort, two of 

the three rats gained weight between the baseline and sleep deprivation periods, while 

the third had a decreased body weight gain (Figure 1C). Between the sleep deprivation 

and recovery periods, all three rats had a decreased body weight gain (Figure 1C).  

The ANOVA for food intake among all animals was not significant (P = 0.5524, 

Figure 1D). In the first cohort all rats increased their food intake between the baseline 

and sleep deprivation periods (Figure 1E). Between the sleep deprivation and recovery 

periods, two rats maintained their food intake while the third rat decreased his food 

intake (Figure 1E). In the second cohort two of the three rats decreased their food 

intake between the baseline and sleep deprivation periods, while the third increased his 

food intake (Figure 1F). Between the sleep deprivation and recovery periods, two rats 

decreased their food intake while the third increased his food intake (Figure 1F).  

Figures 2A and 2B show total energy expenditure and resting energy expenditure, 

respectively, during the acclimation, sleep deprivation, and recovery periods. The 24h 

data suggests that the values for both total and resting energy expenditure remained 

relatively constant throughout the experiment. Figure 2C shows 24h data for the 

 16 



respiratory quotient and showed very high variability with the lack of a noticeable trend. 

Figures 2D and 2E showed distance traveled throughout the experiment; the rats slowly 

exhibited physical activity over the first 5 days of sleep deprivation but there was high 

variability during the last 4 days of sleep deprivation and all throughout recovery. Meal 

number slowly increased until day 5 of sleep deprivation (Figure 2F) where it sharply 

decreased up until day 7. It peaked again at day 9 of sleep deprivation and then 

decreased during the recovery period. While there were no clear trends for 24h energy 

expenditure data, the higher resolution data for energy expenditure (Figure 3) did yield 

some clear results.  

Figures 3A and 3B show total energy expenditure (in kilocalories) and physical 

activity (in meters) during the sleep deprivation and recovery periods, respectively. In 

Figure 3A the diurnal circadian rhythm appears to be disrupted, as evidenced by the 

disappearance of the normal pattern in both total energy expenditure and physical 

activity during days 7-9 of sleep deprivation. There is also an overall decrease in energy 

expenditure and physical activity during the same time period. Physical activity and 

energy expenditure both increase during the dark cycle and decrease during the light 

cycle for the first 7 days of sleep deprivation, which represents normal behavior. The 

resting metabolic rate for this particular animal was approximately 2.3kcal/hour.  

 A similar disturbance in the diurnal circadian rhythm is present during days 2-3 of 

the recovery period. The typical pattern of increasing and decreasing energy 

expenditure and physical activity during the dark and light cycles, respectively, is no 

longer present. An overall decrease in energy expenditure and physical activity 

accompany the disrupted circadian rhythm during the last two days of recovery just as it 
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had in days 7-9 of sleep deprivation. The resting metabolic rate for this animal during 

the recovery period was also 2.3kcal/hour.  

 Figures 3C and 3D show total energy expenditure, physical activity and food 

intake during the sleep deprivation and recovery periods, respectively. In these figures 

we see the exact same patterns for total energy expenditure and physical activity as in 

Figures 3A and 3B. For the first 7 days of sleep deprivation food intake increases during 

the dark cycle and decreases during the light cycle, which is representative of normal 

behavior. However, in days 7-9 of sleep deprivation the animal increases food intake 

during the light cycle (Fig. 3C). Figure 3D shows the same disruption in diurnal rhythm 

as Figures 3A and 3B, but also shows a lack of feeding pattern in the last 48 hours of 

recovery. As seen in Fig 3D the animal increases food intake during the light cycle 

during this time period. Total energy expenditure is greatest in the 24 hours immediately 

following sleep deprivation.   
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FIGURE. 1 Food intake and body weight changes during acclimation, sleep deprivation, 

and recovery periods. (A) Average body weight gain for rats in both cohorts. (B and C)  

Body weight gain for each individual rat in cohort 1 and cohort 2. (D) Average food 

intake for rats in both cohorts. (E and F) Food intake for each individual rat in cohort 1 

and cohort 2.  
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FIGURE. 2 (A) Average 24h total energy expenditure for rats in both cohorts. (B) 

Average 24h resting energy expenditure for rats in both cohorts. (C) Average 24h RQ 
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for rats in both cohorts. (D) Average number of meters walked for rats in both cohorts in 

24h. (E) Average total distance traveled for rats in both cohorts in 24h. (F) Average 

number of meals consumed in 24h.  

 

 

FIGURE. 3 Second-by-second data for total energy expenditure (red) and physical 

activity (green) for both the sleep deprivation period (A) and recovery period (B). Grey 

boxes represent the dark cycle. Estimated resting metabolic rate (red line) and peak 

rate of energy expenditure due to physical activity (green line) during sleep deprivation. 
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FIGURE. 3 Second-by-second data for total energy expenditure (black), physical activity 

(grey) and food intake (red) for both the sleep deprivation period (C) and recovery 

period (D). Grey boxes represent the dark cycle. Estimated resting metabolic rate (black 

line) and peak rate of energy expenditure due to physical activity (gray line) during sleep 

deprivation. 
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Discussion  

 

The goal of our study was to determine how chronic sleep deprivation affects 

energy expenditure and physical activity and we hypothesized that energy expenditure 

and physical activity will decrease or remain unchanged in response to chronic sleep 

deprivation by environmental noise. The results show that on average rats gained 

weight during the sleep deprivation period and gained less weight gain during the 

recovery period, but neither results achieved statistical significance. The results for body 

weight change and food intake for each individual cohort were not particularly revealing. 

Total energy expenditure was altered towards the end of the sleep deprivation and 

recovery periods, but that was only detectable when the data were expressed at a 

higher-resolution (Figure 3) but not when the data were expressed as total mean 24h 

energy expenditure (Figure 2).  

 The results of our study were quite different from past sleep deprivation studies. 

That is due to the fact that the majority of methods previously used for sleep deprivation 

used physical methods (e.g. forced activity, water immersion, tactile stimulation), which 

caused the rats to lose weight. This result is contrary to weight gain observed among 

sleep deprived humans. Thus these past methods that used physical means are not a 

good model for testing what happens to sleep deprived humans. While the previously 

used physical methods cause weight loss, sleep deprivation by environmental noise 

causes weight gain. Thus sleep deprivation by environmental noise is a more realistic 

model for sleep deprivation and body weight gain in humans [19]. Previous methods of 

sleep deprivation cause hyperphagia and increased energy expenditure, while our 
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experiment observed no significant changes in food intake and a decrease in energy 

expenditure possibly due to altered and dampened diurnal circadian rhythmicity in 

energy expenditure.   

 Several differences set this experiment apart from others conducted in the past. 

As mentioned before, the method of sleep deprivation between this study and past is 

different The most commonly used methods of sleep deprivation use physical means to 

deprive sleep such as forced activity, water immersion, or gentle handling. These 

physical methods almost always resulted in weight loss. Using environmental noise to 

sleep deprive causes weight gain and hyperphagia. 

 The second difference between this study and past is that energy expenditure 

was continuously measured via indirect calorimetry before, during and after chronic 

sleep deprivation.  Our rats were placed in indirect calorimetry chambers that measured 

CO2 production, O2 consumption and water vapor simultaneously, allowing us to 

quantitatively and accurately measure energy expenditure. This data was collected 

every second before, during and after chronic sleep deprivation. No previous studies 

have continuously measured energy expenditure throughout the entire experiment 

(before, during and after chronic sleep deprivation). This continuous measurement 

allowed us to obtain high-resolution data, which displayed clear trends in the circadian 

rhythm affected energy expenditure not noticeable in the 24h data.  

 When rats eat their rodent chow, small pieces of uneaten food (e.g. spillage) fall 

to the bottom of their cages. Past studies typically measure food intake as the difference 

between food weight before and after a given period and do not account for spillage, 

which has shown to erroneously overestimate food intake [55]. In our experiment 
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spillage was collected every day and was subtracted from the amount of food missing 

from the hopper. Thus we determined the true amount of food that the animal actually 

consumed. This is yet another reason that makes our study rather unique.   

In conclusion, there was no statistically significant change in food intake or body 

weight during the 9-day sleep deprivation period compared to the acclimation period. 

There was also no significant change in physical activity based on our results. However, 

upon looking at the higher resolution data it was clear that total energy expenditure had 

changed toward the end of the sleep deprivation period as well as the end of the 

recovery period. This was accompanied by an increase in feeding activity and physical 

activity during the light cycle, which is uncommon for diurnal rats. This information may 

suggest that chronic sleep deprivation alters a rats’ diurnal circadian rhythm, which can 

affect both its energy expenditure and feeding behavior.  
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