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Abstract
Sleep deprivation can have deleterious effects on cognitive function and mental health. Moderate
exercise training has myriad beneficial effects on cognition and mental health. However,
physiological and behavioral effects of chronic moderate sleep restriction and its interaction with
common activities, such as moderate exercise training, have received little investigation. The aims
of this study were to examine the effects of chronic moderate sleep restriction and moderate
exercise training on anxiety-related behavior, spatial memory, and neurobiological correlates in
mice. Male mice were randomized to one of four 11-week treatments in a 2 [sleep restriction (~4 h
loss/day) vs. ad libitum sleep] × 2 [exercise (1 h/day/6 d/wk) vs. sedentary activity] experimental
design. Anxiety-related behavior was assessed with the elevated-plus maze, and spatial learning
and memory were assessed with the Morris water maze. Chronic moderate sleep restriction did not
alter anxiety-related behavior, but exercise training significantly attenuated anxiety-related
behavior. Spatial learning and recall, hippocampal cell activity (i.e., number of c-Fos positive
cells), and brain derived neurotrophic factor were significantly lower after chronic moderate sleep
restriction, but higher after exercise training. Further, the benefit of exercise training for some
memory variables was evident under normal sleep, but not chronic moderate sleep restriction
conditions. These data indicate clear detrimental effects of chronic moderate sleep restriction on
spatial memory and that the benefits of exercise training were impaired after chronic moderate
sleep restriction.
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Introduction
It is well established that sleep deprivation has negative psychological effects and impairs
cognitive function [reviewed 1]. In humans, sleep deprivation induces anxiety, exacerbates
anxiety disorders [2], and impairs cognitive function [3].

In rodent models, sleep loss elicits anxiety-related behavior in some, but not all studies [4,
5]. Furthermore, rodent studies consistently demonstrate sleep loss-induced impairments in
cognition [6, 7, 8]. Sleep seems to be important for memory, and evidence indicates that
neurons that are activated during waking are reactivated during post-training non-rapid eye
movement (NREM) and rapid-eye-movement (REM) sleep [9, 10]. Consequently, it has
been suggested that a reiteration of events in the form of short-term hippocampal activity
transferred gradually to long-term neocortical memory stores during sleep may be involved
in consolidating and encoding spatial information [11]. In rodents, prolonged sleep
deprivation and severe sleep restriction over several days have been found to impair
performance in the Morris water maze [6, 8, 12], a hippocampus-dependent spatial memory
test widely used in rodent studies.

Nevertheless, most research in this area has involved profound and/or short-term sleep
restriction [e.gs, 5–8 days (13, 14)]. It remains unclear whether similar detrimental effects
might be observed with chronic moderate sleep restriction, which is likely far more common
in humans. Interestingly, human experimental studies involving chronic sleep deprivation,
even of rather severe amounts, has often failed to elicit negative effects neither on cognitive
function nor on other health-related variables such as glucose tolerance [15, 16].

In humans, exercise training has well-established anxiolytic and cognitive benefits [17],
[18], including enhanced learning and memory recall. In rodents, exercise training has [19]
elicited anxiolytic effects in some, but not all studies [20, 21]. However, the benefits of
exercise for cognitive function in rodents have been more consistent, including enhanced
spatial memory learning and recall [22].

Whereas some evidence suggests that exercise can exacerbate psychological and cognitive
consequences of severe sleep loss [23], other recent evidence indicates that prior exercise
training can prevent anxiogenic effects of acute sleep loss in rodents [24]. However, to our
knowledge, no prior work has addressed the interaction of daily exercise training with
concomitant chronic moderate sleep loss, which commonly occurs, for example, in
individuals who moderately curtail their sleep in order to exercise in the morning.

The aims of this study were to examine the effects of chronic moderate sleep restriction and
moderate exercise training on anxiety-related behavior, and spatial memory. A mouse model
was used to allow precise control of these variables and to explore mechanistic correlates of
changes in spatial memory. These correlates included c-Fos expression, a common marker
of hippocampal cell activity in relation to spatial memory [25], and hippocampal levels of
brainderived neurotrophic factor (BDNF), a neurotrophin that regulates synaptic plasticity in
the cortex and hippocampus and is vital to learning and memory [26], especially spatial
memory. Whereas sleep deprivation has elicited impairments in c-Fos activation and BDNF
levels in the hippocampus [25], exercise training has elicited enhancements in these
measures [27].
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Methods
Animals and care

Forty male C57BL/6J mice were obtained from breeding colonies that originated from the
Jackson Laboratories (Bar Harbor, ME). Mice were group-housed (2–5 per cage) in standard
caging within sound-attenuated chambers, and maintained in a neutral ambient temperature
(22 ± 1 °C) and a 12:12 h light:dark cycle. Water and food were provided ad libitum. All
experiments were approved by the Institutional Animal Care and Usage Committee of the
University of South Carolina.

Treatment Randomization
At 4 weeks of age, the mice were randomized to one of four 11-week treatment groups:
normal sleep + sedentary activity (n = 10), normal sleep + exercise (n = 10), sleep restriction
+ sedentary activity (n = 10), and sleep restriction + exercise (n = 10). An overview of the
time-course of the experimental design is described in Fig 1.

Sleep Restriction
Mice in treatments involving sleep restriction were restricted of sleep as previously
described [28]. Mice were placed on a slowly-rotating drum (30 cm, 1 rev/min) that was
encircled by water. The drum was enclosed in plexiglass with food and drinking water
accessible ad libitum. Throughout the 11-week intervention, mice were placed on the
rotating drum for 12 h/day for 7 days/week. Placement on the drum occurred during the 12 h
dark period, whereas during the 12 h light period the mice were transferred back to their
cages and allowed ad libitum sleep. One rationale for placing the mice on the rotating drum
only during the dark period was to provide a simple intervention for eliciting a relatively
modest amount of daily sleep restriction, since mice still sleep modest amounts during the
dark period. Another rationale for limiting the sleep restriction to the dark period was to
avoid potential confounds of circadian phase-shifting effects of sleep loss during the light
period. As reported previously [28], the sleep restriction protocol resulted in daily moderate
amounts of sleep loss of 4 h per 24 h period. The small increase in walking associated with
the intervention, 274 m/day at 18 m/h, was negligible, in our view.

Mice in the treatments involving normal sleep were placed on the drum during the same
time period in the dark, but the drum was locked, allowing ad libitum sleep during the dark
period as well as the light period. Negligible changes in sleep occurred in this intervention.

Exercise Training
As previously described [28], mice in the treatments involving exercise training ran on a
motorized treadmill for 11 weeks, 6 days/week, 60 min/day, at 18–21 m/min and a 5%
grade. Exercise training for 6 days/week elicits health benefits and allowing 1 day/week of
recovery reduces potential detriments from overtraining. Mice ran on the treadmill at the
beginning of the dark period, a time of day when C57BL/6 mice are most active. Limited
hand prodding of the mice was necessary at this moderate exercise intensity level. Mice did
not exercise the day prior to tissue collection to avoid potentially confounding the effects of
acute exercise with those of chronic exercise training.

Mice in the treatments involving sedentary activity were exposed to the treadmill room
environment at the same time and handled in a similar manner as mice in the exercise
treatments. However, these animals did not exercise.
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Behavioral Testing
Elevated-Plus Maze—Mice were subjected to the elevated-plus maze at light onset
immediately after the end of the last day of the 11-week treatments. Anixety-related
behavior using the the elevated-plus maze has been validated in rats and mice and was used
in the present study [29]. Briefly, the elevated-plus maze consisted of a maze elevated 50 cm
above the floor with two open and two enclosed arms. The mice were placed in the center of
the maze and videotaped for 5 minutes. The recorded video was relabeled with a random
number by a separate investigator in order to blind the investigator who scored anxiety-
related behaviors. The percent of open arm and closed arm time of the elevated-plus maze
were measured. The animals were only considered to have entered a particular area when all
four paws were contained within that area. An increased percent of time spent in the open
arms of the elevated-plus maze is a behavior indicative of reduced anxiety in rats and mice.
Number of fecal boli is considered to be indicative of anxiety. In order to reduce possible
odors from the previous subject, the testing chambers were cleaned between animals using a
weak ammonium hydroxide (15%) solution with minimal odor.

Morris Water Maze—The Morris water maze was used to access spatial memory learning
and recall after the experimental treatments [30]. The Morris water maze consisted of a
round white tub with a diameter of two meters. The tub was filled with tap water with white
tempura paint and maintained at a temperature of aproximately 22°C. A white cylinder,
placed 0.5 cm below the surface of the water, served as the escape platform. A video camera
that was mounted in the center above the tub allowed assessment of the duration of time
spent swimming, the swim path, and speed. Further, four quadrants (north, south, east, and
west) were determined from the video recordings, and the quadrant where the submerged
escape platform was placed was the designated target quadrant.

Spatial Memory Learning
The animals practiced the maze four times a day (during the two hours prior to the dark
onset) for five consecutive days prior to the end of treatment week 11, in order to learn their
position relative to the escape platform using available visible spatial cues. Scheduling the
spatial memory acquisition at the end of the light period reduced the amount of additional
sleep loss produced by this intervention, as sleep propensity in mice is greatest during the
beginning of the light period [31]. Mice were given up to 90 seconds to find the submerged
platform. Upon reaching the platform, mice were given 15 seconds to remain on the
platform and determine their “safe” spatial location in the maze. The escape time latency
(i.e., the time it took to reach the submerged platform) was measured as an indicator of
learning. As learning increases, escape time latency decreases.

Spatial Memory Recall
Immediately after the elevated-plus maze test, mice were subjected to the spatial memory
recall portion of the Morris water maze. The submerged platform of the Morris water maze
was removed and mice were allowed to swim for 90 seconds to determine spatial memory
recall. The mouse swim path was overlaid on the pool's map, and the time spent in the
designated target quadrant was recorded. The recorded video was relabeled with a random
number by a separate investigator in order to blind the investigator who scored Morris water
maze activities. The swimming speed was calculated by dividing the total swim length by
the swim time at the free swim trial, which served as a measure of the locomotive ability of
the animals. The time spent in the designated target quadrant was used as the main measure
of spatial memory recall. More time spent in the area where the submerged platform had
previously been located was indicative of greater spatial memory recall ability. Additionally,
the number of times the mouse crossed the exact place where the submerged platform was
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previously located (i.e., annulus crossings) was measured as a supplementary indicator of
spatial memory recall.

Tissue Collection
Two hours after the Morris water maze spatial memory recall test, mice were anesthetized
with isofluorane and transcardially perfused with phosphate-buffered saline followed by
cold 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4. Thereafter, brains were
disected and placed in 4% paraformaldehyde overnight followed by being placed in a
cryoprotective solution and stored at −70°C until immunohistochemical analysis procedures.

Immunohistochemistry
Following cryoprotection, 44 µm hippocampal sections were cut on a microtome and
processed for c-Fos or BDNF-labeled immunihistochemistry using an immunoperoxidase
method. Tissue sections were washed in tris buffered saline (TBS), followed by methanolic
peroxide. Sections were washed in TBS, followed by a wash in TBS plus horse serum. For
c-Fos expression, the tissue sections were incubated in rabbit anti-fos antiserum (1:10000
dilution in TBS; 48 hrs at 4°C; Calbiochem, CA). For BDNF expression, the tissue sections
were incubated in rabbit anti-BDNF antiserum (1:1000 dilution in TBS; 48 hrs at 4°C;
Chemicon, CA). Both c-Fos and BDNF incubated sections were rinsed in TBS after primary
antibody labeling. The sections were then incubated in a biotinylated donkey anti-rabbit IgG
secondary antibody (1:1000 dilution in TBS; 1.5 hr at 20–25°C; Jackson Immunoresearch,
CA) and rinsed in TBS plus horse serum. Then the sections were incubated in horseradish
peroxidaseconjugated streptavidin (1:1600 dilution in TBS with Triton X-100; 1 hr at 20–
25°C; Jackson Immunoresearch, CA) and rinsed in TBS. c-Fos-like and BDNF immune
reactivity were visualized by developing the sections in a nickel-cobalt intensified
diaminobenzidine solution with hydrogen peroxide for a few minutes, which caused a blue-
black visible reaction product in c-Fos-positive nuclei or BDNF postive cells. The tissue
sections were then rinsed inTBS and the sections were mounted onto slides with a gelatin
solution for microscopic analysis. Hippocampal CA1, CA3, and dentate gyrus (DG) cells
containing c-Fos-positive nuclei and cells containing BDNF from one hemispherere were
quantified under a microscope using a reticle with an area of 0.1225 mm2 magnification by
an investigator blinded to the treatments.

Statistical Analysis
A 2 (SLEEP: sleep restriction vs. normal sleep) × 2 (EXERCISE: exercis vs. sedentary)
ANOVA with Tukey post-hoc comparisons was used to analyze anxiety-related behavior,
memory retrieval aspects of the Morris water maze, hippocampal c-Fos and BDNF positive
cells. Repeated-measures SLEEP × EXERCISE × TIME ANOVA was used to analyze the
time to reach the platform on repeated days during the learning trials. Associations of
memory data with the numbers of c-Fos and BDNF positive cells were assessed with
Pearson correlations. All statistical analyses are reported as mean ± SE, with significance set
at p < 0.05.

RESULTS
Anxiety-Related Behavior

No significant main SLEEP or SLEEP × EXERCISE interaction effect was found for the
percent of time spent in the open arms of the elevated-plus maze, percent of time spent in
the closed arms of the elevated-plus maze, or arm entries (Table 1). Compared to sedentary
activity, exercise training resulted in more time in the open arms of the maze [F(1, 36) =
4.365, p = 0.044], which is indicative of an anxiolytic effect. However, post-hoc analysis did
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not indicate significant effects of exercise training when restricted to either the normal sleep
or chronic moderate sleep restriction conditions. No significant main EXERCISE effects
were found for any of the other elevated-plus maze metrics. Further, no significant
differences between treatments were found for the number of fecal boli produced.

Spatial Memory Acquisition
Daily practice reduced the time to reach the hidden platform during the acquisition phase of
the Morris water maze for all treatments [TIME: F(1, 36) = 120.652, p < 0.001] (Fig 2). Time
to reach the platform was longer in the sleep restriction vs. normal sleep conditions [F(1, 36)
= 174.602, p < 0.001], and this difference increased over time [F(1, 36) = 5.476, p = 0.025].
During the acquisition phase, the time to reach the platform was shorter following exercise
training compared with sedentary activity [F(1, 36) = 19.352, p < 0.001]. However, no
significant SLEEP × EXERCISE or TIME × EXERCISE interactions was found for this
variable.

Spatial Memory Recall
Morris water maze spatial memory recall results are presented in Table 2. A SLEEP ×
EXERCISE interaction was found for time spent in the targeted quadrant [F(1, 36) = 4.171,
p = 0.048]. Compared with normal sleep, sleep restriction resulted in less percentage of time
spent in the targeted quadrant of the Morris water maze [F(1, 36) = 25.900, p < 0.001], and
this effect was more apparent under exercise training conditions vs. sedentary conditions.
Exercise training elicited a small non-significant increase in time spent in the targeted
quadrant under sleep restriction conditions and an increase in the time spent in the targeted
quadrant under normal sleep conditions (p = 0.015), resulting in a main EXERCISE effect
[F(1, 36) = 6.086, p = 0.019].

A SLEEP × EXERCISE interaction was observed for the number of times the animals
crossed the location in which the platform had previously been located (i.e., annulus
crossings) [F(1, 36) = 9.616, p = 0.004) (Table 2). Sleep restriction decreased the number of
annulus crossings compared to normal sleep [F(1, 36) = 16.104, p < 0.001]. This effect was
significant under exercise training conditions but not sedentary conditions (p = 0.005).
Exercise training elicited an increase in annulus crossings under normal sleep conditions (p
= 0.005), but exercise training actually resulted in a slight non-significant decrease in
annulus crossings under sleep restriction conditions. However, no significant main
EXERCISE effect was found for annulus crossings. Annulus crossings were found to be
correlated with the percentage of time spent in the targeted quadrant of the Morris water
maze (r = 0.468, p = 0.002). All treatment groups exhibited similar distances swam and
swimming speeds during the spatial memory recall portion of the Morris water maze
suggesting that recall data were not confounded by differences in locomotor ability between
treatments.

Hippocampal Activation
Hippocampal c-Fos positive cell data are presented in Fig. 3 and Fig. 4. Fewer c-Fos
positive cells were found in the CA1, CA3, and DG areas after sleep restriction vs. normal
sleep [F(1, 36) = 30.494, p < 0.001; F(1, 36) = 30.330, p < 0.001; F(1, 36) = 15.587, p < 0.001,
respectively], although post-hoc analysis determined that the effect of sleep restriction was
not significant when restricted to either the sedentary or exercise conditions. Exercise
training increased the number of c-Fos positive cells in the CA1, CA3, and DG areas
[F(1, 36) = 9.026, p = 0.005; F(1, 36) = 4.822, p = 0.035; F(1, 36) = 4.252, p = 0.046,
respectively]. However, this effect was apparent only under normal sleep conditions, in
which exercise elicited a significantly greater increase in c-Fos positive cell in all of these
areas compared with sedentary activity. Under sleep restriction conditions, the effect of
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exercise vs. sedentary activity was negligible. This pattern of results represented SLEEP ×
EXERCISE interactions c-Fos positive cells in CA1 and DG areas [F(1, 36) = 7.203, p =
0.011; F(1, 36) = 5.587, p = 0.024, respectively], but not the CA3 area of the hippocampus.

Significant positive correlations were found between the number of c-Fos positive cells in
the CA1, CA3, and DG areas of the hippocampus and the percentage of time spent in the
designated quadrant of the memory recall portion of the Morris water maze (r = 0.621, p <
0.001; r = 0.579, p < 0.001; r = 0.474, p = 0.002, respectively).

Hippocampal Brain-Derived Neurotropic Factor
Hipppocampal BDNF positive cell data are shown in Fig. 5 and Fig. 6. BDNF positive cells
in the CA1, CA3, and DG areas of the hippocampus were lower after sleep restriction
compared with that after normal sleep [F(1, 36) = 17.079, p < 0.001; F(1, 36) = 13.047, p =
0.001; F(1, 36) = 4.599, p = 0.039, respectively]. However, no significant main EXERCISE
or SLEEP × EXERCISE interaction was found for BDNF positive cells in any of these areas
of the hippocampus.

Significant positive correlations were observed between BDNF positive cells in the CA1,
CA3, and DG areas of the hippocampus with the percentage of time spent in the designated
quadrant of maze after the memory recall portion of the Morris water maze (r = 0.425, p =
0.006; r = 0.363, p = 0.021; r = 0.352, p = 0.026, respectively).

Discussion
Chronic moderate sleep restriction did not significantly influence anxiety-behavior
compared with normal sleep, whereas moderate exercise training had a significant anxiolytic
effect compared with the sedentary activity. Chronic moderate sleep restriction impaired
spatial memory acquisition and recall, with corresponding reductions in hippocampal c-Fos
activation and BDNF activity. Significant beneficial effects of exercise on spatial memory
were observed under normal sleep conditions, but not under chronic moderate sleep
restriction conditions. Moreover, exercise training enhanced c-Fos levels in the
hippocampus. Changes in BDNF after exercise training showed a similar, but nonsignificant
pattern. Our findings suggest that chronic moderate sleep restriction attenuated the benefits
of exercise training for spatial memory.

The lack of change in anxiety behavior after sleep restriction in the present study is
consistent with the results of some studies involving sleep restriction in rats [4], but not with
the results of other studies [5]. However, these studies have tended to involve profound
amounts of sleep restriction over short durations. The results from the present study
resemble those of Novati et al. (2011) who found that chronic moderate sleep restriction (4
hours per day for 1 month) did not affect anxiety-related behaviors [4]. Together with the
present findings, the results suggest that more modest and/or chronic sleep restriction
interventions may not elicit increases in anxiety in rodents.

Exercise training elicited a significant increase in time spent in the open arms of the maze, a
result that is indicative of reduced anxiety. These data are consistent with the results of some
other rodent studies indicating enhanced time spent in the open arms of the elevated-plus
maze following both forced and volitional exercise training [26, 32, 33]. However, other
animal studies have not found anxiolytic effects in the elevated plus maze after exercise
training [e.g., 34]. The discrepancy in findings might be attributed to several factors,
including differences between species or in the mode, frequency, or intensity of the exercise.
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The results showing impairment in spatial memory following moderate sleep restriction are
consistent with other animal studies showing impaired memory in the Morris water maze
after severe amounts of sleep deprivation elicited either prior to or during the learning trials
[7, 8]. The results of the present study suggest that even moderate amounts of chronic sleep
loss might be detrimental to memory. Further research in humans is needed to establish
whether chronic moderate sleep restriction also impairs memory similar to the effects of
more severe sleep restriction [35].

The findings of enhanced spatial memory acquisition and recall after exercise training are
consistent with the results of many other rodent studies that have found that both forced
treadmill exercise and voluntary wheel running resulted in enhanced measures of memory in
the Morris water maze [23, 36]. The findings are also consistent with epidemiologic and
experimental research studies showing benefits of physical activity and exercise training on
learning in humans [18].

That the enhancements in spatial memory recall following exercise training were attenuated
by chronic moderate sleep restriction compared to normal sleep suggests that adequate daily
sleep amounts may be necessary for cognitive benefits of exercise training to be realized in
mice. However, from another standpoint, exercise training neither reversed nor exacerbated
the detrimental effects of sleep restriction on spatial memory. A recent study found that prior
exercise training over four weeks prevented impairment in memory (radial arm water maze)
following REM sleep loss [37]. However, that study cannot be directly compared with the
present study that in which exercise training occurred concomitantly with sleep restriction.
Whether the findings of the present study have any implications for humans will require
research. It is noteworthy that extreme levels of exercise can exacerbate cognitive deficits
produced by severe sleep loss in humans [23]. However, it will be important to establish
how the common conditions of moderate sleep loss and moderate exercise interact in
humans.

The c-Fos and BDNF data were generally consistent with the behavioral data. For example,
chronic moderate sleep restriction attenuated hippocampal c-Fos expression, which is
consistent with other evidence that 10 h of acute sleep deprivation reduced c-Fos neuron
activation in the CA1 and DG areas of the hippocampus [25]. In rodents, acute sleep
deprivation can impair neurogenesis within the hippocampus [38]. Even mild sleep
restriction (i.e., 6 h) after learning results has resulted in reduced neurogenesis in the DG
area of the hippocampus in rats [6]. Thus, it is plausible that sleep restriction might have
reduced hippocampal cell activation because there were fewer numbers of neurons available.

In the present study, exercise training enhanced hippocampal neuron activation in the CA1,
CA3, and DG areas. These data are consistent with other data indicating that exercise
training enhances hippocampus-dependent tasks [39]. Potential mechanisms by which
exercise training might enhance spatial memory include increased hippocampal
neurogenesis [40], hippocampus size [39], and BDNF levels [26]. Consistent with the
behavioral data, the results suggest that adequate sleep is needed for the benefits of exercise
training on hippocampal neuron activation to be realized.

In the present study, chronic moderate sleep restriction reduced the number of BDNF
positive cells in the CA1, CA3, and DG areas of the hippocampus. These findings,
combined with previous research showing reductions in BDNF protein and BDNF mRNA
after acute sleep deprivation, suggest that impaired BDNF regulation might be involved with
sleep loss-induced detriments in cognition [41].

We found non-significant trends for exercise-induced increases in BDNF levels compared to
sedentary activity. Nonetheless, in post-hoc analysis we found that under normal sleep
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conditions, exercise elicited significant increases in BDNF positive cells compared with
sedentary conditions. These data are consistent with other studies, which have indicated that
exercise training can increase hippocampal BDNF protein levels and mRNA expression [36,
42]. However, our present findings suggest that the detriments of chronic sleep restriction
may supersede the benefits of exercise training on a neuro-molecular level.

Notwithstanding the results, there were several limitations to the present study. First, it is
unclear the extent to which impaired memory recall can be explained by sleep loss that
occurred prior to the initial learning trials or between exposure to the maze and testing of
memory recall. Prior studies of rats suggest that the timing of sleep after learning might be
important for spatial memory consolidation [6]. Second, scheduling the memory recall
immediately after the last period of nighttime sleep restriction did not allow a delineation of
the effects of chronic vs. acute sleep restriction, though the amount of sleep restriction for a
single day (4 hr) was modest.

Third, although 4 h of daily sleep restriction was relatively mild compared with that induced
in other studies, the sleep restriction constituted a decrease of 24 h sleep duration of
approximately 33%, which likely exceeds that which most humans experience on a chronic
basis. Further research should explore milder amounts of chronic sleep restriction.

Fourth, although there were logistical and theoretical rationales for limiting the sleep
restriction to the dark cycle, this protocol disrupted the natural 24 h sleep pattern of mice.
This could have unknown consequences.

Fifth, the timing of the period of spatial memory acquisition (end of light period) did not
correspond with the timing of memory recall testing (beginning of light period). This could
have influenced the memory recall results, as studies have shown some specificity of time-
of-day for cognition [43]. Sixth, the novelty/anxiety associated with the elevated plus-maze
could have influenced performance in the Morris water maze.

In conclusion, although detrimental effects of dramatic short-term sleep restriction on
memory have been established, this study demonstrated significant impairment after chronic
and relatively mild sleep restriction. Corresponding reductions in hippocampal c-Fos and
BDNF positive cells were found after sleep restriction. Consistent with previous work,
exercise training elicited reductions on anxiety-related behavior. Exercise also promoted
increased memory recall with corresponding increased c-Fos positive cells. However, the
benefits of exercise for spatial memory were observed only under normal sleep conditions.
These data suggest that chronic moderate sleep deprivation can attenuate some of the
cognitive benefits of exercise training in mice.
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Fig. 1.
Experimental design. Mice in the sleep restriction treatments were deprived of sleep during
the active dark period (black bars; i.e., moderate chronic sleep restriction), whereas mice in
the normal sleep treatments were allowed ad libitum sleep daily for 11 consecutive weeks.
All mice were allowed ad libitum sleep during the light period (white bars). Mice in the
treatments involving exercise underwent exercise (↑) during the first hour of the dark period
(6 days/week for 11 weeks), whereas mice in the sedentary activity treatments did not
exercise. All mice were trained on the Morris water maze 2 hours prior to dark onset (↓) for
five consecutive days preceding the end of the 11 week experimental treatments. Mice were
subjected to the elevated plus maze followed by the Morris water maze recall test at the

Zielinski et al. Page 13

Behav Brain Res. Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



beginning of the light period after 11 weeks of experimental treatments (+). Mice were
culled two hours later and brains were taken and processed for c-Fos and BDNF
immunohistochemical analysis (□).
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Fig 2.
Morris water maze data (Mean ± SE) from the memory acquisition portion of the test
occurring after the 11-week experimental treatments. All experimental groups learned to
find the hidden platform as indicated by reductions in time to reach the platform over the 5
day memory acquisition. Sleep restricted mice took significantly more time to find the
hidden platform over the learning period than normal sleeping mice. Further, mice that
exercised took significantly less time to find the hidden platform over time than sedentary
mice.
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Fig 3.
The number (Mean ± SE) of c-Fos positive cells in the CA1, CA3, and DG areas of the
hippocampus after the 11-week treatments. A main effect was found for sleep restriction
attenuating c-Fos positive cells was found during both sedentary and exercise conditions. A
main effect was found for exercise enhancing c-Fos positive cells. However, exercise
enhanced c-Fos positive cells under normal sleeping conditions but not sleep restriction
conditions. (*) indicates differences between experimental group and normal sleeping
sedentary controls. (+) indicates differences between normal sleeping exercise and sleep
restriction exercise groups. Significant differences were set at p < 0.05.
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Fig 4.
Representable c-Fos immunohistochemically labeled hippocampus sections of mice that
experienced the Morris water maze: (A) normal sleep + sedentary, (B) normal sleep +
exercise, (C) sleep restriction + sedentary and (D) sleep restriction + exercise.
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Fig 5.
The number (Mean ± SE) of BDNF positive cells in the CA1, CA3, and DG areas of the
hippocampus after the 11-week treatments. A main effect was found for sleep restriction
attenuating BDNF positive cells during both sedentary and exercise conditions. BDNF
positive cells were greater in the exercised conditions compared to the sedentary conditions
in normal sleeping but not sleep restricted mice. (*) indicates differences between
experimental group and normal sleeping sedentary controls. (+) indicates differences
between normal sleeping exercise and sleep restricted exercise groups. Significant
differences were set at p < 0.05.
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Fig 6.
Representable BDNF immunohistochemically labeled hippocampus sections of mice that
experienced the Morris water maze (A) normal sleep + sedentary, (B) normal sleep +
exercise, (C) sleep restriction + sedentary and (D) sleep restriction + exercise. Highlights
Chronic moderate sleep restriction impaired spatial memory in mice. Exercise training
elicited anxiolytic effects and improved spatial memory. The effects of exercise training on
memory were attenuated under conditions of sleep restriction.
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Table 1

Anxiety-related behaviors.

Experimental group Open-arm time (%) Closed-arm time (%) Arm entries
(number)

Fecal Bolus
(number)

Normal sleep + sedentary 8.70 ± 1.17 70.17 ± 4.11 12.90 ± 1.47 1.80 ± 0.25

Normal sleep + exercise 19.63 ± 5.14* 66.03 ± 4.75 10.50 ± 0.60 1.90 ± 0.23

Sleep restriction + sedentary 14.07 ± 2.74 58.47 ± 4.67 10.60 ± 1.24 1.70 ± 0.26

Sleep restriction + exercise 17.43 ± 3.39 67.97 ± 2.86 11.40 ± 0.59 1.70 ± 0.21

Anxiety-related behavior data (Mean ± SE) occurring during the elevated-plus maze are presented after the 11-week experimental treatments. A
main effect was found for exercise reducing the time spent in the open arms of the elevated plus maze. However, exercise significantly enhanced
the percentage of time spent in the open arms of the elevated plus maze under normal sleep conditions but not sleep restriction conditions.

(*)
indicates differences between experimental group and normal sleeping sedentary controls. Significant differences were set at p < 0.05.
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Table 2

Morris water maze memory recall.

Experimental group Distance swam
(cm)

Speed swam
(cm/s)

Time in
designated
quadrant (%)

Annulus crossings
(number)

Normal sleep + sedentary 1418.8 ± 37.4 15.8 ± 0.4 45.0 ± 2.4 3.3 ± 0.5

Normal sleep + exercise 1411.5 ± 51.7 15.7 ± 0.6 57.8 ± 3.5* 6.1 ± 0.6*

Sleep restriction + sedentary 1413.5 ± 36.7 15.7 ± 0.4 36.4 ± 2.6 2.8 ± 0.6

Sleep restriction + exercise 1424.2 ± 33.6 15.8 ± 0.4 37.6 ± 2.7 2.2 ± 0.6

Morris water maze data (Mean ± SE) from the memory recall portion of the test occurring after the 11-week experimental treatments. A significant
SLEEP × EXERCISE interaction was found for percentage of time spent in the designated quadrant and number of annulus crossings. A significant
main effect of sleep restriction attenuating the time spent in the designated quadrant and number of annuls crossings was found. A significant main
effect of exercise enhancing the time spent in the designated quadrant and the number of annulus crossings was found. However the benefit of
exercise on enhancing these measures was found during normal sleep conditions but not sleep restricted conditions.

(*)
indicates differences between experimental group and normal sleeping sedentary controls. Significant differences were set at p < 0.05.
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