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Abstract Studies have pointed out the relationship
between neuroprotective exercise effects and epigenetic
mechanisms on the hippocampus. Considering the role of
frontal cortex on brain functions, we investigated the
impact of different exercise protocols on enzymatic system
involved with histone acetylation status, histone acetyl-
transferases (HATSs), and histone desacetylases (HDACS)
in frontal cortices from Wistar rats. Male Wistar rats aged
3 months were submitted to a single session or a daily
running protocol during 2 weeks. The single session
enhanced HAT activity, while the moderate daily exercise
protocol reduced the HDAC activity. Our results indicate
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that frontal cortex is susceptible to epigenetic modulation
following exercise and that both exercise protocols seem to
induce a histone hyperacetylation condition in this brain
area.
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Introduction

Several evidences have pointed out a central role for epi-
genetic mechanisms, such as DNA methylation, histone
modifications, and non-coding RNA expression on gene
expression (Kouzarides 2007). Moreover, epigenetic marks
have been modulated by environmental factors like exer-
cise, diet, maternal care, and xenobiotic exposure (Szyf
et al. 2008; Stankiewicz et al. 2013; Ntanasis-Stathopoulos
et al. 2013; Pareja-Galeano et al. 2014). Interestingly,
although epigenetic modulation was firstly linked to per-
manent changes through life of the organism, recent works
have indicated that these markers can be fast (minutes) and
transiently (less than 24 h) modified (Miller and Sweatt
2008).

Histone acetylation is widely associated with enhanced
transcriptional activity (Kimura et al. 2005; Choi and Howe
2009), whereas deacetylation is usually linked with tran-
scriptional repression (Kouzarides 2007; Kimura et al. 2005;
Choi and Howe 2009). Histone acetyltransferases (HATSs)
and histone desacetylases (HDACS), respectively, add and
remove the acetyl groups of lysine residues from amino-
terminal tails of histones (Strahl and Allis 2000; Wade 2001;
McKinsey et al. 2001). It is important to note that the balance
between HAT and HDAC activities has been associated with
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acetylation and cellular homeostasis through its role on
transcriptional activation (Saha and Pahan 2006).

Interestingly, the histone hyperacetylation status
observed following exercise seems to be related to
improved brain functions, although these findings have
been focused only in hippocampus (Elsner et al. 2011;
Gomez-Pinilla et al. 2011; Collins et al. 2009; Lovatel et al.
2013).

Gomez-Pinilla and colleagues (2011) showed that
exercise induces hipocampal acetylation of histone H3 in
the BDNF promoter IV in rats. In addition, a single session
of exercise (20 min) in treadmill increased HAT activity
and decreased HDAC activity, immediately and 1 h after
the exercise in young adult rat hippocampus, without any
effect of daily protocol or at long-term (Elsner et al. 2011).
It was also demonstrated that a moderate daily protocol
(20 min/day during 2 weeks) improved transitorily global
histone 4 (H4) acetylation in hippocampi from 20-months-
old rats, which was positively correlated with the inhibitory
avoidance aversive memory performance (Lovatel et al.
2013). Taken together, these findings support the idea that
exercise might induce histone acetylation in hippocampus
(Elsner et al. 2011), showing also the time window of
exercise effects.

Even though several evidences have demonstrated the
effect of exercise on different brain areas such as cerebral
cortex (Magistretti and Pellerin 1996; Vissing et al. 1996;
Huang et al. 2012), there are no studies, to our knowledge,
reporting the impact of exercise on epigenetic modulation
in this brain area. It is remarkable to note that the frontal
cortex has a pivotal role in high-order cognitive functions
such as decision-making, attention, and working memory
(Liston et al. 20006).

Therefore, our aim was to investigate the acute effects,
immediately and 1 h after two treadmill exercise protocols,
single session or moderate daily treadmill protocol, spe-
cifically HAT and HDAC enzyme activities, in frontal
cortices from young adult Wistar rats.

Materials and Methods
Animals

Male Wistar rats aged 3 months were used. The animals
were maintained under standard conditions (12 h light/
dark, 22 4+ 2 °C) with food and water ad libitum and
housed five per cage. The NIH “Guide for the Care and
Use of Laboratory Animals” (NIH publication No. 80-23,
revised 1996) was followed in all experiments. The Local
Ethics Committee (Comité de Etica em Pesquisa-UFRGS)
approved all handling and experimental conditions (num-
ber. 13001).
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Training

Rats were randomly divided into sedentary (SED) or
exercised (EXE) groups. SED was handled exactly as the
experimental animals, and left on the treadmill for 5 min
without any stimulus to run. The exercise training consisted
of running sessions on an adapted motorized rodent
treadmill INBRAMED TK 01, Porto Alegre, Brazil), with
individual Plexiglas lanes, at 60 % of the animals’ maxi-
mal oxygen uptake (Brooks and White 1978). Peak oxygen
uptake (V’0O,) was measured indirectly in all animals
before training. Each rat ran on a treadmill at a low initial
speed, which was increased by 5 m/min every 3 min until
the point of exhaustion (i.e. the rat stopped running).The
time to fatigue (in min) and workload (in m/min) were
taken as indexes of exercise capacity, which was in turn
taken as V'O, max (Brooks & White 1978; Cechetti et al.
2007, 2008; Elsner et al. 2011; Lovatel et al. 2013). The
animals which initially refused to run were encouraged by
gently tapping their backs. Neither electric shock nor
physical prodding was used in this study. These procedures
took place between 2:00 and 5:00 p.m.

The exercise consisted of running sessions at 60 % of
V’0, max (Brooks and White 1978). Rats were subjected to
a single session of treadmill running or daily running for
2 weeks. In the single session of treadmill exercise, animals
were subjected to a single 20-min session at 6.7 m/min for
the first 4 min, 15 m/min for 12 min, and 6.7 m/min for the
last 4 min. The moderate daily treadmill protocol consisted
of one 20 min running session each day for 2 weeks. In the
first two sessions, rats were adapted to the treadmill by
running at 6.7 m/min for the first 2 min, 10 m/min for the
next 4 min, 15 m/min for 8 min, 10 m/min for 4 min, and
6.7 m/min for the last 2 min. Thereafter, animals ran at
6.7 m/min for the first 4 min, 15 m/min for 12 min, and
6.7 m/min for the last 4 min.

Preparation of Samples

Rats were decapitated immediately and 1 h after the single
session or after the last training session of daily protocol.
The frontal cortices were quickly dissected out and
immediately snap-frozen in liquid nitrogen, stored at
—80 °C until the determination of HDAC and HAT
enzyme activity. On the day of the assay, frontal cortex was
homogenized in three volumes of ice-cold lysis buffer pH
7.4 containing (in mM): 250 sucrose; 20 Tris—HCI; 1
EDTA; 1 EGTA; 10 KCI; 1 DTT; 0.1 PMSF; 0.0001
okadaic acid). The lysates were centrifugated (16,000g for
5 min) at 4 °C in a microcentrifuge tube, and the super-
natant was removed for analysis. The protein concentration
was measured by the Coomassie Blue method using bovine
serum albumin as standard (Bradford 1976).
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Fig. 1 Effects of the single exercise session on HAT (a) and HDAC
(b) activities in frontal cortices from Wistar rats. Results are
expressed as percentage of the SED group (immediately)
(n = 4-5). Kruskal-Wallis followed by Dunns test, *values signif-
icantly different from its respective SED control group (p = 0.031)

Determination of Global HDAC Enzyme Activity

The global HDAC enzyme activity was determined using
an HDAC Assay Kit (Fluorometric Detection catalog #
17-372, Upstate Biotechnology, Temecula, CA, USA)
according to the manufacturer’s instructions. Briefly, the
samples were incubated with the substrate at 30 °C for
45 min before addition of the activator solution. The
mixtures were incubated at room temperature for addi-
tional 10 min and HDAC enzyme activity was measured
on a microplate reader (excitation: 360 nm, emission:
450 nm).

Determination of HAT Enzyme Activity

The HAT enzyme activity was determined using an
ELISA HAT Assay Kit (Colorimetric Detection catalog #
K332-100, Biovision, Milpitasa CA, USA) according to
the manufacturer’s instructions. The mix, containing 5 pl
of sample, HAT buffer, substrate and NAD generating
enzyme, was incubated for 1h 30 min. The HAT
enzyme activity was evaluated in a microplate reader at
440 nm.
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Fig. 2 Effects of the moderate daily treadmill protocol on HAT
(a) and HDAC (b) activities in frontal cortices from Wistar rats.
Results are expressed as percentage of the SED group (immediately)
(n = 4-5). Kruskal-Wallis followed by Dunns test, *values signif-
icantly different from its respective SED control group (p = 0.003)

Statistical Analysis

The results were expressed as percentage of control, where the
SED (immediately) group was taken as 100 %. Results were
expressed as medians (25th/75th of percentiles). Kolmogo-
rov—Smirnov was used as a normality test, and statistical
significance between group comparisons was determined by
Kruskal-Wallis, followed by Dunn test. Analysis was per-
formed using the Statistical Package for the Social Sciences
(SPSS) software on a PC-compatible computer. In all tests,
p < 0.05 was considered to indicate statistical significance.

Results

The effects of the single session of treadmill exercise in
frontal cortices are illustrated in Fig. 1. Kruskal-Wallis
indicated a significant effect of exercise (KW = 8.831;
p = 0.031) in HAT activity (Fig. 1a). This exercise pro-
tocol increased HAT activity 1 h after the last training
session when compared to the SED group, while HDAC
activity was unchanged (Fig. 1b).
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The moderate daily treadmill protocol altered HDAC
activity (KW = 13.83; Fig. 2b), specifically, reducing this
parameter immediately (about 85 %; p = 0.003) and 1 h
(about 70 %; p = 0.003) after the last session when com-
pared to the SED group. This exercise protocol did not
affect HAT activity (Fig. 2a).

Discussion

In the present study, the exercise altered HDAC and HAT
activity in frontal cortices from young adult Wistar rats,
demonstrating that this brain area is vulnerable to exercise-
induced epigenetic modulation. Therefore, these data sup-
port the hypothesis that epigenetic modulation in frontal
cortex may be involved, at least in part, on neuroprotective
activity and memory enhancing effects of exercise, since
this brain area is involved in memory performance and
attention (Liston et al. 2006).

The results showed that the single session protocol
increased HAT activity, while daily exercise protocol
reduced HDAC activity, supporting the idea that both
exercise protocols may induce histone hyperacetylation in
frontal cortices. This finding may be related to previous
studies reporting that expression of essential genes related
to brain function, such as NMDARI1, VEGF, Flk-1 B and
BDNF, is increased (Lou et al. 2008; Takamatsu et al.
2010; Hopkins et al. 2011, Gomez-Pinilla et al. 2011).

It has been suggested that an adequate stimulus-dependent
regulation of histone acetylation and deacetylation is critical
to memory formation (Stilling and Fischer 2011). Feng and
colleagues (2007) showed that HAT and HDAC modulate,
respectively, activation and inhibition of memory storage-
related gene expression. In addition, it has been demonstrated
that HDAC inhibitors increase histone acetylation, conse-
quently, potentiating memory and synaptic plasticity and
ameliorating cognitive deficits (Korzus et al. 2004; Levenson
et al. 2005; Rando and Chang 2012).

It is remarkable to note that HAT activity seems to be
diminished in neurodegenerative disorders (Rouaux et al.
2003; Jiang et al. 2003), while HDAC activity is increased
(Saha and Pahan 2006). Therefore, HDAC inhibitors
appear to be efficient in several neurological conditions,
maintaining a dynamic regulation of neuronal plasticity.
HDAC inhibitors have showed to reverse neuronal apop-
tosis induced by oxidative stress, which is associated with
several neurodegenerative diseases such as Alzheimer’s
Parkinson’s, Huntington’s, stroke and multiple sclerosis
(Ryu et al. 2003). Taken together, we can speculate that the
modulation of exercise on histone acetylation can be
related to these neuroprotective effects.

It is possible to speculate that there is a structure-
dependent effect of exercise on epigenetic parameters,
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specifically in acetylation status, since previous findings
demonstrated that hippocampus from daily EXE rats did
not have any changes in these enzymes activities. Fur-
thermore, the single session protocol was able to decrease
HDAC activity immediately and 1 h after single session of
treadmill exercise in young adult rat hippocampus (Elsner
et al. 2011). Moreover, it was demonstrated that the gene
expression profiles were dissimilar in hippocampus and
cerebellum in response to exercise in rodents (Abel and
Rissman 2013).

Conclusion

The present findings bring new insights into the exercise
effects on epigenetic regulation in frontal cortices from
Wistar rats. In summary, we demonstrated that both exer-
cise protocols in treadmill, single session, and moderate
daily exercise are able to modulate HATs or HDACs
activities, what can be related to acetylation status in
frontal cortices. Additional works will be required to
clarify the mechanism behind this phenomenon.
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