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Abstract

Oxidative stress has been considered as one of pathogenesis of brain damage led by epi-

lepsy. Reducing oxidative stress can ameliorate brain damage during seizures. However,

expression levels of important antioxidative enzymes such as thioredoxin-1 (TRX1), thiore-

doxin-like 1 protein (TXNL1) and thioredoxin reductase 1 (TXNRD1) during seizures have

not been investigated. In this study, we examined protein and mRNA expression levels of

TRX1, TXNL1 and TXNRD1 in different brain regions in PTZ induced seizure model mice.

We found that protein expression levels of TRX1, TXNL1 and TXNRD1 are simultaneously

up-regulated by 2- or 3-fold in the cortex of both acute and chronic seizure model mice. But

there is no unified expression pattern change of these enzymes in the hippocampus, cere-

bellum and diencephalon in the seizure model mice. Less extent up-regulation of mRNA

expression of these enzymes were also observed in the cortex of seizure mice. These data

suggest that antioxidative enzymes may provide a protective effect against oxidative stress

in the cortex during seizures.

Introduction

Epileptic seizure is excessive and abnormal neuronal activity from a specific region of the

brain, which may lead to convulsion, decreased level of consciousness, and other sensory or

motor symptoms. Causes of epilepsy include all kinds of genetic ion channel mutations, altered

cortical development and specific gene expression changes [1–4]. Frequent seizures may lead

to neurodegeneration and generate oxidative stress by hyper-excitability. During abnormal

excitable neuronal synaptic release process, activation of ionotropic glutamate receptor trig-

gers elevated intracellular Ca2+ entry at cellular level in the nervous system. As a consequence,

high levels of intracellular calcium increase production of reactive oxygen species (ROS),
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which may result in toxic effects to neurons by producing peroxides and free radicals that

damage all components of the cell, including proteins, lipids, and DNA [5–8].

In studies of examining the oxidative stress status in the brain in seizure models, activities

of many oxidative stress related enzymes during seizures were examined, such as cytosolic Cu/

Zn superoxide dismutase (SOD-1), mitochondrial Mn superoxide dismutase (SOD-2), and

glutathione peroxidase (GPx), etc [9–11]. However, the expression levels of some thiol redox

proteins, which serve as important antioxidative proteins during seizure, have not been exam-

ined. Among these thiol redox proteins, thioredoxin-1 (TRX1), thioredoxin-like protein 1

(TXNL1), and thioredoxin reductase 1 (TXNRD1) are richly expressed in the nervous system

of mammalians [12–14]. The distribution of these proteins in the brain has also been studied.

They are widely expressed in hippocampus, cortex and diencephalon (www.proteinatlas.org)

[15, 16]. TRX1 is a small redox protein that is present in all organisms. It acts as an antioxida-

tive protein by facilitating the reduction of other proteins due to the presence of two vicinal)

cysteines in a CXXC motif. The TRX1 protein plays important role in reducing oxidative stress

in the brain, a tissue that is prone to oxidative stress due to its high-energy demand [12, 17].

Thioredoxin reductase 1 (TXNRD1), a protein belongs to the family of pyridine nucleotide

oxidoreductases, is another important protein for maintaining normal thiol redox state in the

nervous system. This protein keeps TRX1 as well as other substrates in reducing state so that

they play a vital role in prevention of oxidative stress. A study using mice with nervous system

specific (NS-specific) deletion of TXNRD1 and TXNRD2 demonstrated while NS-specific

TXNRD2 null mice develop normally, mice lacking TXNRD1 in the NS are significantly

smaller and display ataxia and tremor [18, 19]. Thioredoxin-1 like protein 1 (TXNL1) is also a

reductase that is involved in proteolysis, reducing oxidative phosphatase and promoting oxida-

tive stress resistance [20–22]. Thus, expressing levels of these three reductases are critical for

estimation the oxidative damage to the brain during seizures.

In this study, we examined the alteration of protein expression levels of these three enzymes

in the different brain regions in PTZ induced adult seizure mice by western blot analysis. We

also examined the mRNA expression levels of these enzymes in the different brain regions by

using RT-PCR. Our results showed that proteins and mRNA expression levels of TRX1,

TXNL1 and TXNR1 are up-regulated in the cortex in the PTZ kindled seizure mice. However,

there is no unified expression level change of these enzymes in other brain regions that we

examined. These results suggest these reductases play protective roles in the cortex of epileptic

brain. Also, different brain regions have distinct oxidative stress status during seizures.

Results

Development of acute and chronic seizures following administration of

PTZ

For generating acute seizure model mice, intraperitoneal injection of 70 mg/kg PTZ usually

induces clonic convulsion of the whole body of the mouse that was injected. The intensity

reached the level of 6th stage within 2–3 minutes [23]. Thus, it is not necessary to record EEG of

these model mice. The mice were sacrificed 60 minutes after clonic seizure had reached 6th

stage. The brain tissue was collected for RT-PCR and Western Blot analysis. For generating

chronic seizure model, intraperitoneal injections of 35 mg/kg PTZ were repeated every other

day. Their behavior and EEG were monitored after each injection for calculating seizure scale

and confirming hyperactivity in the brain. As shown in Fig 1A, seizure score reached 2nd-3rd

stage after 3 times injection according to revised Racine scale. Clonic seizure can be observed

after 5–7 times (usually two weeks) injection (Fig 1A). In the meantime, EEG of these mice are

recorded after PTZ injection. When normal mice are at an awake and quiet state, the normal
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EEG wave amplitude of mice is between 30–200 μV with frequency mainly from 6–13 Hz. No

sharp wave or big spike was observed (Fig 1B). As indicated in Fig 1C, the abnormal EEG spike-

wave discharges, containing 5 to 10 Hz big spikes with amplitude more than 200 μV, usually

accompanied by the behavior of whisker trembling, arrest that corresponded to 1st stage of sei-

zure, were observed after 3 doses of PTZ injections (Fig 1C). The second EEG abnormality, 4 to

6 Hz spike wave discharges, corresponded to sudden behavioral arrest and/or motionless star-

ing of the 2nd stage seizure behavior, were also observed after 3 doses of PTZ injections (Fig

1D). After 5–7 doses of PTZ injection, the third EEG discharge pattern that contains 1–2 Hz big

spikes with amplitude more than 800 μV, was found to coincide with the behavioral 3rd stage

seizure behavior such as facial jerking with muzzle or muzzle and eye (Fig 1E). The clonic sei-

zures above 4th stages accompanied by continued big spikes or waves with high amplitude more

Fig 1. Electroencephalography (EEG) recordings and seizure behavior of mice before and after intraperitoneal

injection of PTZ. (A) The relationship between score of seizures and times of injection in the chronic model mice

were plotted. Injection was performed every other day. (B) Typical 1 min EEG trace of control mice. The red line

lebeles10s piece of trace that is magnified and shown in down panel. Normal trace wave amplitude is less than 200 μV

(C-F) Typical 1 min EEG traces of chronic model mice after injection of PTZ 3–7 times (top panel). The red lines

indicate magnified 10s piece of traces that is shown in down panel. (C) 1 min EEG trace after 3 times of injection,

correspond to sudden behavioral arrest and/or motionless staring. The biggest wave amplitude is larger than 200 μV

(1st stage). The frequency of big spikes is about 3-6Hz. (D) Sample traces correspond to facial jerking with muzzle or

eye and neck jerks (2nd stage) The biggest spike is more than 300 μV. (E) Typical traces that correspond to clonic

seizure in a sitting position (3rd stage). The biggest wave amplitude is larger than 400 μV. (F) Typical traces

correspond to convulsions including clonic seizures while lying on the belly and/or pure tonic seizures (4th stage).

Amplitude of most spikes is more than 400 μV.

https://doi.org/10.1371/journal.pone.0210670.g001
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than 800 μV in EEG were also observed after 5–7 doses of injection (Fig 1F). The model mice

were sacrificed to get brain tissues after 3, 5 and 7 doses of PTZ injection respectively.

Protein expression level of TRX1, TXNL1 and TXNRD1 were up-regulated

in the cortex of PTZ induced acute and chronic seizure model mouse

Since the TRX1, TXNL1 and TXNRD1 may reflect the oxidative stress level in the brain of

seizure model, we examined protein expression levels of TRX1, TXNL1 and TXNRD1 by

western blot analysis. The results showed that protein levels of TRX1, TXNL1and

TXNRD1 were simultaneously up-regulated 2.3-, 2.4- and 3.5-fold respectively in the cor-

tex of the acute seizure model mice (Fig 2A first line, Fig 2B left panel). However, there was

no simultaneous up-regulation of these three enzymes in other brain regions. In the hippo-

campus of model mice, protein expression level of TRX1 was increased 2.5-fold while the

TXNL1 protein level was decreased 2-fold. But the TXNRD1 expression level was not

Fig 2. Protein expression level changes of TRX1, TXNL1 and TXNRD1 in PTZ induced acute epilepsy mice model. (A) Western blot analysis was performed

on equal amount total proteins extracted from the cortex, hippocampus, cerebellum and diencephalon of PTZ induced seizure model mice and probed with the

indicated antibodies. (B-E) The relative expression levels of protein in the cortex, hippocampus, cerebellum and diencephalon were determined by using gel-doc

image lab system. The protein expression levels in different brain regions of control mice was set as basic value 1. (B) In the cortex, TRX1, TXNL1 and TXNRD1

protein expression levels were up-regulated by 2.2 ± 0.1, 2.3 ± 0.1and 3.5 ± 0.3 fold respectively (T test, � shows P<0.05). (C) In the hippocampus, protein

expression levels of TRX1 and TXNRD1 are up-regulated 2.4 and 1.3 fold respectively (P< 0.05). The TXNL1 protein expression level was down-regulated to

34 ± 4% expression level of control (P<0.05). (D) In the cerebellum, the protein expression levels of TRX1, TXNL1 were down-regulated to 60% and 30%

expression level of control (P<0.05). The TXNRD1 expression level is not altered. (E) In the Diencephalon, the protein expression of TRX1, TXNL1 and

TXNRD1 are down-regulated to 40 ± 4%, 20 ± 2% and 24 ± 3% of the control levels respectively.

https://doi.org/10.1371/journal.pone.0210670.g002
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altered (Fig 2A second line, Fig 2C). In the cerebellum, TRX1 and TXNL1 protein expres-

sion levels were down-regulated but the TXNRD1 protein expression level was not altered

(Fig 2A third line, Fig 2D). However, in the diencephalon, TRX1, TXNL1 and TXNRD1

proteins were all down-regulated (Fig 2A four line, Fig 2E). These results suggest that the

oxidative stress in the cortex may trigger a compensatory antioxidative response of up-reg-

ulating proteins that are against oxidative stress. However, in other brain regions, either

the oxidative stress may be not as strong as in the cortex or the antioxidative compensatory

response is suppressed.

In order to further study antioxidative roles of these enzymes are played in chronic sei-

zures, we also examined the protein expression levels of these enzymes in different brain

regions in chronic seizure model mouse brain induced by PTZ. Consistent with the result of

acute seizure model, up-regulation of these enzymes in the cortex of chronic epileptic

mouse model was observed after 3, 5 and 7 doses injection by PTZ. TRX1 protein expression

levels were up-regulated 2.5-fold, 1.9-fold and 1.8-fold respectively (Fig 3A and 3E left).

Protein expression levels of TXNL1 were up-regulated by 1.8-fold, 1.9-fold and 1.5-fold

respectively (Fig 3A and 3E middle). Similarly, protein expression levels of TXNRD1 were

up-regulated by 2.5-fold, 2.4-fold and 1.8-fold respectively (Fig 3A and 3E right). This data

indicated PTZ could induce up-regulation of these enzymes in the cortex of chronic seizure

model mice but the extent of up-regulation seemed not related to the score of kindling and

doses of injection. However, in the hippocampus, TRX1 protein expression levels were not

significantly altered at 3 doses and 5 doses PTZ injection but was elevated by 2.3-fold after 7

doses injection (Fig 3B). Moreover, the protein expression level of TXNL1 was not altered at

3 doses injection while the expression level was elevated 1.5-fold after 5 doses PTZ injection.

However, the expression level of TXNL1 was decreased to 40% of the control level after 7

doses injection (Fig 3B). The protein expression levels of TXNRD1 in the hippocampus

were also not altered during the entire kindling process (Fig 3B). This piece of data indi-

cated that there is no strong antioxidative response in the hippocampus of chronic epileptic

model mice. Interestingly, in the cerebellum, all these enzymes were down-regulated after

3–7 doses PTZ injection although the extent of down-regulation showed somewhat differ-

ence (Fig 3C and 3G). Similarly, down-regulation of expression levels of these three proteins

were also observed in the diencephalon except a weak up-regulation of TRX1 after 7 doses

of injection (Fig 3D and 3H). These results suggest that the antioxidative response to oxida-

tive stress probably are also weak in the cerebellum and diencephalon.

mRNA expression levels of TRX1, TXNL1 and TXNRD1 are up-regulated

in the cortex of PTZ induced acute and chronic seizure model mouse

In order to further investigate the mechanism of protein expression level changes of TRX1,

TXNL1 and TXNRD1, we further performed RT-PCR to examine the mRNA expression level

changes of these enzymes. Consistent with the protein expression pattern changes of these

enzymes, the mRNA expression levels of TRX1, TXNL1 and TXNRD1 were also up-regulated

in the cortex in both the acute and the chronic seizure model mice (Fig 4A and 4E). However,

the extent of up-regulation of mRNA expression levels of these enzymes is much less than the

extent of protein expression level changes of these enzymes. In the acute epileptic model, the

mRNA of TRX1, TXNL1 and TXNRD1 were up-regulated to 117%, 115% and 123% of the

mRNA level of these enzymes in the normal mice cortex respectively (Fig 4A). Similarly, in the

chronic model, all mRNA of these enzymes were only up-regulated by 15–30% percent after

3–7 doses PTZ injection (Fig 4E). These results indicated that the regulation mechanism of

expression of these enzymes is mainly at translational level.
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Fig 3. Protein expression level changes of TRX1, TXNL1 and TXNRD1 in PTZ induced chronic epilepsy mice

model. (A-D) Western blot analysis of TRX1, TXNL1 and TXNRD1 protein levels in the cortex (A), the hippocampus

(B), the cerebellum (C) and the diencephalon (D) of adult mice for indicated days after PTZ injection (n = 3). (E-H)

Statistical analysis of protein expression levels in the cortex (E), hippocampus (F), cerebellum (G) and diencephalon

(H) of adult mice before and on indicated days after PTZ injection. Protein bands were quantified by densitometry and

normalized to the level of GAPDH. Data represent mean ± SEM. �P< 0.05. (E) In the cortex of chronic epileptic

model mice after 3, 5 and 7 times of kindling, TRX1 protein expression levels were up-regulated by 2.5 ± 0.3, 1.5 ± 0.2

and 1.8 ± 0.25 fold respectively. Protein expression of TXNL1 were up-regulated by 1.8 ± 0.2, 1.8 ± 0.3 and 1.5 ± 0.2

fold respectively. Protein expression of TXNRD1 were up-regulated by 2.2 ± 0.2, 2.3 ± 0.2, 1.7 ± 0.2 respectively. (F) In

the hippocampus of chronic epileptic model mice after 3, 5 and 7 times of kindling, TRX1 protein expression levels

were up-regulated by 1.3 ± 0.15, 1.2 ± 0.18 and 1.8 ± 0.3 fold respectively. TXNL protein expression level was firstly up-

regulated by 1.5 fold after 5 times of kindling but subsequently was down-regulated to 70% after 7 times of kindling.

The TXNRD protein expression was not altered during the whole kindling process. (G) In the cerebellum of chronic

epileptic model after 3, 5 and 7 times of kindling, the expression of TRX1, TXNL1 and TXNRD1 proteins are down-

regulated. The TRX1 protein levels are (of the control level): 60 ± 15%, 20 ± 6% and 40 ± 10% respectively. The TXNL1

protein levels are 20 ± 2%, 30 ± 4% and 45 ± 10% respectively. TXNRD1 protein expression levels are 70 ± 10%,

30 ± 2% and 50 ± 5% of the control level respectively. (H) In the diencephalon after 3, 5 and 7 times of kindling, the
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However, similar to protein expression pattern changes of these enzymes, there was no uni-

fied mRNA expression pattern change of these enzymes in other brain regions. In the hippo-

campus of acute epileptic model mice, the mRNA expression of TRX1 and TXNRD1 was not

altered while mRNA expression of TXNL1 was somewhat down-regulated (Fig 4B). In the hip-

pocampus of chronic epileptic model mice, the mRNA expression level of TRX1 was not

altered after 3–5 doses of PTZ injection, but 20% increase of TRX1 mRNA expression was

observed after 7 doses of PTZ injection. In the hippocampus, 15–25% decrease of mRNA

expression of TXNL1 was observed during the whole injection process. The TXNRD1 mRNA

expression level remained as same as the control expression level (Fig 4F). In summary, no

strong increase of mRNA expression of these enzymes was observed in the hippocampus. This

fact reflects again that a weak antioxidative response in the hippocampus of the seizure model

mouse.

In the cerebellum of both acute and chronic epileptic model mice, mRNA expression levels

of TRX1 were decreased by 20% (Fig 4C). However, mRNA expression levels of TXNL1 and

TXNRD1 were not altered in the cerebellum in acute seizure model mice. But mRNA expres-

sion levels of TXNL1 and TXNRD1 were down-regulated in the cerebellum of chronic seizure

model mice (Fig 4C and 4G). In the diencephalon, 20% percent decrease of TRX1 mRNA was

observed in acute seizure model mice. But mRNA expression levels of TRX1 were not altered

in the diencephalon of chronic seizure model mice (Fig 4D and 4H). The mRNA expression

levels of TXNL1 and TXNRD1 were not altered in the diencephalon of acute seizure model

mice (Fig 4D). But in the diencephalon of chronic seizure model mice, the mRNA express lev-

els of TXNL1 and TXNRD1 were down-regulated by 10–20% (Fig 4H). These data also indi-

cated that there is no obvious antioxidative response in the cerebellum and diencephalon of

PTZ kindled mice.

Discussion

In this study, we present data showing protein and mRNA of important reductases are dis-

tinctly regulated in different brain regions in PTZ induced acute and chronic seizure model

mice. These data for the first time provide biochemical evidences to show that oxidative stress

states in different brain regions of PTZ kindling seizure model are distinct. As we observed,

the antioxidative response reflected by up-regulation of TRX1, TXNL1 and TXNRD1 mainly

occurred in the cortex and somewhat in the hippocampus. Furthermore, the down-regulation

of TRX1, TXNRD1 in the cerebellum and diencephalon either reflects that less oxidative stress

happened or absence of antioxidative response in these brain regions. Previous observation of

EPR (electron paramagnetic resonance) imaging in the brain of PTZ kindling model mice

indicated that strong oxidative stress occurs in the cortex and hippocampus but relative weak

oxidative stress is produced in the cerebellum [24, 25]. Thus, the best explanation of the down-

regulation of thiol redox protein expression in the cerebellum is relatively weak oxidative stress

produced in the cerebellum. Since the up-regulation of antioxidative enzymes expression may

ameliorate the oxidative damage to the cortex, these data also suggest that the hippocampus

may be more vulnerable to oxidative damage than the cortex.

Oxidative stress damage to the epileptic brain includes increased amount of free radicals,

excessive generation of NO- and dysfunction of mitochondria [5, 26]. Although the brain is

vulnerable to oxidative stress due to its high oxygen utilization, production of ROS may

normalized expression levels of TRX1 are (of the control level): 103 ± 0.05%, 110 ± 10% and 140 ± 14% respectively.

The normalized expression levels of TXNL1 are (of the control level) 26 ± 10%, 14 ± 7% and 30 ± 5% respectively. The

normalized expression levels of TXNRD1 are (of the control level) 25 ± 10%, 40 ± 10% and 50 ± 12% respectively.

https://doi.org/10.1371/journal.pone.0210670.g003
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Fig 4. Seizure effect on mRNA expression of TRX1, TXNL1 and TXNRD1 subunit expression. (A-D) Relative mRNA

expression levels of TRX1, TXNL1 and TXNRD1 in different brain regions of PTZ induced acute epilepsy adult mouse model
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activate defense system existed in the brain against the effects of these oxidative species during

seizures. For example, Mn2+ superoxide dismutase (Mn-SOD), one of endogenous radical

defense enzyme, is up-regulated in chronic PTZ kindled rat seizure model [27]. However, the

activity of total SOD and level of another endogenous antioxidant α-tocopherol are signifi-

cantly decreased in acute PTZ kindling model [27]. Also, thiol redox status (TRS) components

such as glutathione (GSH), glutathione disulfide (GSSG), cysteine (CSH), protein (P) thiols

(PSH) are all down-regulated in the cerebral cortex of PTZ induced seizure mice [28]. But

these data are inconsistent with data obtained from clinical research on patients of epilepsy.

Increased activity of SOD and GPX in the brain of epilepsy patients are reported [29]. Thus,

the antioxidative response, activity of antioxidants and expression pattern changes of reduc-

tion enzymes have not been fully understood probably because of complexity of antioxidant

mechanism, different brain samples and models used for seizures. In this study, the antioxida-

tive response was first measured by examining the protein and mRNA expression levels of

TRX1, TXNL1 and TXNRD1, which facilitate the antioxidative response. The results indicated

that the up-regulation of these enzymes may play a protect role in the cortex during seizures

while other antioxidant system is suppressed, such as GSH. In the cortex, the mRNA expres-

sion levels of these enzymes were only increased 20–30% while the protein expression levels of

these enzyme were increased 2–3 fold. This phenomenon indicated that the protein expression

regulation mechanism is mainly at the translational level, which is consistent with the hypothe-

sis that a rapid antioxidative response is needed for adapting to fast oxidative stress induced by

PTZ kindling. This antioxidative response may ameliorate oxidative stress in the cortex. But

brain regions that absence of this protection mechanism may be more vulnerable to oxidative

stress, such as hippocampus. Further studies using conditional knockout mice of these antioxi-

dant proteins are needed to further address the role of oxidative stress in the mouse brain.

Considering the benefit of using antioxidants as the adjunct antiepileptic therapy, this study

provided novel targets for developing new drugs to change redox status of the brain, probably

not only in epilepsy but also in other neurological diseases that with oxidative stress, such as

Alzheimer’s disease.

Materials and methods

Animal model preparation

The protocol and experimental design for all mice experiments was approved by the Animal

Care Committee of Xuzhou Medical University. Male C57BL/6 mice (aged 10 to 12 weeks,

body weight 25–30 g) were used for generating acute and chronic repetitive seizure model.

The mice were bred and maintained by lab animal center of Xuzhou Medical University. Total

15 mice were used for the whole experiment. Three normal mice were sacrificed by cervical

separation for collecting control brain tissues. Proteins and mRNA extracted from these brain

tissues were used as control protein or control mRNA in this experiment. In the meantime, 3

(of the control). (A) Cortex, TRX1:114 ± 3%, TXNL1: 117% ± 1% and TXNRD1 108 ± 1%. (B) Hippocampus, TRX1:

97 ± 2%, TXNL1: 85 ± 1.5% and TXNRD1 99 ± 1.2%. (C) Cerebellum, TRX1: 79 ± 1.5%, TXNL1: 94 ± 1.4% and TXNRD1

97 ± 1.3%. (D) Diencephalon, TRX1: 83 ± 1.3%, TXNL1: 98 ± 1.2% and 104 ± 2% (E-H) Relative mRNA expression levels of

TRX1, TXNL1 and TXNRD1 in the chronic model after 3, 5 and 7 times of kindling. (E) In the cortex, the normalized mRNA

expression levels of TRX1 are: 110 ± 1.2%, 129 ± 1.1% and 117 ± 2%; TXNL1 are: 134 ± 1.3%, 129 ± 1.2% and 135 ± 1.5%;

TXNRD1 are120 ± 1.4%, 135 ± 1.3% and 1.35 ± 2%. (F) In the hippocampus, the normalized mRNA expression levels of

TRX1 are: 92 ± 1.3%, 89 ± 1.2% and 96 ± 1.2%; TXNL1 are: 102 ± 1.4%, 91 ± 2% and 96 ± 1.3%; TXNRD1 are100 ± 1.4%,

99 ± 1.3% and 108 ± 1.2%. (G) In the cerebellum, the normalized mRNA expression levels of TRX1 are: 82 ± 1.2%, 85 ± 1.1%

and 79 ± 2%; TXNL1 are: 85 ± 2%, 75 ± 1.5% and 80 ± 1.2%; TXNRD1 are 80 ± 1.4%, 73 ± 1.3% and 81 ± 1.2%. (H) In the

diencephalon, the normalized mRNA expression levels of TRX1 are (of the control): 90 ± 1.2%, 72 ± 1.1% and 81 ± 2%;

TXNL1 are: 102 ± 2%, 101 ± 1.5% and 101 ± 1.2%; TXNRD1 are 72 ± 1.4%, 75 ± 1.3% and 83 ± 1.2%.

https://doi.org/10.1371/journal.pone.0210670.g004
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mice were used to generate acute seizure model while 9 mice were used to generate chronic

seizure model. The mice were used for acute seizure model were sacrificed by cervical separa-

tion within 2 hours after seizures. Every 3 mice of chronic seizure model were sacrificed by

cervical separation at each time point after PTZ injection indicated in Fig 1. The mice were

housed in temperature-controlled, filter ventilated system and 12h light/12h dark cycled

rooms. The bedding materials, food and water were changed every three days. Lab mice care

was performed according to 3Rs (replacement, reduction, refinement) guidelines agreed by

IACUC of Xuzhou Medical University. No more than 5 mice were kept in each standard

mouse cage. Sterile cages were used and mice were maintained in clean and filtered ventilation

system made by Suzhou Fengshi Lab Equipment Company. Mice health were monitored every

other day by a staff in lab animal center. There is no mouse died without euthanasia. For gen-

erating acute seizure model, 70mg/kg of PTZ was intraperitoneally injected once, full clonus of

the body can be observed 1–3 min after injection. For making chronic seizure model, 35 mg/

kg of PTZ intraperitoneal injection was repeated every other day between 3PM and 5PM.

After each subthreshold PTZ injection, mice were observed for 30 minutes to find out whether

they exhibit seizure behavior. Mice were anesthetized by 1% Pentobarbital with a dose of 0.12

ml per 25g body weight before sacrificing. The seizure intensity were scaled to 6 stages accord-

ing to revised Racine’s scale method [23]. Scale stages are listed from 1 to 6. First stage: sudden

behavioral arrest and/or motionless staring. Second stage: facial jerking with muzzle or muzzle

and eye. Third stage: neck jerks. 4th stage: Clonic seizure in a sitting position. 5th stage: convul-

sions including clonic and/or tonic–clonic seizures while lying on the belly and/or pure tonic

seizures. 6th stage: Convulsions including clonic and/or tonic–clonic seizures while lying on

the side and/or wild jumping.

EEG recording

Wild type mice were anesthetized by 1% Pentobarbital with a dose of 0.12 ml per 25g body

weight. Subsequently, mice were placed in the stereotaxic apparatus and fixed by ear bars.

Then, a 1 cm rostral-caudal incision through the skin on the top of the mouse head was made

to expose the top surface of the skull. 3% hydrogen peroxide was used to clean and disinfect

the top surface of the skull. A small amount of cyanoacrylate was put on the bottom of the 6

pore head-mount (Purchased from Pinnacle Technology Inc) for gluing the head-mount on

the top of the mouse head. Then, place the head-mount on the top surface of the dry skull of

the mouse until the head-mount cannot be moved. Finally, the mouse was put in separate

cages to wait for PTZ injection after suturing the incision. Before peritoneal injection of PTZ,

the configured preamplifier was connected to the head-mount on the head top of the mouse

according to standard protocol provided by Pinnacle Technology Inc (USA) for 1 hour. The 3

channel preamplifier was further connected to computer system through wires to collect EEG

signals. The data were stored in computer and were analyzed by software provided by Pinnacle

Technology Inc.

Western blot analysis

Protein samples were loaded on a polyacrylamide gel (50ug/lane) and separated by electropho-

resis. Resolved proteins were transferred onto polyvinylidene difluoride (PVDF) membranes

and blocked with no-fat milk for 2 hours at room temperature. The membranes were probed

with affinity-purified anti-TXNRD1 (1:1000; Hangzhou HuaAn Biotechnology Co. Ltd.), anti-

TXNL1 (1:1000; Abcam) or anti-TRX1 (1:1000; Abcam) antibody at 4˚C overnight, followed

by incubation with horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG (1:3000;

Pierce). To normalize the loaded samples, affinity purified anti-glyceraldehyde-3-phosphate

Up-regulation of antioxidative proteins in the cortex of PTZ kindling seizure model mice

PLOS ONE | https://doi.org/10.1371/journal.pone.0210670 January 24, 2019 10 / 14

https://doi.org/10.1371/journal.pone.0210670


dehydrogenase (GAPDH) antibody (1:3000; Proteintech) was used, followed by incubation

with HRP-conjugated anti-rabbit IgG (1:3000; Pierce). Images were acquired with the Chemi-

Doc Tm XRS+ imaging system and analyzed with imaging lab software (Bio-RAD). The den-

sity of the band of interest proteins (TXNRD1, TXNL1 or TRX1) was measured and

normalized to the density of the band of GAPDH.

RNA extraction

Total RNA was extracted from isolated brain tissues of control and seizure model mice by

using Hiscript II Q RT Kit according to the manufacturer’s specifications. The yield of RNA

was determined using a NanoDrop 2000 spectrophotometer (Thermo Scientific, USA), and

the integrity was evaluated using agarose gel electrophoresis stained with ethidium bromide.

Real-time quantitative RT-PCR

Quantification was performed with a two-step reaction process: reverse transcription (RT) and

PCR. Each RT reaction has two steps. The first step is 0.5 μg RNA, 2 μl of 4×gDNA wiper Mix,

add Nuclease-free H2O to 8 μl. Reactions were performed in a GeneAmp PCR System 9700

(Applied Biosystems, USA) for 2 min at 42˚C. The second step is add 2μl of 5 × HiScript II Q

RT SuperMix IIa. Reactions were performed in a GeneAmp PCR System 9700 (Applied Bio-

systems, USA) for 10 min at 25˚C; 30 min at 50˚C; 5 min at 85˚C.The 10 μl RT reaction mix

was then diluted × 10 in nuclease-free water and held at -20˚C. Real-time PCR was performed

using LightCycler 480 II Real-time PCR Instrument (Roche, Swiss) with 10 μl PCR reaction

mixture that included 1 μl of cDNA, 5 μl of 2× QuantiFast SYBR Green PCR Master Mix (Qia-

gen, Germany), 0.2 μl of forward primer, 0.2 μl of reverse primer and 3.6 μl of nuclease-free

water. Reactions were incubated in a 384-well optical plate (Roche, Swiss) at 95˚C for 5 min,

followed by 40 cycles of 95˚C for 10 s, 60˚C for 30 s. Each sample was run in triplicate for anal-

ysis. At the end of the PCR cycles, melting curve analysis was performed to validate the specific

generation of the expected PCR product. The primer sequences were designed in the labora-

tory and synthesized by Generay Biotech (Generay, PRC) based on the mRNA sequences

obtained from the NCBI database as follows: Trx1 (Genebank NM_011660.3): 5’-CCCTTCT
TCCATTCCCTCT-3’ and 5’-TCCACATCCACTTCAAGGAAC-3’, Txnl1 (Genebank

NM_016792.4): 5’-TTCAAACGAGTGGTTGGCA-3’ and 5’- GCAGTAAGTCTTCCAGTGT
C-3’, Txnrd1 (Genebank NM_001042513.1): 5’- GTGGCGACTTGGCTAATC-3’ and 5’-
ACCAGGAGAGACACTCAC-3’, GAPDH (Genebank NM_008084): 5’- TCATCCCAGAGCT
GAACG-3’ and 5’-TCATACTTGGCAGGTTTCTCC-3’. The expression levels of mRNAs

were normalized to GAPDH and were calculated using the 2-ΔΔCt method (Livak and Schmitt-

gen, 2001).

Statistics and analysis

The percentage change in the level of expression of the protein was then calculated using the

formula below: ((average of normalized density for that treated with PTZ /average of normal-

ized density for normal wild type mice) � 100%. The SEM was calculated with the following

formula: (SEM of average of normalized density for that treated with PTZ/average of normal-

ized density for normal mice) � 100%. In each time point, the western blot were repeated 3

times. The density of western blot band in each group were measured and compared using t-

test. Data are expressed as mean ± SEM. The P-value is less than 5% was considered as statisti-

cally significant. The Q-PCR values of each time points were statistical analyzed by T-test. P

value is less than 0.05 was considered as statistically different.
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Supporting information

S1 Dataset. Excel table: Statistical results of Fluorescent RT-PCR results. The original Fluo-

rescent RT-PCR curves and melting peaks of GAPDH, TXNL1 (Trp32), Thioredoxin and

TXNRD1.

(RAR)

Acknowledgments

This work was supported by Natural Science Foundation of China (NSFC) grant to Z.Z.

(81471314, 81671090), NSFC grant to Q.-Y.T. (31671212). Natural Science Foundation of

Jiangsu Province to Z.Z (BK20151170). Xuzhou Science and Technology Program (16631635)

to Z.Z. Xuzhou Science and Technology Program to Q.-Y.T (KC16H0230). The General Proj-

ect of Natural Science in College and University in Jiangsu Province to J.T Yu (14KJB180023).

Author Contributions

Data curation: Kai-Qin Chen.

Investigation: Jia-Tian Yu, Ye Liu, Ping Dong, Run-En Cheng.

Methodology: Jing-Jing Wang.

Project administration: Shao-Xi Ke, Zhong-Shan Shen.

Supervision: Qiong-Yao Tang, Zhe Zhang.

References
1. Kaas GA, Kasuya J, Lansdon P, Ueda A, Iyengar A, Wu CF, et al. Lithium-Responsive Seizure-Like

Hyperexcitability Is Caused by a Mutation in the Drosophila Voltage-Gated Sodium Channel Gene para-

lytic. eNeuro. 2016; 3(5). Epub 2016/11/16. doi: ENEURO.0221-16.2016 [pii] https://doi.org/10.1523/

ENEURO.0221-16.2016 eN-NWR-0221-16 [pii]. PMID: 27844061; PubMed Central PMCID:

PMC5103163.

2. Lin Y, Han Y, Xu J, Cao L, Gao J, Xie N, et al. Mitochondrial DNA damage and the involvement of anti-

oxidant defense and repair system in hippocampi of rats with chronic seizures. Cell Mol Neurobiol.

2010; 30(6):947–54. Epub 2010/05/07. https://doi.org/10.1007/s10571-010-9524-x PMID: 20446108.

3. Ueda Y, Doi T, Nagatomo K, Willmore LJ, Nakajima A. Functional role for redox in the epileptogenesis:

molecular regulation of glutamate in the hippocampus of FeCl3-induced limbic epilepsy model. Exp

Brain Res. 2007; 181(4):571–7. Epub 2007/05/09. https://doi.org/10.1007/s00221-007-0954-8 PMID:

17486325.

4. Tang QY, Zhang FF, Xu J, Wang R, Chen J, Logothetis DE, et al. Epilepsy-Related Slack Channel

Mutants Lead to Channel Over-Activity by Two Different Mechanisms. Cell Rep. 2016; 14(1):129–39.

Epub 2016/01/05. doi: S2211-1247(15)01432-1 [pii] https://doi.org/10.1016/j.celrep.2015.12.019 PMID:

26725113; PubMed Central PMCID: PMC4706775.

5. Zsurka G, Kunz WS. Mitochondrial dysfunction and seizures: the neuronal energy crisis. Lancet Neurol.

2015; 14(9):956–66. Epub 2015/08/22. https://doi.org/10.1016/S1474-4422(15)00148-9 S1474-4422

(15)00148-9 [pii]. PMID: 26293567.

6. Shin EJ, Jeong JH, Chung CK, Kim DJ, Wie MB, Park ES, et al. Ceruloplasmin is an endogenous pro-

tectant against kainate neurotoxicity. Free Radic Biol Med. 2015; 84:355–72. Epub 2015/04/07. doi:

S0891-5849(15)00155-0 [pii] https://doi.org/10.1016/j.freeradbiomed.2015.03.031 PMID: 25843655.

7. Gataullina S, Delonlay P, Lemaire E, Boddaert N, Bulteau C, Soufflet C, et al. Seizures and epilepsy in

hypoglycaemia caused by inborn errors of metabolism. Dev Med Child Neurol. 2015; 57(2):194–9.

Epub 2014/08/26. https://doi.org/10.1111/dmcn.12574 PMID: 25145506.

8. Zhu X, Dong J, Han B, Huang R, Zhang A, Xia Z, et al. Neuronal Nitric Oxide Synthase Contributes to

PTZ Kindling Epilepsy-Induced Hippocampal Endoplasmic Reticulum Stress and Oxidative Damage.

Front Cell Neurosci. 2017; 11:377. Epub 2017/12/14. https://doi.org/10.3389/fncel.2017.00377 PMID:

29234274; PubMed Central PMCID: PMC5712337.

Up-regulation of antioxidative proteins in the cortex of PTZ kindling seizure model mice

PLOS ONE | https://doi.org/10.1371/journal.pone.0210670 January 24, 2019 12 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0210670.s001
https://doi.org/10.1523/ENEURO.0221-16.2016
https://doi.org/10.1523/ENEURO.0221-16.2016
http://www.ncbi.nlm.nih.gov/pubmed/27844061
https://doi.org/10.1007/s10571-010-9524-x
http://www.ncbi.nlm.nih.gov/pubmed/20446108
https://doi.org/10.1007/s00221-007-0954-8
http://www.ncbi.nlm.nih.gov/pubmed/17486325
https://doi.org/10.1016/j.celrep.2015.12.019
http://www.ncbi.nlm.nih.gov/pubmed/26725113
https://doi.org/10.1016/S1474-4422(15)00148-9
http://www.ncbi.nlm.nih.gov/pubmed/26293567
https://doi.org/10.1016/j.freeradbiomed.2015.03.031
http://www.ncbi.nlm.nih.gov/pubmed/25843655
https://doi.org/10.1111/dmcn.12574
http://www.ncbi.nlm.nih.gov/pubmed/25145506
https://doi.org/10.3389/fncel.2017.00377
http://www.ncbi.nlm.nih.gov/pubmed/29234274
https://doi.org/10.1371/journal.pone.0210670


9. Rowley S, Patel M. Mitochondrial involvement and oxidative stress in temporal lobe epilepsy. Free

Radic Biol Med. 2013; 62:121–31. Epub 2013/02/16. https://doi.org/10.1016/j.freeradbiomed.2013.02.

002 S0891-5849(13)00055-5 [pii]. PMID: 23411150; PubMed Central PMCID: PMC4043127.

10. Shin EJ, Ko KH, Kim WK, Chae JS, Yen TP, Kim HJ, et al. Role of glutathione peroxidase in the ontog-

eny of hippocampal oxidative stress and kainate seizure sensitivity in the genetically epilepsy-prone

rats. Neurochem Int. 2008; 52(6):1134–47. Epub 2008/01/30. https://doi.org/10.1016/j.neuint.2007.12.

003 S0197-0186(07)00330-0 [pii]. PMID: 18226427.

11. Patsoukis N, Zervoudakis G, Georgiou CD, Angelatou F, Matsokis NA, Panagopoulos NT. Thiol redox

state and lipid and protein oxidation in the mouse striatum after pentylenetetrazol-induced epileptic sei-

zure. Epilepsia. 2005; 46(8):1205–11. Epub 2005/08/03. doi: EPI63704 [pii] https://doi.org/10.1111/j.

1528-1167.2005.63704.x PMID: 16060929.

12. Ren X, Zou L, Zhang X, Branco V, Wang J, Carvalho C, et al. Redox Signaling Mediated by Thioredoxin

and Glutathione Systems in the Central Nervous System. Antioxid Redox Signal. 2017; 27(13):989–

1010. Epub 2017/04/27. https://doi.org/10.1089/ars.2016.6925 PMID: 28443683; PubMed Central

PMCID: PMC5649126.

13. Jimenez A, Pelto-Huikko M, Gustafsson JA, Miranda-Vizuete A. Characterization of human thioredoxin-

like-1: potential involvement in the cellular response against glucose deprivation. FEBS Lett. 2006; 580

(3):960–7. Epub 2006/01/28. doi: S0014-5793(06)00065-2 [pii] https://doi.org/10.1016/j.febslet.2006.

01.025 PMID: 16438969.

14. Liu Z, Jing Y, Yin J, Mu J, Yao T, Gao L. Downregulation of thioredoxin reductase 1 expression in the

substantia nigra pars compacta of Parkinson’s disease mice. Neural Regen Res. 2013; 8(35):3275–83.

Epub 2014/09/11. https://doi.org/10.3969/j.issn.1673-5374.2013.35.002 NRR-8-3275 [pii]. PMID:

25206649; PubMed Central PMCID: PMC4145943.

15. Booze ML, Hansen JM, Vitiello PF. A novel mouse model for the identification of thioredoxin-1 protein

interactions. Free Radic Biol Med. 2016; 99:533–43. Epub 2016/10/23. doi: S0891-5849(16)30427-0

[pii] https://doi.org/10.1016/j.freeradbiomed.2016.09.013 PMID: 27639450; PubMed Central PMCID:

PMC5107173.

16. Patenaude A, Murthy MR, Mirault ME. Emerging roles of thioredoxin cycle enzymes in the central ner-

vous system. Cell Mol Life Sci. 2005; 62(10):1063–80. Epub 2005/03/12. https://doi.org/10.1007/

s00018-005-4541-5 PMID: 15761666.

17. Yoshida T, Nakamura H, Masutani H, Yodoi J. The involvement of thioredoxin and thioredoxin binding

protein-2 on cellular proliferation and aging process. Ann N Y Acad Sci. 2005; 1055:1–12. Epub 2006/

01/03. doi: 1055/1/1 [pii] https://doi.org/10.1196/annals.1323.002 PMID: 16387713.

18. Soerensen J, Jakupoglu C, Beck H, Forster H, Schmidt J, Schmahl W, et al. The role of thioredoxin

reductases in brain development. PLoS One. 2008; 3(3):e1813. Epub 2008/03/20. https://doi.org/10.

1371/journal.pone.0001813 PMID: 18350150; PubMed Central PMCID: PMC2263137.

19. Tinkov AA, Bjorklund G, Skalny AV, Holmgren A, Skalnaya MG, Chirumbolo S, et al. The role of the

thioredoxin/thioredoxin reductase system in the metabolic syndrome: towards a possible prognostic

marker? Cell Mol Life Sci. 2018. Epub 2018/01/13. https://doi.org/10.1007/s00018-018-2745-8

10.1007/s00018-018-2745-8 [pii]. PMID: 29327078.

20. Andersen KM, Madsen L, Prag S, Johnsen AH, Semple CA, Hendil KB, et al. Thioredoxin Txnl1/TRP32

is a redox-active cofactor of the 26 S proteasome. J Biol Chem. 2009; 284(22):15246–54. Epub 2009/

04/08. https://doi.org/10.1074/jbc.M900016200 PMID: 19349277; PubMed Central PMCID:

PMC2685705.

21. Brown JD, Day AM, Taylor SR, Tomalin LE, Morgan BA, Veal EA. A peroxiredoxin promotes H2O2 sig-

naling and oxidative stress resistance by oxidizing a thioredoxin family protein. Cell Rep. 2013; 5

(5):1425–35. Epub 2013/11/26. https://doi.org/10.1016/j.celrep.2013.10.036 S2211-1247(13)00620-7

[pii]. PMID: 24268782; PubMed Central PMCID: PMC3898613.

22. Ishii T, Funato Y, Miki H. Thioredoxin-related protein 32 (TRP32) specifically reduces oxidized phospha-

tase of regenerating liver (PRL). J Biol Chem. 2013; 288(10):7263–70. Epub 2013/01/31. https://doi.

org/10.1074/jbc.M112.418004 [pii]. PMID: 23362275; PubMed Central PMCID: PMC3591634.

23. Luttjohann A, Fabene PF, van Luijtelaar G. A revised Racine’s scale for PTZ-induced seizures in rats.

Physiol Behav. 2009; 98(5):579–86. Epub 2009/09/24. https://doi.org/10.1016/j.physbeh.2009.09.005

S0031-9384(09)00304-7 [pii]. PMID: 19772866.

24. Emoto MC, Yamato M, Sato-Akaba H, Yamada K, Fujii HG. Brain redox imaging in the pentylenetetra-

zole (PTZ)-induced kindling model of epilepsy by using in vivo electron paramagnetic resonance and a

nitroxide imaging probe. Neurosci Lett. 2015; 608:40–4. Epub 2015/10/11. https://doi.org/10.1016/j.

neulet.2015.10.008 S0304-3940(15)30171-3 [pii]. PMID: 26453762.

25. Emoto MC, Matsuoka Y, Yamada KI, Sato-Akaba H, Fujii HG. Non-invasive imaging of the levels and

effects of glutathione on the redox status of mouse brain using electron paramagnetic resonance

Up-regulation of antioxidative proteins in the cortex of PTZ kindling seizure model mice

PLOS ONE | https://doi.org/10.1371/journal.pone.0210670 January 24, 2019 13 / 14

https://doi.org/10.1016/j.freeradbiomed.2013.02.002
https://doi.org/10.1016/j.freeradbiomed.2013.02.002
http://www.ncbi.nlm.nih.gov/pubmed/23411150
https://doi.org/10.1016/j.neuint.2007.12.003
https://doi.org/10.1016/j.neuint.2007.12.003
http://www.ncbi.nlm.nih.gov/pubmed/18226427
https://doi.org/10.1111/j.1528-1167.2005.63704.x
https://doi.org/10.1111/j.1528-1167.2005.63704.x
http://www.ncbi.nlm.nih.gov/pubmed/16060929
https://doi.org/10.1089/ars.2016.6925
http://www.ncbi.nlm.nih.gov/pubmed/28443683
https://doi.org/10.1016/j.febslet.2006.01.025
https://doi.org/10.1016/j.febslet.2006.01.025
http://www.ncbi.nlm.nih.gov/pubmed/16438969
https://doi.org/10.3969/j.issn.1673-5374.2013.35.002
http://www.ncbi.nlm.nih.gov/pubmed/25206649
https://doi.org/10.1016/j.freeradbiomed.2016.09.013
http://www.ncbi.nlm.nih.gov/pubmed/27639450
https://doi.org/10.1007/s00018-005-4541-5
https://doi.org/10.1007/s00018-005-4541-5
http://www.ncbi.nlm.nih.gov/pubmed/15761666
https://doi.org/10.1196/annals.1323.002
http://www.ncbi.nlm.nih.gov/pubmed/16387713
https://doi.org/10.1371/journal.pone.0001813
https://doi.org/10.1371/journal.pone.0001813
http://www.ncbi.nlm.nih.gov/pubmed/18350150
https://doi.org/10.1007/s00018-018-2745-8
http://www.ncbi.nlm.nih.gov/pubmed/29327078
https://doi.org/10.1074/jbc.M900016200
http://www.ncbi.nlm.nih.gov/pubmed/19349277
https://doi.org/10.1016/j.celrep.2013.10.036
http://www.ncbi.nlm.nih.gov/pubmed/24268782
https://doi.org/10.1074/jbc.M112.418004
https://doi.org/10.1074/jbc.M112.418004
http://www.ncbi.nlm.nih.gov/pubmed/23362275
https://doi.org/10.1016/j.physbeh.2009.09.005
http://www.ncbi.nlm.nih.gov/pubmed/19772866
https://doi.org/10.1016/j.neulet.2015.10.008
https://doi.org/10.1016/j.neulet.2015.10.008
http://www.ncbi.nlm.nih.gov/pubmed/26453762
https://doi.org/10.1371/journal.pone.0210670


imaging. Biochem Biophys Res Commun. 2017; 485(4):802–6. Epub 2017/03/05. doi: S0006-291X(17)

30425-4 [pii] https://doi.org/10.1016/j.bbrc.2017.02.134 PMID: 28257840.

26. Mendez-Armenta M, Nava-Ruiz C, Juarez-Rebollar D, Rodriguez-Martinez E, Gomez PY. Oxidative

stress associated with neuronal apoptosis in experimental models of epilepsy. Oxid Med Cell Longev.

2014; 2014:293689. Epub 2015/01/24. https://doi.org/10.1155/2014/293689 PMID: 25614776; PubMed

Central PMCID: PMC4295154.

27. Rauca C, Wiswedel I, Zerbe R, Keilhoff G, Krug M. The role of superoxide dismutase and alpha-tocoph-

erol in the development of seizures and kindling induced by pentylenetetrazol—influence of the radical

scavenger alpha-phenyl-N-tert-butyl nitrone. Brain research. 2004; 1009(1–2):203–12. https://doi.org/

10.1016/j.brainres.2004.01.082 PMID: 15120598.

28. Patsoukis N, Zervoudakis G, Georgiou CD, Angelatou F, Matsokis NA, Panagopoulos NT. Effect of

pentylenetetrazol-induced epileptic seizure on thiol redox state in the mouse cerebral cortex. Epilepsy

Res. 2004; 62(1):65–74. Epub 2004/11/03. doi: S0920-1211(04)00153-6 [pii] https://doi.org/10.1016/j.

eplepsyres.2004.08.005 PMID: 15519133

29. Ercegovac M, Jovic N, Simic T, Beslac-Bumbasirevic L, Sokic D, Djukic T, et al. Byproducts of protein,

lipid and DNA oxidative damage and antioxidant enzyme activities in seizure. Seizure. 2010; 19

(4):205–10. Epub 2010/03/17. https://doi.org/10.1016/j.seizure.2010.02.002 S1059-1311(10)00031-2

[pii]. PMID: 20226689.

Up-regulation of antioxidative proteins in the cortex of PTZ kindling seizure model mice

PLOS ONE | https://doi.org/10.1371/journal.pone.0210670 January 24, 2019 14 / 14

https://doi.org/10.1016/j.bbrc.2017.02.134
http://www.ncbi.nlm.nih.gov/pubmed/28257840
https://doi.org/10.1155/2014/293689
http://www.ncbi.nlm.nih.gov/pubmed/25614776
https://doi.org/10.1016/j.brainres.2004.01.082
https://doi.org/10.1016/j.brainres.2004.01.082
http://www.ncbi.nlm.nih.gov/pubmed/15120598
https://doi.org/10.1016/j.eplepsyres.2004.08.005
https://doi.org/10.1016/j.eplepsyres.2004.08.005
http://www.ncbi.nlm.nih.gov/pubmed/15519133
https://doi.org/10.1016/j.seizure.2010.02.002
http://www.ncbi.nlm.nih.gov/pubmed/20226689
https://doi.org/10.1371/journal.pone.0210670

