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Physical exercise is likely to alter brain function and to afford neuroprotection in several
neurological diseases. Although the favorable effects of physical exercise on traumatic brain
injury (TBI) patients is well known, little information is available regarding the role of free
radicals in the improvement induced by physical exercise in an experimental model of TBI
induced by fluid percussion injury (FPI). Thus, we investigated whether 6 weeks of
swimming training protects against oxidative damage (measured by protein carbonylation
and thiobarbituric acid-reactive substances-TBARS) and neurochemical alterations
represented by immunodetection of α subunit and activity of Na+,K+-ATPase after FPI in
cerebral cortex of rats. Statistical analysis revealed that physical training protected against
FPI-induced TBARS and protein carbonylation increase. In addition, physical training was
effective against Na+,K+-ATPase enzyme activity inhibition and α1 subunit level decrease
after FPI. Pearson's correlation analysis revealed that the decrease in levels of catalytic α1

subunit of Na+,K+-ATPase induced FPI correlated with TBARS and protein carbonylation
content increase. Furthermore, the effective protection exerted by physical training against
FPI-induced free radical correlated with the immunocontent of the catalytic α1 subunit
maintenance. These data suggest that TBI-induced reactive oxygen species (ROS) generation
decreases Na+,K+-ATPase activity by decreasing the total number of enzymemolecules, and
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that physical exercise protects against this effect. Therefore, the effective protection of
selected targets, such as Na+,K+-ATPase induced by physical training, supports the idea that
physical training may exert prophylactic effects on neuronal cell dysfunction and damage
associated with TBI.

Published by Elsevier B.V.
1. Introduction

Traumatic brain injury causes delayed neuronal dysfunction
and death through secondary processes involving increased
excitatory amino acids levels, loss of ionic equilibrium,
decreasedATP production (Faden et al., 1989; Ross and Soltesz,
2000; Osteen et al., 2001; Sullivan et al., 2005) and increased free
radical formation (Singh et al., 2006; Shao et al., 2006, Davis
et al., 2008). Accordingly, increased levels of markers of
oxidative stress have been found in human cerebrospinal
fluid after TBI (Varma et al., 2003) as well as in controlled
cortical impact models of TBI (Opii et al., 2007). Moreover,
experimental findings from our group have showed that acute
FPI-induced impairment in an animal spatial learning task
increased oxidative stress markers and decreased Na+,K+-
ATPase activity, suggesting that ROS-induced Na+,K+-ATPase
activity inhibition may contribute to the deficits in spatial
learning after TBI (Lima et al., 2008).

The ion pump Na+,K+-ATPase is an ubiquitous plasma
membrane protein which plays a key role in the maintenance
of intracellular electrolyte homeostasis in virtually all tissues.
In the Central Nervous System (CNS), Na+,K+-ATPase activity
accounts significantly for the maintenance of the electro-
chemical gradient across the plasma membrane underlying
resting, action potentials as well as the modulation of
neurotransmitter release and uptake. As a consequence, a
decrease of Na+,K+-ATPase activity directly affects neuro-
transmitter signaling, neural activity, as well as the whole
animal behavior (Jamme et al., 1995; Li and Stys, 2001; Lees et
al., 1990). Furthermore, Na+,K+-ATPase seems to be particularly
sensitive to free radical-induced damage because its inhibition
has been associated with alterations in plasma membrane
lipid composition (Dencher et al., 2007), in the redox state of
regulatory sulphydryl groups (Pari andMurugavel, 2007) and in
other amino acid residues caused by free radicals or lipid
peroxidation (Siems et al., 1996; Potts et al., 2006).

Maintaining brainhealth andplasticity throughout life is an
important public health goal and, thus, the beneficial effects of
exercise on the brain are becoming increasingly evident (Ang
and Gomez-Pinilla, 2007). Studies in human and rodents have
demonstrated that physical exercise has the capacity to
enhance learning and memory (Kramer et al., 2006; Fordyce
and Farrar, 1991) under a variety of conditions, from counter-
acting the mental decline associated with aging (Erickson and
Kramer, 2009) to facilitating functional recovery in patients
suffering from brain injury and diseases (Bohannon, 1993).
Moreover, it has been demonstrated that performing exercise
prior to brain trauma produces prophylactic effects on
attendant brain damage, such as limiting the infarct size
following forebrain ischemia (Endres et al., 2003) and
inducing transoperative benefits in animal models of stroke
(Hicks et al., 1998).
Among the variety of physical exercises most used in
researches involving animals, treadmill running and swim-
ming stand out (Carvalho et al., 2005; Prada et al., 2004).
Although there are still doubts in regarding which exercise
(swimming or treadmill running) would be the most suitable
to avoid unnecessary stress to the animals, the use of
swimming rats as a model of exercise presents advantages
since swimming is a natural ability of the rats. In this
context, studies using swimming as an animal model of
training revealed the occurrence of adaptation to physical
training similar to those observed in human beings (Voltarelli
et al., 2002).

Although it is believed that physical exercise on general
health and neurorehabilitation after traumatic brain injury
may be useful (Ang and Gomez-Pinilla, 2007), little informa-
tion is available regarding the prophylactic role of physical
exercise on deleterious effects induced by TBI. In this study,
we aimed to investigate whether previous swimming training
protects against oxidative damage (protein carbonylation and
TBARS) and neurochemical alterations (immunodetection of
α1 subunit and activity of Na+,K+-ATPase) after TBI.
2. Results

A significant increase in total body weight of sedentary versus
trained rats along six weeks of swimming training [F(1,14)=
6.94; P<0.05; Fig. 1A] was observed. In addition, statistical
analyses showed a clear stabilization of the blood lactate
concentration in the trained group when compared with the
sedentary group [F(1,12)=12.47; P<0.04; Fig. 1B], indicating
that the training program increased the aerobic resistance of
the animals (Gobatto et al., 2001).

Determination of TBARS content and protein carbonylation
levels, 48 h after FPI or sham-operation procedure, are
depicted in Figs. 2A and B, respectively. Statistical analysis
revealed that FPI induces an increase of TBARS [F(2,41)=10.69;
P<0.001] and protein carbonyl content [F(2,41)=5.81; P<0.006]
in ipsilateral cortex in sedentary animals when compared
with sham and naive group. On the other hand, statistical
analysis also revealed that physical training protected against
the increase of TBARS [F(2,41)=6.66; P<0.03; Fig. 2A] and
protein carbonyl content [F(2,41)=5.62; P<0.007; Fig. 2B] in the
ipsilateral cortex after FPI. Physical training also attenuated
TBARS production [F(2,41)=7.05; P<0.05; Fig. 2A] and protein
carbonylation [F(2,41)=8.27; P<0.05; Fig. 2A] in naive animals
when compared with sham-operated animals, indicating that
this protocol of physical training induces compensatory
responses to oxidative stress in sham-operated animals.

Fig. 3 shows the effect of physical training and FPI on Na+,
K+-ATPase activity, 48 h after FPI or sham-operation proce-
dure. Statistical analyses revealed that FPI induces a decrease



Fig. 1 – Effect of 6 weeks of swimming training on body weight (A) and lactate threshold assay (B). *P<0.05 compared with
trained group (F test for simple effect). Data mean±S.E.M. for n=6 in each group.
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in Na+,K+-ATPase activity in the ipsilateral cerebral cortex of
sedentary animals [F(2,41)=5.33; P<0.009], and that previous
physical training protected against this inhibition [F(2,41)=
4.05; P<0.05]. In order to investigate whether FPI-induced
decrease in Na+,K+-ATPase activity was due to a decrease in
the levels of available enzyme molecules, we measured the
Fig. 2 – Physical training prevents TBI-induced TBARS (A)
and protein carbonylation increase (B). Data aremean+S.E.M.
for n=8 in each group. *P<0.05 compared to sham and naive
sedentary group. #P<0.05 compared with trained-FPI and
sham trained groups (Student–Newman–Keuls test).
immunocontent of the α1 subunit of Na+,K+-ATPase in cerebral
cortex. Statistical analysis revealed that FPI decreased the
immunocontent of the α1 subunit of Na+,K+-ATPase in the
ipsilateral cerebral cortex of sedentary animals [F(2,41)=7.35;
P<0.002, Fig. 3B] and that previous physical training protected
against this reduction [F(2,41)=2.79; P<0.05].
Fig. 3 – Effect of physical training and TBI Na+,K+-ATPase
activity (A) andα subunit levels (B). Data aremean+S.E.M. for
n=8 in each group. *P<0.05 compared to sham and naive
group. (Student–Newman–Keuls test).



Fig. 4 – Correlation between the level of Na+,K+-ATPaseα1 subunit after TBI and TBARS production and protein carbonylation in
the ipsilateral cerebral cortex of sedentary animals (A and B) and in trained animals (C and D), respectively.
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Considering that Na+,K+-ATPase α1 subunit is one of the
targets for ROS and is directly involved in oxidative stress
(Dada et al., 2003), we studied whether these events are
interconnected in this model of TBI. Correlation analysis
(Pearson's correlation analysis) revealed that reduction in the
number of Na+,K+-ATPase α1 subunit after FPI correlated with
TBARS production (r=− 0.848; P<0.009; Fig. 4A) and protein
carbonylation (r=−0.890; P<0.003; Fig. 4B) in the ipsilateral
cerebral cortex of sedentary animals. In addition, the Pearson's
correlation revealed negative correlation between TBARS
production (r=0.703; P<0.05) and protein carbonyl content
(r=0.808; P<0.008) with Na+,K+-ATPase α1 subunit in ipsilateral
cortex of animals trained after FPI.
3. Discussion

We have confirmed and extended our previous findings
assuring that a single FPI episode in rat parietal cortex
decreases Na+,K+-ATPase activity with concomitant increase
in the levels of oxidative stress markers (Lima et al., 2008).
Moreover, we have demonstrated a significant correlation
between the decrease of Na+,K+-ATPase α1 subunit with the
increase of TBARS and protein carbonyl content after FPI. On
the other hand, 6 weeks of swimming training protocol affords
significant protection against FPI-induced TBARS formation,
protein carbonylation and Na+,K+-ATPase activity inhibition.
These data agree with the assumption that adaptive
responses to regular and moderate endurance exercise
might reduce production of oxidants and a radical leak during
oxidative phosphorylation (Packer et al., 2008). Furthermore,
the negative correlation between TBARS and protein carbonyl
content with Na+,K+-ATPase α1 subunit in animals trained
after FPI reinforces the idea that compensatory responses to
oxidative stress elicited by this protocol of physical training
protect against the failure of some selected targets, such as
Na+,K+-ATPase enzyme.

Concerns about increased death frequency after TBI and its
potential for secondary injury have led to overprotective
measures by many health care professionals (Werner and
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Engelhard, 2007). Although a preinjury exercise regimen for
humans may not be the most effective treatment since the
time of injury cannot be predicted (Vaynman and Gomez-
Pinilla, 2005), the protection exerted by physical training in
this model of TBI is of particular interest because it supports
the idea that physical training may exert prophylactic effects
on brain damage after FPI. In line with this view, studies with
humans and animals have demonstrated that previous
physical training reduces the risk of stroke and heart attacks
in men both with and without pre-existing ischemic heart
disease (Wannamethee and Shaper, 1992) and reduces post-
ischemic infarction and edema in brain of tested Sprague–
Dawley rats (Stummer et al., 1994; Wang et al., 2001).
Furthermore, preinjury exercise has been shown to have
transoperative benefits in amodel of Parkinsonism (Smith and
Zigmond, 2003; Tillerson et al., 2003). Such studies intend to
reduce the levels of initial damage, to limit long-term
secondary degeneration, and to support neural repair or
behavioral compensation (Kleim et al., 2003).

In the present study, we have showed that parameters
that indicate generation of oxidative stress and collapses in
ion gradient homeostasis in cortical homogenates were
affected after FPI. These data, to some extent, agree with
previous studies that have demonstrated that oxidative
damage mediated by reactive oxygen and nitrogen species
is well recognized as a significant component of the
secondary injury cascade that accompanies TBI (Potts et al.,
2006, Yilmaz et al., 2007).

It is worth pointing out that ROS generation is a necessary
and unavoidable consequence of aerobic metabolism, and the
rate of free radical or oxidant generation in biological tissue is
closely related to oxygen consumption (Toldy et al., 2005).
Consequently, it seems thatmitochondria, in addition to being
the sources of oxidant production, are also targets of oxidants
(Boveris and Navarro, 2008). In this context, a significant
number of studies have proposed that post-traumatic seque-
lae establish conditions of increased metabolic demands on
the reduced mitochondrial population, resulting in the deple-
tion of metabolic substrate such as glucose and piruvate (Vink
et al., 1994; Bentzer et al., 2000; Stahl et al., 2001) due to a
reduction in metabolic enzyme activity (cytochrome oxidase,
succinate dehydrogenase) (Hovda et al., 1991).

Considering that the significant adaptive response to
regular exercise involves the increase of O2 consumption
and mitochondrial biogenesis (Packer et al., 2008; Boveris and
Navarro, 2008), it is plausible to propose that previous physical
training may result in improved ability of the neuron to
withstand TBI-mediated energy depletion and consequently
ROS generation (Soustiel and Sviri, 2007; Opii et al., 2007). This
hypothesis has been upheld in animal studies that indicate
that significant adaptive response to regular exercise involves
greatly increased endurance capacity, permitted by the
increase of O2 consumption and mitochondrial biogenesis
(Packer and Cadenas, 2007; Boveris and Navarro, 2008).

Though treadmill running is mentioned as the most used
exercise type in experimentswith animals (Daggan et al., 2000;
Carvalho et al., 2005), the use of swimming rats physical
exercise model presents advantages over treadmill running.
For instance, swimming is a natural ability of the rat, and this
avoids the selection of the animals, which is necessary in
experimental protocols using treadmill running (Arida et al.,
1999). Moreover, the difficulty for velocity maintenance and
presence of electric stimulus as stress factor are additional
pitfalls of the treadmill running (Gobatto et al., 2001). Despite
such methodological differences, both swimming and tread-
mill running seems to be good models for investigate the
effects of physical training on laboratory animals. In this
context, we found a clear stabilization of the blood lactate
concentration in trained versus sedentary rats in the lactate
threshold test. Since previous studies have suggested that
stabilization of blood lactate in trained animals is due to
muscle aerobic adaptations leading to lower lactate produc-
tion and/or increased blood lactate removal for the same
relative and absolute workload (Jones and Carter, 2000;
Gladden, 2000; Donovan and Pagliassotti, 2000), our results
are in agreement with the idea that swimming training is an
effective protocol to induce muscle aerobic adaptations in
rats, similar to those observed in human beings (Voltarelli
et al., 2002).

In the present study, we also revealed that FPI decreased
Na+,K+-ATPase activity and the immunocontent of the α1

subunit of Na+,K+-ATPase. In addition, the negative correlation
between the number of Na+,K+-ATPase α1 subunits with
TBARS and protein carbonylation increase in the ipsilateral
cerebral cortex of sedentary animals after FPI suggest that Na+,
K+-ATPase enzyme is one cellular oxidative stress target
(Dobrota et al., 1999).

Although it is believed that the Na+,K+-ATPase activity can
be regulated by changes in catalytic activity brought about by
changes in affinity for its major substrates (Ross and Soltesz,
2000), it is plausible to propose that Na+,K+-ATPase activity is
regulated by endocytosis or exocytosis of Na+ pump molecules
between the plasma membrane and intracellular compart-
ments (Bertorello et al., 1999; Chibalin et al., 1999) after FPI. In
line with this view, experimental findings in epithelial cells
exposed to hypoxia through mitochondria generated-ROS
activate an intracellular signaling pathway, triggering the
endocytosis ofNa+,K+-ATPasemolecules through the activation
of PKC-ζ and phosphorylation of Ser-18 of the α1 subunit of Na+,
K+-ATPase (Dada et al., 2003; Chen et al., 2006). However, further
in-depth studies are necessary to definitively establish the
mechanism involved.

Experimental findings did not demonstrate directly the
definitive target of physical exercise mediated neuroprotec-
tion after FPI. However, the strong inverse correlation between
TBARS production and protein carbonyl content with Na+,K+-
ATPase α1 subunit in trained rats suggests that the prophy-
lactic effect elicited by physical training in this model of TBI
was due to compensatory responses to oxidative stress and
consequent maintenance of Na+,K+-ATPase structure. This is
particularly important considering that mitochondrial oxida-
tive damage precedes the onset of neuronal loss after TBI
(Singh et al., 2006) and the phosphorylation of the Na+,K+-
ATPase α1 subunit mediated by mitochondria-ROS generation
constitutes the triggering mechanisms that initiate its endo-
cytosis (Chen et al., 2006). Thus, a reduction of mitochondrial-
ROS generation induced by physical training (Boveris and
Navarro, 2008) may protect against Na+,K+-ATPase inhibition
and progressive pathobiological changes induced by TBI (Ross
and Soltesz, 2000; Jain, 2008).
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It is also important to point out that a significant increase
in total body weight in sedentary versus trained rats was
observed along the six weeks of the swimming training. The
difference in body weight between sedentary and trained rats
may be explained by changes in body composition. For
instance, a decrease in subcutaneous adipose tissue of trained
ratsmay explainwhy bodymasswas lower in this group. Since
we have not determined body composition in the present
study, this explanation remains speculative in nature, and
further studies are necessary to determine the mechanisms
involved. In addition, the clear stabilization of the blood lactate
concentration in the trained group when compared with
sedentary group for the lactate threshold assay suggests that
the training program increased aerobic resistance of the
animals (Gobatto et al., 2001).

In conclusion, the present study reports that FPI increased
the levels of oxidative stress markers followed by inhibition of
Na+,K+-ATPase activity and α1 subunit decrease. In addition,
the effective protection exerted by previous physical training
against these deleterious effects provides a framework to
guide further studies to examine the mechanisms by which
exercise alters neuronal functions and thus, delay or prevent
secondary cascades that lead to long-term cell damage and
neurobehavioral disability after TBI.
4. Experimental procedures

4.1. Animal and reagents

All experiments involving the animals were conducted in
conformance with the policy statement of the European
Communities Council Directive (86/609/EEC) and adequate
measures were taken to minimize pain and discomfort. In the
present study 90-day-oldmaleWistar rats, weighing 220–260 g
at the beginning and 270–320 g at the end of the experimental
period were used. During this period, the animals were
maintained in a controlled environment (12:12 h light–dark
cycle, 24±1 °C, 55% relative humidity) with free access to food
(Guabi, Santa Maria, Brazil) and water. Animal utilization
protocols followed the Official Government Ethics guidelines
and were approved by the University Ethics Committee. All
efforts were made to reduce the number of animals used, as
well as to minimize their suffering. Reagents were purchased
from Sigma (St. Louis, MO).

4.2. Adaptation to the water

All rats were adapted to water before the beginning of the
experiment. The adaptation consisted of keeping the animals
in shallow water at 32 °C between 9:00 and 11:00 a.m. The
adaptation period proceeded during the entire experimental
period, and the purpose of the adaptation was to reduce stress
without promoting a physical training adaptation.

4.3. Swimming training protocol and lactate threshold
assay

The use of swimming rats as a model of exercise presents
advantages over treadmill running, since swimming is a natural
ability of the rats. This feature avoids the selection of animals,
which is necessary in experimental protocols using treadmill
running (Arida et al., 1999). For exercise training, rats were
randomly assigned to the following groups: trained/naive,
trained/sham craniotomy and trained/TBI. The training period
lasted 6 week and consisted of 60-min daily sessions five times
per week. Swimming was always performed in water at a
temperature of 32 °C between 9:00 and 11:00 a.m. All animals
underwent a swimming adaptation period without weights
during the first week of training. After the swimming
adaptation period, the rats were subjected to swimming
training with a workload (5% of body weight) to improve
endurance (Gobatto et al., 2001). Together with the training
session, sedentary rats were placed in the bottom of a separate
tank with shallow water (5 cm) at 32 °C for 30 min, 5 days/
week without a workload (5% of body weight). After six weeks
of training, a test protocol was used to determine the lactate
threshold (LT) in sedentary (n=7) and trained rats (n=7). The LT
test was carried out according to the protocol described by
Marquezi et al. (2003) and consisted of swimming exerciseswith
progressive overload through weights attached to the animal's
tail, corresponding to 4%, 5%, 6%, 7%, and 8% of body weight of
each animal for 3-min periods, separated by 1-min resting
periods. During the resting periods, 25 μl blood samples were
collected from the tail vein into heparinized capillary tubes for
determination of lactate concentration. The LT for each animal
was calculated based on the point of inflection of the graph
when plotting lactate concentration against the corresponding
exercise workload.

4.4. Traumatic brain injury

After six weeks of training, the sedentary and trained rats
underwent lateral fluid percussion injury (FPI). Rats assigned
to shamgroupswere anesthetized and connected to the injury
device, but received no injury. The FPI was carried out as
described previously (D'Ambrosio et al., 1999; 2004). Briefly,
animals were anesthetized with a single i.p. injection of
Equithesin (6 ml/kg), a mixture containing sodium pento-
barbital (58 mg/kg), chloral hydrate (60 mg/kg), magnesium
sulfate (127.2 mg/kg), propylene glycol (42.8%), and absolute
ethanol (11.6%) and placed in a rodent stereotaxic apparatus. A
burr hole of 3 mm in diameter was drilled on the right
convexity, 2 mm posterior to the bregma and 3 mm lateral to
the midline, taking care to keep the dura mater intact. A
plastic injury cannula was placed over the craniotomy with
dental cement. When the dental cement hardened, the
cannulawas filledwith Chloramphenicol, closedwith a proper
plastic cap and the animal was removed from the stereotaxic
device and returned to its homecage. After 24 h, the animals
were anesthetized with Halothane, and had the injury
cannula attached to the fluid percussion device and placed
in a heatpad maintained at 37±0.2 °C.

TBI was produced by a fluid percussion device developed in
our laboratory. A brief (10–15ms) transient pressure fluid pulse
(3.53±0.17 atm) impact was applied against the exposed dura.
Pressure pulses were measured extracranially by a transducer
(Fluid Control Automação Hidráulica, Belo Horizonte, MG,
Brazil) and recorded on a storage oscilloscope (Gould Ltd.,
Essex, UK). Sham-operated animals underwent an identical
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procedure, with the exception of the fluid percussion injury
(FPI). Immediately after these procedures, the cannula was
removedand theorificewas coveredwithdental cement.Naive
rats underwent randomization with no further intervention.

4.5. Tissue processing for neurochemical analyses

Considering that the early free radical generation (3 to 72 h)
has been postulated to lead to oxidative damage and
adversely affect synaptic function and plasticity after TBI
(Singh et al., 2006; Ansari et al., 2008), the animals were killed
by decapitation 48 h after TBI and had their brain exposed by
the removal of the parietal bone. The cerebral cortex was
rapidly dissected on an inverted ice-cold Petri dishand divided
in ipsilateral and contralateral cortex. Each tissue sample was
homogeneized in cold 10mMTris–HCl buffer (pH 7.4) and then
divided in aliquots for subsequent neurochemical analyses, as
described below.

4.6. Measurement of TBARS content

TBARS content was estimated in a medium containing 0.2 ml
of brain homogenate, 0.1 ml of 8.1% SDS, 0.4 ml of acetic acid
buffer (500 mM, pH 3.4), and 0.75 ml of 0.81% thiobarbituric
acid (TBA). Themixture was finallymade up to 2mlwith type I
ultrapure water and heated at 95 °C for 90 min in a water bath
using a glass ball as a condenser. After cooling to room
temperature, absorbance was measured in the supernatant at
532 nm (Ohkawa et al., 1979).

4.7. Measurement of the protein carbonyl content

Total protein carbonyl content was determined by the
method described by Yan et al. (1995), adapted for brain
tissue (Oliveira et al., 2004). Briefly, homogenates were
diluted to 750–800 μg/ml of protein in each sample, and
1 ml aliquots were mixed with 0.2 ml of 2,4-dinitrophenyl-
hydrazine (DNPH, 10 mM) or 0.2 ml HCl (2 M). After
incubation at room temperature for 1 h in a dark ambient,
0.6 ml of denaturing buffer (150 mM sodium phosphate
buffer, pH 6.8, containing 3% SDS), 1.8 ml of heptane (99.5%),
and 1.8 ml of ethanol (99.8%) were added sequentially and
mixedwith vortex agitation for 40 s and centrifuged for 15min.
Next, the protein isolated from the interface was washed two
times with 1 ml of ethyl acetate/ethanol 1:1 (v/v) and
suspended in 1 ml of denaturing buffer. Each DNPH sample
was read at 370 nm in a Hitachi U-2001 spectrophotometer
against the corresponding HCl sample (blank) and total
carbonylation calculated using a molar extinction coefficient
of 22,000 M−1 cm−1, as described by Levine et al. (1990).

4.8. Na+,K+-ATPase activity measurement

Assay of Na+,K+-ATPase activity was performed according to
Wyse et al. (2000). Briefly, the reaction medium consisted of
30 mM Tris–HCl buffer (pH 7.4), 0.1 mM EDTA, 50 mM NaCl,
5 mM KCl, 6 mM MgCl2, and 50 μg of protein in the presence
or absence of ouabain (1 mM), in a final volume of 350 μl. The
reaction was started by the addition of adenosine triphos-
phate (ATP) to a final concentration of 5 mM. After 30 min at
37 °C, the reaction was stopped by the addition of 70 μl of
trichloroacetic acid (TCA, 50%). Saturating substrate concen-
trations were used, and the reaction was linear with protein
and time. Appropriate controls were included in the assays
for non-enzymatic hydrolysis of ATP. The amount of
inorganic phosphate released was quantified by the colori-
metric method described by Fiske and Subbarow (1925), and
Na+,K+-ATPase activity was calculated by subtracting the
ouabain-sensitive activity from the overall activity (in the
absence of ouabain).

4.9. Immunodetection of Na+,K+-ATPase α1 subunit

In order to investigate whether the possible alteration of Na+,
K+-ATPase activity after TBI and physical training was due to a
decrease or increase in the levels of available enzyme
molecules, we performed immunodetection analysis for the
α subunit of Na+,K+-ATPase in cerebral cortex. Slot blot
analysis was used for quantification of Na+,K+-ATPase α1

subunit levels, according to the procedures described by
Banjac et al., 2001, with minor modifications. Briefly, cerebral
cortex (ipsi and contralateral site) was homogenated in 30mM
Tris–HCl buffer, pH 7.4, and centrifuged at 800 g at 4 °C for
10 min. The supernatant was then centrifuged at 16,000 g at
4 °C for 20 min. The pellet was re-suspended in 5 mM
phosphate-buffered saline (PBS, pH 7.4) and protein content
was normalized to 3 μg/ml. Next, 250 μl of these homogenized
were loaded in each well on a nitrocellulose membrane under
vacuum using a slot blot apparatus (Bio-Rad Laboratories,
Hercules, CA, USA). The membrane was blocked with 4% (w/v)
fat-free drymilk in PBS, containing 0.04% (v/v) Tween 20 for 2 h
and incubated with a 1:4000 dilution of anti-Na+,K+-ATPase α
subunit polyclonal antibody in PBS, containing 0.01% (w/v)
sodium azide and 0.04% (v/v) Tween 20 (PBS) for 1 h. The
membrane was washed three times in PBS and was incubated
for 1 h with an anti-alkaline phosphatase secondary antibody
diluted in PBS in a 1:8000 ratio. Themembranewas washed for
three times in PBS for 5min and developed using the BCIP/NBT
method. Blots were dried, scannedwith Adobe Photoshop, and
quantified with Scion Image (PC version of Macintosh
compatible NIH image).

4.10. Protein determination

Protein content was measured colorimetrically by the method
of Bradford (1976) using bovine serum albumin (1 mg/ml) as
standard.

4.11. Statistical analyses

Data from body weight and blood lactate concentration were
analyzed by one-way analysis of variance (ANOVA). Data from
total protein carbonylation, TBARS, immunodetection of α1

subunit and Na+,K+-ATPase activity determinations ex vivo
were analyzed by three-way ANOVA. Pos hoc analyses were
carried out by the F test simple effect or the Student–
Newman–Keuls, when appropriate. All data are expressed as
mean+S.E.M. Correlation analyses were carried out using the
Pearson's correlation coefficient. P<0.05 was considered
significant.
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