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A novel BOX maze learning paradigm measures sleep-induced cognitive impairment
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Sleep deprivation-induced cognitive impairment is a major health concern in developed countries
and is an age-related risk factor for neurological conditions such as dementia associated with
Alzheimer’s disease. There is an urgent need to develop ways of preventing the adverse
neurological effects of sleep deprivation, but current preclinical cognitive assessments are highly
time intensive with constant monitoring and at times generating data difficult to translate
clinically. In this regard, a single day assay that focused just on assessing learning behavior in a
time-effective and relatable manner would be of value. This report describes validation of the
BOX maze as a behavioral paradigm for learning impairment in short-term sleep deprivation
studies in mice. C57BL6 and C57BL/6xBALBc F1 (CB6F1) mice of both genders and varying
ages were sleep deprived for 4 hours a day for 4 days, and then tested with the BOX maze. In
some experiments, mice were treated with rapamycin daily during the 4 days of sleep
deprivation. Sleep deprived mice showed learning impairment in an age, gender and strain
dependent manner. The data provide evidence that the BOX maze is a behavioral paradigm that

can be used to test short term sleep-deprivation induced learning impairment in young, middle,



and older aged C57BL/6 and CB6F1 mice of both genders. B6 female mice, 22 months of age,
treated with rapamycin showed significant improvement in learning time suggesting the BOX

maze could be a useful behavioral assessment in sleep deprivation drug studies. In conclusion,
the BOX maze could be used as an initial cognitive screening assay, or to complement other

commonly used mouse behavioral assays.
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Introduction

Sleep deprivation is a major health concern in developed countries and is associated with
increasing age (1,28,29). Normal aging produces sleep disturbances including sleep
fragmentation and sleep loss in humans (6,7). Abnormal aging causes an acceleration in the
aging process and can promote age related health issues such as cancer, dementia, and heart
disease. Sleep deprivation has an inflammatory reaction in systemic tissues and is known to
cause exhaustion and impaired learning ability. The Center for Disease Control estimates that
more than 35% of adults in the United States are affected by partial sleep deprivation (8,10,11).
This partial sleep deprivation is defined as less than seven hours of sleep, though this changes
with increasing age (34,35). The effects of sleep deprivation disturb the sleep cycle (12) and
cause systemic repercussions such as poor physical recovery, impaired immunity, and memory
and learning deficits (13,14,15). Often, individuals are at risk for falling asleep during tasks the
following day (16). It has been shown that sleep deprivation impairs remote memory in aged
mice, with changes in gene expression in the hippocampus (17). Sleep deprivation has
detrimental effects on glucose metabolism in peripheral organs (18). In a chronic sleep
deprivation experiment, aged animals became hyperglycemic and failed to maintain appropriate
plasma insulin concentrations suggesting glucose dysregulation (19). A short-term sleep
deprivation assay would be a useful tool to study sleep deprivation-induced cognitive

impairments.

Mazes have been used extensively to test for behavioral effects in mice (1), with one of the

purposes designed to assess different aspects of cognition. Cognition is defined as any type of



mental work including, learning, memory, working memory, spatial recognition, and new object
recognition (2,3). Learning impairment falls under the larger umbrella of cognitive impairment
and is defined by a deficit in the process of acquiring knowledge (NIH, NCI website). Long term
memory and learning can be assessed by the radial water tread maze (5). There is a training
phase which is highly time intensive. Many mazes exist which require mice to solve problems.
They often have a memory and learning components (6). This is seen with mazes like the high
wire walking maze and other raised platform mazes, which require the mouse to walk across a
beam or balance on a platform. Some mazes have a water component as an adverse motivational
stimulus. The Morris water maze and water tread maze are examples, which combine learning
with memory over multiple days (4). The T-maze and Y-maze are fast but measure spontaneous
and forced decision making. A learning assay with time-efficient readouts and conclusions could
be highly impactful in research situations and allow for combining multiple assessments such as

needed for sleep deprivation studies.

This report describes the validation of a learning paradigm, designated as the BOX maze, that
could be used as a readout for short term sleep deprivation studies in aging mice with the ability
to determine response to various medications which may rescue the cognitive dysfunction caused
by lack of quality sleep. Data are presented showing the ability of the paradigm to distinguish
sleep deprived learning impairment in an age, strain, gender and rapamycin drug treatment
manner. Additional validation was established by showing the BOX maze aligned with the Y

maze, a spontaneous decision-making assay.



Materials and Methods

Mice and Care

Mouse were housed in a standard 12:12 cycle. C57BL/6 (B6) mice provided by the National
institutes of Aging. C57BL/6 x BALBc (F1) were provided by Jackson Laboratory. Two strains
of mice were used because they are known to have a difference in baseline behavior. B6 mice are
known to be more docile than F1 mice. It was important to be able to characterize whether or not
this baseline behavior altered the performance of the BOX maze. Ages used were 8, 16, and 22
months. Monitoring for all mice on the study under 18 months of age: Mice were monitored at
least once per week, but more frequently (daily) if mice began to show signs of poor health (24).
This was determined in consultation with veterinary staff on a case by case basis. Mice were also
weighed once per week. Mice were monitored for behavioral and clinical signs of poor health
and were euthanized by CO2 followed by cervical dislocation when they occurred. Mice were
housed in groups of no more than five. They were provided with bedding, standard water and
chow from the animal facility. No special dietary constraints were placed. Cages were changed
every other week and experiments were scheduled to not coincide with cage changes. All
procedures were performed as part of an approved scientific protocol in accordance with the

University of Washington Institutional Animal Care and Use Committee (IACUC).

Sleep Deprivation



This study focused on partial sleep deprivation so a time range of 4 to 6 hours of sleep
deprivation was selected in contrast to more long-term studies reported in the literature (31,32).
Mice were handled for 7 consecutive days before beginning sleep deprivation so handling
limited influence on behavior. Cage tapping was the primary method of sleep deprivation. Cage
removal and replacement of the cage within the rack was a secondary method for mice which
struggled to stay awake (26,27,30). Multiple intervals of sleep deprivation were tested and
ultimately a 10 to 15-minute period between sleep disturbance was used (33). Based on a 12:12
dark/light cycle, the animals were sleep deprived starting 3 hours after lights came on. A total of
four hours was the duration of sleep deprivation. The timeline of sleep deprivation was
lengthened from one day to four days following the early results which did not disturb mice

enough to behave differently in the BOX maze.

Learning assessment.

The BOX maze was constructed from a rectangular clear hard plastic box. Each side had 2-4-
centimeter (cm) holes cut, and PVC caps were placed on 7 of them. One hole had a tube leading
to an escape cage. The holes were cut and centered 3cm from the bottom of the cage (Figure 1).
There was a hanging light of 800 lumens above the maze and the room lights were off. Each
trial was preceded by a wipe down of the maze with 70% ethanol. This was to ensure the mouse
could not follow its own odor back to the escape cage. Once the ethanol evaporated the mouse
was given 120 seconds to find the escape hole. A completion of the maze was defined as all four
paws of the mouse being in the escape hole. This endpoint marker was because the time for mice

to reach the escape cage varied between trials and mice. If the mouse was unable to find the



escape hole it was gently picked up by the tail and shown the escape hole. The mouse was kept
in the escape cage for about two minutes before running another trial. There were 4 trials in total
(43,44). The BOX maze paradigm is a single day assay which takes roughly 15 minutes per

mouse.

The Y maze is a commonly used tool to measure spontaneous reactions (9). The expectation is
that an undisturbed mouse would be more likely to visit novel environments when compared to
stressed mice. The Y maze uses three arms which are spaced apart evenly. Each arm is 12 inches
in length. A mouse is placed in the end of one arm and given five minutes to wander the maze
freely. Each arm that is visited is recorded and the final data is analyzed for novel arms visited
compared to previously visited arms. When looking at the data in groups of three if the first and

third arm visited match, then that third arm is considered a revisit.

Rapamycin treatment

Rapamycin, sourced from LC Laboratories, was prepared with dimethyl sulfoxide (DMSO) to
make a stock concentration of 100mg/mL and then mixed into a solution of 5% Polyethylene
Glycol, 5% Tween 80, and 90% Sterile H20 (45). Injection dose was 8 mg/kg. Average body
weights of mice over the course of two weeks was taken to determine dose of 200 pg. Sham
injections followed the same procedure without rapamycin component. Intraperitoneal injection
method was used and approved by IACUC. Mice were handled for one week prior to starting
injections. Injections were performed for a total of seven consecutive days. For mice which were

part of the sleep deprived study, sleep deprivation began on the fourth day of injections. Mice in
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this treatment trial ware separated into four categories each with 10 mice for a total of 40 mice
(sleep deprived vehicle treated, non-sleep deprived vehicle treated, sleep deprived rapamycin

treated, non-sleep deprived rapamycin treated).

Data Analysis

Data analysis was performed in Graphpad Prism. Graphs were created using Prism software after

repeated measures 2-way ANOVA with post hoc analysis.

Results

The Box maze learning paradigm distinguished between sleep deprived and non-sleep

deprived mice.

B6 male mice 8 months of age showed a pattern of learning across four separate trials when
compared with sleep deprived mice (Figure 2A). Two-way ANOVA test suggested that there
was a significant difference between sleep deprived and non-sleep deprived mice (p<0.05). The
test also suggested that there was a significant difference for two or more trials. T-test supports
this claim showing significance in 8-month male B6 mice in trial 2 and 3. ANOVA analysis of
the data also showed a significant difference between the performance pattern of NSD and SD
mice. This follows the visualization of the graph on Figure 2A. The performance of these mice
across four trials suggested that the BOX maze is a valid paradigm for assessing learning and

learning impairment in male mice. Female B6 mice 8 months of age showed a pattern of learning
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across four separate trials in the NSD group (Figure 2B). Two-way ANOVA test suggested a
significant difference in learning between the SD and NSD groups. The results also suggested
there was a significant difference between two or more trials between those groups. This is
visualized in the graph for females in figure 2B. The conclusion from the statistical analysis is
that there was a difference in the pattern of learning between the SD and NSD groups, suggesting
the BOX maze is a valid paradigm for assessing learning and learning impairment in female

mice as well as male mice at a specific age.

Sleep deprived mice showed learning impairment in an age, gender and strain dependent

manner.

With increasing age, female B6 mice showed a difference in learning impairment in response to
sleep deprivation. Sleep deprived B6 female mice at 8 and 16-months of age showed a pattern of
impairment similar to each other (Figures 2B and 3A). B6 females 22 months of age showed a
delayed learning pattern showing a surprising result suggesting the mice get better with age
(Figure 3B). This was significant by two-way ANOVA. The BOX maze thus showed that 8, 16
and 22-month-old female B6 mice had a significant difference between SD and NSD groups.
There was also a significant difference between these two groups for two or more trials as can be
seen by the p values in the graphs. The final conclusion gathered from the results is that while 8
and 16-month B6 females showed significant learning impairment as can be seen in the graph,
22-month B6 females showed a delayed learning ability. When comparing the slope of the
learning curve for SD and NSD mice, it can be seen that sleep deprived mice do not learn in a

manner as non-sleep deprived mice do.
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When comparing BOX maze data between genders there was a significant difference between
males and females. Two-way ANOVA results support the conclusion that there is a difference
between NSD and SD groups between the 16-month B6 males and females (Figures 3A and 3C).
There is also evidence to support a significant difference between two or more trials. The
conclusion is that there was a difference in the rate of impairment of learning between the two
genders. The results suggested the same between 16-month F1 males and females (Figures 4A

and 4C).

BOX maze data showed a difference in sleep induced learning impairment between the two
mouse strains B6 and CB6F1. CB6F1 females 16 months of age followed the same pattern of
impairment as 8 and 16-month B6 females (Figures 4A, 2A and 3A, respectfully). Females, 16
months of age, showed nearly identical behavior and impairment between the two strains (n=10,
p<0.05). This was shown to be significant by the two-way ANOVA test. CB6F1 female mice,
22-months of age, demonstrated a similar pattern of learning impairment compared to 16-month
females (Figure 4B). Middle aged males in both strains of mice demonstrated similar learning
patterns to each other (Figures 4C and 3C). When sleep deprived, the mice showed a learning
behavior which fluctuated over the course of four trials. Innova showed a difference in the
impairment due to sleep deprivation when comparing male and female mice. There was no

significance in non-sleep deprived mice.

The Box maze showed that sleep deprived learning impairment was altered in mice treated

with rapamycin

13



Sleep deprived mice, 22 months of age, treated with rapamycin showed improvement in learning
ability compared to controls (Figure 5A). When comparing control treatment versus rapamycin
treatment, the rapamycin treated mice performed significantly better than control treated mice
across all four trials. When comparing treated and control treated groups, rapamycin treatment
was significant. There was no significant difference between rapamycin treated sleep deprived
and non-sleep deprived mice except for between trials. Control treated sleep deprived mice were
found to have significant difference from rapamycin treated mice who were both sleep deprived
and non-sleep deprived. There was no significant difference between control treated non-sleep
deprived mice and rapamycin treated mice. There was not a significant difference in the shape of

the learning pattern over the course of the four trials.

The mice from the rapamycin treatment trial were tested with the Y Maze to help assess the
validity of the BOX maze. The Y maze is a commonly used tool to measure spontaneous
reactions. The expectation is that an undisturbed mouse would be more likely to visit novel
environments when compared to stressed mice. Two-way ANOVA showed a significant
correlation between the data of the BOX maze and the Y maze (Figure 7B). This suggests that
the BOX maze, when comparing escape holes visited, had a significant correlation to the arms

visited in the Y maze.
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Discussion

The BOX maze is an informative learning paradigm in mice, which is time effective and has
multiple readouts. Its advantages lie within the amount of time it takes to conduct the experiment
and the variety of results that it shows. Because the BOX maze is able to generate data on novel
decision making as shown in figure 5 comparing the results of the Y maze, as well as cognition
pertaining to learning, it gives an additional readout for the data. In addition, the BOX maze
appears sensitive enough to distinguish between different treatments and stressors, specifically

with rapamycin treatment.

The data indicate that the BOX maze is sensitive enough to distinguish between gender and
strains of mice in an age-dependent manner. Mice are able to undergo this assay without
endangering their health because there is little risk and less stress compared to the Morris water
maze. With the increasing number of studies related to aging, the BOX maze can be a cognitive
assay which is reliable and easy to use. The Box maze can distinguish between control and
treated mice with the numbers of mice of different ages, strain, and gender. These results support

the ability of the BOX maze to detect learning impairment in mice.

A disadvantage of the BOX maze is that mice retain the ability to remember months after the
initial assay, so it is unreliable as a repetitive testing procedure. Because the BOX maze does not
have a memory component, it is not effective in testing memory compared to the radial water
tread maze. Fortunately, this allows for the BOX maze to be combined in a battery of cognitive

behavioral tests. A mouse could have a baseline taken with the Y maze and could undergo
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treatment and use the BOX maze as well as running wheel or other tests as endpoint indicators.
While the data collected shows that the BOX maze is sensitive to different strains, gender and
ages, testing additional age groups would have added more evidence of the ability for age-
dependent assessment. While mechanisms of sleep induced learning impairment were not studied
as part of this project, information pertaining to synaptic function, drug interaction, and
inflammation would be of interest for a better understanding of the ability of the BOX maze to

distinguish between treated and non-treated mice.

Additional studies will be able to draw conclusions on the effect of rapamycin on rescuing sleep
deprivation-induced learning impairment. The BOX maze was able to visualize a significant
improvement in the learning time of 22-month B6 sleep deprived mice, and there’s potential for
support of this conclusion through molecular analysis. The encouraging observations with
rapamycin suggest the BOX maze could be an informative initial screening assay to test drugs

and drug combinations for intervention of short-term sleep-deprived learning impairment.

Figure legends

Figure 1. Mockup of the BOX maze. The two gray rectangles to note the box used for the box

maze as well as the escape cage. The black rectangles represent the PVVC caps which are the false

escape holes. The blue curve between the two mazes is the escaped tubing. During the maze, the

escape cage is covered so that mice have a comfortable dark place to rest in between trials. The
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singular light in the room hangs 30 inches from the bottom of the plastic box.

Figure 2. Performance of 8-month-old B6 mice, males (A) and females (B). The ANOVA
analysis suggests that the sleep deprived, and non-sleep deprived groups are significantly
different, there is a significant difference in two of the trials, and that the patterns of learning are

significantly different between sleep deprived and non-sleep deprived mice.

Figure 3. BOX maze data in 16-month B6 females suggest that there is a significant difference
between sleep deprived and non-sleep deprived mice (A). B6 females, 22 months of age, show
delayed learning rather than a more severe learning impairment (B). This is backed up by a two-
way ANOVA test showing a significant difference between the sleep deprived and non-sleep
deprived groups, a significant difference between two or more trials, and a significant difference
in the learning pattern between sleep deprived and non-sleep deprived mice. B6 males, 16

months of age, show a similar pattern as females (C).

Figure 4. ANOVA analysis showed CB6F1 mice have similar responses to sleep induced
learning impairment in 16-month females (A) and males (C) and 22-month females (B) with a

significant difference between sleep deprived and non-sleep deprived mice.

Figure 5. A. Two-way ANOVA analysis showed there is a difference between SD and NSD
control mice (Black vs Dark Grey). It also showed a significant difference between each trial.
However, it also suggested that the difference in the pattern and shape between the two groups is

not enough to be significant. When comparing the rapamycin treated groups (Medium Grey vs
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Light Grey) ANOVA testing showed that there is no significant difference between sleep
deprived and non-sleep deprived, there is significant difference between each trial, and that the
pattern and shape is similar between the two groups. When comparing data between the different
Rapamycin and Control treated groups, ANOVA analysis showed a significant difference
between both drug treated groups and sleep deprived vehicle group. There was a significant
difference between 2 or more trials in each of these groups. ANOVA revealed that the slope of
the trendline for each of the groups is very similar. This suggests that while the rapamycin
treatment groups are significantly faster at learning, they are still learning at a similar rate to the
vehicle injected groups. B. B6 female groups of mice, 22 months of age: Non-sleep deprived
control (NSDC), sleep deprived control (SDC), non-sleep deprived rapamycin (NSDR), and
sleep deprived rapamycin (SDR). During the test, each hole visited in the box maze was recorded
as well as each arm for the Y maze. One-way ANOVA showed a significant correlation between
the two mazes. This can be seen when comparing bars of the same color. The patterns seen when
comparing the Y-maze to the BOX maze are identical and match the pattern seen in the Box

maze data (Figure 5A).
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Figure 3
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Figure 4
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Figure 5
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