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Abstract In general, pro-inflammatory cytokines (PICs)

contribute to regulation of epilepsy-associated patho-

physiological processes in the central nerve system. In this

report, we examined the specific activation of PICs, namely

IL-1b, IL-6 and TNF-a in rat brain after kainic acid (KA)-

induced status epilepticus (SE). Also, we examined the role

played by PICs in regulating expression of GABA trans-

porter type 1 and 3 (GAT-1 and GAT-3, respectively),

which are the two important subtypes of GATs responsible

for the regulation of extracellular GABA levels in the

brain. Our results show that IL-1b, IL-6 and TNF-a were

significantly increased in the parietal cortex, hippocampus

and amygdala of KA-rats as compared with sham control

animals (P \ 0.05, KA rats vs. control rats). KA-induced

SE also significantly increased (P \ 0.05 vs. controls) the

protein expression of GAT-1 and GAT-3 in those brain

regions. In addition, central administration of antagonists

to IL-1b and TNF-a receptors significantly attenuated

amplified GAT-1 and GAT-3 (P \ 0.05 vs. vehicle control

for each antagonist group). However, antagonist to IL-6

receptor failed to attenuate enhancement in expression of

GAT-1 and GAT-3 induced by KA-induced SE. Overall,

our data demonstrate that PIC pathways are activated in the

specific brain regions during SE which thereby selectively

leads to upregulation of GABA transporters. As a result, it

is likely that de-inhibition of GABA system is increased in

the brain. This support a role for PICs in engagement of the

adaptive mechanisms associated with epileptic activity,

and has pharmacological implications to target specific

PICs for neuronal dysfunction and vulnerability related to

epilepsy.

Keywords Cytokines � GABA � Epilepsy � Neural

dysfunctions

Introduction

Abnormal patterns of highly synchronized recurrent neu-

ronal discharges are observed in one or more brain areas as

epilepsy occurs, which often recruit anatomically related

structures [28]. Generally, seizures are relatively brief, as

in the complex partial seizures of temporal lobe epilepsy;

however, in the case of status epilepticus (SE), seizures

may persist for minutes or hours, and this may culminate

in neuronal damage within several limbic and cortical

areas [28]. Nevertheless, neural substrates responsible for

epileptic activities remain to be determined.

It has been reported that IL-1b, IL-6 and TNF-a in

plasma/cerebrospinal fluid and cells immunoreactive to

those proinflammatory cytokines (PICs) in some tissues are

increased in patients with TLE [14, 29], this is consistent

with a role of PICs in engagement of the pathophysiology

of epilepsy and/or brain damage following seizure. More-

over, in animals with SE induced by hippocampal kainic

acid (KA) injections or by electrical stimulation increases

mRNA expression of hippocampal IL-1b, IL-6 and TNF-a
[20, 22]. Because SE induces relatively widespread brain

damage, evaluation of the functional protein levels of PICs
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production in the local brain regions during and following

SE is more important. Thus, in this report we specifically

examined the protein levels of IL-1b, IL-6 and TNF-a in

the representative brain regions related to SE, namely the

parietal cortex, hippocampus and amygdala.

It has been reported that the two main subtypes of GATs

responsible for the regulation of extracellular GABA levels

in the central nervous system are GABA transporter type 1

and 3 (GAT-1 and GAT-3, respectively) [5, 11]. Throughout

the brain these transporters are widely expressed in neuronal

cell (mainly GAT-1) and glial cells (mainly GAT-3), but

published work has largely shown the role played by GATs

in regulating GABAa receptor-mediated postsynaptic tonic

and phasic inhibition in the cerebral cortex and hippocampus

etc. [5, 11]. In light of the key role of GABAergic trans-

mission within the brain regions related to epileptic activity

[6, 10], in this study we further examined expression of

GAT-1 and GAT-3 in the parietal cortex, hippocampus and

amygdala of control rats and KA-animals. In order to better

understand the role played by PICs in regulating GABA

transporters, we examined expression of GAT-1 and GAT-3

in those brain regions after intracerebroventricular (ICV)

infusion of individual PIC receptor antagonists.

There are a number of animal models generally used to

study the mechanisms of complex partial epilepsy and de-

velopment of new antiepileptic drugs [15]. For example,

systemically applied drugs (e.g., pilocarpine preceded by

lithium treatment) and neurotoxins (e.g., kainic acid) as

well as kindling have typically been used to study SE. In our

report, a rat model of cerebral KA injection-induced SE [13,

26, 35] was employed to determine the role played by PICs

in engagement of epileptic activity. We hypothesized that

KA-induced epilepsy increases the levels of IL-1b, IL-6 and

TNF-a in the parietal cortex, hippocampus and amygdala

and thereby leads to upregulation of GAT-1 and GAT-3,

which decreases GABA-mediated inhibitory effects.

Methods

All the animal procedures of this study and their care were

conducted in conformity with the institutional guidelines

that are in compliance with the Guideline for the Care and

Use of laboratory Animals of the U.S. National Health In-

stitute. Fifty-four male Sprague–Dawley rats (250–300 g)

were used in our experiments and all animals were main-

tained under 12 h light/dark-cycle with free access to food

and water in a temperature- and humidity-controlled room.

Rats were anesthetized with chloral hydrate (40 mg/kg

body weight, i.p.), then immobilized in a stereotaxic ap-

paratus (David Kopf, USA). After making a midline inci-

sion, the skull was exposed and one burr hole was drilled.

Following this, animals were cannulated with an L-shaped

stainless steel cannula aimed at the lateral ventricle ac-

cording to the coordinates: 3.7 mm posterior to the bregma,

4.1 mm lateral to the midline, and 3.5 mm under the dura.

The guide cannula was fixed to the skull using dental zinc

cement and jewelers’ screw. After animals recovered from

anesthesia, in order to obtain epileptic model they were

injected with 1.0 ll of KA [0.5 lg in 1.0 ll of artificial

cerebrospinal fluid (aCSF)] in the right lateral ventricle as

described previously [35]. The rats were injected with the

same of volume of aCSF as controls. The cannula was then

connected to an osmotic minipump (Alzet pump brain in-

fusion kit, DURECT Inc., Cupertino, CA) with polycar-

bonate tubing. The pumps were placed subcutaneously

between the scapulae, and loaded with vehicle (aCSF) as

control or each PIC receptor antagonists, namely IL-1Ra

(IL-1b receptor antagonist) and tocilizumab (IL-6 receptor

antagonist) and etanercept (TNF-a receptor antagonist),

respectively (Tocris Co., Ellisville, MO, USA). The an-

tagonists in 10 lM of concentration were delivered at

0.25 ll per hour (Alzet Model 1003D/3 day-delivery

DURECT Inc., Cupertino, CA, USA). This intervention

allowed animals to receive continuous ICV infusion via the

osmotic minipumps before brain tissues were removed.

Then, animal behaviors were observed. Consistent with

the prior report [35], rats developed status epileptic and

convulsive seizures within *30 min after KA injection,

which lasted at least for 1–2 h. Also, during seizure be-

havior animals showed rolling toward one side, rotating,

and stiffing of limbs and tail but no movement during the

interphase of spasms. In the control group, rats with aCSF

injection did not exhibit any of these abnormal behaviors.

It should be noted that all the rats who received KA in-

jection developed those abnormal seizure behaviors and

were included in this study.

Rats were divided into (1) epileptic sham control group

with aCSF (n = 12); (2) epileptic group induced by KA

injection followed by ICV administration of aCSF

(n = 12); and (3) epileptic group induced by KA injection

followed by ICV infusion of each PIC antagonist (n = 10

in each group). After completion of those treatments, all

the animals were anesthetized and sacrificed 3 days after

KA-injection. The brains were removed to confirm the

placement of the cannula, and then the brain regions were

dissected under an anatomical microscope and tissues were

taken for the process.

The levels of IL-1b, IL-6 and TNF-a were determined

using a two-site immunoenzymatic assay (ELISA, Pro-

mega Corp. Madison, WI, USA) according to the provided

description and modification. Briefly, polystyrene 96-well

microtitel immunoplates were coated with affinity-purified

polyclonal rabbit anti-IL-1b, anti-IL-6 and anti-TNF-a
antibody. Parallel wells were coated with purified rab-

bit/mouse IgG for evaluation of nonspecific signal. After
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overnight incubation at room temperature and 2 h of in-

cubation with the coating buffer, plates were washed. The

diluted samples and the each PIC standard solutions were

distributed in each plate and left at room temperature

overnight. The plates were washed and incubated with anti-

IL-1b, anti-IL-6 and anti-TNF-a galactosidase per well.

Then, the plates were washed and incubated with substrate

solution. After an incubation of 2 h at 37 �C, the optical

density was measured using an ELISA reader (Dynatech).

To examine expression of GAT-1 and GAT-3, the brain

tissues were processed using a standard western blot proce-

dure. Briefly, total protein was extracted by homogenizing

samples of the parietal cortex, hippocampus and amygdala in

ice-cold immunoprecipitation assay buffer. The lysates were

centrifuged and the supernatants were collected for mea-

surements of protein concentrations. After being denatured in

buffer, the supernatant samples containing 20 lg of protein

were loaded onto 4–20 % Mini-PROTEAN TGX gels and

electrically transferred to a polyvinylidene fluoride mem-

brane. The membrane was blocked in 5 % nonfat milk and

was incubated overnight with primary antibodies (mouse

anti-GAT-1/anti-GAT-3 at 1:200, Cayman Chemical Co.).

Next, the membranes were washed and incubated with an

alkaline phosphatase conjugated anti-mouse secondary anti-

body (1:1,000). The immunoreactive proteins were detected

by enhanced chemiluminescence. The bands recognized by

the primary antibody were visualized by exposure of the

membrane onto an X-ray film. The membrane was stripped

and incubated with mouse anti-b-actin to show equal loading

of the protein. Then, the film was scanned and the optical

density of GAT-1/GAT-3 and b-actin bands was analyzed

using the NIH Scion Image software. In order to obtain better

control data, the antibody specificity was examined. In this

process, pre-incubation with the control peptide antigens

were applied for GAT-1 and GAT-3, respectively. Our results

showed that no GAT-1/GAT-3 staining was observed after

pre-incubation with the control peptide antigens (shown in

Figs. 2, 3), suggesting that anti-GAT-1/GAT-3 antibodies

used in this study were specific.

All data were presented as mean ± standard deviation

(SD). Two-way analysis of variance (ANOVA) was em-

ployed for comparison. All statistical analyses were per-

formed by using SAS for Windows (version 5.0, SAS Inc.,

Cary, NC, USA). For all analyses, statistical significance

was set at P \ 0.05.

Results

Levels of IL-1b, IL-6 and TNF-a

Figure 1 shows that the levels of IL-1b, IL-6 and TNF-a
were significantly increased in the parietal cortex,

hippocampus and amygdala of KA-rats (P \ 0.05 vs.

control rats, n = 12) as compared with sham control group

(n = 12).

Protein Expression of GAT-1 and GAT-3

Figure 2 illustrates that expression of GAT-1 in the parietal

cortex, hippocampus and amygdala were significantly

greater in KA-rats (n = 12, P \ 0.05 vs. control animals)

than those in control rats (n = 12). Also, attenuating IL-1b
(n = 10) and TNF-a receptors (n = 10) by infusion of

their individual antagonist significantly recovered the ef-

fects induced by KA injection on the expression of GAT-1

in the parietal cortex, hippocampus and amygdala. In-

significant differences were observed in GAT-1 expression

between sham control animals and animals that were in-

fused with IL-1b and TNF-a receptors antagonist, respec-

tively. However, antagonist to IL-6 (n = 10) failed to

reverse amplified GAT-1 in those brain regions of KA-rats.

Likewise, Fig. 3 also demonstrates that GAT-3 in the

parietal cortex, hippocampus and amygdala was sig-

nificantly increased by KA–SE (P \ 0.05, control vs. KA–

SE; n = 12 in each group). Moreover, blocking IL-1b and

TNF-a receptors (n = 10 in each group) significantly at-

tenuated the enhancement in GAT-3 induced by KA–SE.

ICV infusion of IL-6 antagonist had no significant effects

on expression of GAT-3 induced by KA–SE (P [ 0.05,

n = 10).

Discussion

In the previous studies [13, 26, 35], a rat model of cerebral

KA injection-induced SE was employed to determine

the mechanisms responsible for epileptic disease and

antiepileptic drugs. It has also reported that PICs are engaged

in later phase alterations of neuronal damage and electronic

encephalography related to epileptic activity and significant

increases in IL-1b, IL-6 and TNF-a in hippocampus were

observed 3 days following KA injection [35]. Using the

same rat model, our data demonstrated that KA-induced

epilepsy increases the levels of IL-1b, IL-6 and TNF-a in the

specific brain regions such as the parietal cortex, hip-

pocampus and amygdala. Moreover, our data showed that

GABA transporters, namely GAT-1 and GAT-3 are

upregulated by KA-induced SE via receptor mechanisms of

IL-1b and TNF-a, but not IL-6. Overall, we suggest that

enhancement of IL-1b, IL-6 and TNF-a activity in those

brain regions contribute to the neuronal excitability by de-

inhibiting GABA system during epileptogenesis.

However, it should be noted that the GATs may also

play a role in a reversed direction under certain conditions.
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Fig. 1 The levels of IL-1b, IL-6 and TNF-a in the parietal cortex

(PCX), hippocampus (HIP) and amygdala (AMG). The cytokines

were significantly increased in SE-rats 3 days after cerebral KA

injection as compared with control animals. Data are expressed as

mean ± SD. *P \ 0.05, indicated rats with KA-induced SE (n = 12)

versus control rats (n = 12)
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Fig. 2 Expression of GABA transporter type 1 (GAT-1) in the

parietal cortex (PCX), hippocampus (HIP) and amygdala (AMG).

GAT-1 was significantly increased in SE-rats 3 days after cerebral

KA injection (n = 12) as compared with control animals (n = 12).

Attenuating IL-1b and TNF-a receptors by ICV infusion of respective

IL-1Ra and etanercept (ETAN) decreased the effects of KA-induced

SE on GAT-1. ICV infusion of tocilizumab (TCZB) to block IL-6

receptors failed to alter enhanced GAT-1 induced by KA. Data are

expressed as mean ± SD. *P \ 0.05 versus control rats and KA

injection with the prior IL-1Ra and ETAN; and versus control rats

(group with the prior TCZB). The number of KA-rats with the prior

PIC antagonists = 10 in each group. Bottom panel (right): typical

bands are representative of expression of GAT-1 in the PCX region of

three groups of rats. Also, the specificity of ant-GAT-1 antibody was

shown by pre-incubation of the control peptide antigen. Molecular

weight of GAT-1: 67 kDa
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For example, the amplified expression and stimulation of

GAT-1 and GAT-3 are likely to increase the release of

GABA and thereby GABA activity to combat uncontrolled

epileptic activity [7]. Indeed, it has been shown that

epileptic activity is counteracted by increasing GABAergic

activity in animal models [4].

Elevated levels of PICs in the brain are associated with

increased seizure vulnerability and seizure-related patho-

logical changes such as neuronal death [2, 31, 32], sug-

gesting that inflammation has been implicated in

epileptogenesis. In a rat model of KA-induced epilepsy,

neural injuries in the brain occur and this is accompanied

by upregulation of PICs including IL-1b, IL-6 and TNF-a
in glial cells [30, 35]. Furthermore, neuronal degeneration

is observed likely due to increases of PICs [8, 24]. For

example, IL-1b can increase seizure susceptibility in rat

brains [9]. Intracerebral injection of a high dosage of IL-1b

results in limbic seizures in wild type mice, but not in

transgenic mice with deficient IL-1b receptors [23]. In

addition, antiepileptic activity is observed after using

thalidomide to decrease the levels of TNF-a [21]. With

respect to the role played by central IL-6 in regulating

epileptic activity, prior studies demonstrate that IL-6 can

stimulate the synthesis of corticotrophin and glucocorti-

coids, and initiate an anti-inflammatory feedback loop,

suggesting a neuroprotective role played by IL-6 [16, 18].

Nevertheless, it is crucial to determine neural substrates to

play a role in the initiation of neuronal excitability re-

sponsible for epileptic activities.

GABA is the main inhibitory neurotransmitter in the

central nerve system in control of neuronal excitability.

After GABA release from presynaptic terminals, GATs

play a key role in regulating a rapid removal of extracel-

lular GABA [3, 25], which thereby leads to ending of

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

Op
tic

al 
De

ns
ity

Op
tic

al 
De

ns
ity

PCX HIP AMG

PCX HIP AMG

Control 
KA-SE 
KA-SE+ PIC Antagonists 

IL-1Ra

TCZB

ETAN

GAT-3

-Actin

GAT-3

-Actin

GAT-3

-Actin

Control KA-SE KA-SE+IL-1Ra

Control KA-SE KA-SE+TCZB

Control KA-SE KA-SE+ETAN

Op
tic

al 
De

ns
ity

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

PCX HIP AMG

40

50

60

80

100

kDa

Anti-GAT-3 antibidy

B: Anti-GAT-3 antibody, 
pre-incubated with 
control peptide

A: 

A B

* *
*

* * *

* * *

β

β

β

Fig. 3 Expression of GABA transporter type 3 (GAT-3) in the

parietal cortex (PCX), hippocampus (HIP) and amygdala (AMG).

GAT-3 was significantly increased in SE-rats 3 days (n = 12) after

cerebral KA injection as compared with control animals (n = 12).

Also, blocking IL-1b and TNF-a receptors by respective ICV infusion

of IL-1Ra (n = 10) and etanercept (ETAN, n = 10) decreased the

effects of KA-induced SE on GAT-3. ICV infusion of tocilizumab

(TCZB, n = 10) to block IL-6 receptors failed to alter enhanced

GAT-3 induced by KA. Data are expressed as mean ± SD. *P \ 0.05

versus control rats and KA injection with the prior IL-1Ra and ETAN;

and versus control rats (group with the prior TCZB). Bottom panel

(right) shows typical bands that are representative of expression of

GAT-3 in the PCX region of three groups of rats. Also, the specificity

of ant-GAT-3 antibody was shown by pre-incubation of the control

peptide antigen. Molecular weight of GAT-3: 70 kDa
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inhibitory synaptic transmission. Thus, this mechanism is

also responsible for GABA spillover to neighboring sy-

napses [3, 19] and GABA homeostasis and then excessive

tonic activation of synaptic and extrasynaptic GABA re-

ceptors are prevented [3, 27]. In contrast, under certain

pathological and physiological conditions the GATs func-

tions are impaired and this is likely to result in the exag-

gerated GABA release [1, 34]. Results of our current study

demonstrated that the levels of IL-1b, IL-6 and TNF-a
were significantly increased in the specific brain regions

such as parietal cortex, hippocampus and amygdala 3 days

after KA-induced SE (Fig. 1). Importantly, our data further

showed that protein expression of both GAT1 and GAT3

were greater in those brain regions of KA-animals than

them in those regions of control animals. Additionally,

attenuating each of IL-1b and TNF-a receptors decreased

the effects of KA-induced SE on GAT-1 and GAT-3

(Figs. 2, 3). However, blocking IL-6 receptor did not sig-

nificantly alter amplified GAT-1 and GAT-3 in those brain

regions evoked by KA-induced SE (Figs. 2, 3). Overall,

our data suggest that KA-induced epilepsy amplifies the

levels of IL-1b, IL-6 and TNF-a in the parietal cortex,

hippocampus and amygdala. Our data also suggest that

KA-induced epilepsy leads to upregulation of GAT-1 and

GAT-3 via stimulation of IL-1b and TNF-a receptors, but

not IL-6 receptor. This decreases GABA-mediated in-

hibitory effects on neuronal activities in those specific

brain regions. Since GAT-1 is widely expressed in neu-

ronal cells and GAT-3 is mainly present in glial cells

throughout the brain [3, 5], results of the current study

suggest that PICs are likely to play a role in regulating a

GABA inhibitory system in the neuronal and glial cells

after KA-induced SE.

Nevertheless, consistent with the findings of prior

studies [12, 17, 33] we have observed increases in the

levels of IL-1b, IL-6 and TNF-a in the parietal cortex,

hippocampus and amygdala 3 days after KA-induced SE.

Also, GAT-1 and GAT-3 are significantly increased by

KA-induced SE, but blocking receptors of IL-1b, IL-6 and

TNF-a showed that they had different effects on expression

of GAT-1 and GAT-3. We suggest that activation of IL-1b
and TNF-a receptors, but not IL-6 receptor plays a role in

regulating GAT-1 and GAT-3. We assumed that this dis-

crepancy is likely due to intracellular signaling mechan-

isms for PICs to play a role. A great deal of evidence has

demonstrated that IL-1b and TNF-a play a role mainly via

p38 MAPK, ERK and JNK signaling transduction path-

ways, but IL-6 plays a role via JAK–STAT pathways [12,

17, 33]. After activation of those signaling pathways, gene

transcription occurs. What different mechanisms by which

those signaling transduction pathways are responsible for

regulating expression of GAT-1 and GAT-3 via PIC re-

ceptors needs to be determined.

In summary, we have provided evidence that KA-

induced epileptic activities amplify the levels of IL-1b, IL-6

and TNF-a in the parietal cortex, hippocampus and amyg-

dala. KA-induced epilepsy further leads to upregulation of

GABA transporter subtypes GAT-1 and GAT-3 via recep-

tors of IL-1b and TNF-a. These abnormalities are likely to

contribute to the enhanced neuronal excitability in those

brain regions of epileptic animals. The results may offer

promising clues for the development of new therapeutic

strategies for managing intractable symptoms observed in

patients with epilepsy.
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