
Creative Commons 4.0

Sleep-deprived cognitive impairment in aging mice is al-
leviated by rapamycin
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Abstract
Background: Sleep deprivation-induced cognitive impairment is a major health concern and an age-related risk 
factor for dementia. There is an urgent need to develop ways of preventing the adverse neurological effects of 
sleep deprivation, but current preclinical animal models of short-term sleep deprivation are not well described. 
Methods: C57BL6 mice of varying ages were sleep deprived for 4 hours a day for 4 days, and then tested with a 
Box maze navigation task.
Results: Sleep deprived mice at young, middle and older ages showed learning impairment that varied by 
strain and gender. In general, females were more sensitive to sleep deprivation than males. To determine 
whether sleep deprivation-induced learning impairment would respond to therapeutic intervention, an in-
dependent cohort of mice was treated with rapamycin daily during the 4 days of sleep deprivation. Mice that 
were sleep deprived and treated with rapamycin showed significant improvement in learning time suggesting 
that the cognitive impairment might be associated in part with molecular and cellular mechanisms targeted by 
rapamycin. 
Conclusions: The observations from this study suggest that aging mice would be productive models to study 
pathobiology and therapeutic intervention of cognitive impairment triggered by age-related sleeping disorders 
in people.
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Introduction

Sleep deprivation is a major health concern in developed 
countries and is associated with increasing age [1-3]. The 
Center for Disease Control estimates that more than 35% 
of adults in the United States are affected by partial sleep 
deprivation [4-6]. This partial sleep deprivation is defined 
as less than seven hours of sleep, though this changes with 
increasing age [7-8]. Sleep disturbances such as sleep 
fragmentation are occurring with increasing frequency [9-
10] and can increase the risk for age related health issues 
such as cancer, dementia, and heart disease. In addition, 
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sleep deprivation is known to cause exhaustion and im-
paired learning ability. It has been shown that sleep depri-
vation impairs remote memory in aged mice, with changes 
in gene expression in the hippocampus [11]. We now have 
preliminary evidence to suggest that short term sleep de-
privation in mice depletes nitric oxide in the hippocampus 
thereby resulting in acute vascular dysfunction [12].
Since rapamycin (Rap) has been shown to activate ni-
tric oxide (NO) synthase in vascular endothelial cells 
by blocking mTOR resulting in increased NO signaling 
[13] there was rationale to see if Rap could prevent sleep 
deprived cognitive impairment. This report used a novel 
spatial navigation task as a readout for cognitive function 
in short-term sleep deprivation studies in C57BL/6 mice. 
Data are presented showing sleep deprived cognitive im-
pairment occurred in aging mice and was alleviated with 
rapamycin treatment. These observations suggest that 
aging C57BL/6 mice can provide informative data on the 
pathophysiology and therapeutic intervention of cognitive 
impairment triggered by sleep deprivation as a model of 
age-related sleeping disorders in people.
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Materials and Methods

Mice

C57BL/6 mice were obtained from the National insti-
tute on Aging Aged Rodent Colony at Charles River, 
Inc. To determine age-related effects, we used 8, 16, and 
22-month old mice, 10-12/cohort. Only healthy male and 
female mice were used. Mice were housed in a specific 
pathogen-free facility at the University of Washington 
with a standard 12:12 light-dark cycle. Water and food 
(LabDiet 5053) were available ad libitum. All procedures 
were performed as part of an approved scientific protocol 
in accordance with the University of Washington Institu-
tional Animal Care and Use Committee.

Sleep deprivation procedure

This study focused on partial sleep deprivation, using a 
4-hour period of sleep deprivation in contrast to more 
long-term studies [11]. Based on a 12:12 dark/light 
cycle, the animals were sleep deprived starting 4 hours 
after lights came on for 4 hours. Sleep deprivation was 
achieved through continual low stress sleep disturbances 
including cage tapping and gentle stroking of the back 
with a small brush [14-15]. Mice were subjected to 4 con-
secutive days of sleep deprivation 4 hours each day, fol-
lowed by immediate behavior testing after the last sleep-
deprivation session.

Behavioral assessments

The Box maze has been described [16]. Briefly, it consists 
of a rectangular clear hard-plastic box (26.5 cm width, 
30.5 cm length and 29.2 cm height). Each side of the box 
has two holes and each hole has a distinctive decoration 
placed above it. The holes were placed and centered 3 
cm from the bottom of the cage. During the procedure, 
7 of the holes were blocked with one escape hole open 
to a tube leading to an escape cage. Testing consisted of 
four 120 second trials. A trial was scored as completed 
when all four paws were inside the escape hole. The time 
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(latency) to complete the trial was then recorded. If the 
mouse was unable to find the escape hole it was shown the 
escape hole and given a latency time of 120 seconds. Be-
tween trials, odor markers were removed from the maze 
with 70% ethanol.
A standardized Y-maze procedure as described previously 
[17] was used to assess spatial working memory. Each 
arm of the Y-maze was 30 cm long, 8 cm wide and 16 
cm high. Animals were placed at the cross-section of the 
maze and allowed to visit the arms freely for 5 min. Total 
number of arm entries and the number of arm alternations 
was recorded. For each alternation, we determined wheth-
er it was an alternation into a new, not previously visited 
arm. The total percentage of new-arm entries during the 
5-min observation period was calculated for each mouse. 
Between animals, odor markers were removed from the 
maze with 70% ethanol. 

Rapamycin treatment

Rapamycin (LC Laboratories, Woburn, MA) was prepared 
with dimethyl sulfoxide (DMSO) to make a stock con-
centration of 100mg/mL and then mixed into a solution of 
5% Polyethylene Glycol, 5% Tween 80, and 90% Sterile 
H2O. The dose of rapamycin was 8 mg/kg given intraperi-
toneally daily for 7 consecutive days. Control injections 
without rapamycin followed the same procedure. Mice 
were handled for one week prior to starting injections. 
Sleep deprivation began on the fourth day of treatment 
and ended on the seventh day when the experiment was 
terminated. 

Data analysis

Values given in the text and in the figures are indicated as 
mean ± SEM. Differences in mean values were assessed 
with Student’s t-tests or appropriate repeated measures 
(RM) analyses of variance (ANOVAs) or ANOVA. Signif-
icant ANOVAs were followed by multiple post-hoc com-
parisons using Bonferroni t-tests. Statistical analyses were 
performed with Prism (GraphPad Prism, La Jolla, CA) 
and differences were considered significant if P < 0.05.

Figure 1. Sleep deprived female mice show learning impairment at young, middle and old age. (A) 8-month old females. (B) 16-month old 
females. (C) 22-month old females. All trials were performed on the same day and were separated by at least 2 minutes. All data are shown as aver-
ages ± standard error of mean (SEM), 10-12/cohort. Data were analyzed by ANOVA and significant post-hoc comparisons are indicated as follows: 
* P < 0.05.
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Results and Discussion

Sleep deprived mice show age and gender differences 
in cognitive impairment. 

Sleep deprivation induced escape latencies in C57BL/6 
(B6) mice showed significant effects in Box maze trial 
number for age for females (Figure 1A. 8 months; 1B. 
16 months; 1C. 22 months) and gender differences from 
males (Figure 2A. 8 months; 2B. 16 months). RM-ANO-
VA was used to analyze age effects on escape latencies in 
non-sleep deprived and sleep deprived mice. While there 
was no significant effect of age in non-sleep deprived or 
sleep deprived males (each P > 0.05) and in non-sleep de-
prived females (P > 0.05), there was a statistically signifi-
cant effect of age on Box-maze escape latencies in sleep 
deprived females (age effect F (2, 12) = 6.78, P < 0.05). 
RM-ANOVA comparison of Box-maze escape latencies 
by gender revealed significant gender effects in 8-month 
old sleep-deprived mice (gender effect F (1, 23) = 5.99, P 
< 0.05), but only a non-significant trend in 16-month old 
sleep-deprived mice (P > 0.05). The same type of analysis 

did not confirm significant differences between male and 
female non-sleep deprived mice at 8-months of age (P > 
0.05), but differences between non-sleep deprived male 
and female mice were significant at 16-months of age 
(gender effect F (1, 15) = 5.61, P < 0.05). These observa-
tions suggest that both male and female mice have sleep-
deprivation induced learning impairment in the box maze, 
and that this deficit gets worse in female mice as they age.
The study confirmed that aging mice are neurologically 
sensitive to short term sleep deprivation. However, a dif-
ference in severity of learning impairment between young 
and old mice was observed only in females. This obser-
vation is based on the Box maze learning test, so there 
may be other physiological features, such as other types 
of learning tests, memory, anxiety, and metabolic distur-
bances that are age sensitive. Gender differences to sleep 
deprivation in mice were a significant observation. The 
difference was not surprising since numerous studies have 
shown significant gender differences in people exposed to 
just one or two nights of sleep deprivation [18].
One aspect that we have not yet investigated is the ability 
to recover from short term sleep deprivation. We suspect 
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Figure 2. Sleep deprived male 
mice show learning impair-
ment. (A) 8-month old males. 
(B) 16-month old males. All tri-
als were performed on the same 
day and were separated by at 
least 2 minutes. All data are 
shown as averages ± standard 
error of mean (SEM), 10-12/
cohort. Data were analyzed by 
ANOVA and significant post-
hoc comparisons are indicated 
as follows: * P < 0.05 and ** P 
< 0.01.

Figure 3. Rapamycin alleviates sleep deprivation induced behavioral dysfunction indicated by box-maze learning and performance in the Y-
maze. (A) Box-maze escape latencies in non-sleep deprived 22-month old female mice. (B) Box-maze escape latencies in sleep-deprived 22-month 
old female mice.  Both groups were treated with vehicle (saline) or rapamycin. Latencies were recorded during 4 trials as the time to enter the escape 
hole in the box maze apparatus. All trials were performed on the same day and were separated by at least 2 minutes. (C) Percentage of new-arm altera-
tions in the Y maze by non-sleep deprived and sleep-deprived 22-month old female mice that were treated with vehicle (saline) or rapamycin. All data 
are shown as averages ± SEM, 10-12/cohort. Data were analyzed by ANOVA and significant post-hoc comparisons are indicated as follows: * P < 0.05 
and ** P < 0.01.
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that older mice will take longer to recover back to homeo-
stasis than younger mice, ie., younger mice will be more 
resilient to long term effects. Studies are underway to de-
velop the Box maze for repetitive assessment over a peri-
od of time and include other behavioral tests such as the Y 
maze. We are also looking at the metabolic repercussions 
that may be associated with cognitive impairment and/or 
adverse systemic effects.

Rapamycin alleviated sleep deprived cognitive impair-
ment in older mice

We used rapamycin, a drug with demonstrated therapeutic 
effects on cognitive decline associated with aging in mice, 
to determine whether our short-term sleep deprivation 
model might be useful for screening therapeutic interven-
tions. Because sleep deprivation had a stronger impact 
on older female mice than on male mice, we tested the 
effects of rapamycin on Box-maze learning in 22-month 
old females. Analysis of Box-maze escape latencies by 
vehicle- or rapamycin-treated mice with RM-ANOVA 
showed significant effects of trial number and treatment in 
non-sleep deprived and in sleep deprived mice (Figure 3). 
However, statistical analysis could not confirm significant 
differences between rapamycin-treated non-sleep deprived 
vs sleep-deprived mice (P > 0.05). The same mice were 
also tested with the Y Maze (24 hours after the Box-maze 
testing). Analysis of Y-maze new-arm entry percentages 
by vehicle- or rapamycin-treated mice with RM-ANOVA 
showed significant effects of sleep deprivation and treat-
ment (Figure 3), but no interaction effects. Post-hoc 
comparisons revealed that rapamycin treatment improved 
the percentage of new-arm entries only in sleep-deprived 
mice.
Studies have shown that an increased burden of vascular 
pathology correlates with systemic disease and cognitive 
impairment [19]. Vascular impairment can result in hypo-
perfusion, oxidative stress, and/or inflammation, which in 
turn can lead to endothelial damage, infarcts, and atrophy 
[20]. Replenishing dysfunctional vascular cells is critical 
to effective repair of the vasculature. A major weapon of 
endothelial cells to fight vascular disease is endothelial ni-
tric oxide synthase (eNOS), an enzyme that generates the 
vasoprotective molecule nitric oxide (NO). Rap has been 
shown to be especially effective in correcting vascular pa-
thology associated with aging [21]. By blocking mTOR, 
downstream nitric oxide (NO) synthase is activated in 
vascular endothelial cells [13]. Vascular endothelial cells 
play a key role in controlling blood flow by secreting NO, 
which allows dilation of blood vessels to increase blood 
circulation. 
The ability of rapamycin to prevent sleep deprived learn-
ing impairment in old mice provides preliminary evidence 
that targeting mTOR may be a therapeutic strategy to test 
these types of drugs for the prevention and treatment of 
sleeping disorders in the elderly. In addition, our observa-
tions suggest aging C57BL/6 mice would be excellent 
animal models to carry out preclinical investigations.
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