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A B S T R A C T

Exercise is a promising adjunctive therapy for depressive behavior, sleep/wake abnormalities, cognition and
motor dysfunction. Conversely, sleep deprivation impairs mood, cognition and functional performance. The
objective of this study is to evaluate the effects of exercise on anxiety and depressive behavior and striatal levels
of norepinephrine (NE), serotonin and its metabolites in mice submitted to 6 h of total sleep deprivation (6h-
TSD) and 72 h of Rapid Eye Movement (REM) sleep deprivation (72h-REMSD). Experimental groups were: (1)
mice submitted to 6h-TSD by gentle handling; (2) mice submitted to 72h-REMSD by the flower pot method; (3)
exercise (treadmill for 8 weeks); (4) exercise followed by 6h-TSD; (5) exercise followed by 72h-REMSD; (6)
control (home cage). Behavioral tests included the Elevated Plus Maze and tail-suspension. NE, serotonin and its
metabolites were determined in the striatum using high-performance liquid chromatography (HPLC). Sleep
deprivation increased depressive behavior (time of immobilization in the tail-suspension test) and previous
exercise hindered it. Sleep deprivation increased striatal NE and previous exercise reduced it. Exercise only was
associated with higher levels of serotonin. Furthermore, exercise reduced serotonin turnover associated with
sleep deprivation. In brief, previous exercise prevented depressive behavior and reduced striatal high NE levels
and serotonin turnover. The present findings confirm the effects of exercise on behavior and neurochemical
alterations associated with sleep deprivation. These findings provide new avenues for understanding the
mechanisms of exercise.

1. Introduction

Sleep disorders are common and potentially inflict negative effects
on conditions of health and disease [1,2]. Sleep is vital for the
maintenance of interconnections and neurotransmitters that are essen-
tial for emotion and memory [3]. Previously, Xie et al. demonstrated
that sleep deprivation impairs the removal of neurotoxic waste products
affecting functional performance [3,4]. In view of this, it seems right to
assume that sleep is essential for the brain. Experimental procedures of
sleep deprivation offer the opportunity to evaluate cerebral changes
and behavior in controlled conditions [5].

The neural sequence generating sleep and wake is a complex chain
influenced by physiological factors and pathological conditions.
Mainly, the sleep/wake cycle regulatory system includes an ascending
network extending from the medulla to the forebrain and involving

thalamus, basal forebrain, posterior hypothalamus, and brainstem
monoaminergic nuclei e.g. noradrenergic neurons of the locus coeruleus
(LC) and serotonergic neurons of the dorsal raphe [6]. Dopamine
neurons of the substantia nigra and ventral tegmental area, glutamate,
hypocretin and the histaminergic tuberomammillary nucleus are all
involved innervating through the forebrain the cerebral cortex [7]. The
striatum, vital for motor control and cognition, has extensive functional
interactions with multiple brain structures e.g. the hippocampus,
thalamus and the prefrontal cortex. Interactions between hippocampus,
striatum and the cerebral cortex generate sleep-related memory con-
solidation processes [8]. It is proposed that sleep can reorganize the
activity within, as well as the functional interactions between these
structures [9]. In fact, several studies describe the modulating effects of
sleep deprivation on monoaminergic network [10,11]. For instance,
sleep is related to the amygdalo-striatal system that is persistent
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throughout evolution and constitutes an essential part of the primordial
emotional brain [3,12].

Animal and human experiments have provided evidence for the role
of striatum in sleep [13]. In the rotenone experimental model of
Parkinson’s disease, Rapid Eye Movement (REM) sleep deprivation
compromises memory similarly to a nigrostriatal lesion [14]. Durrant
et al., testing auditory memory and using polysomnography and
magnetic resonance in healthy volunteers, showed that weaker para-
hippocampal responses and stronger striatal responses occurred after
sleep and this was predicted by the amount of slow wave sleep [8]. The
latest findings provide further evidence consolidating the relationship
of the striatum with sleep [15].

Physical exercise positively modifies mood symptoms and mobility
[16,17]. Moreover, exercise improves sleep quality [18], memory [19]
and influences anti-inflammatory activity [20]. Importantly, a study
evaluating the effects of exercise in Parkinson’s disease showed that
physical activity improved mobility and general signs of the illness
[21]. Sleep disturbances are common in neurodegenerative conditions,
e.g. Parkinson’s disease, influencing motor performance, cognition,
mood and therapeutic response [22]. Given that sleep alterations are
common in Parkinson’s disease and exercise improves disease related
symptoms, it is important to investigate, in conditions of sleep
deprivation, how exercise affects behavior and the striatum.

The objective of this study is to evaluate the effects of a treadmill
exercise protocol on behavior and neurochemical alterations in the
striatum in mice submitted to two protocols of sleep deprivation: 6 h of
total sleep deprivation (6h-TSD) and 72 h of REM sleep deprivation
(72h-REMSD).

2. Material and methods

2.1. Animals

The experimental protocol involved 60 male adult Swiss mice,
weighing 25–30 g housed in standard conditions (light-dark cycle:
12 h/12 h, temperature: 23 ± 1 °C, humidity: 50 ± 10%) with food
and water ad libitum. The study followed the ethical principles of animal
experimentation established by the Brazilian College of Animal
Experimentation (COBEA) and was previously approved by the Ethics
Committee in Animal Research (CEPA-67-09).

Animals were grouped (4–5 per cage) Experiment was in accordance
with the guidelines established by the Ethical and Practical Principles
for the Use of Laboratory Animals [23].

2.2. Experimental procedures

Fig. 1 shows an overview of the experiments. Six groups of animals
(N = 10 each) were distributed, as described. Group 1 was control kept
in their home cages. Group 2 was submitted to 6h-TSD and group 3 to
72h-REMSD. Group 4 performed up to one-hour of treadmill exercise
for 8 weeks. Group 5 included mice that previously exercised (1-h
treadmill exercise for 8 weeks) and were right away submitted to 6h-
TSD; group 6 included mice that previously exercised (1-h treadmill
exercise for 8 weeks) and were immediately REM sleep deprived for
72 h (72h-REMSD).

Time to initiation of sleep deprivation was around Zeitberg Time
(ZT) 6 and exercise was also conducted at daytime, under conditions of
darkness, from 11:00 AM to 01:00 PM (ZT 6–7). Behavioral tests, firstly,
the Elevated Plus Maze (5 min) and secondly, Tail Suspension (6 min),
were performed, immediately at the end of exercise or sleep deprivation
period. Behavioral tests were scored manually by a blinded examiner.

Animals were decapitated immediately after behavioral tests
(11 min) and the striatum (dorsal and ventral) was dissected and frozen
for analysis.

2.3. Sleep deprivation

2.3.1. Total sleep deprivation (6h-TSD)
Mice were sleep deprived during 6 h of the light phase (ZT6 to

ZT12) by gentle handling (cage tapping and delicate touching). Gentle
handling method (6 h) is described by Fenzl et al. [24] and Franken
et al. [25]. Food and water were available ad libitum. Mice were
acclimatized for similar conditions and housed for at least 2 weeks prior
to experimental use.

2.3.2. REM sleep deprivation (72h-REMSD)
Sleep deprivation (72h-REMSD) was initiated at ZT6 using the

multiple platform method adapted for mice [26]. Groups of 5 mice were
placed on platforms in tanks (32cm × 42cm× 18 cm) for 72 h. Each
tank contained 14 platforms (3 cm in diameter) surrounded by water up
to one cm beneath the surface of the platforms. Food and water were
available through a grid placed on top of the water tank through all
experiments. In this model, animals can move inside the tank by
jumping from one platform to another and restriction of movement or
social isolation are not imposed. The “flower pot” method is the best
method to selectively deprive animals of rapid eye movement (REM)
sleep for one or multiple days with only intermittent monitoring by the
researcher [27]. When the characteristic muscle atonia occurs, the
animal contact the water surrounding the platform and immediate
awakening occur.

2.4. Exercise protocol

All groups were habituated on an eight-channel motor-drive tread-
mill (Model Insight®-Equipment, Research and Education-Co., Brazil).
Treadmill exercise was also conducted during daytime, under condi-

Fig. 1. Overview of experiments. Group 1 was control kept in their home cages. Groups 2
and 3 were subjected to sleep deprivation (6h-TSD or 72h-REMSD). Group 4 performed
up to one-hour of treadmill exercise only. Groups 5 and 6 were previously exercised and
then subjected to sleep deprivation (6h-TSD or 72h-REMSD). Time to initiation of sleep
deprivation was Zeitberg Time (ZT) 6 and exercise was conducted at daytime from 11:00
AM to 01:00 PM (ZT 6–7).
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tions of darkness, from 11:00 AM to 01:00 PM (ZT 6–7).
One week of treadmill familiarization (5 min/day, with time-out on

weekends) was done to eliminate novel effects. Time and speed were
adjusted weekly. Exercises were done 5 days per week, with a
progressive increase from 10 min up to 60 min for 8 weeks, and a 0°
inclination. Exercise was always at the same time of the day (ZT 6–7).
Before running, mice were firstly acclimatized by placing them on an
unmoving treadmill for 10 min, then at 5 m/min for 10 min, and at
10 m/min for 10 min on succeeding days for 5 days before testing; the
speed was increased until 13 m/min. The control group was left in the
treadmill, without running, for the same amount of time as the exercise
group [28].

To minimize stress associated with treadmill exercise, only gentle
tail touching was used to induce mice to run, and no electric or voice
stimulant was used. None of the animals were visibly hurt or died
during exercise sessions.

2.5. Behavioral tests

2.5.1. Elevated plus maze test
The elevated plus maze consisted of two open arms (28.5 × 7 cm)

and two closed arms (28.5 × 7 × 14 cm) arranged perpendicularly
[29]. The maze was elevated 50 cm above the floor. Each mouse was
placed in the center of the apparatus and the number of entries and time
spent in the open arms were recorded for 5 min.

2.5.2. Tail suspension test
Mice, both acoustically and visually isolated, were suspended 50 cm

above the floor by the tip of the tail (1 cm). The total test procedure of
mouse immobility time was counted during a test period of 6 min. Mice
were considered immobile only when they hung passively and com-
pletely motionless [30].

2.6. Brain tissue analysis – Striatal monoamine levels

Striatum was collected and used to prepare 10% homogenates for
the measurement of norepinephrine (NE), serotonin (5-HT), 5-hydro-
xyindoleacetic acid (5-HIAA) levels and 5-HT turnover (5-HIAA/5-HT).
Homogenates were sonicated in 0.1 M HClO4, for 30 s, centrifuged at
4 °C for 15 min at 15,000 rpm, and the supernatant was filtered
(0.2 μm, Millipore). A 20 μl sample was then injected into a high-
performance liquid chromatography (HPLC) system (Shimatzu Corp.,
Japan). Was used a column, as fixed phase, Shimadzu CLC-ODS (M) for
analysis. The mobile phase was 0.163 M citric acid, pH 3.0, containing
0.02 mM EDTA, with 0.69 mM sodium octanesulfonic acid (SOS), as ion
pairing reagent, 4% v/v acetonitrile and 1.7% v/v tetrahydrofuran. NE,
serotonin and 5-HIAA standards samples were applied to HPLC with
electrochemical detection (amperometric detector-Model L-ECD-6A;
Shimadzu Corp., Japan), by oxidation of a glassy carbon electrode at
0.85 V relative to the Ag–AgCl reference electrode. The amount of
monoamines was determined by comparison with standards injected
into the HPLC system on the day of experiment, and concentrations

Fig. 2. Effects of sleep deprivation on anxiety-like behavior. Between groups analysis shows significant differences (A) Number of entries in open arm. Post hoc pairwise comparison shows
that animals submitted to exercise only had a reduced number of entries in the open arm, as compared to control (p = 0.009). (B) Time spent in open arm. Post hoc pairwise comparison
shows that animals submitted to 72h-REMSD spent more time in the open arm, as compared to control (p = 0.01). (C) and (D) Previous exercise followed by sleep deprivation did not
significantly modify number of entries and time spent in the open arm (ANOVA followed by using Tukey's HSD test). *p < 0.05, **p < 0.001.
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were expressed as micrograms μ/g of tissue.

2.7. Statistical analyses

Descriptive statistics are presented as mean (± standard error). All
data were tested for normal distribution and equal variance. Analysis of
variance (ANOVA) followed by post hoc Tukey’s test was employed to
compare results between multiple groups and pairwise comparisons.
Statistical analysis was carried out using SPSS for Windows, version
21.0. Statistical significance was set at p < 0.05.

3. Results

3.1. Elevated plus maze test (Fig. 2)

3.1.1. Compared groups: control, 6 h total sleep deprivation (6h-TSD), 72h-
REM sleep deprivation (72h-REMSD) and exercise only

Number of entries in the open arm (ANOVA, F = 6.02, p = 0.002)
and time spent in the open arms (ANOVA, F = 4.10, p = 0.01) were
significantly different between groups. Post hoc pairwise comparison
using Tukey's HSD test showed that animals submitted to exercise only
had a reduced number of entries in the open arm (p = 0.009; Fig. 2A).
Post hoc pairwise comparison using Tukey's HSD test showed that
animals submitted to 72h-REMSD spent more time in the open arm
(p = 0.01; Fig. 2B).

3.1.2. Compared groups: 6h-TSD, 72h-REMSD and previous exercise
immediately followed by 6h-TSD and 72h-REMSD

Number of entries in open arm (ANOVA, F = 3.31, p = 0.03) and
time spent in the open arms (ANOVA, F = 3.10, p = 0.04) were
significantly different between groups. However, post hoc pairwise
comparison using Tukey's HSD test did not show significant differences.
In short, previous exercised followed by 72h-REMSD or 6h-TSD did not
modify time or number of entries in the open arm (Fig. 2C and D).

3.2. Total immobilization time (Fig. 3)

3.2.1. Compared groups: control, 6h-TSD, 72h-REMSD and exercise only
Between groups analysis showed significant differences in the tail

suspension test (ANOVA, F = 469.6, p < 0.005). Post hoc pairwise
comparison using Tukey's HSD test showed that animals subjected to
6h-TSD and 72h-REMSD had increased time of immobilization
(p < 0.005; Fig. 3A). Exercise only also increased the time of
immobilization (p = 0.001; Fig. 3A).

3.2.2. Compared groups: 6h-TSD, 72h-REMSD and previous exercise
followed by 6h-TSD and 72h-REMSD

Between groups analysis showed significant differences in the tail
suspension test (ANOVA, F = 302.0, p < 0.005). Post hoc pairwise
comparison using Tukey's HSD test showed that previous exercise
reduced the time of immobilization after 6h-TSD (p = 0.002) and after
72h-REMSD (p = 0.01; Fig. 3B).

3.3. Brain monoamines

3.3.1. Norepinephrine levels in the striatum (Fig. 4)
3.3.1.1. Compared groups: control, 6h-TSD, 72h-REMSD and exercise
only. Between groups analysis showed significant differences in NE
levels in the striatum (ANOVA, F = 39.01, p < 0.005). Post hoc
pairwise comparison using Tukey's HSD test showed that mice
submitted to 6h-TSD (p < 0.005; Fig. 4A) and to 72h-REMSD
(p = 0.001; Fig. 4A) had higher levels of NE. Exercise only also
increased NE levels (p = 0.04; Fig. 4A).

3.3.1.2. Compared groups: 6h-TSD, 72h-REMSD and previous exercise
followed by 6h-TSD and 72h-REMSD. Between groups analysis showed

significant differences in NE levels in the striatum (ANOVA, F = 41.02,
p < 0.005). Post hoc pairwise comparison using Tukey's HSD test
showed that mice subjected to previous exercise followed by 6h-TSD
(p < 0.005; Fig. 4B) or by 72h-REMSD (p = 0.001; Fig. 4B) had
reduced levels of NE in the striatum as compared to sleep deprivation
only.

3.3.2. Serotonin, 5-HIAA levels and serotonin turnover in the striatum
(Fig. 5)
3.3.2.1. Compared groups: control, 6h-TSD, 72h-REMSD and exercise
only. Between groups analysis showed significant differences in
serotonin levels in the striatum (ANOVA, F = 14.28, p < 0.005).
Post hoc pairwise comparison using Tukey's HSD test showed that
animals submitted to exercise only had higher serotonin levels
(p < 0.005, Fig. 5A). Sleep deprivation, both models 6h-TSD and
72h-REMSD, did not modify serotonin levels.

Between groups analysis showed significant differences in 5-HIAA
levels in the striatum (ANOVA, F = 41.38, p < 0.005). Post hoc
pairwise comparison using Tukey's HSD test showed that mice sub-
jected to 6h-TSD had higher levels of 5-HIAA (p = 0.004; Fig. 5B).
Exercise only also increased 5-HIAA levels (p = 0.04; Fig. 5B).

Between groups analysis showed significant differences in serotonin
turnover (ANOVA, F = 52.23, p < 0.005). Post hoc pairwise compar-
ison using Tukey's HSD test showed that mice subjected to 6h-TSD had
higher serotonin turnover (p < 0.005; Fig. 5C). Exercise only also
showed increased serotonin turnover (p = 0.006; Fig. 5C).

3.3.2.2. Compared groups: 6h-TSD, 72h-REMSD and previous exercise
followed by 6h-TSD and 72h-REMSD. Regarding serotonin levels,

Fig. 3. Effect of treadmill exercise on depressive symptoms (tail suspension) in sleep-
deprived mice. Between groups analysis shows significant differences in the tail
suspension test (A) Total time spent immobile. Post hoc pairwise comparison shows that
6h-TSD (p < 0.005), 72h-REMSD (p < 0.005) and exercise only increased time of
immobilization (p = 0.001). (B) Total time spent immobile. Between groups analysis
shows significant differences in the tail suspension test (p < 0.005). Post hoc pairwise
comparison shows that previous exercise reduces the time of immobilization after 6h-TSD
(p = 0.002) and after 72h-REMSD (p = 0.01) (ANOVA followed by Tukey's HSD test)
*p < 0.05, **p < 0.001.
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between groups analysis showed significant differences in the striatum
(ANOVA, F = 4.75, p = 0.01). Post hoc pairwise comparison using
Tukey's HSD test showed that animals submitted to exercise followed by
72h-REMSD increased levels of serotonin (p = 0.04; Fig. 5D).

Regarding 5-HIAA levels, between groups analysis showed signifi-
cant differences in the striatum (ANOVA, F = 5.13, p = 0.01). Post hoc
pairwise comparison using Tukey's HSD test did not show significant
differences (Fig. 5E).

Regarding serotonin turnover, between groups analysis showed
significant differences in the striatum (ANOVA, F = 33.50,
p < 0.005). Post hoc pairwise comparison using Tukey's HSD test
showed that animals submitted to exercise followed by 6h-TSD or 72h-
REMSD had reduced levels of serotonin turnover (5-HIAA/5-HT)
(p < 0.005 and p = 0.04, respectively; Fig. 5F).

4. Discussion

This study shows that exercise reduces depressive behavior, levels of
NE and serotonin turnover measures in association with sleep depriva-
tion in the striatum. The same results were consistently found in both
experimental models of sleep deprivation, 6h-TSD and 72h-REMSD,
strengthening the validity of the findings. In short, exercise changed
behavior and neurochemistry in association with sleep deprivation. We
will subsequently discuss conflicting evidence regarding depressive and
anxiety behavior in animal models of sleep deprivation and the
significance of the striatal monoamine results.

Previously, reports on the effects of acute sleep deprivation on
anxiety are controversial: some experiments point to anxiogenesis and
others to anxiolysis [31]. The lack of change in anxiety behavior after
sleep deprivation, presently found in this study, is in agreement with
other report involving sleep restriction in rats [32]. Furthermore, some
argue that the increased number of entries and/or time spent in open
arm found in this model is justified by mania rather than to an
anxiolytic effect [33].

In agreement with previous reports, our results show that sleep
deprivation induces depressive behavior [34]. Clinical evidence shows

Fig. 4. Alterations in norepinephrine (NE) levels in the striatum after sleep deprivation,
exercise and combined actions. Between groups analysis shows significant differences in
NE levels (A) Post hoc pairwise comparison shows that 6h-TSD (p < 0.005), 72h-REMSD
(p = 0.001) and exercise (p = 0.04) increased NE levels. (B) Post hoc pairwise compar-
ison shows that previous exercise followed by 6h-TSD (p < 0.005) and 72h-REMSD
(p = 0.001) reduced NE levels (ANOVA followed by Tukey's HSD test). *p < 0.05,
**p < 0.001.

Fig. 5. Effects of exercise, sleep deprivation and combined actions on 5-HT and 5HIAA levels, and 5-HT/5HIAA ratio. Fig. 1(A–C) shows results of control, 6h-TSD, 72h-REMSD and
exercise only. Between groups analysis shows significant differences (A) 5-HT levels. Post hoc pairwise comparison shows that exercise only, as compared to control, increased 5-HT levels
(p < 0.005). (B) 5-HIAA levels. 6h-TSD (p = 0.004) and exercise only (p = 0.04) increased 5-HIAA levels. (C) 5-HIAA/5-HT ratio. 6h-TSD (p < 0.005) and exercise only (p = 0.006)
increased 5-HIAA/5-HT ratio. Fig. 2(D–F) shows 6h-TSD, 72h-REMSD and previous exercise followed by sleep deprivation. (D) Previous exercise followed by 72h-REMSD increased 5-HT
levels (p = 0.04). (E) No differences were found in 5-HIAA levels. (F) Previous exercise reduced 5-HIAA/5-HT ratio in animals subjected to 6hTSD (p < 0.005) and 72h-REMSD
(p = 0.04). *p < 0.05, **p < 0.001.
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that the relationship between sleep deprivation and depression is
complex: sleep deprivation aggravates depression [35]; and conversely,
it is used as a chronotherapeutic method of treatment [36]. The
amelioration of depressive symptoms after sleep deprivation is transient
and unsustained [37]. The mechanistic basis for these, somehow,
contradictory findings need more clarification.

Effects of exercise on behavior have also been a focus of contro-
versy: exercise is associated with both, increased [38] and reduced
anxiety [39]. In this work, exercise elicited a reduction in the number of
entries in open arm, an indicative of elevated anxiety. These data are in
accordance with other rodent studies [40,41]. In contradiction, other
researchers report that treadmill training reduces anxiety-like beha-
viors [42] Schoenfeld [43]. Furthermore, our results showed that
previous exercise reduce depressive behavior. These findings are
directly in agreement with clinical [44] and animal experiment [45]
evidence reaffirming that exercise improves depression.

In the present study, mice submitted to exercise showed higher
levels of serotonin turnover. This is in agreement with a previous report
showing an improvement of depressive symptoms and high striatal
serotonin turnover after aerobic exercise [17,46]. Clinical study shows
that unmedicated patients with major depression show higher serotonin
turnover levels [47]. Additionally, the use of selective serotonin
reuptake inhibitors and improvement of symptoms is associated with
a reduction of serotonin turnover [48]. Judging from these findings, a
reduction of serotonin turnover is directly associated with the improve-
ment of depression. Our results show that in both models of sleep
deprivation, 6h-TSD and 72h-REMSD, previous exercise reduced de-
pressive symptoms and striatal serotonin turnover. Brain serotonin
turnover is a strong indicator of rates at which serotonin and its
metabolites enter and leave the brain [49].

Importantly and in agreement with our findings, former work
confirms that REM sleep deprivation increases NE level in the brain
[50,51]. In fact, high NE levels occurred in both models of sleep
restriction: the 6h-TSD, a milder form, and the 72h-REMSD, of a more
severe nature. It is known that high NE levels stimulate neuronal Na+-
K+-ATPase, a fundamental factor for maintaining neuronal excitability
[52]. Considering that REM sleep deprivation increases cerebral NE
levels, Mallick e Singh [53] postulated that REM sleep possibly serves a
housekeeping function in the brain. Furthermore, they propose that
subjects suffering from REM sleep loss may be effectively treated by
reducing either NE level or Na+-K+-ATPase activity in the brain. In this
study, in both models, previous exercise reduced the high levels of NE
in the striatum. This effect was more intense in the 6h-TSD model and
less potent in the 72h-REMSD. This could be explained by the fact that
72h-REMSD affects more aggressively the brain.

At present, a clear understanding on how treadmill exercise reduces
NE in the striatum of sleep deprived animals is not available. A burn out
effect on the striatum caused by exercise followed by sleep deprivation
cannot be excluded. The question whether this could be a protective
effect against the possible toxic injury induced by very high levels of NE
remains to be answered. Moreover, how could this be linked to
improvement of depressive behavior in this model is also to be clarified.

Limitations to this study must be acknowledged. Regrettably, nearly
all experimental models of sleep deprivation involve associated stress.
In the present study, we performed two models of sleep deprivation: 6 h
using gentle handling and 72 h using the flower pot method. Sleep
analysis should have been performed. Of value, this research shows
how these two models of sleep deprivation differentially affects
behavioral and brain alterations.

Additionally, conditioned exercise also inflicts a certain degree of
stress. Less stressful forms of exercise e.g. wheel running do not
guarantee the same amount of exercise for all. Studies on the effects
of exercise have included different protocols varying in intensity and
duration. Studies using one day [54], 5 days [55] and 26 weeks [56]
were described. This variation by itself hampers comparisons. In this
work, eight weeks of exercise was considered a good average con-

ditioning protocol.
In this experiment, we focused only in the striatum. Other brain

areas were unfortunately not included. In fact, previously, structures
with important circuitry related to sleep, learning, memory and motor
function e.g. thalamus, striatum and the substantia nigra were rarely
investigated [57–59]. Very few studies described the effects of exercise
in connection with sleep deprivation in mice, particularly brain tissue
changes [39,60,61]. This study provides evidence regarding alterations
of striatal monoamines in connection with sleep deprivation and
exercise.

The interpretation of neurochemical results must take into con-
sideration that determinations were obtained from brain tissue homo-
genates. The homogenized tissue determines the amount within the
cells as well as extracellular space. Therefore, the use of microdialysis
would be more appropriate. Furthermore, the homogenization process
will mix enzymes that can degrade the neurotransmitters: neurotrans-
mitters have short lives as they can break down extremely quickly [6].
More complicated is the fact that their widespread distribution in many
networks adds to the difficulties in analyzing their functions and
interactions. Interestingly, a previous study evaluating monoamines
in the cerebral tissue showed that the NE and serotonin contents were
relatively homogenous. In addition, the regulation of these neuromo-
dulatory systems is probably achieved mainly at the terminals. Im-
portantly, each of these systems contributes to the regulation of the
other [49]. Hence, information regarding the content of NE and
serotonin in the brain is useful and the striatum as a midline structure
with multiple connections has a crucial role in motricity and behavior.

Importantly, the study of other biomolecules may contribute to an
understanding of the present findings. For instance, increased resilience
associated with exercise related to the presence of galanin, a neuropep-
tide produced in the LC. This needs further investigation [62,63].
Running amplifies galanin expression in noradrenergic LC. It also
suppresses stress-induced activity of the LC and norepinephrine output
in LC-target regions [62]. All this evidence suggests that chronic
exercise may inhibit noradrenergic LC-neurons [64].

In conclusion, this study using two models of sleep deprivation in
mice, 6h-TSD and 72h-REM SD, showed that exercise reduced depres-
sive behavior, the levels of NE and of serotonin turnover in the
striatum. The present findings add to the understanding of behavior
and brain alterations in connection with sleep and exercise.
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