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IT IS WELL ESTABLISHED THAT CHRONIC SLEEP 
DEPRIVATION OF RATS RESULTS IN SIGNIFICANT 
MORBIDITY.1-3 A CLUSTER OF PATHOLOGIES OR syn-
dromes develops that includes elevated energy metabolism, 
changes in circulating hormones, debilitation of physical ap-
pearance, loss of immune integrity, and many others. Adapta-
tion to sleep deprivation is not possible because if unremitting, 
it is always fatal.4,5

A general feature of the rat sleep deprivation literature is that 
when applied over many days, it often results in two readily 
noticeable outcomes: hyperphagia with loss of body weight. 
These sleep deprivation effects are reliably observed with the 
chronic disc-over-water (DOW) paradigm4-10 developed by Re-
chtschaffen and Bergmann7; on the other hand, food intake pat-
terns with the more commonly used flowerpot/platform11 para-
digm and its variants12,13 have not been as consistent. If the time 
course is for 4 to 6 days, some studies show hyperphagia13-22 
while others do not,23-26 but extending sleep deprivation to 10 or 
more days always leads to hyperphagia with declines in body 
weight.18-20

Some of the mechanisms driving increased food intake with-
out gains in body weight are now better understood. The hyper-
phagic response is linked to decreases in circulating leptin,6,18 and 

within the hypothalamic arcuate nucleus, there is up-regulation 
of the orexigen, neuropeptide Y (NPY), and down-regulation of 
the anorexigen, α-melanocyte stimulating hormone (α-MSH).20 
These changes are in agreement with the current understanding 
of how pathways prompting food intake are stimulated.27 The 
loss of body weight or the inability to gain it during sleep de-
privation can be explained by development of increased energy 
expenditure4,5,9,28,29 and resting metabolic rate,18 mediated by a 
robust stimulation of gene expression of uncoupling protein 1 
in mitochondria of brown adipose tissue.18

Recently, the precept of sleep deprivation hyperphagia in the 
rat was challenged experimentally. Martins et al. sleep-deprived 
rats for 5 days using the flowerpot/platform method.30 Standard 
chow was used to measure 24-h food intake and spilled crumbs 
were collected from the surrounding water, separated from 
waste, and dried to obtain a more accurate measure of food in-
take. Finding no substantial change, the authors concluded that 
food intake does not increase across 5 days of sleep depriva-
tion. They suggest that reports of sleep deprivation hyperphagia 
may be artifacts of experimental conditions, and that despite 
increased energy expenditure, rats are unable to compensate by 
eating more, thus causing a loss in body weight.

Because there is a general lack of consensus in the literature 
with respect to hyperphagia and sleep deprivation using the flow-
erpot/platform method and its variants, we posit that the drive 
to eat is either inadequately met—perhaps because of spillage 
or insufficient caloric ingestion—or that longer periods of sleep 
deprivation are needed to fully promote increased food intake. To 
clarify this matter, we employed a palatable liquid diet (Ensure) 
and special feeding tubes where spillage is negligible. The flow-
erpot/platform method was used for 10 days compared to 4 to 5 
days that most investigators use. We find that sleep deprivation 
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causes a failure to gain body weight across 10 days while signifi-
cantly increasing food intake beyond day 5 that is correlated to an 
increase in NPY mRNA in the hypothalamic arcuate nucleus.

MATERIALS AND METHODS

Animals

Two-month old male Sprague Dawley rats (Harlan, India-
napolis IN) were housed individually in standard shoebox plastic 
cages. Photoperiod was a 12:12 light-dark cycle with lights on at 
09:00. During the first 2 weeks in the facility, rats were fed chow 
ad libitum (Teklad rodent diet 8604 [www.teklad.com], Madison 
WI). All of the rats were then adapted to a liquid diet (Ensure, 
Creamy Milk Chocolate Flavor, Abbott Laboratories [www.en-
sure.com]) using 150 mL-capacity feeding tubes (product 9007, 
Bio-Serv, Frenchtown, NJ; [www.bio-serv.com]). Caloric con-
tents of chow and Ensure are as follows. Chow has 3.1 kcal/g; 
approximately 54% and 13% of kcal are obtained from carbohy-
drate (starches, simple sugars) and fat (soy, other vegetable oils), 
respectively. Ensure has 1.06 kcal/mL; approximately 35% and 
20% of kcal come from carbohydrate (sucrose, corn syrup) and 
fat (soy, other vegetable oils), respectively. All experimental pro-
cedures were approved by the Institutional Animal Care and Use 
Committee of Morgan State University, and they comply with 
National Institutes of Health guidelines.

Sleep Deprivation Paradigm

The flowerpot/platform paradigm was used to enforce sleep de-
privation for 10 days. The method has been previously described 
in detail.18,20 Briefly, Plexiglas tanks are divided into 5 compart-
ments, each 30 x 30 x 30 cm. In previous experiments,18,20 rats 
were 6 months of age; because of their larger size, 10-cm plat-
forms were used, and compartment height was increased to 40 
cm with an add-on lip. For the current study involving younger 
and smaller rats, each compartment had a 6.5-cm diameter plat-
form atop a 10-cm high pedestal that is surrounded by water to 
about 1 cm below the platform surface. Warm water (~ 30°C) 
flowed continuously through the tanks to carry away waste; the 
top of each compartment was closed with a perforated lid.

Stainless steel clamps held feeding tubes in place within 
easy access of the platform; drinking water was provided with a 
standard overhead water bottle. The design of the feeding tube 
requires the rat to lap the liquid diet, obviating any spillage. 
While residing on the platform, a rat can engage in grooming 
and exploratory behaviors. It can obtain some slow wave sleep 
but upon entering REM (i.e., paradoxical) sleep, the loss of 
muscle tone causes the rat to make contact with the water, and 
it awakens. Consequently, the flowerpot method is selective for 
abolishing REM sleep, but it also fragments slow wave sleep.31 
For simplicity, we will refer to sleep deprivation while realizing 
that it is mostly deprivation of REM sleep.

Experimental Procedures

During the time rats were eating chow and then adapted to 
Ensure, they were accustomed to the novel environment of the 
water-filled sleep deprivation tanks by placing them on the 6.5-

cm platforms for 1 h each day. Body weights and the amount 
of food eaten during the previous 24 h were obtained daily be-
tween 09:00-10:00. The study involved 8 rats undergoing sleep 
deprivation and 5 rats in their home cages as controls.

Tissue Preparation

On the final day of the experiment (i.e., day 10), rats were 
anesthetized with an overdose of sodium pentobarbital (100 
mg/kg, ip), administered heparin (100 U) directly into the heart, 
and perfused transcardially with saline containing 2% sodium 
nitrite followed by 2.5% acrolein in buffered 4% paraformal-
dehyde.20 The brains were removed and sunk in 30% sucrose 
solution, frozen, and sectioned at 25 µm on a freezing sliding 
microtome into 1-in-12 series. The sections were collected in 
cryoprotectant antifreeze solution.32 Sections were stored at 
−20°C until they were processed.

NPY Probe Preparation, Hybridization, and Detection

The methods used were described in detail previously,20 but 
briefly, we used NPY cDNA (a generous gift of Dr. A. Sahu, 
University of Pittsburgh) that contains an insert with most of 
the cDNA of rat brain NPY ligated into the EcoRI site of the 
Bluescribe M13 vector.33 The antisense NPY riboprobe was 
made by linearizing plasmid with FspI and transcribing with T3 
RNA polymerase to yield a probe of 511 bp; the sense-strand 
riboprobe was made by linearizing with SmaI and transcribing 
with T7 RNA polymerase.

In situ hybridization reactions involved hybridization with 
the biotinylated riboprobe and detection using the avidin-biotin 
complex (ABC) method initially described by Berghorn et al.,34 
except that the concentration of the chromogen-peroxide solu-
tion was lowered as described in Koban et al.20 The method 
reveals clusters of specific mRNAs within cells whose level of 
expression is measured by quantifying the optical density (OD) 
of the arcuate nucleus NPY population. Cells on each side of 
the arcuate nucleus in a 1-in-12 series of sections were analyzed 
and the data expressed as the mean OD ± SEM.

Data Analysis

Data were analyzed using one- or two-way ANOVA fol-
lowed by the Dunn or Bonferroni post-tests, respectively. For 
one-way ANOVA, if the Bartlett test for equal variances was 
significant, the nonparametric Kruskal-Wallis test was run. For 
comparisons of 2 sets of data, the t-test was used. Correlation 
analyses were determined using the Pearson correlation. In all 
tests P ≤ 0.05 was considered significant. Data are presented as 
mean ± standard error of the mean (SEM). Statistical analyses 
were done using GraphPad Prism, version 5.01 for Windows 
(GraphPad Software, San Diego, CA; www.graphpad.com).

RESULTS

Food Consumption

With a liquid diet, accurate measurements of daily food in-
take were possible with practically no waste. The amount of 
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Ensure consumed each day as kcal is shown in Figure 1A. Food 
intake was first analyzed over the entire experimental time 
course. Two-way ANOVA revealed significant effects of inter-
action (F10, 149 = 2.72; P = 0.0042) and treatment (F1, 149 = 19.04; 
P < 0.0001), but not for day of experiment (P = 0.0884). The 
Bonferroni post test showed significant differences between 
sleep-deprived and control rats on days 9 and 10.

Next, the 10 days of sleep deprivation were divided into 
equal halves of 5 days each. This was done because the major-
ity of flowerpot studies are terminated at 4 or 5 days. There was 
a significant difference in food intake using one-way nonpara-
metric ANOVA (KW = 20.3, P = 0.0004). The Dunn multiple 
comparison test showed that during the first half of the experi-
ment, there were no differences in average food intake across 
baseline, during days 1-5 and 6-10 for home cage control rats, 
and for rats sleep-deprived during days 1-5. But for rats sleep-
deprived during days 6-10, there was an increase in average 
consumption of Ensure of 29% compared to the other groups (P 
< 0.001; Figure 1B).

Body Weight

Daily changes in average body weight while consuming 
Ensure during baseline for all rats, and over 10 days of sleep 
deprivation or as controls are shown in Figure 2A. There was 
a steady daily gain of body weight for all rats during baseline 
and the 5 rats kept as controls for the remainder of the experi-
ment. Two-way ANOVA indicated significant effects of inter-
action (F13, 191 = 6.55; P < 0.0001), treatment (F1, 191 = 157.91; 
P < 0.0001), and day of experiment (F13, 191 = 13.99; P < 0.0001). 
Post-testing showed significant differences in body weights be-
tween controls and sleep-deprived rats beginning with day 3 
until day 10.

Early during sleep deprivation, the average body weight of 
rats showed a decreasing trend, but by day 5 it appeared to level 
off (Figure 2A). Overall, the body weight of sleep-deprived rats 
did not change beyond the last day of baseline. Nevertheless, 
an important observation is that they failed to gain body weight 
during the 10 days of the experiment, despite significantly high-
er daily intake of a palatable and calorie-dense food compared 
to controls during the latter half of the experiment. As expected, 
control rats had a steady increase in body weight of about 4 g 
per day. By day 10, control rats gained an average of 38.4 ± 4 g 
compared to only 4.4 ± 5.5 g for sleep-deprived rats (t = 4.35, P 
= 0.049). The high SEM of rats undergoing deprivation of sleep 
(i.e., 5.5 g) is explained by the variation in body weight we 
observed during the 10-day regimen. One rat gained 33 g while 
another lost 15 g; the remainder showed only small changes 
from baseline. Similar to the food intake data, we separated 
changes in body weight for days 1-5 and days 6-10 (Figure 2B). 
The principal finding is that on the whole, sleep-deprived rats 
had significantly lower body weights throughout the experi-
ment compared with controls (KW = 62.88, P < 0.0001).

Hypothalamic NPY mRNA

Specific clusters of NPY mRNA are seen in neurons of the 
cortex, hippocampus, and arcuate nucleus of the hypothalamus 
with antisense, but not sense probes. We focused our attention 

on levels of NPY mRNA in the neurons of the hypothalamic ar-
cuate nucleus because these cells are among the most important 
central regulators of food intake.27 In Figure 3 are micrographs 
showing NPY mRNA expression in the arcuate nucleus of rep-
resentative control (panels A and C) and 10-day sleep-deprived 
(panels B and D) rats. As is apparent when the neurons were 
examined under high magnification (panels C [control] and D 
[sleep deprivation]), the difference in cell intensity arose from 
the increased number of mRNA clusters within the cytoplasm, 
estimated as optical density (OD) units. After 10 days of sleep 
deprivation, NPY mRNA was about 35% higher compared to 
the same neuron population of control rats (Figure 4; 838.6 ± 45 
and 619.8 ± 56 OD units, respectively; t = 3.038, P = 0.0113).

We found correlations between changes in body weight over 
5 days of sleep deprivation, food consumption over the last 5 
days of sleep deprivation, and NPY mRNA expression on day 
10. These data are illustrated in Figure 5. The data points for 
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Figure 1—Panel A: Food intake (Ensure) as kcal/day. Two-way 
ANOVA showed significant effects of interaction (F10, 149 = 2.72; 
P = 0.0042) and treatment (F1, 149 = 19.04; P < 0.0001), but not for 
day of experiment (P = 0.0884). The Bonferroni post test showed 
significant differences between sleep-deprived and control rats on 
days 9 and 10. *P < 0.05, **P < 0.01
Panel B: Ten days of experiments were divided into equal halves. 
There was an overall difference in food intake (KW = 20.3, P 
= 0.0004). The Dunn post test found a significant increase (P < 
0.001) of 29% more daily consumption of Ensure for sleep-de-
prived rats over days 6-10 compared to the other groups. Groups 
not sharing a common lower-case letter are statistically different 
from one another at P < 0.05 or less.
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of NPY mRNA expression on day 10 against food consumed 
during the final 5 days of sleep deprivation (panel C). The pre-
dictive value of the data is that there was a positive correlation 
between the parameters (r2 = 0.3102, P = 0.048), so that as ex-
pression of NPY mRNA increased, more food was consumed.

DISCUSSION

The purpose of this experiment was to more definitively inves-
tigate the tenet of sleep deprivation hyperphagia of rats. As has 
been pointed out, hyperphagia is the outcome observed in stud-
ies of chronically enforced sleep deprivation4-8,10,18-20; however, 
in many instances when the sleep deprivation regimen is shorter 
(i.e., 4 to 6 days), hyperphagia is not found.23-26 Of particular 
interest is that Martins et al. recently questioned if hyperphagia 
even occurs when sleep deprivation is held to 5 days.30 We will 
attempt to explain that some of the differences may be due to 
the methodology by which sleep deprivation is enforced and the 
manner of food delivery. But more importantly, we believe that 
the critical factor is the time course of sleep deprivation.

Regardless of whether one employs the simple flowerpot/
platform or the technically sophisticated DOW method, both 
paradigms involve the rat making contact with water to main-
tain wakefulness. It is therefore not surprising that chow can be 
scattered with spillage into the surrounding water. Indeed, in 
another recent study by Tufik’s group, evidence suggested that 
sleep-deprived rats become more “sloppy” in consuming food 
because they increasingly engage in gnawing behaviors.35 In 
our previous studies, we noted that chow crumbs were found in 
the water daily.18-20 Crumbs could not all be recovered to correct 
for spillage because the tanks were designed with a water flow-
through system. Admittedly, food intake measurements for 10 
to 20 days of sleep deprivation were overestimates, but how 
much could not easily be determined with our experimental 
conditions; however, upon euthanasia our animals had greatly 
distended stomachs, suggesting that even with increased spill-
age they were eating much more than normal.

Martins et al. have submitted an alternative viewpoint, and 
there is no reason to question their results because the study ap-
pears to be well designed and executed.30 At the same time, we 
are not in agreement with their suggestion that sleep depriva-
tion in rats somehow causes an inability to increase food intake 
as energy expenditure rises. Instead, we propose that within the 
first few days of sleep deprivation, it is the decrease in body 
weight and changes in hypothalamic neuropeptides (e.g., NPY) 
and peripheral hormones (e.g., leptin) regulating food intake 
that later stimulate hyperphagia. To support our perspective, 
several lines of evidence and reasoning are offered.

First, a liquid diet results in negligible waste; we show that 
beyond 5 days of sleep deprivation, food intake increases al-
most linearly. Insofar as we know, there are only 2 other pub-
lished rat studies of sleep deprivation involving a liquid diet. In 
one, a 5-day time course by Hanlon et al. found a small but nev-
ertheless significant increase in food intake using a plain liquid 
diet (Bio-Serve).21 Another study of 4 days of sleep deprivation 
with rats on a more calorie-dense liquid diet (Research Diets) 
resulted in no change in food intake.25 Although food palatabil-
ity and other experimental conditions such as the ratio of the 
body size of the rat to the diameter of the platform36 may be 

sleep-deprived and control rats generally grouped into 2 popu-
lations. In panel A, control and sleep-deprived rats were ana-
lyzed for changes in body weight over the entire time course of 
the experiment against food intake (kcal/day) during the last 5 
days. The Pearson correlation (r2 = 0.4672, P = 0.01) suggests 
that when less weight is gained (as is seen during sleep depriva-
tion), rats consume more food. Next, the same changes in body 
weight over 10 days were plotted against expression of NPY 
mRNA within the hypothalamic arcuate nucleus for control and 
sleep-deprived rats (panel B). Similar to the previous correla-
tion, these data (r2 = 0.4088, P = 0.0186) indicate that during 
sleep deprivation, as body weight is lost or less is gained, there 
is neuroendocrinological evidence pointing to an increased 
drive to consume more food, presumably because of dysregu-
lation of energy homeostasis. Finally, a plot was constructed 
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Figure 2—Panel A: Daily changes in body weight (g). Two-way 
ANOVA indicated significant effects of interaction (F13, 191 = 6.55; P 
< 0.0001), treatment (F1, 191 = 157.91; P < 0.0001), and day of exper-
iment (F13, 191 = 13.99; P < 0.0001). Post testing showed significant 
differences in body weights between controls and sleep-deprived 
rats beginning with day 3 until day 10. **P < 0.01, ***P < 0.001.
Panel B: Ten days of experiments were divided into equal halves. 
By day 10, control rats gained an average of 38.4 ± 4 g compared 
to only 4.4 ± 5.5 g for sleep-deprived rats (t = 4.35, P = 0.049). 
Note that sleep-deprived rats had significantly lower body weights 
throughout the experiment compared to controls (KW = 62.88, P 
< 0.0001). Groups not sharing a common lower-case letter are 
statistically different from one another at P < 0.05 or less.
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nication). We note also that even with the DOW method and us-
ing ordinary chow, the first 5 days of sleep deprivation suggests 
a trend toward increased food intake, but this does not become 
significant until at least 10 days had elapsed.10

Finally, we should mention that making direct comparisons 
between chow and Ensure, a highly palatable and calorie-dense 
human food supplement, is a complicated one. Even though 
Ensure provides more immediate caloric energy than chow be-
cause of its higher disaccharide and fat content per unit volume 
or mass, the important outcome was that all of the rats were 
consuming Ensure, but sleep-deprived rats ate more than the 
controls. This helps strengthens our assertion that sleep depri-
vation hyperphagia is a real phenomenon.

The intricacies of food intake, sleep deprivation, and stress 
are complex issues that have yet to be satisfactorily resolved. To 
begin, consider the matter of food palatability and caloric den-
sity in the context of sleep deprivation and hyperphagia. When 
flowerpot/platform rats were given chow, water, and solutions 
of saccharin or sucrose (5%), they consumed more chow plus 
sucrose solution during sleep deprivation compared to baseline, 
and yet lost body weight.17 A similar pattern was found with 
sleep deprivation enforced by the DOW method. With regular 
chow, high protein, or high calorie (from fat) diets, sleep de-
privation resulted in increased consumption of the high calorie 
food compared to other foods but with failure to gain weight.8 
As previously pointed out, sleep-restricted humans report in-
creased appetite for carbohydrate-rich, calorie-dense foods.37,38 
Perhaps the simplest rationale for stimulation for sleep depriva-
tion hyperphagia, irrespective of enforcement method or caloric 
density or palatability of the food, is that there is a critical need 
to fuel the ensuing increase in metabolism.4,5,9,18,28,29 Clearly, 
since sleep deprivation results in loss of body weight or a fail-
ure to gain it, caloric input is not met by caloric output. This 
is reinforced by substantial mobilization of liver and skeletal 
muscle glycogen even by day 5 (Koban, unpublished observa-
tions) and the emaciated conditions of rats following chronic 
sleep deprivation.3 Another explanation is that palatable foods 
rich in fats or carbohydrates are preferred because they some-
how mitigate feelings of stress.17,37,40

important determinants of how much food is eaten, it is prob-
ably the length of sleep deprivation that establishes onset of 
noticeable hyperphagia. From our results, at least 6 days appear 
to be necessary.

Second, the behavioral drive of rats to consume more food 
during sleep deprivation is borne out by appropriate changes 
in mRNA and immunoreactive peptides of hypothalamic NPY 
and POMC20 and of circulating leptin.6,18 We showed earlier that 
these changes were statistically significant by day 5 of sleep 
deprivation.18,20 In studies of human sleep restriction, stimula-
tion of feelings of hunger or the desire to eat calorie-dense foods 
are consistent with changes in serum leptin and ghrelin that oc-
cur within a short period of the experimental time course.37,38

Third, description of food intake with the DOW apparatus 
mentions in detail how feeders were designed to minimize 
waste.8,39 Moreover, it has been brought to our attention that in 
many of Rechtschaffen’s studies, scattered crumbs were col-
lected from the water to correct for the actual amount of food 
eaten (Dr. Paul Shaw, Washington University, personal commu-

Figure 3—NPY mRNA was visualized within neurons of the hy-
pothalamic arcuate nucleus and was analyzed as optical density 
units from representative rats. Panels A and C are of a home cage 
control rat; panels B and D are of a rat sleep-deprived for 10 days. 
The low power micrograph in panel A (control) shows that NPY 
mRNA within the cells is less intense than that in arcuate cells of 
the sleep-deprived rat (panel B). At high magnification (panels 
C and D), the increase in cell intensity is apparent as increased 
number of mRNA clusters within the cytoplasm. Calibration bars 
– low power, 100 µm; high power, 10 µm.
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Figure 4—Overall mean NPY mRNA optical density (OD) of 
NPY mRNA within the arcuate nuclei was approximately 35% 
higher in 10-day sleep-deprived rats compared to home cage con-
trols (838.6 ± 45 and 619.8 ± 56 OD units, respectively; t = 3.038, 
P = 0.0113).
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Analysis of the interactions among the various measures 
taken in the present study and their timing shed some light 
as to the sequence of events that leads to hyperphagia during 
chronic sleep deprivation. The earliest sign of dysregulation 
was the failure to gain weight. By day 3 of sleep deprivation, 
rats weighed significantly less than the controls. From earlier 
studies, the reduced body weight represented stimulation of 
metabolism,4,5,9,18,28,29 likely resulting from high sympathetic 
tone.28,41,42 The extent to which weight gain was reduced cor-
related with the eventual magnitude of up-regulation of NPY 
mRNA. Within the next 2 days, increased food intake of sleep-
deprived rats reached significance. It is at this same time that 
NPY mRNA increased and POMC mRNA showed a significant 
decline,20 as did circulating leptin.18 The fact that the amount of 
food consumed in the last 5 days of the present experiment was 
predicted by the magnitude of NPY mRNA expression suggests 
that synthesized NPY is effective in prompting feeding.

Several examples from the literature were pointed out where 
no change in food intake was found with rats experiencing 4 or 5 
days of sleep deprivation.23-26 Data from the present study suggest 
that sleep deprivation hyperphagia emerges only after 5 days. 
While the exact timing of when food intake will rise during sleep 
deprivation will vary with the caloric content of the diet and the 
ease and efficiency by which it can be eaten, our findings point 
clearly to an eventual increase in food intake that follows when 
there is failure to gain body weight. Indeed, stimulation of hyper-
phagia is a consequence of chronic sleep deprivation, but there is 
a lag before the level of food intake increases.
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