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The deleterious effects of paradoxical sleep deprivation (SD) on memory processes are well

documented. Physical exercise improves many aspects of brain functions and induces
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neuroprotection. In the present study, we investigated the influence of 4 weeks of treadmill

aerobic exercise on both long-termmemory and the expression of synaptic proteins (GAP-43,

synapsin I, synaptophysin, and PSD-95) in normal and sleep-deprived rats. Adult Wistar rats

were subjected to 4 weeks of treadmill exercise training for 35 min, five times per week.

Twenty-four hours after the last exercise session, the rats were sleep-deprived for 96 h using

the modified multiple platform method. To assess memory after SD, all animals underwent

training for the inhibitory avoidance task and were tested 24 h later. The aerobic exercise

attenuated the long-term memory deficit induced by 96 h of paradoxical SD. Western blot

analysis of the hippocampus revealed increased levels of GAP-43 in exercised rats. However,

the expression of synapsin I, synaptophysin, and PSD-95 was not modified by either exercise

or SD. Our results suggest that an aerobic exercise program can attenuate the deleterious

effects of SD on long-term memory and that this effect is not directly related to changes in

the expression of the pre- and post-synaptic proteins analyzed in the study.
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1. Introduction

Although the precise function of sleep is not known, it is
widely accepted that sleep affects a variety of physiological
functions, including those involved in learning and memory
(Blissitt, 2001; Diekelmann and Born, 2010). Memory is classi-
cally defined as the ability to retain and manipulate pre-
viously acquired information by means of neuronal plasticity
(Thompson et al., 2002). Indeed, sleep plays a critical role in
fostering connections among neuronal networks for memory
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Fig. 1 – Effects of aerobic exercise and paradoxical sleep
deprivation on the mean latency to cross to black
compartment during training and test session of the
inhibitory avoidance task. Sedentary control group (SC,
n¼8), sedentary sleep-deprived group (SSC, n¼8), exercise
group (Ex, n¼8) and exercise sleep-deprived group (ExSD,
n¼8). Values are expressed as mean7SEM. *Indicates
significant difference from SC group and # indicates
significant difference from Ex group. One-way ANOVA
followed by the Tukey’s post hoc test (Po0.05).
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consolidation in the hippocampus, a critical structure for
learning and memory processes (Blissitt, 2001; Diekelmann
and Born, 2010; Kim et al., 2005; McDermott et al., 2006).
Animal studies have demonstrated that the firing patterns of
hippocampal neurons during a learning experience are
replayed during the subsequent paradoxical sleep period
(Louie and Wilson, 2001; Skaggs and McNaughton, 1996).
Moreover, there is compelling evidence indicating that mem-
ory is impaired by SD. For example, in rodents, the memory in
different hippocampus-dependent tasks, such as contextual
fear conditioning, the Morris water maze (MWM), and the
inhibitory avoidance task (IA), are disrupted by SD (Bueno
et al., 1994; Graves et al., 2003; Smith and Rose, 1996).

The neural processing of newmemories requires alterations
in the protein synthesis, gene expression and structural prop-
erties of neurons and synapses (Alberini, 2009; Sultan and Day,
2011). Interestingly, some reports have provided evidence that
the sleep/wake cycle may modulate the expression of certain
genes implicated in synaptic plasticity and memory, such as
brain derived neurotrophic factor (BDNF), synapsin I, calcium–

calmodulin-dependent protein kinase II (CAMKII) and the
cAMP response element binding protein (CREB) (Cirelli and
Tononi, 1998, 2000; Sei et al., 2000; Taishi et al., 2001). Accord-
ingly, in a previous study, Guzman-Marin et al. (2006) observed
that the hippocampal expression of BDNF, synapsin I, CAMKII
and CREB were reduced after 48 h of paradoxical SD.

Several studies have shown the ability of physical exer-
cise, unlike SD, to ameliorate many aspects of brain function
(Cotman et al., 2007; Hamer and Chida, 2009; van Praag, 2008).
We recently reported that 8 weeks of endurance or resistance
exercise improved the acquisition and retention in the MWM
task (Cassilhas et al., 2012a). This finding corroborates pre-
vious studies conducted in aging and young rodents that
showed physical exercise-induced improvements in various
hippocampus-dependent memory tasks (O’Callaghan et al.,
2007; Radak et al., 2006; Schweitzer et al., 2006; Vaynman
et al., 2004). The mechanism underlying exercise-induced
synaptic plasticity requires the involvement of a myriad of
molecules implicated in the maintenance and regulation of
brain function, including neurotrophic factors, signal trans-
duction proteins, transcription factors and synaptic proteins
(Cassilhas et al., 2012a; Cotman et al., 2007; Ding et al., 2004;
Lista and Sorrentino, 2010).

Previous studies have extensively demonstrated the dele-
terious effects of SD on memory and the contrasting beneficial
effects of physical exercise on this behavior. However, only one
study was conducted to investigate the interaction of the two
at the molecular level. Zagaar et al. (2012) observed that 4
weeks of aerobic exercise was able to attenuate the short-term
memory loss induced by 24 h of paradoxical SD in rats.
Additionally, physical exercise abrogated the detrimental
effects of SD on early phase of long-term potentiation (LTP)
and rescued hippocampal levels of BDNF and CAMKII. How-
ever, given the positive effects of exercise on neurobiology, the
molecular mechanisms through which exercise prevents the
SD-induced cognitive decline still remain to be explored.
Considering that no study, to date, has investigated the effects
of physical exercise on long-term memory after prolonged SD
periods, the present study aimed to verify the influence of 4
weeks of aerobic treadmill exercise on long-term memory in
normal and sleep-deprived rats subjected to an inhibitory
avoidance task and to analyze the expression of synaptic
proteins (GAP-43, synapsin I, synaptophysin, and PSD-95) with
critical roles for synaptic plasticity and memory process.
2. Results

2.1. Inhibitory avoidance

No significant differences were observed in the latency to
cross the aversive compartment between groups [F(3, 31)¼
1.653; p¼0.200] during the training session for the IA task
(Fig. 1). However, the latency in the test session was reduced
in the SSD group compared with that of the SC group
(221.5740.69 s vs. 514726.00 s; po0.001, respectively) and
between the ExSD and Ex groups (405.5748.24 s vs. 540.07
0.00 s; p¼0.044, respectively). Additionally, the ExSD group
showed a higher latency to cross the aversive compartment
than shown by the SSD group (405.5748.24 s vs. 221.57
40.69 s; p¼0.004, respectively). No significant differences were
observed in the SC group relative to the Ex and ExSD groups.

2.2. Synaptic protein expression

To verify the underlying mechanisms of the beneficial effects
of aerobic exercise on the memory deficits induced by 96 h of
paradoxical SD, we conducted western blot analysis of pre-
and post-synaptic proteins. Significant differences were
observed in the hippocampal levels of GAP-43 [Fig. 2a; F(3, 19)
¼4.789; p¼0.014]. These increases were observed in the Ex
(167715%; p¼0.015) and ExSD (156715%; p¼0.047) groups
relative to the SC group. In contrast, no significant differences
were found in the hippocampal expression of the other
analyzed proteins: synapsin I (Fig. 2b; F(3, 19)¼0.55; p¼0.65);
synaptophysin (Fig. 2c; F(3, 19)¼1.241; p¼0.328) and PSD-95
(Fig. 2d; F(3, 19)¼2.754; p¼0.077).



Fig. 2 – Hippocampal expressions of GAP-43 (A), synapsin I (B), synaptophysin (C) and PSD-95 (D) were measured by Western
blot analysis. Sedentary control group (SC, n¼5), sedentary sleep-deprived group (SSC, n¼5), exercise group (Ex, n¼5) and
exercise sleep-deprived group (ExSD, n¼5). Values are expressed as mean7SEM. *Indicates significant difference from SC
group. One way-ANOVA followed by the Tukey’s post hoc test (Po0.05).
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3. Discussion

Memory impairment is one of the classic behavioral effects of
SD (Bueno et al., 1994; Graves et al., 2003; Smith and Rose,
1996). This study demonstrated that 4 weeks of aerobic
exercise attenuated the long-term memory loss induced by
96 h of paradoxical SD in rats. However, this behavior was not
directly correlated with changes in pre- and post-synaptic
protein expression.

Previous studies have shown that SD negatively affects

memory in rodents subjected to various hippocampus-

dependent tasks, such as MWM, IA, contextual fear condi-

tioning and the radial water maze (Bueno et al., 1994; Graves

et al., 2003; Smith and Rose, 1996; Zagaar et al., 2012).

Consistent with these findings, our results demonstrate that

rats that were sleep deprived for 96 h (SSD and ExSD) had

impaired IA performance. However, this deficit was mitigated

by physical exercise, given that the latency to cross the

aversive compartment did not differ between the ExSD and

SC groups. To date, only one study investigated the effects of

exercise on the memory impairment triggered by SD in

animals (Zagaar et al., 2012). The authors found that aerobic

exercise performed for 4 weeks prevented the short-term

memory deficit induced by 24 h of paradoxical SD. Never-

theless, the effects of physical exercise on long-term memory

after prolonged SD periods (96 h) had not yet been investi-

gated. Therefore, this study is the first to report that an

exercise program can reduce the long-term memory deficit

induced by long periods of sleep disruption in rats.
In contrast to the results from previous studies (Cassilhas
et al., 2012b; Liu et al., 2009; Radak et al., 2006), the IA
performance was not enhanced by physical exercise in the
present study. Cassilhas et al. (2012b) found a memory improve-
ment in rats subjected to 8 weeks of resistance exercise when
compared with the memory of their sedentary counterparts.
Moreover, the performance in this task appears to be dependent
on the type of exercise employed. For example, Liu et al. (2009)
demonstrated that moderate treadmill exercise (forced) and
voluntary wheel running affected the IA performance differently;
animals subjected to the former had an improvement in long-
term memory, but the latency of the voluntary group did not
differ from that of the sedentary controls. The lack of differences
in IA performance between the Ex and SC groups can be
explained, at least in part, by the use of a very intense protocol
during the training for the behavioral task. Thus, studies that
verified a memory improvement as a result of physical exercise
used a lower negative reinforcer (1 footshock of 0.2–0.5 mA)
during IA training (Cassilhas et al., 2012b; Liu et al., 2009; Radak
et al., 2006) than that used in this work (5 footshocks of 0.8mA).
The higher number and intensity of footshocks during the IA
training may have led to the occurrence of a ceiling effect on the
IA performance. For example, Cruz-Morales et al. (1992) found
that the amnesic effect triggered by systemic administration of
scopolamine, a cholinergic antagonist, was not present when the
intensity of footshocks was increased during IA training. There-
fore, it is possible that the observed absence of differences
between the Ex and SC groups in the present study was due to
the occurrence of a ceiling effect.
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Previous studies have extensively documented that the
formation of long-term memories requires changes in pro-
teins synthesis, gene expression and the structural properties
of neurons and synapses (Costa-Mattioli et al., 2009; Sultan
and Day, 2011). Furthermore, one of the mechanisms under-
lying learning and memory requires the involvement of
several synaptic proteins needed for the proper synaptic
transmission, such as synapsin I, synaptophysin, GAP-43
and PSD-95 (Clare et al., 2010; Powell, 2006; Silva et al., 1996;
Xu, 2011).

The growth-associated protein GAP-43 is a neuron-specific
protein found in high concentrations in growth cones and pre-
synaptic terminals and is closely associated with neuritogen-
esis, synaptic plasticity and regenerative processes (Aigner
et al., 1995; Oehrlein et al., 1996; Oestreicher et al., 1997).
Moreover, GAP-43 plays a central role in learning and memory.
For instance, Rekart et al. (2005) demonstrated that mice with
decreased expression of GAP-43 exhibited memory deficits in
contextual fear conditioning, whereas genetic overexpression
of this protein dramatically enhanced learning and LTP in
transgenic mice (Routtenberg et al., 2000). In our current
experiment, there were no differences in the hippocampal
levels of GAP-43 between the SC and SSD rats. These data are
consistent with those found by Gao et al. (2010), where the
GAP-43 expression did not change after daily total SD (12 h for
3 days). In contrast, we observed an increase in the hippo-
campal levels of GAP-43 in exercised rats even after 5 days of
exercise cessation. Although we did not find differences in IA
performance between the Ex and SC groups, the increased
expression of GAP-43 may have mediated, at least in part, the
prevention of memory loss in the ExSD group.

Synapsin I is a nerve terminal-specific synaptic vesicle
associated phosphoprotein that is involved in both the synap-
togenesis and the plasticity of mature synapses by controlling
synaptic vesicle trafficking at pre- and post-docking levels
(Evergren et al., 2007). Previous studies showed an increase in
synapsin I immunoreactivity during LTP (Sato et al., 2000) and
revealed that 6 days of spatial learning in the MWM increased
synapsin I mRNA and protein expression (Gomez-Pinilla et al.,
2001). The hippocampal levels of synapsin I did not change in
any of the experimental conditions in the present study.
Guzman-Marin et al. (2006) observed a reduction in synapsin I
mRNA expression in the hippocampus after 8 and 48 h of SD. In
contrast, a recent study demonstrated that 96 h of paradoxical
SD increased the levels of total synapsin I and its phosphory-
lated form in the synaptosomes from the whole brain of rats
(Singh et al., 2012). These discrepancies may be due the
different periods and methods of SD used in the two studies
as well as in the method for analyzing synapsin I.

The expression of synapsin I is modulated differently
depending on the type and volume of exercise (Cassilhas
et al., 2012a; Ferreira et al., 2011; Vaynman et al., 2004).
A recent study conducted in our laboratory demonstrated that,
independent of the type of exercise (aerobic or resistance), 8
weeks of exercise was able to increase the levels of synapsin I in
the rat hippocampus (Cassilhas et al., 2012a). Moreover, studies
have shown an increase in hippocampal levels of this protein
after just 3 (Vaynman et al., 2004) or 7 (Ferreira et al., 2011) days
of aerobic exercise. In the present study, the absence of changes
in synapsin I expression after 20 days of exercise is in accordance
with previous studies (Ferreira et al., 2011; Molteni et al., 2002)
where no significant differences were found after longer periods
(28 and 15 days) of exercise.

Synaptophysin, a major integral glycoprotein attached to
the membrane of synaptic vesicles, was not affected by SD or
by exercise (Tarsa and Goda, 2002). Synaptophysin acts as an
important protein in the biogenesis of synaptic vesicles
(Thiele et al., 2000) and appears to be involved in the
formation of the fusion pore between the vesicle and the
plasma membrane (Fykse et al., 1993) as well as in the
endocytosis and recycling of synaptic vesicles (Evans and
Cousin, 2005). Recently, Zunzunegui et al. (2011) observed
that 12 h of SD during the light phase of the sleep-wake cycle
for 3 days did not significantly alter the synaptophysin levels
in rat brains; this result is in accordance with our findings.
Furthermore, 4 weeks of aerobic exercise did not induce
significant changes in synaptophysin expression compared
with that in all other groups. Our finding is in agreement with
previous studies that demonstrated that hippocampal levels
of this protein were not altered after 3, 7, 15 (Ferreira et al.,
2011) and 20 (Hescham et al., 2009) days of forced and
voluntary exercise. Conversely, other reports have demon-
strated increased expression of synaptophysin in the hippo-
campus (Cassilhas et al., 2012a; Vaynman et al., 2004), striatum
and substantia nigra (Ferreira et al., 2010) after different exercise
regimens.

We also investigated the effects of exercise and SD on the
expression of PSD-95, a synaptic scaffolding protein com-
posed of modular domains for protein interactions, along
with studying their effects on presynaptic proteins. PSD-95 is
enriched in the postsynaptic density (PSD), an electron-dense
specialization of the postsynaptic membrane that contains
macromolecular protein complexes (Cho et al., 1992; Kistner
et al., 1993). This postsynaptic protein is an important
regulator of synaptic strength and plasticity. For example,
PSD-95 overexpression increases synaptic AMPA receptor
clustering, enhances the frequency of miniature excitatory
postsynaptic currents, occludes LTP and enhances long-term
depression (Han and Kim, 2008; Xu et al., 2008). In a previous
study, Lopez et al. (2008) showed that 4 h of paradoxical SD
for 3 days did not alter the PSD-95 expression in young and
adolescent rats. Although the PSD-95 expression levels
increased with short- (Dietrich et al., 2005) and long-term
(Hu et al., 2009) voluntary exercise, we did not find significant
changes induced by exercise or by SD.

Regarding the absence of changes in the expression of the
majority of proteins after the exercise program in our study,
we should consider the fact that the animals were euthanized
five days after the last session of exercise. Hence, the period
during which the rats remained without training might have
influenced our results because we cannot exclude possible
detraining effects on the expression of these molecules.
Indeed, the effects of detraining on the brain have been
shown in some studies (Berchtold et al., 2005, 2010; Langfort
et al., 2006; Nelson and Iwamoto, 2006). In this regard,
Berchtold et al. (2005) reported that the exercise-induced
increase in BDNF expression returned to baseline levels
within 7 and 14 days of exercise cessation. Additionally, the
researchers observed that the BDNF levels returned to base-
line in just 3 days in a group of animals that were exercised
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on alternating days. Therefore, it is possible that detraining
changes the expression pattern of the proteins analyzed in
this study. Although it is feasible that these and other
exercise-regulated molecules in the hippocampus undergo
distinct temporal patterns of decay after exercise ends, as
occurs in others tissues (Esposito et al., 2011; Léger et al., 2006),
little is known about the effects of detraining in proteins other
than BDNF.

In conclusion, our findings demonstrated that 4 weeks of
aerobic exercise can attenuate the long-term memory impair-
ment induced by 96 h of paradoxical SD. The lack of change in
proteins other than GAP-43 after the exercise program can be
related to the distinct temporal patterns of decay of these
proteins after exercise ends. Further investigation is required
to elucidate the mechanisms underlying the ability of exer-
cise to prevent the long-term memory deficit induced by
paradoxical SD.
4. Experimental procedures

4.1. Animals

Fifty-two male Wistar rats, 60-days-old, were provided by the
Center for Development of Experimental Models for Medicine
and Biology (CEDEME/UNIFESP). The animals were housed in
groups of five in standard polypropylene cages. The room
temperature was maintained at 2271 1C, and the relative
humidity was 5573%. The animals were kept on a 12 h light/
dark schedule (with the lights on at 7:00 AM) and had free
access to food and water. All experimental protocols were
approved by the ethics committee of the Universidade Fed-
eral de São Paulo (#0607/09), and all efforts were made to
minimize animal suffering, in accordance with the proposals
of the International Ethical Guideline for Biomedical Research
(CIOMS, 1985).

4.2. Exercise training

At the beginning of the study, all animals were subjected to
a recruitment process, which consisted of three days of
running familiarization sessions on a motorized treadmill
(Columbus Instruments). During this period, the rats ran for
10 min/day at a speed of 8 m/min at 01 incline. Electric shocks
were used sparingly to motivate the rats to run. To provide a
measure of their trainability, we rated each animal’s tread-
mill performance on a scale of 1–5, according to the following
classifications [1, refused to run; 2, below average runner
(sporadic, stop and go, wrong direction); 3, average runner; 4,
above average runner (consistent runner occasionally fell
back on the treadmill); and 5, good runner (consistently stayed
at the front of the treadmill)] (Arida et al., 2011; Dishman
et al., 1988). Animals with a mean rating of 3 or higher were
randomly distributed into four groups of 13 animals: sedentary
control (SC), exercise (Ex), sedentary sleep-deprived (SSD) and
exercise sleep-deprived (ExSD). The animals that did not meet
this criterion were excluded from the experiment. This proce-
dure was used to exclude the possibility of different levels of
stress between the animals. Afterward, the rats of the Ex and
ExSD groups were subjected to daily running (5 days/week) for
4 weeks, while the SC and SSD groups were handled in exactly
the same manner as the exercised groups and maintained on
the turned-off treadmill for the same times. Each training
session started with a 5-min warm-up at 8 m/min, followed
by a bout of 25 min of running at a speed of 12 m/min (first
week), 14 m/min (second week), 16 m/min (third week) and
18m/min (fourth week).

4.3. Paradoxical sleep deprivation

Twenty-four hours after the last exercise session, the animals
from the SSD and ExSD groups were sleep-deprived for 96 h
using the modified multiple platform method (Suchecki and
Tufik, 2000), while the other groups remained in their home
cages in the same room where the SD procedures took place.
The rats were placed in a water tank (123 cm�44 cm�44 cm)
containing circular platforms (6.5 cm diameter). The water
level remained at approximately 2 cm below the surface of
the platforms, and the number of platforms always exceeded
the number of animals, allowing the rats to move around
freely inside the tank by jumping from one platform to
another. During the paradoxical SD period, the rats had free
access to water bottles and food pellet baskets located on a
grid on top of the tank. This method relies on the muscle
atonia that accompanies paradoxical sleep. Therefore, when
the animals on the platforms reached this sleep stage, they
lost muscle tone, touched or fell into the surrounding water,
and then awakened. Before the onset of the SD period, the
animals were habituated to the method for two days (1 h/day)
to avoid unnecessary drops in the water. This method
completely abolishes paradoxical sleep and also decreases
slow wave sleep by approximately 35% (Machado et al., 2004).

4.4. Inhibitory avoidance task

Immediately after the paradoxical sleep deprivation period,
the animals (n¼8 for each group) were gently dried and
subjected to the IA. The IA apparatus consisted of two acrylic
boxes, each measuring (21�26�27.5 cm3), connected by a
sliding door. A box with white acrylic walls was designated as
the safe compartment, whereas the other black acrylic box
was the aversive compartment. The floor of the apparatus
was made of parallel metallic rods (0.4 cm diameter), which
were separated by a distance of 1.2 cm, and connected to an
electric shock generator. During the task training, each
animal was placed in the safe compartment with the sliding
door closed. Ten seconds later, the door was opened. As soon
as the animal crossed to the aversive compartment with its
four paws, the door was closed, the latency to enter was
recorded, and the animal received five footshocks (0.8 mA/1 s)
separated by 15 s (Esumi et al., 2011). After the shocks, the
animal was removed from the apparatus and returned to the
home cage.

In the test phase, 24 h later, each animal was first placed in
the safe compartment of the apparatus, and the sliding door
was opened 10 s later. The latency to cross to the aversive
compartment was recorded. Each animal was allowed 540 s to
cross to the aversive compartment. The animals that failed to
do so were removed from the apparatus, and a latency of 540 s
was recorded (Moreira et al. 2003).
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4.5. Western blot analysis

Immediately after the 96 h of SD, the rats (n¼5 for each group)
were euthanized by decapitation, and the hippocampi were
dissected and immediately frozen in liquid nitrogen. Tissues
and serum were stored at �80 1C until use. Thereafter, the
hippocampi were homogenized in lysis buffer (1% Triton
X-100; 0.5% sodium deoxycholate; 100 mM Tris–HCl, pH 8.3;
150 mM NaCl; 10mM EDTA; 0.1% SDS; 10% glycerol; 1% NP-40;
and protease inhibitor cocktails), and the total protein con-
centration was determined using a protein assay kit (Bio-Rad,
Hercules, CA, USA) (Bradford, 1976). The samples were loaded
on 10% (PSD-95, 20 mg/lane; synapsin 1, synaptophysin and
GAP-43, 30 mg/lane) SDS-polyacrylamide gels, separated using
electrophoresis and then transferred to nitrocellulose mem-
branes (Amersham GE, Little Chalfont, UK). Immunodetection
was performed at room temperature. The membranes were
blocked with 2% non-fat milk for 1 h and then incubated with
primary antibodies for 1 h at the indicated dilutions: anti-PSD-
95 (1:20.000); GAP-43 (1:5.000); synapsin 1 (1:1000); synaptophy-
sin (Abcam, Cambridge, MA, USA; 1:10.000); anti-β-actin
(1:10.000); β-tubulin (Sigma, St. Louis, MO, USA; 1:50.000). After
3 5 min washes, the membranes were incubated for 45min
with Alexa-680-conjugated anti-rabbit IgG (1:10.000, Invitro-
gen, Carlsbad, CA, USA). After 5 5-min washes, digital images
of the membranes were acquired and quantified using the
Odyssey Infrared Image System (LICOR, Baltimore, MD, USA).
The band intensity of the protein of interest was normalized to
the band intensity of β-actin or β-tubulin. The relative protein
expression in the SSD, Ex and ExSD groups was expressed as
the percentage of the SC mean.
4.6. Statistical analysis

Data were analyzed using SPSS (version 17.0), and in all
analyses, po0.05 was considered statistically significant. After
confirmation of the normality of variables using the Shapiro–
Wilk test, the values were compared using one-way analysis of
variance (one-way ANOVA) followed by the Tukey post hoc test
for both the western blotting and the behavioral task data. Data
were presented as the mean7standard error.
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