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Introduction: The resistance of temporal lobe epilepsy to classic drugs is thought to be due 
to disruption in the excitation/inhibition of this pathway. Two chloride transporters, NKCC1 
and KCC2, are expressed differently for the excitatory state of Gamma-Amino Butyric Acid 
(GABA). The present study explored the effect of bumetanide as a selective NKCC1 inhibitor 
either alone or in combination with the phenobarbital in the pilocarpine model of epilepsy. 

Methods: An animal model of Status Epilepticus (SE) was induced with pilocarpine in Wistar 
male rats followed by phenobarbital and or bumetanide or saline administration for 45 days 
after the induction of SE by Intraperitoneal (IP) injection. The rats were monitored, their 
behavior was recorded, and after 24 hours they were sacrificed to study the expression of 
NKCC1 and KCC2 using real time PCR.

Results: The data showed that the effects of a combination of bumetanide with phenobarbital 
on frequency rate and duration of seizure attack were more than those of the phenobarbital 
alone. In addition, in the bumetanide and combined treatment groups, NKCC1 expression 
decreased significantly, compared with untreated epileptic animals. A delayed decrement in 
NKCC1/KCC2 expression ratio after bumetanide application was also observed.

Conclusion: The combination of bumetanide with phenobarbital increases the inhibition of 
SE and maximizes the potential of GABA signaling pathway, and can be considered as an 
effective therapeutic strategy in patients with epilepsy.
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1. Introduction

emporal Lobe Epilepsy (TLE) is a com-
mon type of epilepsy in adults. TLE is 
characterized by seizures that emerge in 
the limbic system. TLE is often accompa-
nied by initial precipitant damage includ-
ing febrile seizure, perinatal hypoxia, head 
trauma, and infection. The initial damage 

occasionally qualifies as Status Epilepticus (SE), a life-
threatening neurologic disorder accompanied by loss 
of consciousness. A cryptic and seizure-free period fol-
lows the accelerated damage and subsequently leads to 
recurrent seizures (Furman, 2013).

The mechanisms involved in TLE are somehow un-
known; however, some reports indicate the disruption 
of blood-brain barrier, neurodegeneration, inflamma-
tion, changes in expression of diverse receptors and ion 
channels, and development of neural hyperexcitability. 
Despite wide variety of studies investigated TLE, the 
mechanisms and risk factors are still unclear (Kahle & 
Staley, 2008a; Palma et al., 2006). It is suggested that 
the GABAergic signaling pathway plays a significant 

role in the emergence of TLE (Brandt, Nozadze, Heu-
chert, Rattka, & Loscher, 2010). 

Gamma-Amino Butyric Acid (GABA) is an excit-
atory neurotransmitter with excitatory effects in the 
early stages of development, which is characterized 
by increased expression of Na+-K+-2Cl− Cotransporter 
(NKCC1), and decreased expression of K+-Cl− Cotrans-
porter (KCC2) in the brain. NKCC1 increases the intra-
cellular Cl− concentration, but KCC2 shows the oppo-
site effect. Therefore, in neurons with higher expression 
of NKCC1 (due to lack of KCC2), the opening of Cl− 
channel by GABA leads to the excision of Cl− and depo-
larization of neurons (Mazarati, Shin, & Sankar, 2009). 

Different pro-epileptogenic brain insults downregu-
late KCC2 and upregulate NKCC1, increasing intracel-
lular Cl− and hyperpolarization and causing develop-
ment of neuronal excitation in some regions of brain 
(Ben-Ari & Holmes, 2005; Blaesse, Airaksinen, Rivera, 
& Kaila, 2009; Galanopoulou, 2007; Kohling, 2002; 
Payne, Rivera, Voipio, & Kaila, 2003). 

The TLE pilocarpine model demonstrated that the 
change in GABA equilibrium potential (EGABA) is 

Highlights 

● NKCC1 expression significantly decreased in bumetanide group and combination treatment group. 

● Duration of seizure attacks significantly decreased in all treated groups. Combination therapy was significantly 
more effective than phenobarbital alone.

● The severity of seizure attacks significantly decreased in combination group.

● Frequency of seizure attacks significantly decreased in all treated groups. 

● Combination therapy was significantly more effective than phenobarbital alone. 

Plain Language Summary 

Chloride transporters, NKCC1 and KCC2 are expressed differently for the excitatory state of Gamma-Amino Butyric 
Acid (GABA). This study explored the effect of bumetanide as NKCC1 inhibitor alone or in combination with the phe-
nobarbital in temporal lobe epilepsy. Status Epilepticus (SE) was induced with pilocarpine in Wistar male rats followed 
by phenobarbital and or bumetanide or saline administration for 45 days. After the induction of SE by Intraperitoneal 
(IP) injection, we monitored rats' behavior and recorded them. After 24 hours, they were sacrificed to study the expres-
sion of NKCC1 and KCC2 using real time PCR. Effects of a combination of bumetanide with phenobarbital on the 
frequency and duration of seizure attacks were more than those of the phenobarbital alone. In the bumetanide and com-
bined treatment groups, NKCC1 expression decreased significantly, compared with untreated epileptic animals. The 
combination of bumetanide with phenobarbital increases the inhibition of SE and maximizes the potential of GABA 
signaling pathway, so it can be considered as an effective therapeutic strategy in patients with epilepsy.
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limited to the epileptogenesis period and likely harbor 
an important mechanism associated with the appear-
ance of epilepsy (Pathak et al., 2007). Mazarati et al.  
(2009) found that NKCC1 pharmacological blockade 
in the neonatal brain might show an antiepileptic effect. 

In the present study, rats were treated with bumetanide 
as a NKCC1 inhibitor after pilocarpine-induced epilep-
sy. Bumetanide is a very strong diuretic drug, which 
selectively blocks NKCC1 in submicromolar concen-
trations, reducing intracellular chloride concentration 
(Hannaert, Alvarez-Guerra, Pirot, Nazaret, & Garay, 
2002; Payne et al., 2003). Bumetanide have neuro-pro-
tective effects in rat models with traumatic brain dam-
age (Lu et al., 2006; Lu et al., 2007) ; however, its exact 
anti-epileptogenic function in TLE models with Recur-
rent Seizures (RS) has yet to be identified. 

Although GABA had an anticonvulsant effect in the 
neonatal seizure model (using either bumetanide alone 
or in combination with phenobarbital), the combination 
of both drugs was more efficient (Dzhala, Brumback, & 
Staley, 2008). Cleary, et al. (2013) demonstrated that bu-
metanide increased phenobarbital efficacy in a rat mod-
el of hypoxic neonatal seizures. In the current study, the 
effect of bumetanide, phenobarbital, and combination 
of both drugs on the pilocarpine model of TLE in adult 
rats were separately evaluated. 

2. Methods

2.1. Animals

Adult male Wistar rats weighing 250-270 g were 
housed in a controlled environment with 12:12 light/
dark cycle at 22±1°C for two weeks before initiation of 
the experiment. Rats had free access to food and water. 
All animal experiments were performed according to 
the Declaration of Helsinki and the study protocol was 
approved by the Ethics Committee of Iran University 
of Medical Sciences. 

2.2. Pilocarpine-induced epilepsy

To induce SE, pilocarpine hydrochloride, a musca-
rinic cholinergic agonist (Sigma; 360 mg/kg) was in-
jected to animals Intraperitoneally (IP). Animals were 
pretreated with cholinergic antagonist, scopolamine 
methyl nitrate (Sigma; 1 mg/kg IP) 30 minutes before 
pilocarpine injection to reduce the peripheral choliner-
gic effects (Ferhat et al., 2003). 

The behavior of the rats was observed for several 
hours after injection, and scored using the Racine clas-
sification (Racine, 1972). Only rats that displayed SE 
(stages 3-5) for 3-4 hours were selected in the current 
study. To finish seizures, diazepam (7 mg/kg, IP) was 
injected to the rats. Animals were hand fed after SE un-
til they could eat and drink. After two weeks from the 
first spontaneous recurrent limbic seizures, the occur-
rence of spontaneous seizures was confirmed 6-8 hours 
a day, randomly.

2.3. Drug administration

Forty-five days after induction of SE, rats received 
IP injections of phenobarbital (15 mg/kg), bumetanide 
(30 mg/kg), or a vehicle (Co). The phenobarbital was 
diluted in 0.9% normal saline and the bumetanide was 
dissolved in NaOH 0.1 M and 0.9% normal saline. In 
addition to the vehicle group, three treatment groups 
were tested: Phenobarbital alone, bumetanide alone, 
and a combination of phenobarbital with bumetanide. 

Rats were videotaped and their behavior was re-
viewed and scored by a study-blind investigator for se-
verity, frequency, and duration of tonic-clonic seizures. 
Origin 7.5 SR6 (Microcal Software; USA) was used for 
data acquisition and analyses. 

2.4. Real-time RT-PCR detection of NKCC1 and 
KCC2 expression

Rats were sacrificed 24 hours after drug administra-
tion and the hippocampal tissue was dissected by cold 
Phosphate Buffered Saline (PBS). Total RNA was ex-
tracted from the tissue using RNX-Plus (CinnaGen, 
Iran). By measuring the Optical Density (OD) at 260 
and 280 nm using a UV/VIS spectrophotometer (Ul-
trospec 2000; Pharmacia), the quantity of the isolated 
RNA were determined. The quantity and quality of 
the isolated RNA were determined by measurement of 
the optical density at 260 and 280 nm using a UV/VIS 
spectrophotometer (Ultrospec 2000; Pharmacia) and 
agarose gel electrophoresis, respectively.

The cDNA was generated from 1 µg of total RNA 
by reverse transcription using the CycleScript Reverse 
Transcription system (Bioneer, Korea). The mRNA 
expression levels of NKCC1, KCC2 and Glyceralde-
hyde-3-Phosphate Dehydrogenase (GAPDH) were 
determined by quantitative RT-PCR using a real-time 
thermal cycler (Rotor-Gene 6000: QIAGEN: Germa-
ny). GAPDH mRNA was used as the internal control. 
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The PCR reactions were set up in a volume of 10 µL 
containing 1 µL of cDNA, 5 µL AccuPower 2X Green-
Starq PCR Master Mix (Bioneer, Korea) and 10 pM of 
each forward and reverse specific primer (QIAGEN). 
The reaction conditions were 95°C for 10 min, fol-
lowed by 40 cycles at 95°C for 15 s and 60°C for one 
min. Amplification specificity was checked by verify-
ing a single peak on the melting curves. All samples 
and controls were normalized against reference gene. 
No template controls and reverse transcriptase control 
were included in each PCR run. All assays were car-
ried out three times as independent PCR runs for each 
cDNA sample. The ΔΔCT method (Livak & Schmittgen, 
2001) was used to quantify the amplification-fold dif-
ference between groups; each gene expression was 
normalized with respect to GAPDH mRNA content.

To validate the use of the ΔΔCT method, 5-fold se-
rial dilution was performed on a cDNA sample over 
a 125-fold range. For each dilution sample, PCR was 
done twice using target and reference genes primers. 
The average CT of all tests was calculated and the ΔCT 
of target (NKCC1 and KCC2) and reference (GAPDH) 
genes was determined. A plot of the log cDNA dilution 
versus ΔCT(ΔCT target–

ΔCT reference) was made for each 
target and reference genes (Figure 1) and the slope of 
fitted line was determined (Livak & Schmittgen, 2001). 

2.5. Statistical analysis

All statistical analyses on PCR results were per-
formed with SSPS version 19.0 (SPSS; USA). One-
way Analysis of Variance (ANOVA) with Dunnett post 
hoc was used to examine significant differences be-
tween groups. All results were expressed as Mean±SD. 

For monitoring the data, repeated measures and the 
post hoc Tukey test were used for hour-to-hour and 
point-to-point analysis of seizure duration and mean 
seizure score of hour-to-hour severity for the two 
groups. Two-way ANOVA and post hoc Tukey were 
used to examine means for seizure attack frequency 
and duration in 20 hours. All results were presented as 
Mean±Standard Error of Mean (SEM). For all tests, 
P<0.05 was considered statistically significant. Origin 
7.5 SR6 (Microcal Software, USA) was used for data 
acquisition and analysis. 

3. Results

3.1. Effects of phenobarbital and/or bumetanide 
on NKCC1 and KCC2 expression

Phenobarbital (15 mg/kg) and bumetanide (30 mg/kg) 
were administered alone or in combination during the 
latent phase of pilocarpine-induced TLE. The animals 
were sacrificed 24 hours after drug administration and the 
NKCC1 and KCC2 expression was quantified by RT-PCR. 

Compared with non-treated epileptic animals, NKCC1 
expression decreased significantly in the bumetanide 
and combined groups. KCC2 expression showed no 
significant alteration after drug administration (Figure 
2a). The hippocampal NKCC1/KCC2 ratio, a good 
marker of GABA polarity, decreased significantly in 
the bumetanide (P=0.013) and combined (P<0.001) 
groups, compared with the control group; this ratio was 
significantly lower for the combined group (P=0.003) 
than the phenobarbital group (Figure 2b).
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Figure 1 a & b: Validation of ΔΔCT method 

The cDNA sample was diluted four times. Serial dilutions were amplified by real-time PCR 

using reference and target gene primers in triplicate. The average CTs and ΔCT (ΔCT target – 
ΔCT reference) was calculated for each cDNA dilution. The line was fitted using linear regression 

analysis. A: NKCC1 and GAPDH, B: KCC2 and GAPDH. The slope of the both lines was 

<0.1; therefore, the ΔΔCT method can be used to analyze the data (Livak & Schmittgen, 2001).  
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Figure 1. a & b. Validation of ΔΔCT method

The cDNA sample was diluted four times. Serial dilutions were amplified by real-time PCR using reference and target gene 
primers in triplicate. The average CTs and ΔCT (ΔCT target–ΔCT reference) was calculated for each cDNA dilution. The line was fitted 
using linear regression analysis. A. NKCC1 and GAPDH; B. KCC2 and GAPDH. The slope of the both lines was<0.1; therefore, 
the ΔΔCT method can be used to analyze the data (Livak & Schmittgen, 2001).
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3.2. Monitoring of animal for spontaneous recur-
rent seizures

To compare the efficacy of the drugs, the average se-
verity, frequency, and duration of spontaneous recur-
rent seizures during the chronic phase of the pilocarpine 
model of TLE were analyzed. All groups were moni-
tored for 20 hours following drug administration. The 
data revealed that the effect of combined bumetanide 
with phenobarbital significantly reduced the duration 
(Figure 3), severity (Figure 4), and frequency (Figure 5) 
of seizure attacks.

The highest decrease in severity was observed 4, 14, 
and 17 hours after drug injection. The frequency and 
duration of the seizures decreased significantly for all 
the treatment groups compared with the control group 
(Figures 3 and 5). The efficacy of combined treatment 
was significantly higher than the phenobarbital alone. 

4. Discussion

The present study was performed to investigate wheth-
er administration of NKCC1 inhibitor bumetanide 
alone or with phenobarbital prevents or modifies the 
development of epilepsy. The results showed that treat-

 

 

 

 

 

 

 

 

 

 

 

Figure 2a. KCC2 and NKCC1 expression in the hippocampus 

NKCC1 and KCC2 expression was quantified by real-time PCR. NKCC1 expression 
significantly decreased in bumetanide and combination treatment group compared with 
untreated epileptic animals. KCC2 expression

 * P <0.05 compared with the control group. Results were expressed as mean 
± SD. 
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Figure 2b. NKCC1/KCC2 mRNA expression ratio in the hippocampus 
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Figure 2. NKCC1 and KCC2 expression

A. KCC2 and NKCC1 expression in the hippocampus. NKCC1 and KCC2 expression was quantified by real-time PCR. NKCC1 
expression was significantly decreased in bumetanide and combination treatment group compared to untreated epileptic animals. 
KCC2 expression showed no significant alteration after drug administration.

*P<0.05 compared to control group. Results were shown using the Mean±SD.

B. NKCC1/KCC2 mRNA expression ratio in the hippocampus. NKCC1/KCC2 ratio was significantly decreased in bu-
metanide (*P=0.013) and combination groups (**P<0.001) compared to control group and this ratio in combination group was 
significantly lower (#P=0.003) than that of phenobarbital group. Results were shown using the Mean±SD.
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All of the groups were monitored for 20 hours following drug administration. Duration of seizure attacks s were significantly 
decreased in all treated groups compared to control group. In addition,, combination therapy was significantly more effective 
than phenobarbital alone.
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ment with the combination of bumetanide with pheno-
barbital decreased the score, frequency, and duration 
of seizures, and showed higher efficacy compared with 
phenobarbital alone. The combination of drugs target-
ing NKCC1 with anticonvulsants increased GABA 
receptor–mediated conductance exemplify rational 
anticonvulsant polypharmacy, significantly benefiting 
some forms of intractable seizures. 

Recent studies show the excitatory role of GABAer-
gic signaling in the pathogenesis of TLE that occurs 
after ischemia in adults (Kahle & Staley, 2008a; Stal-
ey, 2006). Kahle and Staley (2008b) reported that bu-

metanide can be effective for the treatment of seizure 
in adults.

Bumetanide could also be helpful for adult seizures 
and ischemic encephalopathy by upregulating NKCC1 
and decreasing the excitability following such injuries 
(Kahle & Staley, 2008b). For instance, in cerebral isch-
emic injury, it is shown that a prolonged increase in 
[Cl−]i leads to hyper-excitability of GABAergic neu-
rons (Galeffi, Sah, Pond, George, & Schwartz-Bloom, 
2004; Inglefield & Schwartz-Bloom, 1998). This eleva-
tion in [Cl−]i, which can be prevented by bumetanide, is 
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Figure 4. Mean severity of recurrent seizures in 20 hours after drug injection

All the groups were monitored for 20 hours after drug administration. The severity of seizure attacks was significantly de-
creased in combination group. The most reduction in severity was observed 4, 14 and 17 hours after drug injection.
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associated with increased expression of NKCC1 (Kahle 
& Staley, 2008b). 

For example, neurons in adult TLE accumulate Cl 
(Cohen, Navarro, Clemenceau, Baulac, & Miles, 2002), 
probably due to a high ratio of NKCC1 to KCC2 (Kahle 
& Staley, 2008b). KCC2 can be downregulated by a va-
riety of insults, including brain lesions, spinal cord tran-
sections, traumatic insults, and seizures. The evidence 
of KCC2 internalization after seizure in mice was sup-
ported by producing tyrosine phosphorylation of KCC2 
and internalization of the cotransporter (Lee, Jurd, & 
Moss, 2010; Rivera et al., 2004; Wake et al., 2007). 

Bumetanide could counteract the depolarizing action 
of GABA in patients with TLE (Huberfeld et al., 2007; 
Palma et al., 2006). Cleary et al. (2013) reported that bu-
metanide in human neonates decreased risk of seizure. 
During the first postnatal week, NKCC1 expression is at 
its highest level in cortical neurons of rats, and gradually 
decreases until next 14 days. Then, it drops to lower limits 
of adults (Plotkin, Snyder, Hebert, & Delpire, 1997; Wang 
et al., 2002). Conversely, at birth, the expression of KCC2 
is at minimum level in cortical neurons of rats. During 
the first postnatal week, the expression of KCC2 is low, 
which increases to adults’ range at the day 14 postnatal 
(Lu, Karadsheh, & Delpire, 1999). 

The higher levels of NKCC1 early in development 
is accompanied by increasing [Cl−]i (Owens & Krieg-
stein, 2002; Yamada et al., 2004) and excitatory GABA 
(Ben-Ari, 2002; Dzhala & Staley, 2003; Khazipov et al., 
2004). Dzhala et al. (2005) demonstrated similar pattern 
in the human cortex. This data supports the hypothesis 
that GABA is excitatory in immature human cortical 
neurons and neonates, and maybe susceptible to sei-
zures (Kahle & Staley, 2008a).

It therefore seems logical to combine bumetanide 
(which decreases [Cl–]i, and subsequently blocks the ex-
citatory effect of GABA) with phenobarbital (that opens 
GABAA receptor Cl- channels). The efficiency of bu-
metanide with phenobarbital was tested for the treat-
ment of recurrent epileptic activity in vitro (Dzhala et 
al., 2008). Although phenobarbital is not able to dimin-
ish the recurrent seizures in 70% of cases, phenobarbi-
tal in combination with bumetanide abrogates seizures 
and significantly reduces the frequency, duration, and 
power of seizures. 

The results of the study indicated the high anticonvul-
sant efficacy of the combined bumetanide with pheno-
barbital treatment. In conclusion, combined treatment 

with bumetanide and phenobarbital after SE increases 
inhibition and maximizes the anticonvulsant power of 
the GABA system and can be considered useful for 
treatment strategy of TLE.

Ethical Considerations

Compliance with ethical guidelines

All animal experiments were execute according to the 
Helsinki declaration and the study was confirmed by 
the Ethics in Research Committee of Iran University of 
Medical Sciences.

Funding

The project was funded by Iran National Science 
Foundation (INSF).

Authors contributions

The authors contributions is as follows: Design study: 
Reza Rahmanzadeh; Animal model creation and pre-
scription of the drugs: Soraya Mehrabi; Doing of the 
Molecular part of the study: Mahmood Barati; Doing of 
the behavioral part of the study: Milad Ahmadi; Execu-
tor of the project and writing of the article: Fereshte Go-
lab; Doing of the animal part of the study: Sareh Kazmi;  
Executor of the project: MohammadTaghi Joghataei; 
Correction of the writing of the article: Morteza Seifi; 
and Correction of the writing of the article: Mazaher 
Gholipourmalekabadi. 

Conflict of interest

There is no conflict of interest.

References

Ben-Ari, Y. (2002). Excitatory actions of gaba during develop-
ment: The nature of the nurture. Nature Reviews Neuroscience, 
3(9), 728-39. [DOI:10.1038/nrn920]

Ben Ari, Y., & Holmes, G. L. (2005). The multiple facets of 
gamma-aminobutyric acid dysfunction in epilepsy. Cur-
rent Opinion in Neurology, 18(2), 141-5. [DOI:10.1097/01.
wco.0000162855.75391.6a] [PMID]

Blaesse, P., Airaksinen, M. S., Rivera, C., & Kaila, K. (2009). Cat-
ion-chloride cotransporters and neuronal function. Neuron, 
61(6), 820-38. [DOI:10.1016/j.neuron.2009.03.003]

Rahmanzadeh, R., et al. (2018). Co-administration in Bumetanide and Phenobarbital on Seizure Attacks in Temporal Lobe Epilepsy. BCN, 9(6), 408-416.

http://bcn.iums.ac.ir/
https://doi.org/10.1038/nrn920
https://doi.org/10.1097/01.wco.0000162855.75391.6a
https://doi.org/10.1097/01.wco.0000162855.75391.6a
https://www.ncbi.nlm.nih.gov/pubmed/15791144
https://doi.org/10.1016/j.neuron.2009.03.003


Basic and Clinical

415

November, December 2018, Volume 9, Number 6

Brandt, C., Nozadze, M., Heuchert, N., Rattka, M., & Loscher, 
W. (2010). Disease-modifying effects of phenobarbital and 
the NKCC1 inhibitor bumetanide in the pilocarpine model of 
temporal lobe epilepsy. Journal of Neuroscience, 30(25), 8602-12. 
[DOI:10.1523/JNEUROSCI.0633-10.2010]

Cleary, R. T., Sun, H., Huynh, T., Manning, S. M., Li, Y., Roten-
berg, A., et al. (2013). Bumetanide enhances phenobarbital ef-
ficacy in a rat model of hypoxic neonatal seizures. PLoS One, 
8(3), e57148. [DOI:10.1371/journal.pone.0057148]

Cohen, I., Navarro, V., Clemenceau, S., Baulac, M., & Miles, 
R. (2002). On the origin of interictal activity in human tem-
poral lobe epilepsy in vitro. Science, 298(5597), 1418-21. 
[DOI:10.1126/science.1076510]

Dzhala, V. I., Brumback, A. C., & Staley, K. J. (2008). Bumetanide 
enhances phenobarbital efficacy in a neonatal seizure model. 
Annals of Neurology, 63(2), 222-35. [DOI:10.1002/ana.21229]

Dzhala, V. I., & Staley, K. J. (2003). Excitatory actions of en-
dogenously released GABA contribute to initiation of ictal 
epileptiform activity in the developing hippocampus. Jour-
nal of Neuroscience, 23(5), 1840-6. [DOI:10.1523/JNEURO-
SCI.23-05-01840.2003] [PMID]

Dzhala, V. I., Talos, D. M., Sdrulla, D. A., Brumback, A. C., 
Mathews, G. C., Benke, T. A., et al. (2005). NKCC1 transporter 
facilitates seizures in the developing brain. Nature Medicine, 
11(11), 1205-13. [DOI:10.1038/nm1301]

Ferhat, L., Esclapez, M., Represa, A., Fattoum, A., Shirao, T., & 
Ben Ari, Y. (2003). Increased levels of acidic calponin during 
dendritic spine plasticity after pilocarpine-induced seizures. 
Hippocampus, 13(7), 845-58. [DOI:10.1002/hipo.10136]

Furman, M. (2013). Seizure initiation and propagation in the 
pilocarpine rat model of temporal lobe epilepsy. Journal 
of Neuroscience, 33(42), 16409-11. [DOI:10.1523/JNEURO-
SCI.3687-13.2013]

Galanopoulou, A. S. (2007). Developmental patterns in the regu-
lation of chloride homeostasis and GABA(A) receptor sign-
aling by seizures. Epilepsia, 48(suppl. 5), 14-8. [DOI:10.1111/
j.1528-1167.2007.01284.x]

Galeffi, F., Sah, R., Pond, B. B., George, A., & Schwartz Bloom, R. 
D. (2004). Changes in intracellular chloride after oxygen-glu-
cose deprivation of the adult hippocampal slice: effect of diaz-
epam. Journal of Neuroscience, 24(18), 4478-88. [DOI:10.1523/
JNEUROSCI.0755-04.2004]

Hannaert, P., Alvarez Guerra, M., Pirot, D., Nazaret, C., & Ga-
ray, R. P. (2002). Rat NKCC2/NKCC1 cotransporter selectiv-
ity for loop diuretic drugs. Naunyn-Schmiedeberg’s Archives of 
Pharmacology, 365(3), 193-9. [DOI:10.1007/s00210-001-0521-y]

Huberfeld, G., Wittner, L., Clemenceau, S., Baulac, M., Kaila, K., 
Miles, R., et al. (2007). Perturbed chloride homeostasis and 
GABAergic signaling in human temporal lobe epilepsy. Jour-
nal of Neuroscience, 27(37), 9866-73. [DOI:10.1523/JNEURO-
SCI.2761-07.2007]

Inglefield, J. R., & Schwartz-Bloom, R. D. (1998). Activation 
of excitatory amino acid receptors in the rat hippocam-
pal slice increases intracellular Cl- and cell volume. Journal 
of Neurochemistry, 71(4), 1396-404. [DOI:10.1046/j.1471-
4159.1998.71041396.x] [PMID]

Kahle, K. T., & Staley, K. (2008a). Altered neuronal chloride 
homeostasis and excitatory GABAergic signaling in hu-

man temporal lobe epilepsy. Epilepsy Currents, 8(2), 51-3. 
[DOI:10.1111/j.1535-7511.2008.00235.x]

Kahle, K. T., & Staley, K. J. (2008b). The bumetanide-sensitive Na-K-
2Cl cotransporter NKCC1 as a potential target of a novel mech-
anism-based treatment strategy for neonatal seizures. Epilepsy 
Currents, 25(3), E22. [DOI:10.3171/FOC/2008/25/9/E22]

Khazipov, R., Khalilov, I., Tyzio, R., Morozova, E., Ben Ari, Y., 
& Holmes, G. L. (2004). Developmental changes in GABAer-
gic actions and seizure susceptibility in the rat hippocampus. 
European Journal of Neuroscience, 19(3), 590-600. [DOI:10.1111/
j.0953-816X.2003.03152.x] [PMID]

Kohling, R. (2002). GABA becomes exciting. Science, 298(5597), 
1350-1. [DOI:10.1126/science.1079446]

Lee, H. H., Jurd, R., & Moss, S. J. (2010). Tyrosine phosphoryla-
tion regulates the membrane trafficking of the potassium 
chloride co-transporter KCC2. Molecular and Cellular Neurosci-
ence, 45(2), 173-9. [DOI:10.1016/j.mcn.2010.06.008]

Livak, K. J., & Schmittgen, T. D. (2001). Analysis of relative 
gene expression data using real-time quantitative PCR and 
the 2(-Delta Delta C(T)) Method. Methods, 25(4), 402-408. 
[DOI:10.1006/meth.2001.1262]

Lu, J., Karadsheh, M., & Delpire, E. (1999). Developmental regu-
lation of the neuronal-specific isoform of K-Cl cotransporter 
KCC2 in postnatal rat brains. Journal of Neurobiology, 39(4), 558-
68. [DOI:10.1002/(SICI)1097-4695(19990615)39:43.0.CO;2-5]

Lu, K. T., Wu, C. Y., Cheng, N. C., Wo, Y. Y., Yang, J. T., Yen, 
H. H., et al. (2006). Inhibition of the Na+-K+-2Cl--cotransporter 
in choroid plexus attenuates traumatic brain injury-induced 
brain edema and neuronal damage. European Journal of Phar-
macology, 548(1-3), 99-105. [DOI:10.1016/j.ejphar.2006.07.048]

Lu, K. T., Wu, C. Y., Yen, H. H., Peng, J. H., Wang, C. L., & Yang, 
Y. L. (2007). Bumetanide administration attenuated traumatic 
brain injury through IL-1 overexpression. Neurological Re-
search, 29(4), 404-9. [DOI:10.1179/016164107X204738]

Mazarati, A., Shin, D., & Sankar, R. (2009). Bumetanide inhib-
its rapid kindling in neonatal rats. Epilepsia, 50(9), 2117-22. 
[DOI:10.1111/j.1528-1167.2009.02048.x]

Owens, D. F., & Kriegstein, A. R. (2002). Is there more to GABA 
than synaptic inhibition? Nature Reviews Neuroscience, 3(9), 
715-27. [DOI:10.1038/nrn919]

Palma, E., Amici, M., Sobrero, F., Spinelli, G., Di Angelantonio, 
S., Ragozzino, D., et al. (2006). Anomalous levels of Cl- trans-
porters in the hippocampal subiculum from temporal lobe 
epilepsy patients make GABA excitatory. Proceedings of the 
National Academy of Sciences of the United States of America, 
103(22), 8465-8. [DOI:10.1073/pnas.0602979103]

Pathak, H. R., Weissinger, F., Terunuma, M., Carlson, G. C., Hsu, 
F. C., Moss, S. J., et al. (2007). Disrupted dentate granule cell 
chloride regulation enhances synaptic excitability during de-
velopment of temporal lobe epilepsy. Journal of Neuroscience, 
27(51), 14012-22. [DOI:10.1523/JNEUROSCI.4390-07.2007]

Payne, J. A., Rivera, C., Voipio, J., & Kaila, K. (2003). Cation-
chloride co-transporters in neuronal communication, devel-
opment and trauma. Trends in Neurosciences, 26(4), 199-206. 
[DOI:10.1016/S0166-2236(03)00068-7]

Plotkin, M. D., Snyder, E. Y., Hebert, S. C., & Delpire, E. (1997). 
Expression of the Na-K-2Cl cotransporter is developmen-

Rahmanzadeh, R., et al. (2018). Co-administration in Bumetanide and Phenobarbital on Seizure Attacks in Temporal Lobe Epilepsy. BCN, 9(6), 408-416.

http://bcn.iums.ac.ir/
https://doi.org/10.1523/JNEUROSCI.0633-10.2010
https://doi.org/10.1371/journal.pone.0057148
https://doi.org/10.1126/science.1076510
https://doi.org/10.1002/ana.21229
https://doi.org/10.1523/JNEUROSCI.23-05-01840.2003
https://doi.org/10.1523/JNEUROSCI.23-05-01840.2003
https://www.ncbi.nlm.nih.gov/pubmed/12629188
https://doi.org/10.1038/nm1301
https://doi.org/10.1002/hipo.10136
https://doi.org/10.1523/JNEUROSCI.3687-13.2013
https://doi.org/10.1523/JNEUROSCI.3687-13.2013
https://doi.org/10.1111/j.1528-1167.2007.01284.x
https://doi.org/10.1111/j.1528-1167.2007.01284.x
https://doi.org/10.1523/JNEUROSCI.0755-04.2004
https://doi.org/10.1523/JNEUROSCI.0755-04.2004
https://doi.org/10.1007/s00210-001-0521-y
https://doi.org/10.1523/JNEUROSCI.2761-07.2007
https://doi.org/10.1523/JNEUROSCI.2761-07.2007
https://doi.org/10.1046/j.1471-4159.1998.71041396.x
https://doi.org/10.1046/j.1471-4159.1998.71041396.x
https://www.ncbi.nlm.nih.gov/pubmed/9751170
https://doi.org/10.1111/j.1535-7511.2008.00235.x
https://doi.org/10.3171/FOC/2008/25/9/E22
https://doi.org/10.1111/j.0953-816X.2003.03152.x
https://doi.org/10.1111/j.0953-816X.2003.03152.x
https://www.ncbi.nlm.nih.gov/pubmed/14984409
https://doi.org/10.1126/science.1079446
https://doi.org/10.1016/j.mcn.2010.06.008
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1002/(SICI)1097-4695(19990615)39:43.0.CO;2-5
https://doi.org/10.1016/j.ejphar.2006.07.048
https://doi.org/10.1179/016164107X204738
https://doi.org/10.1111/j.1528-1167.2009.02048.x
https://doi.org/10.1038/nrn919
https://doi.org/10.1073/pnas.0602979103
https://doi.org/10.1523/JNEUROSCI.4390-07.2007
https://doi.org/10.1016/S0166-2236(03)00068-7


Basic and Clinical

416

November, December 2018, Volume 9, Number 6

tally regulated in postnatal rat brains: A possible mechanism 
underlying GABA’s excitatory role in immature brain. Jour-
nal of Neurobiology, 33(6), 781-95. [DOI:10.1002/(SICI)1097-
4695(19971120)33:63.0.CO;2-5]

Racine, R. J. (1972). Modification of seizure activity by electri-
cal stimulation: II. motor seizure. Electroencephalography and 
Clinical Neurophysiology, 32(3), 281-94. [DOI:10.1016/0013-
4694(72)90177-0]

Rivera, C., Voipio, J., Thomas Crusells, J., Li, H., Emri, Z., Sipila, 
S., et al. (2004). Mechanism of activity-dependent downregu-
lation of the neuron-specific K-Cl cotransporter KCC2. Jour-
nal of Neuroscience, 24(19), 4683-91. [DOI:10.1523/JNEURO-
SCI.5265-03.2004]

Staley, K. J. (2006). Wrong-way chloride transport: Is it a treat-
able cause of some intractable seizures? Epilepsy Currents, 6(4), 
124-7. [DOI:10.1111/j.1535-7511.2006.00119.x]

Wake, H., Watanabe, M., Moorhouse, A. J., Kanematsu, T., Hor-
ibe, S., Matsukawa, N., et al. (2007). Early changes in KCC2 
phosphorylation in response to neuronal stress result in func-
tional downregulation. Journal of Neuroscience, 27(7), 1642-50. 
[DOI:10.1523/JNEUROSCI.3104-06.2007]

Wang, C., Shimizu Okabe, C., Watanabe, K., Okabe, A., Mat-
suzaki, H., Ogawa, T., et al. (2002). Developmental changes 
in KCC1, KCC2, and NKCC1 mRNA expressions in the rat 
brain. Brain Research. Developmental Brain Research, 139(1), 59-
66. [DOI:10.1016/S0165-3806(02)00536-9]

Yamada, J., Okabe, A., Toyoda, H., Kilb, W., Luhmann, H. J., 
& Fukuda, A. (2004). Cl- uptake promoting depolarizing 
GABA actions in immature rat neocortical neurones is medi-
ated by NKCC1. The Journal of Physiology, 557(Pt 3), 829-41. 
[DOI:10.1113/jphysiol.2004.062471]

Rahmanzadeh, R., et al. (2018). Co-administration in Bumetanide and Phenobarbital on Seizure Attacks in Temporal Lobe Epilepsy. BCN, 9(6), 408-416.

http://bcn.iums.ac.ir/
https://doi.org/10.1002/(SICI)1097-4695(19971120)33:63.0.CO;2-5
https://doi.org/10.1002/(SICI)1097-4695(19971120)33:63.0.CO;2-5
https://doi.org/10.1016/0013-4694(72)90177-0
https://doi.org/10.1016/0013-4694(72)90177-0
https://doi.org/10.1523/JNEUROSCI.5265-03.2004
https://doi.org/10.1523/JNEUROSCI.5265-03.2004
https://doi.org/10.1111/j.1535-7511.2006.00119.x
https://doi.org/10.1523/JNEUROSCI.3104-06.2007
https://doi.org/10.1016/S0165-3806(02)00536-9
https://doi.org/10.1113/jphysiol.2004.062471

