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Abstract

Traumatic brain injury (TBI) is a major cause of acquired epilepsy, and significant resources are required to develop a
better understanding of the pathologic mechanism as targets for potential therapies. Thus, we decided to investigate
whether physical exercise after fluid percussion injury (FPI) protects from oxidative and neurochemical alterations as well
as from behavioral electroencephalographic (EEG) seizures induced by subeffective convulsive doses of pentylenetetrazol
(PTZ; 35 mg/kg). Behavioral and EEG recordings revealed that treadmill physical training increased latency to first clonic
and tonic-clonic seizures, attenuated the duration of generalized seizures, and protected against the increase of PTZ-
induced Racine scale 5 weeks after neuronal injury. EEG recordings also revealed that physical exercise prevented PTZ-
induced amplitude increase in TBI animals. Neurochemical analysis showed that exercise training increased glutathione/
oxidized glutathione ratio and glutathione levels per se. Exercise training was also effective against alterations in the redox
status, herein characterized by lipid peroxidation (thiobarbituric acid reactive substances), protein carbonyl increase, as
well as the inhibition of superoxide dismutase and Na*,K*-ATPase activities after FPI. On the other hand, histologic
analysis with hematoxylin and eosin revealed that FPI induced moderate neuronal damage in cerebral cortex 4 weeks after
injury and that physical exercise did not protect against neuronal injury. These data suggest that the ability of physical
exercise to reduce FPI-induced seizures is not related to its protection against neuronal damage; however, the effective
protection of selected targets, such as Na*/K*-ATPase elicited by physical exercise, may represent a new line of
treatment for post-traumatic seizure susceptibility.
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Introduction

TRAUMATIC BRAIN INJURY (TBI) is a devastating disease that
commonly causes disability and strongly affects quality of life
in patients.' This pathology is also frequently referred to as the
“‘silent epidemic’’ because survivors are often left with significant
behavioral disabilities and long-term medical complications, such
as epilepsy.>* Epidemiologic studies have reported that TBI leads
to post-traumatic epilepsy (PTE) in 9-42% of civilian head in-
juries.*> Most of the data concerning the progression of the damage
collected during the first months suggest that a cascade of biolog-

ical events, including reactive oxygen species (ROS) production,
underlies the development and propagation of PTE.*

In the central nervous system (CNS), oxidative stress (OS) is
involved in neuron degeneration in several rodent models of ex-
perimental epilepsy and seizure.'®'* Further, experimental find-
ings from our group have demonstrated that a single fluid
percussion injury (FPI) episode in rat parietal cortex decreases
Na*/K*-ATPase activity, with a concomitant increase in levels of
OS markers, 5 weeks after the injury.'>'® This alteration in lipid/
protein oxidation, membrane fluidity, and Na*/K*-ATPase ac-
tivity may be a significant component of PTE development and
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propagation.” Of note, a large amount of information regarding the
molecular alterations corresponding to the TBI acute phase are
available, although relevant studies to assess the chronic epi-
leptogenesis phase are still scarce.'”

Concerns about increased seizure frequency and its potential
damage after TBI have led health care professionals to adopt pro-
tective measures.'®!'? In this context, studies have shown that an-
imals and humans clearly undergo significant adaptive responses to
regular endurance exercise, which involve increased endurance
capacity resulting from mitochondrial biogenesis, oxidant pro-
duction reduction, and antioxidant defense increase.?*?! Further,
experimental findings in epilepsy models, such as temporal lobe
epilepsy, reveal that exercise training increases the amount of
stimulation necessary to reach the convulsive threshold,22 attenu-
ates seizure frequency, and decreases susceptibility to seizures in
the pilocarpine epilepsy model.>*** These data indicate that exer-
cise training may ameliorate the course of epileptic activity in the
brain.

It is important to consider that exercise training may alter brain
injury characteristics, depending on exercise type and intensity.>
Moreover, the appropriate window time and intensity of exercise
training after TBI may have an influence on injury severity. For
example, forced treadmill exercise after a unilateral sensorimotor
cortex motor injury increases brain lesion size and results in be-
havioral impairment.®®*’ On the other hand, aerobic exercise
training presents neuroprotective properties counteracting OS in-
creases that lead to ROS production.'>® Although the determining
factor for such a discrepancy is unknown, the apparent contradic-
tions elicited by exercise training in this neurological disorder may
be explained by different experimental conditions (e.g., species,
tissue analyzed, types of exercise training, and TBI models).

Therefore, because there are caveats to consider when inter-
preting the effect of exercise training after TBI, we aimed to in-
vestigate the anticonvulsant effect elicited by exercise training in
seizure induced by pentylenetetrazol (PTZ) after TBI. Further, we
investigated whether the possible anticonvulsant effect of exercise
training involves the decrease of ROS production and Na*/K™*
-ATPase activity homeostasis.

Methods
Animals and reagents

Adult male Wistar rats (250-250 g) were kept under controlled
light-cycle and environmental conditions (12-h light/dark cycle,
24+ 1°C, and 55% relative humidity). Experimental protocols were
designed to use as few animals as possible and also to refrain from
suffering during the procedures. The animal experimentation re-
ported on in this study has been carried out in accord with the
policies of the National Institutes of Health (NIH) Guide for the
Care and Use of Laboratory Animals (NIH publication no. 80-23;
revised in 1996) as well as with the approval of the Ethics Com-
mittee for Animal Research of the Federal University of Santa
Maria (23081.018516/2006-57). Reagents were purchased from
Sigma-Aldrich (St. Louis, MO).

Experimental design

Initially, animals were submitted to TBI by FPI as described
below. One week after the FPI procedure, animals were randomly
assigned to either exercise or sedentary groups. After 4 weeks of
exercise training, animals were submitted to electroencephalo-
graphic (EEG) surgery. Three days after the EEG procedure, ani-
mals were tested with a subeffective PTZ dose, as described in
Figure 1. Immediately after EEG and behavioral evaluation, ani-
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mals were killed by decapitation and cortical tissues were quickly
removed for subsequent biochemical analysis, as described further
below.

Bl

FPI was carried out as previously described.'” Briefly, animals
were anesthetized with a single injection of equithesin [6 mL/kg;
intraperitoneally (i.p.)], a mixture containing sodium pentobarbital
(58 mg/kg), chloralhydrate (60 mg/kg), magnesium sulfate
(127.2 mg/kg), propyleneglycol (42.8%), and absolute ethanol
(11.6%), and placed in a rodent stereotaxic apparatus. Heart rate,
temperature, tale, and eyelid reflexes were used to measure anes-
thetic depth and duration. 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, avoiding dura mater injury. A plastic
injury cannula was placed over the craniotomy with acrylic cement.
When the cement hardened, the cannula was filled with chloram-
phenicol and closed with a proper plastic cap. The animal was then
removed from the stereotaxic device and returned to the cage. After
24 h, animals were anesthetized with isofluorane, had the injury
cannula attached to the fluid percussion device, and were placed in
a heat pad maintained at 37+0.2°C. TBI was produced by a fluid
percussion device developed in our laboratory. A brief (10-15-ms)
transient pressure fluid pulse [4.05£0.17 atmosphere (atm)] impact
was applied against the exposed dura mater. Pressure pulses were
measured extracranially by a transducer (Fluid Control Automagio
Hidraulica, Belo Horizonte, MG, Brazil) and recorded on a storage
oscilloscope (Gould Ltd., Essex, UK). The sham group underwent
the same procedures and was coupled to the injury device; how-
ever, no fluid pulse was delivered.

EXxercise training

Exercise training was carried out blindly and according to the
protocol described by Arida and colleagues,® with few modifica-
tions. Briefly, 1 week after FPI/sham procedures, animals from both
groups were randomized and placed on the treadmill (Insight) for 5
days a week in the first 3 weeks and 4 days in the last week, as
described in Figure 1. To provide a trainability measurement,
treadmill performance was rated on a 1-5 scale according to
Dishman and colleagues.*”

Surgical procedure and behavioral evaluation

Animals were submitted to surgery 12h after the last training
session. In brief, rats were deeply anesthetized with equithesin (1%
phenobarbital, 2% magnesium sulfate, 4% chloral hydrate, 42%
propylene glycol, and 11% ethanol; 3 mL/kg, i.p.), and two screw
electrodes were placed 4 mm bilaterally to the midline, 2 mm be-
hind the posterior edge of the craniectomy along with a ground lead
positioned over the nasal sinus. Electrodes were connected to a
multi-pin socket fixed to the skull with acrylic cement. Experiments
were performed 3 days after surgery.

Seizure evaluation

Seizures were monitored in all animals by EEG recording, and
all behavioral and EEG analyses were carried out blindly by two
researchers. Each animal was transferred to a Plexiglas cage
(25%25%x40cm) and allowed to adapt for 20 min before EEG re-
cording. Each animal was then connected to the lead socket in a
swivel inside a Faraday’s cage, and the EEG was recorded using a
digital encephalographer (Neuromap EQSA260; Neuromap Ltda,
Itajuba, Brazil). EEG signals were amplified, filtered (0.1-70.0 Hz,
bandpass), digitalized (sampling rate, 256 Hz), and stored in a PC
for off-line analysis. Routinely, a 10-min baseline recording was
obtained to establish an adequate control period. After baseline
recording, sedentary and trained animals received a saline injection
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FIG. 1.

Representation of experimental design with exercise training protocol. Controls of all factors, such as sham and sedentary

animals or saline administration, were not represented. Treadmill exercise started 7 days after TBI, for 4 weeks excluding the last 2 days
of each week. In the afternoon of the last exercise day, animals were operated on for electrode implantation. Three days after this
procedure, all animals were randomized to receive a subeffective dose of PTZ (see the text) or saline. Time and running velocity varied
during the same day of training, as indicated. TBI, traumatic brain injury; EEG, electroencephalogram; PTZ, pentylenetetrazol.

(0.9% NaCl, 1 mL/kg, i.p) or PTZ (35 mg/kg, i.p.). Animals were
observed for the appearance of generalized tonic-clonic convulsive
episodes for 20 min according to Ferraro and colleagues, who de-
scribe clonic convulsions as episodes characterized by typical
partial clonic activity affecting the face, head, vibrissae, and fore-
limbs. Generalized convulsive episodes were considered as broad
whole-body clonus involving all four limbs and tail, rearing, and
wild running and jumping, followed by sudden loss of upright
posture and autonomic signs, such as hypersalivation and defeca-
tion, respectively. During the 20-min observation period, latencies
for the first generalized tonic-clonic convulsions were measured.
EEG recordings were visually analyzed for seizure activity, which
were defined by the occurrence of the following alterations in the
recording leads®': isolated sharp waves (>1.5-fold baseline);
multiple sharp waves (=2-fold baseline) in brief spindle episodes
(21 to 25sec); multiple sharp waves (=2-fold baseline) in long
spindle episodes (=5 sec); spikes (=2-fold baseline) plus slow
waves; multi-spikes (=2-fold baseline, >3 spikes/complex) plus
slow waves; and major seizure (repetitive spikes plus slow waves
obliterating background rhythm, > 5 sec). For quantitative analysis,
EEG amplitude was averaged over the 20 min of observation.

Tissue processing for neurochemical analyses

After behavioral evaluation, animals were killed by decapitation
and the brain was exposed by removing the parietal bone. Brains
were quickly removed and a coronal section (7 mm) of the injured
hemisphere corresponding to the impact site of injury was dis-
sected. Cortical tissues surrounding the injured core were homog-
enized in cold 30-mM Tris-HCI buffer (pH, 7.4) and used for
further biochemical analysis.

Fluorometric assay of reduced (GSH) and oxidized
(GSSG) glutathione

GSH and GSSG levels were assayed as previously described.*>
Briefly, homogenates were centrifuged at 4°C at 100,000g for
30 min and supernatants were separated in two different aliquots for
GSH and GSSG measurements. For GSH, 500 uL of supernatant
was added to 4.5 mL of phosphate buffer. The final assay mixture
(2.0 mL) contained 100 uL of the diluted tissue supernatant, 1.8 uL.
of phosphate buffer, and 100 uL of o-phthalaldehyde (1 ug/uL).
Mixtures were incubated at room temperature for 15 min, and their
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fluorescent signals were recorded in the luminescence spectrometer
at 420-nm emission and 350-nm excitation wavelengths.

For GSSG, a 500-uL portion of the original supernatant was
incubated at room temperature with 200 uLL of N-ethylmaleimide
(NEM; 0.04 M) for 30 min to react with free GSH to prevent its
oxidation to GSSG. To this mixture, 4.3 uLL of 0.1 N of NaOH was
added. A 100-pL portion of this mixture was taken for GSSG
measurement, using the procedure previously described for GSH
assay, except that NaOH was employed as diluent rather than
phosphate/ethylenediaminetetraacetic acid (EDTA) buffer. Results
are expressed as GSH/GSSG ratio.

Measurement of protein carbonyl and thiobarbituric
acid reactive substances (TBARS) content

Total protein carbonyl content was determined by the method
described by Yan and colleagues® and adapted for brain tissue.**
Briefly, homogenates were diluted to 750-800 pg/mL of protein in
each sample, and 1-mL aliquots were mixed with 0.2 mL of 10 mM
of 2,4-dinitrophenylhydrazine (DNPH) or 0.2mL of 2M of HCI.
After incubation at room temperature for 1h in a dark ambient,
0.6 mL of 150mM of phosphate-buffered saline (PBS) denaturing
buffer with 3% sodium dodecyl sulfate (SDS; pH, 6.8), 1.8 mL of
heptane (99.5%), and 1.8 mL of ethanol (99.8%) were added se-
quentially and mixed with vortex agitation for 40 sec and centrifuged
for 15min. Next, protein isolated from the interface was washed
twice 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 (Hitachi, Tokyo, Japan) against
the corresponding HCI sample (blank) and total carbonylation cal-
culated using a molar extinction coefficient of 22,000 M ™~ em™ ], as
described by Levine and colleagues.* For TBARS assay,>® a slice of
cerebral cortex was homogenized in ultrapurified water, and the
thiobarbituric acid (TBA) reagent [15% of trichloroacetic acid
(TCA), 0.375% of TBA, and 2.5% (v/v) of HCI] was added. After
30 min of incubation, samples were centrifuged (3000g, 15 min) and
TBARS levels were measured at 532 nm.>’

Superoxide dismutase (SOD) activity

SOD activity was determined in the brain according to the
method proposed by Misra and Fridovich.*® This method is based
on the capacity of SOD to inhibit autoxidation of adrenaline to
adrenochrome. In brief, the supernatant fraction (100 uL) was ad-
ded to a medium containing 50 mM of sodium bicarbonate/car-
bonate buffer (pH, 10.2) and 0.4 mM of adrenaline. Kinetic analysis
of SOD was started after adrenaline addition, and the color reaction
was measured at 480 nm.

Na* /K" -ATPase activity

The reaction mixture for Na™/K " -ATPase activity assay con-
tained 3 mM of MgCl, 125 mM of NaCl, 20 mM of KCl, and 50 mM
of Tris-HCI (pH, 7.4) in a final volume of 500 uL. The reaction was
started by the addition of adenosine triphosphate (ATP) to a final
concentration of 3.0 mM. For obtaining ouabain-sensitive activity,
samples were carried out under the same conditions with the ad-
dition of 0.1 mM of ouabain. Samples were incubated at 37°C for
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30 min, and the incubation was stopped by adding TCA solution
(10% TCA) with 10mM of HgCl,. Na™ /K" -ATPase activity was
calculated by subtracting the ouabain-sensitive activity from the
overall activity (in the absence of ouabain). Release dinorganic
phosphate (Pi) was spectrofluorimetrically measured at 650 nm, as
described by Wyse and colleagues,’® and Na* /K " -ATPase activity
was expressed as nmol Pi/mg protein/min.

Tissue processing for histologic analysis

To determine the effect of TBI and physical exercise on neuro-
logical damage, animals were randomly assigned to either exercise
or sedentary groups. After 4 weeks of exercise training, animals
(sham/sedentary, n="7; exercise/sham, n=7; TBl/sedentary, n=7,;
and TBl/exercise group, n=7) were deeply anesthetized with 5%
isoflurane and perfused transcardially with 20mL of heparinized
0.9% saline in 0.1% phosphate buffer, then 20 mL of 4% parafor-
maldehyde (PFA) in 0.1% phosphate buffer. Brains were postfixed in
4% PFA in 0.1% phosphate buffer solution overnight, before being
removed from the skull and returned to the same solution for 2h
before being transferred into 0.1% phosphate buffer solution over-
night. Brains were then divided into 3-mm-thick coronal blocks for
paraffin processing. Next, 4-um-thick sections were cut and mounted
in pairs on poly-L-lysine—coated slides.

Histologic analysis

Slides containing sections from the level corresponding to 2 mm
posterior to the bregma and 3 mm lateral to the midline, according
to Franklin and Paxinos,*® were selected for staining with hema-
toxylin and eosin (H&E) to determine the presence of neuronal
damage. Cross-cuts were made identical in brains of rats (region
trauma), forming a sample of the cortex, hippocampus, and thala-
mus. This sample was dehydrated in increasing concentrations of
ethyl alcohol, cleared in xylene, and embedded in paraffin. After,
4-pum cuts were made and stained with H&E.

Statistical analyses

Neurochemical analyses (total carbonyl, TBARS levels, GSH,
GSSG, SOD, and Na*/K*-ATPase activity) were analyzed by a
three-way analysis of variance (ANOVA). All data are expressed as
the mean + standard error of the mean.

Mann-Whitney’s test was performed to evaluate exercise in-
tensity in the sham and TBI groups. Latency to first clonic and
generalized tonic-clonic seizures were analyzed by Scheirer-
Ray-Hare’s test and expressed as median *interquartile range. A
one-sided Fisher’s exact test was used to calculate risk for seizure
susceptibility and adherence of sham and TBI groups to exercise
protocol. A probability of p <0.05 was considered significant.

Results

Differences between sham and TBI groups in exercise intensity
and adherence were evaluated. All animals allocated to perform the
physical training protocol did it successfully and no difference in
exercise intensity was observed between sham and TBI groups
(data not shown).

>

FIG. 2. Effect of 4-week physical exercise started 1 week after TBI in seizure susceptibility with PTZ (35 mg/kg, intraperitoneally). Data
from latency to the first myoclonic seizure (A), first tonic-clonic seizure (B), time spent in generalized tonic-clonic seizure (C), and Racine
scale (D) are median * interquartile range. Data from wave amplitude analysis (E) are mean * standard error of the mean; all for n=8-11 per
group. *p <0.05 and **p < 0.01, compared with sham-sedentary, sham-exercise, and TBI-exercise (Scheirer-Ray-Hare and two-way ANOVA
tests). *p <0.001, compared with basal period (two-way repeated measures ANOVA). Representative EEG recordings from ipsilateral
parietal cortex after administration of saline (F-M) and PTZ (N-U), with their respective expanded waveforms outlined by boxes of sham-
sedentary (F-G, N-O), sham-exercise (H-1, P-Q), TBI-sedentary (J-K, R-S), and TBI-exercise (L-M, T-U) groups. Inclined thin arrows
indicate saline administration; large arrows indicate PTZ injection. Arrowheads indicate myoclonic seizure. Tonic-clonic seizure is indicated
with an underlying trace. TBI, traumatic brain injury; ANOVA, analysis of variance; EEG, electroencephalogram; PTZ, pentylenetetrazol.
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One of the main aims of this study was to evaluate the effect of
the proposed exercise protocol on seizure susceptibility in TBI
rats. In this context, statistical analysis revealed that 4 weeks of
exercise training had significant statistical interaction with FPI,
increasing latency to first myoclonic (H;=21.60; p<0.01; Fig.
2A) and tonic-clonic seizures (H; =7.00; p <0.05; Fig. 2B), de-
creasing time spent in generalized tonic-clonic seizures
(H;=7.00; p<0.05; Fig. 2C) and score on Racine’s scale
(H;=4.36; p<0.05; Fig. 2D) induced by subeffective dose of PTZ
(35 mg/kg). EEG recordings confirmed behavioral seizures eli-
cited by PTZ and the effective prevention induced by exercise
training (Fig. 2N-U) characterized by latency and duration of
seizures as well as Racine scale. EEG recordings revealed that
PTZ induced epileptogenic discharges in ipsi- and contralateral as
well as increased wave amplitude in both sides, comparing with
the basal period (F;3;=46.93; p<0.001; Fig. 2E]. Statistical
analysis showed that the PTZ-induced amplitude increase was
more pronounced in sedentary TBI animals (F;3,=7.23;
p<0.001) and that treadmill physical exercise protected against
this increase. The present protocol of physical training also de-
creased the number of myoclonic and tonic-clonic seizure induced
by PTZ after neuronal injury (Table 1).

In the present study, the participation of GSH and GSSG levels
and their ratio in the development and propagation of seizure sus-
ceptibility to PTZ was investigated (Table 2). Statistical analysis
revealed a significant effect of exercise training, increasing GSH
levels (Fy ¢4=4.13; p<0.05) and GSH/GSSG ratio (F;4=7.73;
p<0.01). However, GSH/GSSG ratio and levels of GSH and GSSG
were not altered in sham/TBI or saline/PTZ procedures. Statistical
analysis also showed that FPI induced protein carbonyl
(Fy 64=30.44; p<0.001; Fig. 3A), TBARS increase (F 64=18.57;
p<0.001; Fig. 3B), and SOD activity decrease (F;sc=13.03;
p<0.002; Fig. 3D), when compared to the sham group. It is im-
portant to note that the decrease in SOD activity was not worsened
by PTZ in the TBI/sedentary group, demonstrating the lack of
statistical interaction between PTZ and TBI factors in this assay.
On the other hand, statistical analysis showed that this protocol of
physical exercise had a significant interaction with TBI and PTZ
procedures in TBARS (F; ¢4=17.65; p<0.001), protein carbonyl
content (F;4=4.98; p<0.05), and SOD activity (F,;s¢=13.81;
p<0.002) in the ipsilateral cortex of FPI animals. Post-hoc analysis
revealed that exercise training decreased protein carbonylation and
TBARS production and maintained SOD activity in sham/TBI,
saline/PTZ, and PTZ/TBI groups.

Considering that Na* /K" -ATPase enzyme plays a pivotal role
in cellular ionic gradient maintenance and is particularly sensitive

TABLE 1. OCCURRENCE OF MYOCLONIC
AND ToNIC-CLONIC SEIZURE

Sham/  Sham/ TBl/ TBIl/
sedentary exercise sedentary exercise
Variable (%) (%) (%) (%)

Myoclonic seizure
Tonic-clonic seizure

2/8 (25) 4/9 (44) 10/11 (91)* 2/9 (22)
0/8 (0)  0/9(0)  8/11 (72)* 0/9 (0)

Data from EEG and behavioral analysis after administered subconvul-
sant dose of PTZ (35 mg/kg, i.p.), revealing the number of animals in each
group that developed myoclonic and tonic-clonic seizure.

*p<0.01, compared to all other groups (Fisher’s test).

TBI, traumatic brain injured rats; EEG, electroencephalographic; i.p.,
intraperitoneally.
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to free radicals,*' we decided to investigate the involvement of this
enzyme in the progression and manifestation of seizure elicited by
PTZ in this model of TBI. Statistical analysis revealed a decrease in
Na*/K*-ATPase activity in the ipsilateral cerebral cortex of FPI
(F164=9.56; p<0.01; Fig. 3C) and PTZ animals (F;c4=5.10;
p<0.05; Fig. 3C), when compared to sham groups. Statistical
analysis also revealed that PTZ administration had not additive
effect on Na*/K*-ATPase activity inhibition in the TBI group
(F164=0.05; p=0.818). On the other hand, post-hoc analysis re-
vealed that treadmill exercise prevented the decrease in the Na™/
K" -ATPase activity induced by PTZ (F; 6, =18.10; p<0.001) or
TBI (F 64=6.37; p<0.05). Histological analysis (H&E staining)
identified damaged neurons characterized by pyknosis, which were
distinguishable from dark cell changes by their eosinophilic ap-
pearance and blebbing of nuclei (Fig. 4). In the cortex local to the
craniotomy site, 7 of 7 brain-injured animals and 6 of 7 exercise-
injured animals had neuronal loss with a marked gemistocytic
amount of astrocytes and moderate gliosis. Four weeks after injury,
no damage was noted in the hippocampus and thalamus (data not
shown).

Discussion

Results presented in this report confirmed and extended previous
findings that a single FPI episode in rat parietal cortex increases OS
markers, alters redox status, and decreases Na™/K*-ATPase ac-
tivity after 5 weeks of injury.'® In addition, our data revealed that
the injection of a subthreshold dose of PTZ (35 mg/kg, i.p.) after 4
weeks of injury induced by FPI decreased latency for first clonic
seizures and increased the time of spent generalized tonic-clonic
seizures. This behavioral seizure induced by PTZ was followed by
Na*/K*-ATPase activity inhibition and concomitant increase in
levels of OS markers. These experiential findings reinforce the
assumption that OS after TBI contributes to the excitability of in-
jured tissue and may be correlated with seizure susceptibility de-
velopment.” In fact, histologic analysis (H&E) revealed that FPI
induced moderate neuronal damage in the cerebral cortex 4 weeks
after injury. Taken together, these data demonstrated that there is
increased histopathology vulnerability of the post-traumatic brain
to periods of seizures elicited by PTZ. These results agree with
epidemiologic studies that have demonstrated a significant asso-
ciation between brain damage with elevated risk of PTE.* Further,
experimental studies have demonstrated that lesions located in
specific areas, such as the cortex (perirhinal, entorhinal, and post-
rhinal), are associated with lowered seizure threshold and
seizures,**** indicating that severity of cortical injury correlates
with epileptogenesis and epilepsy in the experimental model as it
occurs in humans.

The present study shows, for the first time to our knowledge, that
treadmill exercise training started 1 week after FPI protected
against seizure susceptibility, EEG, OS markers, and neurochem-
ical alterations induced by a subeffective dose of PTZ (35 mg/kg).
Interestingly, our data revealed that this protocol of physical ex-
ercise had no effect on FPI-induced neuronal damage, suggesting
that the antioxidant ability exerted by this protocol of physical
exercise does not protect against TBI-induced neuronal damage.
These data also suggest that the ability of physical exercise to
reduce FPI-induced seizures is not related to its protection against
neuronal damage. On the other hand, the effective protection eli-
cited by physical exercise of selected targets for free radicals, such
as Na*/K"-ATPase, may represent a new line of treatment for
post-traumatic seizure.
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TaBLE 2. Errect oF TBI oN GSH, GSSG CoNTENT AND GSH/GSSG RaTIO

GSH content (nmol g/tissue) GSSG content (nmol g/tissue) GSH/GSSG ratio (nmol g/tissue)
Treatment Sham TBI Sham TBI Sham TBI
NaCI 34.57+1.50 33.22+1.71 17.40£1.16 16.83+1.01 2.05+0.14 2.01£0.11
PTZ 31.14+1.64 34.59+2.04 15.75+£0.64 18.30+£0.96 1.99£0.10 1.91+£0.10
NaCl/Ex 36.07 £1.85* 35.42£2.06* 17.35£0.81 14.17£0.73 2.10£0.13* 2.56+£0.21*
PTZ/Ex 35.80+1.52%* 37.36+£2.07* 15.68+0.71 17.49+£0.94 2.34+0.18* 2.18+0.15%

Data from GSH and GSSG content. Data are mean * standard error of the mean for n=8-11 in each group.

*p<0.05, comparing physical exercise groups to sedentary animals on increased GSH and GSH/GSSG content, with no significant effect of other
factors (three-way analysis of variance and Student-Newman-Keuls SNK tests).

TBI, traumatic brain injury; GSH, reduced glutathione; GSSG, oxidized glutathione; PTZ, pentylenetetrazol; Ex, animals submitted to exercise

protocol.

Currently, TBI is a significant public health concern,' and the
understating of secondary brain injury after trauma is of critical
need. In this context, the excessive free radical generation and
consequent impairment of endogenous antioxidant mechanisms
play a significant role in the secondary events elicited by TBI.*~*
In line with this view, the occurrence of lipid peroxidation (LPO),
protein carbonylation, and SOD activity inhibition 5 weeks after
TBI suggests that alterations in lipid/protein oxidation and SOD

activity may be correlated with seizure susceptibility in this TBI
model. On the other hand, it is important to consider that events
after brain injury are not linear. The processes may start with an
initial insult that may or may not involve acute seizure activity, but
that lead to later epilepsy development.*® Bao and colleagues
demonstrated that post-traumatic seizures induced by a sub-
threshold dose of PTZ exacerbate histopatologic damage 2 weeks
after moderate FPI in rats, suggesting that the post-traumatic brain
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FIG. 3. Data from total protein carbonylation (A) and TBARS (B). *p <0.05 and ***p <0.001, compared to all other groups, revealing
the interaction between all factors and the protective effect of physical exercise in the TBI/PTZ group for this analysis; *p<0.001,
compared to sham groups. Data from Na*/K* ATPase activity (C). *p <0.05, compared to the TBI/exercise group independently from
saline/PTZ procedures; "p <0.05 compared, to exercise/PTZ groups, independently from sham/TBI procedures. Data from SOD activity
D). *p<0.05 compared to other groups, revealing the effect of physical exercise, increasing SOD activity even in the TBI and PTZ
groups. All data are mean + standard error of the mean for n=8-11. TBI, traumatic brain injury; PTZ, pentylenetetrazol; saline, sterile
NaCl 0.9% (vehicle of PTZ); TBARS, thiobarbituric acid reactive species; MDA, malondialdehyde; SOD, superoxide dismutase.
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FIG. 4. Cellular changes in the ipsilateral hemisphere 4 weeks after injury. No damage was observed in the cerebral cortex of the
sham/sedentary group (A). Both TBI/exercise (B) and TBI/sedentary (C) animals showed damaged neurons in the cortex close to the
injury site, as demonstrated by hematoxylin and eosin (H&E) staining.

is extremely sensitive to patterns of abnormal activation. Results
presented in this report revealed that animals that were more sus-
ceptible to seizures (TBI/sedentary group) presented higher levels
of protein carbonyl and TBARS after PTZ injection, reinforcing the
idea that seizures may be a delicate pathological state in which its
prevention is of paramount importance in the secondary injury of
TBLY

It is also plausible to propose that free radical overproduction
induces the development of epileptic focus by disruption of anti-
oxidant activity®® and by oxidative inactivation of membrane Na*/
K*-ATPase. This enzyme is the main one responsible for main-
taining ion gradients across plasma membranes and is the main
ATP consumer in neurons.*' Thus, the decrease of Na®/K™*
-ATPase activity in the ipsilateral cerebral cortex of TBI animals
reinforces the idea that selected targets for oxidative damage, such
as Na*/K*-ATPase, may be related to post-traumatic seizure
susceptibility after TBI.” However, it is worth pointing out that the
simultaneous increase of free radical generation and convulsions in
this model of TBI does not necessary imply a cause-effect rela-
tionship between these events. In this context, our data showed that
PTZ caused an additional increase in lipid and protein oxidation
markers in TBI animals; however, this additive effect was not
observed in the decreased activity of Na*/K*-ATPase and SOD,
with both PTZ and TBI causing this outcome independently. This
lack of effect may be explained by a possible maximum reduction
of the activities of these enzymes exerted by head trauma, and thus
PTZ could not cause any additional decrement in their functions.
However, reasons for these results are still unclear and additional
studies are necessary to clarify the involvement of Na*/K*-AT-
Pase in post-traumatic seizure after TBI.

Inhibition of SOD activity after neuronal injury induce an
overproduction of superoxide anions into oxygen and hydrogen
peroxide.”" The hydrogen peroxide generated could become further
reduced by ferrous iron to hydroxyl radicals, which are even more
reactive and capable of initiating LPO. Because SOD is a scavenger
of ROS and adaptive responses to regular exercise involve oxygen
uptake increment and mitochondrial biogenesis,?>>% we suggest
that the increase of antioxidant defenses and free-radical-leak re-
duction during oxidative phosphorylation increase the amount of
stimulation necessary to reach the convulsive threshold in this TBI
model. In fact, although PTZ and TBI factors had no statistical
interaction, exercise training protected against the SOD activity
decrease induced by TBI and PTZ.

Nevertheless, our data disagree with previous studies (see earlier
review>>), because TBI had no effect on GSH/GSSG ratio after 5

weeks of neuronal injury. In the cortical contusion injury (CCI)
model, experimental findings demonstrated a significant time-
dependent change in GSH/GSSG ratio, with maximum depletion
observed 24 h postinjury (see earlier review>?). These contradic-
tions may be supported by the differences between the two ex-
perimental models as well as because of the fact that the present
study focused on the late follow-up (5 weeks) after TBI, whereas
the other studies mentioned focused on the early TBI phase. On the
other hand, the exercise protocol proposed in this report enhanced
GSH level and GSH/GSSG ratio, revealing a possible positive
factor related to the beneficial effects observed in animals sub-
mitted to physical training.

In this context, experimental and clinical studies have suggested
that regular exercise after TBI promotes an alleviation of neuronal
injury and cognitive deficits caused by a variety of phenomena,
which include antiapoptosis, neurogenesis, as well as cardio- and
cerebrovascular effects with focus on dynamic training.'® In ad-
dition, voluntary exercise performed 2 weeks after mild FPI in-
creases molecular markers of plasticity such as brain-derived
neurotrophic factor (BDNF), with animals exhibiting a significant
enhancement in cognitive performance.>® On the other hand, ani-
mal studies have found that FPI and acute physical exercise may
induce pronounced learning and memory deficits, compared to
unexercised, injured rats.>> Taken together, it has been suggested
that exercise has significant rehabilitative value after TBI, but an
appropriate postinjury time window for reinstatement of exercise
training is necessary.>> A recent study found that exercise training 6
weeks before injury increased the survival of cerebellar neurons
after neuronal injury.”® Further, it has been demonstrated that
aerobic exercise training exerts a prophylactic effect on TBI-
induced inflammatory response, free radical generation, and Na*/
K*-ATPase activity inhibition.">”” These experimental findings
suggest that adaptive responses to regular and moderate endurance
exercise may protect against the failure of a few selected targets,
such as Na*/K*-ATPase enzyme, in this TBI model. In line with
this view, results presented in this report revealed a significant
exercise training effect on GSH levels and effectiveness against the
decrease of TBI-induced SOD activity. In fact, experimental find-
ings revealed that the training protocol described herein protected
against SOD inhibition after TBI and PTZ injection. This adaptive
response may also result in improved ability of the neuron to
withstand TBI-mediated energy depletion and, consequently, free
radical production.*>*%% It is important to consider that the fun-
damental aim of conducting experiments on animal models is to
understand the main clinical complications arising from TBI.
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In this context, our experimental findings agree with studies that
have demonstrated that exercise performance increases the amount
of stimulation necessary to reach the convulsive threshold,* at-
tenuates frequency of seizures, and decreases susceptibility to
subsequently evoked seizures in the pilocarpine model of epilep-
sy.?>** Further, considering that seizure activity raised oxidative
damage in TBI rats and that physical exercise prevented seizures, it
is plausible to conclude that physical exercise may also protect
against secondary damage by preventing seizure onset, which is
probably facilitated by previous TBI-generated OS increase and
other enzymatic dysfunctions mentioned above.

In conclusion, the present study reports that a single FPI episode
in rat parietal cortex induces free radical generation, alters redox
status, and decreases Na*/K*-ATPase activity after 5 weeks of
injury. These neuronal alterations contribute to the excitability of
injured tissue and may be related to post-traumatic epilepsy de-
velopment. However, seizure itself may also enhance OS in the
already vulnerable injured brain, a fact that reveals the importance
of preventing these events. Our experimental findings also revealed
that treadmill exercise training increased the latency for the first
convulsive episode and attenuated the duration of seizures induced
by a subeffective dose of PTZ after TBI. Although significant re-
sources are required for a better understanding of the pathophysi-
ology of PTE, the protection exerted by this exercise protocol
suggests that exercise training may be an important therapeutic
approach to control seizure activity after TBI.
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