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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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a  b  s  t  r  a  c  t

Sleep  deprivation  can  have  deleterious  effects  on  cognitive  function  and mental  health.  Moderate  exer-
cise 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  exam-
ine  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  signif-
icantly  attenuated  anxiety-related  behavior.  Spatial  learning  and  recall,  hippocampal  cell activity  (i.e.,
xercise training 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.
. Introduction
It is well established that sleep deprivation has negative psy-
hological effects and impairs cognitive function [reviewed 1]. In
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humans, sleep deprivation can induce anxiety, exacerbate anxiety
disorders [2], and impair cognitive function [3].

In rodent models, sleep loss has elicited anxiety-related behav-
ior in some, but not all studies [4,5]. Further, rodent studies have
consistently demonstrated sleep loss-induced impairments in cog-
nition [6–8]. Sleep seems to be important for memory, and evidence

indicates that neurons that are activated during waking are reacti-
vated 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
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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 restric-
tion), 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 exer-
cise (↑) 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 h prior to dark onset (↓) for five consecutive days pre-
ceding 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 begin-
M.R. Zielinski et al. / Behaviou

ippocampal activity transferred gradually to long-term neocorti-
al memory stores during sleep may  be involved in consolidating
nd encoding spatial information [11]. In rodents, prolonged sleep
eprivation and severe sleep restriction over several days have
een found to impair performance in the Morris water maze
6,8,12], a hippocampus-dependent spatial memory test widely
sed in rodent studies.

Nevertheless, most research in this area has involved pro-
ound and/or short-term sleep restriction (e.g., 5–8 days [13,14]).
t remains unclear whether similar detrimental effects might be
bserved with chronic moderate sleep restriction, which is likely
ar more common in humans. Interestingly, human experimental
tudies involving chronic sleep deprivation, even of rather severe
mounts, has often elicited negative effects neither on cognitive
unction nor on other health-related variables such as glucose tol-
rance [15,16].

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

Whereas some evidence suggests that exercise can exacerbate
sychological and cognitive consequences of severe sleep loss [23],
ther recent evidence indicates that prior exercise training can pre-
ent anxiogenic effects of acute sleep loss in rodents [24]. However,
o our knowledge, no prior work has addressed the interaction of
aily exercise training with concomitant chronic moderate sleep

oss, which commonly occurs, for example, in individuals who mod-
rately curtail their sleep in order to exercise in the morning.

The aims of this study were to examine the effects of chronic
oderate sleep restriction and moderate exercise training on

nxiety-related behavior and spatial memory. A mouse model was
sed to allow precise control of these variables and to explore
echanistic correlates of changes in spatial memory. These corre-

ates included c-Fos expression, a common marker of hippocampal
ell activity in relation to spatial memory [25], and hippocampal
evels of brain-derived neurotrophic factor (BDNF), a neurotrophin
hat regulates synaptic plasticity in the cortex and hippocampus
nd is vital to learning and memory [26], especially spatial memory.
hereas sleep deprivation has elicited impairments in c-Fos acti-

ation and BDNF levels in the hippocampus [25], exercise training
as elicited enhancements in these measures [27].

. Methods

Animals and care. Forty male C57BL/6J mice were obtained from breeding
olonies that originated from the Jackson Laboratories (Bar Harbor, ME). Mice were
roup-housed (2–5 per cage) in standard caging within sound-attenuated cham-
ers,  and maintained in a neutral ambient temperature (22 ± 1 ◦C) and a 12:12 h

ight:dark cycle. Water and food were provided ad libitum. All experiments were
pproved by the Institutional Animal Care and Usage Committee of the University
f South Carolina.

Treatment randomization. At 4 weeks of age, the mice were randomized to one
f  four 11-week treatment groups: normal sleep + sedentary activity (n = 10), nor-
al  sleep + exercise (n = 10), sleep restriction + sedentary activity (n = 10), and sleep

estriction + exercise (n = 10). An overview of the time-course of the experimental
esign is described in Fig. 1.

Sleep restriction. Mice in treatments involving sleep restriction were restricted
f  sleep as previously described [28]. Mice were placed on a slowly-rotating drum
30  cm,  1 rpm) that was  encircled by water. The drum was enclosed in plexiglass with
ood and drinking water accessible ad libitum. Throughout the 11-week interven-
ion, mice were placed on the rotating drum for 12 h/day for 7 days/week. Placement
n  the drum occurred during the 12 h dark period, whereas during the 12 h light

eriod the mice were transferred back to their cages and allowed ad libitum sleep.
ne rationale for placing the mice on the rotating drum only during the dark period
as  to provide a simple intervention for eliciting a relatively modest amount of
aily  sleep restriction, since mice still sleep modest amounts during the dark period.
nother rationale for limiting the sleep restriction to the dark period was  to avoid
ning 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 (�).

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 involv-
ing  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 elic-
its  similar 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 exer-
cise  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 tread-
mill room environment at the same time and handled in a similar manner as mice
in  the exercise treatments. However, these animals did not exercise.

2.1. 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 min. 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
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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
e ver, ex
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xercise reducing the time spent in the open arms of the elevated plus maze. Howe
levated plus maze under normal sleep conditions but not sleep restriction conditio
ontrols. Significant differences were set at p < 0.05.

etween animals using a weak ammonium hydroxide (15%) solution with minimal
dor.

Morris water maze.  The Morris water maze was used to access spatial memory
earning and recall after the experimental treatments [30]. The Morris water maze
onsisted of a round white tub with a diameter of two meters. The tub was  filled
ith tap water with white tempura paint and maintained at a temperature of aprox-

mately 22 ◦C. A white cylinder, placed 0.5 cm below the surface of the water, served
s  the escape platform. A video camera that was  mounted in the center above the
ub  allowed assessment of the duration of time spent swimming, the swim path,
nd speed. Further, four quadrants (north, south, east, and west) were determined
rom  the video recordings, and the quadrant where the submerged escape platform
as  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
o  the end of treatment week 11, in order to learn their position relative to the
scape platform using available visible spatial cues. Scheduling the spatial mem-
ry acquisition at the end of the light period reduced the amount of additional
leep loss produced by this intervention, as sleep propensity in mice is greatest
uring the beginning of the light period [31]. Mice were given up to 90 s to find
he  submerged platform. Upon reaching the platform, mice were given 15 s to
emain on the platform and determine their “safe” spatial location in the maze.
he  escape time latency (i.e., the time it took to reach the submerged platform)
as  measured as an indicator of learning. As learning increases, escape time latency
ecreases.

Spatial memory recall.  Immediately after the elevated-plus maze test, mice
ere subjected to the spatial memory recall portion of the Morris water maze.

he  submerged platform of the Morris water maze was  removed and mice were
llowed to swim for 90 s to determine spatial memory recall. The mouse swim path
as  overlaid on the pool’s map, and the time spent in the designated target quad-

ant  was  recorded. The recorded video was relabeled with a random number by a
eparate investigator in order to blind the investigator who scored Morris water
aze activities. The swimming speed was calculated by dividing the total swim

ength by the swim time at the free swim trial, which served as a measure of the
ocomotive ability of the animals. The time spent in the designated target quadrant

as  used as the main measure of spatial memory recall. More time spent in the
rea  where the submerged platform had previously been located was indicative of
reater spatial memory recall ability. Additionally, the number of times the mouse
rossed the exact place where the submerged platform was  previously located (i.e.,
nnulus crossings) was  measured as a supplementary indicator of spatial memory
ecall.

Tissue collection. Two hours after the Morris water maze spatial mem-
ry recall test, mice were anesthetized with isofluorane and transcardially
erfused with phosphate-buffered saline followed by cold 4% paraformalde-
yde in 0.1 M phosphate buffer, pH 7.4. Thereafter, brains were disected and
laced in 4% paraformaldehyde overnight followed by being placed in a cry-
protective solution and stored at −70 ◦C until immunohistochemical analysis
rocedures.

Immunohistochemistry.  Following cryoprotection, 44 �m hippocampal sec-
ions were cut on a microtome and processed for c-Fos or BDNF-labeled
mmunihistochemistry using an immunoperoxidase method. Tissue sections were

ashed in tris buffered saline (TBS), followed by methanolic peroxide. Sections were
ashed in TBS, followed by a wash in TBS plus horse serum. For c-Fos expres-

ion, the tissue sections were incubated in rabbit anti-fos antiserum (1:10,000
ilution in TBS; 48 hrs at 4 ◦C; Calbiochem, CA). For BDNF expression, the tis-
ue sections were incubated in rabbit anti-BDNF antiserum (1:1000 dilution in
BS; 48 hrs at 4 ◦C; Chemicon, CA). Both c-Fos and BDNF incubated sections were
insed in TBS after primary antibody labeling. The sections were then incubated
n  a biotinylated donkey anti-rabbit IgG secondary antibody (1:1000 dilution in
BS; 1.5 h at 20–25 ◦C; Jackson Immunoresearch, CA) and rinsed in TBS plus horse
erum. Then the sections were incubated in horseradish peroxidase-conjugated
treptavidin (1:1600 dilution in TBS with Triton X-100; 1 h at 20–25 ◦C; Jackson

mmunoresearch, CA) and rinsed in TBS. c-Fos-like and BDNF immune reac-
ivity were visualized by developing the sections in a nickel–cobalt intensified
iaminobenzidine solution with hydrogen peroxide for a few minutes, which caused

 blue-black visible reaction product in c-Fos-positive nuclei or BDNF postive cells.
he tissue sections were then rinsed inTBS and the sections were mounted onto
ercise significantly enhanced the percentage of time spent in the open arms of the
 indicates differences between experimental group and normal sleeping sedentary

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 reti-
cle 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 (EXER-
CISE: exercise 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 correla-
tions. All statistical analyses are reported as mean ± SE, with significance set at
p  < 0.05.

3. 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
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 Mor-
ris 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 restric-
tion 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]. Dur-
ing 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 inter-
action was  found for time spent in the targeted quadrant [F (1,
36) = 4.171, p = 0.048]. Compared with normal sleep, sleep restric-
tion 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
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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
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4. Discussion
ime  spent in the designated quadrant and number of annuls crossings was  found. A
nd  the number of annulus crossings was found. However the benefit of exercise 

estricted conditions. (*) indicates differences between experimental group and no

nnulus crossings compared to normal sleep [F (1, 36) = 16.104,
 < 0.001]. This effect was significant under exercise training con-
itions but not sedentary conditions (p = 0.005). Exercise training
licited an increase in annulus crossings under normal sleep con-
itions (p = 0.005), but exercise training actually resulted in a slight
on-significant decrease in annulus crossings under sleep restric-
ion conditions. However, no significant main EXERCISE effect was
ound for annulus crossings. Annulus crossings were found to be
orrelated with the percentage of time spent in the targeted quad-
ant of the Morris water maze (r = 0.468, p = 0.002). All treatment
roups exhibited similar distances swam and swimming speeds
uring the spatial memory recall portion of the Morris water maze
uggesting that recall data were not confounded by differences in
ocomotor ability between treatments.

Hippocampal activation.  Hippocampal c-Fos positive cell data
re presented in Figs. 3 and 4. Fewer c-Fos positive cells were
ound in the CA1, CA3, and DG areas after sleep restriction vs. nor-

al  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
etermined that the effect of sleep restriction was not significant
hen restricted to either the sedentary or exercise conditions.

xercise training increased the number of c-Fos positive cells in the
A1, CA3, and DG areas [F (1, 36) = 9.026, p = 0.005; F (1, 36) = 4.822,

 = 0.035; F (1, 36) = 4.252, p = 0.046, respectively]. However, this
ffect was apparent only under normal sleep conditions, in which

xercise elicited a significantly greater increase in c-Fos positive cell
n all of these areas compared with sedentary activity. Under sleep
estriction conditions, the effect of exercise vs. sedentary activity

ig. 2. Morris water maze data (Mean ± SE) from the memory acquisition portion
f  the test occurring after the 11-week experimental treatments. All experimental
roups learned to find the hidden platform as indicated by reductions in time to
each the platform over the 5 day memory acquisition. Sleep restricted mice took
ignificantly more time to find the hidden platform over the learning period than
ormal sleeping mice. Further, mice that exercised took significantly less time to
nd the hidden platform over time than sedentary mice.
ficant main effect of exercise enhancing the time spent in the designated quadrant
hancing these measures was found during normal sleep conditions but not sleep
leeping sedentary controls. Significant differences were set at p < 0.05.

was negligible. This pattern of results represented SLEEP × EXER-
CISE 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 num-
ber 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, respec-
tively).

Hippocampal brain-derived neurotropic factor.  Hipppocam-
pal BDNF positive cell data are shown in Figs. 5 and 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).
Chronic moderate sleep restriction did not significantly influ-
ence anxiety-behavior compared with normal sleep, whereas

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 posi-
tive 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 differ-
ences between normal sleeping exercise and sleep restriction exercise groups.
Significant differences were set at p < 0.05.
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ig. 4. Representable c-Fos immunohistochemically labeled hippocampus sections 

leep  + exercise, (C) sleep restriction + sedentary and (D) sleep restriction + exercise

oderate exercise training had a significant anxiolytic effect
ompared with the sedentary activity. Chronic moderate sleep
estriction impaired spatial memory acquisition and recall, with
orresponding reductions in hippocampal c-Fos activation and
DNF activity. Significant beneficial effects of exercise on spa-
ial memory were observed under normal sleep conditions, but
ot under chronic moderate sleep restriction conditions. More-
ver, exercise training enhanced c-Fos levels in the hippocampus.
hanges in BDNF after exercise training showed a similar, but non-
ignificant pattern. Our findings suggest that chronic moderate
leep restriction attenuated the benefits of exercise training for
patial memory.

The lack of change in anxiety behavior after sleep restriction

n the present study is consistent with the results of some studies
nvolving sleep restriction in rats [4], but not with the results of
ther studies [5]. However, these studies have tended to involve

ig. 5. The number (Mean ± SE) of BDNF positive cells in the CA1, CA3, and DG
reas of the hippocampus after the 11-week treatments. A main effect was found
or sleep restriction attenuating BDNF positive cells during both sedentary and
xercise conditions. BDNF positive cells were greater in the exercised conditions
ompared to the sedentary conditions in normal sleeping but not sleep restricted
ice. (*) indicates differences between experimental group and normal sleeping

edentary controls. (+) indicates differences between normal sleeping exercise and
leep restricted exercise groups. Significant differences were set at p < 0.05.
e that experienced the Morris water maze: (A) normal sleep + sedentary, (B) normal

profound amounts of sleep restriction over short durations. The
results from the present study resemble those of Novati et al. who
found that chronic moderate sleep restriction (4 h 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 exer-
cise training [26,32,33]. However, other animal studies have not
found anxiolytic effects in the elevated plus maze after exercise
training [e.g., 21]. The discrepancy in findings might be attributed
to several factors, including differences between species or in the
mode, frequency, or intensity of the exercise.

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 detrimen-
tal 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 [34].

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 [23,35]. The findings are also
consistent with epidemiologic and experimental research studies
showing benefits of physical activity and exercise training on learn-
ing in humans [18].

That the enhancements in spatial memory recall following exer-
cise 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 train-
ing 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
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hat prior exercise training over four weeks prevented impairment
n memory (radial arm water maze) following REM sleep loss [36].
owever, that study cannot be directly compared with the present

tudy in which exercise training occurred concomitantly with sleep
estriction. Whether the findings of the present study have any
mplications for humans will require research. It is noteworthy
hat extreme levels of exercise can exacerbate cognitive deficits
roduced by severe sleep loss in humans [23]. However, it will be

mportant to establish how the common conditions of moderate
leep loss and moderate exercise interact in humans.

The c-Fos and BDNF data were generally consistent with the
ehavioral data. For example, chronic moderate sleep restriction
ttenuated hippocampal c-Fos expression, which is consistent with
ther evidence that 10 h of acute sleep deprivation reduced c-Fos
euron activation in the CA1 and DG areas of the hippocampus [25].

n rodents, acute sleep deprivation can impair neurogenesis within
he hippocampus [37]. Even mild sleep restriction (i.e., 6 h) after
earning has resulted in reduced neurogenesis in the DG area of
he hippocampus in rats [6]. Thus, it is plausible that sleep restric-
ion might have reduced hippocampal cell activation because there
ere fewer numbers of neurons available.

In the present study, exercise training enhanced hippocam-
al neuron activation in the CA1, CA3, and DG areas. These data
re consistent with other data indicating that exercise training
an enhance hippocampus-dependent tasks [38]. Potential mecha-
isms by which exercise training might enhance spatial memory

nclude increased hippocampal neurogenesis [39], hippocampus
ize [38], and BDNF levels [26]. Consistent with the behavioral data,
he results suggest that adequate sleep is needed for the benefits of
xercise training on hippocampal neuron activation to be realized.

In the present study, chronic moderate sleep restriction reduced
he number of BDNF positive cells in the CA1, CA3, and DG areas of
he hippocampus. These findings, combined with previous research
howing reductions in BDNF protein and BDNF mRNA after acute
leep deprivation, suggest that impaired BDNF regulation might be
nvolved with sleep loss-induced detriments in cognition [40].

We found non-significant trends for exercise-induced increases

n BDNF levels compared to sedentary activity. Nonetheless, in post
oc analysis we found that under normal sleep conditions, exercise
licited significant increases in BDNF positive cells compared with

ig. 6. Representable BDNF immunohistochemically labeled hippocampus sections of mic
leep  + exercise, (C) sleep restriction + sedentary and (D) sleep restriction + exercise.
in Research 250 (2013) 74– 80 79

sedentary conditions. These data are consistent with other studies,
which have indicated that exercise training can increase hippocam-
pal BDNF protein levels and mRNA expression [35,41]. 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 test-
ing of memory recall. Prior studies of rats suggest that the timing of
sleep after learning might be important for spatial memory consoli-
dation [6]. Second, scheduling the memory recall immediately after
the last period of nighttime sleep restriction did not allow a delin-
eation of the effects of chronic vs. acute sleep restriction, though
the amount of sleep restriction for a single day (4 h) 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
had 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 speci-
ficity of time-of-day for cognition [42]. Sixth, the novelty/anxiety
associated with the elevated plus-maze could have influenced per-
formance 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

e that experienced the Morris water maze (A) normal sleep + sedentary, (B) normal
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[41] Berchtold NC, Kesslak JP, Cotman CW.  Hippocampal brain derived neurotrphic
0 M.R. Zielinski et al. / Behaviou

emory recall with corresponding increased c-Fos positive cells.
owever, the benefits of exercise for spatial memory were observed
nly under normal sleep conditions. These data suggest that chronic
oderate sleep deprivation can attenuate some of the cognitive

enefits of exercise training in mice.
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