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A B S T R A C T   

In adults, γ-aminobutyric acid (GABA) type A receptor (GABAAR)-mediated inhibition depends on the mainte
nance of low intracellular chloride anion concentration through neuron-specific potassium-chloride 
cotransporter-2 (KCC2). KCC2 has been widely reported to have a plasticity change during the course of epilepsy 
development, with an early downregulation and late recovery in neuronal cell membranes after epileptic 
stimulation, which facilitates epileptiform burst activity. Furosemide is a clinical loop diuretic that inhibits 
KCC2. Here, we first confirmed that furosemide pretreatment could effectively prevented convulsant stimulation- 
induced neuronal membrane KCC2 downregulation in the hippocampus in both in vivo and in vitro 
cyclothiazide-induced seizure model. Second, we verified that furosemide pretreatment rescued KCC2 function 
deficits, as indicated by EGABA depolarizing shift and GABAAR inhibitory function impairment induced via 
cyclothiazide treatment. Further, we demonstrated that furosemide also suppressed cyclothiazide-induced 
epileptiform burst activity in cultured hippocampal neurons and lowered the mortality rate during acute 
seizure induction. Overall, furosemide prevents membrane KCC2 downregulation during acute seizure induction, 
restores KCC2-mediated GABA inhibition, and interrupts the progression from acute seizure to epileptogenesis.   

Introduction 

Epilepsy is one of the most common neurological disorders. To 
facilitate the development of novel therapies, its basic mechanism must 
be elucidated (Jefferys, 1990). Despite decades of study, the mecha
nisms underlying epileptogenesis are still not fully understood; an 
imbalance between excitation and inhibition is likely the underlying 
cause (McCormick and Contreras, 2001). γ-aminobutyric acid (GABA) 
type A receptor (GABAAR)-mediated inhibition depends on the main
tenance of intracellular [Cl− ] concentration at low levels, which is 
regulated by K+ -Cl- cotransporter-2 (KCC2) (Ben-Ari, 2002; Farrant and 

Nusser, 2005; Jacob et al., 2008; Kahle et al., 2008; Rivera et al., 1999). 
KCC2 is a neuron-specific Cl− extruder and one of nine cation-chloride 
co-transporters encoded by SLC12 genes. Progressive postnatal KCC2 
upregulation is associated with maturation of hyperpolarizing inhibi
tion. It shifts EGABA from depolarization to hyperpolarization, which 
switches GABAAR function from mediating excitation toward inhibition 
(Rivera et al., 1999). During epileptogenesis, various studies suggest 
that KCC2 go through a dynamic plasticity change with an early 
downregulation and late recovery in neurons. A strong decrease in KCC2 
expression associated with the induction of epileptiform activity has 
been observed in epilepsy animal models (Lee et al., 2010a; Pathak 
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et al., 2007; Rivera et al., 2002) and human temporal lobe epilepsies 
(Cohen et al., 2002; Huberfeld et al., 2008, 2007; Palma et al., 2006). In 
vitro, elevation of pathological-like neuronal activity initiates rapid 
KCC2 withdrawal from neuronal membranes (Chamma et al., 2013; Lee 
et al., 2011, 2010a, 2007; Puskarjov et al., 2012; Rivera et al., 2004; 
Wake et al., 2007). Our previous studies (Chen et al., 2017; Wan et al., 
2018) have further elucidated that KCC2 downregulation is not only a 
consequence of but also a contributor to epileptogenesis. 
Activity-dependent KCC2 downregulation and EGABA depolarization 
shifts occurred before burst discharge generation. Therefore, KCC2 
maintains the normal inhibitory function of GABAAR and controls epi
leptogenesis. Maintaining KCC2 expression or function during epileptic 
activity could mitigate or even terminate epileptogenesis. 

Blocking KCC2 reduces the strength of GABAAR mediated inhibition. 
Selective inhibitor of KCC2, VU0463271, has been reported to cause a 
reversible depolarizing shift in EGABA values, increase spiking of cultured 
hippocampal neurons, and facilitate unremitting epileptiform activity in 
brain slices exposed to low-Mg2+ conditions(Sivakumaran et al., 2015). 
Furosemide (FUR) is a loop diuretic and a reversible inhibitor of KCC2 
and Na+-K+-Cl- cotransporter-1 (NKCC1) (Loscher et al., 2013). It has 
also been reported that FUR could cause EGABA positive shifts (Barma
shenko et al., 2011; Pathak et al., 2007) and induce seizures in vivo 
(Inoue et al., 1989; Luszczki et al., 2007). However, certain early studies 
showed that FUR application actually had anticonvulsant efficacy in 
vitro (Gutschmidt et al., 1999; Hochman and Schwartzkroin, 2000; 
Margineanu and Klitgaard, 2006) and in vivo (Ahmad et al., 1976; 
Haglund and Hochman, 2005; Hesdorffer et al., 2001; Hochman et al., 
1995; Reid et al., 2000; Yamada et al., 2013). It is supposed that FUR 
may suppress nonsynaptic synchronization but enhance synaptic excit
ability by altering ion concentration, osmolality, or pH of the extracel
lular space (ECS) (Hochman et al., 1995, 1999). Alternatively, FUR may 
enhance the function of astrocytes rather than neurons (Barbaro et al., 
2004). Hence, the precise effects and mechanisms of FUR in this context 
remain unclear. 

Although FUR reversibly inhibits KCC2 function, its effects on 
membrane KCC2 (mKCC2) expression are unknown. In our previous 
research, we found that the convulsant cyclothiazide (CTZ) induced 
robust epileptiform activity and mKCC2 downregulation in hippocam
pal neurons in vitro and in vivo (Chen et al., 2017; Kong et al., 2010; Qi 
et al., 2006; Wang et al., 2009). The epileptiform activity had long du
rations even after CTZ was washed out (Qi et al., 2006). FUR seemed to 
prevent KCC2 downregulation by CTZ(Wan et al., 2020). In this study, 
we aimed to further investigate the effects of FUR on mKCC2 levels with 
and without CTZ-induced seizures using western blot (WB) and immu
nostaining. We further explored the effects of FUR pretreatment on 
KCC2 functional deficits using patch clamp recordings, and character
ized whether FUR pretreatment influenced CTZ-induced epileptiform 
activity and seizure behavior using patch clamp recordings and a 
behavior assay, respectively. This study may provide a new avenue for 
interrupting epileptogenesis in the acute phase by blocking mKCC2 
downregulation. 

Materials and methods 

Ethical approval 

All animal experiments were approved by the Local Committee of the 
Use of the Laboratory Animals of Fudan University, Shanghai, China. 
They were conducted in accordance with the guidelines and regulations 
of the National Natural Science Foundation of China Animal Research. 

Animal surgery and behavior assays 

Freely moving adult male but not female Sprague–Dawley (SD) rats 
(220–300 g body weight) were used to establish a CTZ-induced seizure 
behavioral animal model as previously described (Kong et al., 2010), 

and avoid the effect of estrogen change during period on eplilepsy (Liu 
et al., 2013). The rats were anesthetized with chloral hydrate (350 
mg/kg, intraperitoneally [i.p.]) and mounted in a stereotaxic apparatus. 
Their body temperature was maintained at 37 ◦C. To prepare for intra
cerebroventricular (i.c.v.) drug administration, a guide cannula (22 GA) 
was stereotaxically inserted into the left cerebroventricles (AP − 0.3 mm, 
mL 1.3 mm, DP 4.0 mm) and fixed along with the cannula to the skull 
with dental cement. After surgery, the animals were allowed to recover 
for at least 5-day before experiments began. The cannula-implanted 
animals were randomly divided into the following experimental 
groups for further experiments: 1) Dimethyl sulfoxide (DMSO) group, 2) 
FUR group,:3) CTZ group: 4) FUR + CTZ group. 

The behavioral manifestations of the seizures were rated according 
to Racine’s classification (Racine et al., 1972), which were as RI: 
chewing, blinking, facial or beard trembling, twitching, stare, dazes; RII: 
head nodding, repeated scratching, circling, and wet dog shaking; RIII: 
unilateral forelimb clonus, tail erecting, and back arching; RIV: rearing 
with bilateral forelimb clonus; and RV: rearing and falling (loss of 
postural control). 

Starting at needle retention, animal behavior was continuorsly 
observed for 1.5 h, and then a single dose of the chloral hydrate (350 
mg/kg, intraperitoneally, i.p.) was injected to terminate, if any, the 
seizure behaviors as a standard procedure for seizure model establish
ment. After fully awaken, the animals were then returned to their home 
cage for another 22.5 h. At 24 h post-CTZ injection, the animals were 
anesthetized with chloral hydrate (350 mg/kg, i.p.) and then killed, 
their brains harvested, and the hippocampi were used in the subsequent 
WB experiments. 

Cell culture 

Primary hippocampal neurons were prepared using embryonic day 
18 SD rats as previously reported (Liu et al., 2013). Pup hippocampi 
were dissected for tissue preparation. The tissues were rinsed in cold 
Hanks’ balanced salt solution and digested with 0.05% (w/v) 
trypsin-ethylenediaminetetraacetic acid in a 37 ◦C incubator for 15–20 
min. Single cells were isolated by trituration with a 1-mL plastic pipette 
tip. After rinsing with Hanks’ balanced salt solution, the cells were 
collected by centrifugation at 1000 rpm for 8 min and resuspended in 
neuronal medium. The cells were plated onto poly D-lysine-precoated 
glass coverslips at a density of 30,000–40,000/cm2. After culturing for 1 
d, half the medium was replaced with neurobasal medium supplemented 
with 2% (w/v) B-27 (Thermo Fisher Scientific, Waltham, MA, USA) and 
25 U/mL penicillin/streptomycin. The cells were grown at 37 ◦C in a 
95% O2/5% CO2 incubator and fed twice weekly thereafter. Arabino
furanosylcytosine (Ara-C; 2 mm; Sigma-Aldrich Corp., St. Louis, MO, 
USA) was added 6–8 d after plating. The neurons were used in the 
subsequent experiments at 11–14 days in vitro (DIV). 

Brain slice preparation 

Hippocampal slices were prepared from SD rats. Postnatal rats (male, 
age 21–28 d) were deeply anesthetized and the brains were harvested. 
The hippocampi were rapidly excised and immersed in an ice-cold, pre- 
oxygenized solution composed of 119 mM NaCl, 2.5 mM KCl, 2.5 mM 
CaCl2, 1.3 mM MgSO4, 1 mM NaH2PO4, 26.2 mM NaHCO3, and 11 mM 
glucose. The pH was 7.3 and the osmolality was ~305 mOsm. Slices 300 
µm thick were cut with a vibratome (Leica-1200; Leica Microsystems, 
Wetzlar, Germany) and collected in the aforementioned solution. The 
slices were incubated for 30 min at 34 ◦C and recovered at room tem
perature (RT) for 1 h. 

Electrophysiological recording 

Hippocampal slices were transferred to a submerged recording 
chamber and perfused with ACSF at 2 mL/min. The slices were 
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visualized with infrared optics under a Nikon FN-TP microscope (Nikon 
Corp., Tokyo, Japan) fitted with DIC optics. 

Whole-cell patch recordings were made using the CA1 pyramidal 
neurons in the brain slices as previously described (Chen et al., 2017). A 
small patch pipette was extruded from borosilicate glass and polished to 
10–14 MΩ resistance. For EGABA recording, the brain slices were incu
bated with DMSO (0.1% v/v), CTZ (50 μM), FUR (100 μM), or CTZ +
FUR for 2 h. The EGABA for the DMSO, CTZ, and FUR + CTZ groups were 
recorded in drug-free ACSF. The EGABA for the FUR group was recorded 
in FUR-containing ACSF. The patch pipette was filled with an internal 
solution consisting of 125 mM K-gluconate, 10 mM KCl, 10 mM HEPES, 
4 mM Mg-ATP, 0.5 mM EGTA, 0.5 mM Na2GTP, and 10 mM Na2-ph
osphocreatine. The pH was adjusted to 7.3 with KOH, and the osmolality 
was ~300 mOsm. Postsynaptic GABA currents were evoked by puffing 
GABA solution (250 μM) into a CA1 pyramidal cell at holding potentials 
increasing from − 80 mV to + 40 mV in 10 mV increments. Linear 
regression was used to plot a best-fit line for the voltage dependence as a 
function of the evoked GABA current amplitude. The line intersecting 
the abscissa was taken as the EGABA value. 

For the miniature inhibitory postsynaptic current (mIPSC) re
cordings, patch pipettes were filled with an internal solution with the 
following composition: 140 mM CsCl, 2 mM MgCl2, 10 mM HEPES, 2 
mM Mg-ATP, 0.5 mM Na-GTP, and 10 mM Na2-phosphocreatine. The pH 
was adjusted to 7.3 with KOH and the osmolality was ~300 mOsm. 
Glutamate receptor-mediated synaptic currents were blocked by adding 
10 μM DNQX (6,7-dinitroquinoxaline-2,3(1 H,4 H)-dione) and 25 μM 
AP5 (DL-2-amino-5-phosphonopentanoic acid) to the ACSF. Action po
tentials of all cells were blocked by adding 1 μM tetrodotoxin to the 
ACSF. The membrane-impermeable sodium channel blocker QX-314 
(lidocaine N-ethyl bromide; 10 μM) was added to the internal solution 
to further prevent the clamped cell from firing action potentials. 
Although QX-314, a membrane impermeable, quaternary derivative of 
lidocaine, is also considered to have the KCC2 inhibition property, if 
acting intracellularly, similar as the membrane permeable lidocaine 
analog (LH-HCL) and lidocaine (Nakahata et al., 2010), the concentra
tion for QX-314 used in our current study is at least one-fold lower than 
its functional concentration (μM vs mM) on internal site of KCC2. 

Epileptiform activity in the cultured hippocampal neurons was 
recorded as previously described (Chen et al., 2017). In brief, DIV 11 
hippocampal neurons in growth medium were treated with DMSO (0.1% 
v/v) control, CTZ (5 μM), or FUR (100 μM) + CTZ (5 μM) for 48 h. 
Coverslips were transferred to a recording bath solution containing 128 
mM NaCl, 30 mM glucose, 25 mM HEPES, 5 mM KCl, 2 mM CaCl2, and 1 
mM MgCl2. The pH was adjusted to 7.3 with NaOH, and the osmolality 
was ~320 mOsm. Patch pipettes were filled with an internal solution 
with the following composition: 125 mM K-gluconate, 10 mM KCl, 2 mM 
EGTA, 10 mM Hepes, 10 mM Tris-phosphocreatine, 4 mM Mg-ATP, 5 
mM EGTA, and 0.5 mM Na2GTP. The pH was adjusted to 7.3 with KOH, 
and the osmolality was ~305 mOsm. Whole-cell recording of sponta
neous activity was performed in current clamp mode, and the membrane 
potential was held at − 70 mV. An epileptiform burst is defined as 
having at least five consecutive action potentials overlaying a large 
depolarization shift with over 10 mV in amplitude and at least 300 ms 
long. 

Electrical signals were digitized and sampled at 50 μs intervals using 
a Digidata 1440 A and Multiclamp 700B amplifier (Molecular Devices 
LLC, San Jose, CA, USA). Data were filtered at 1 kHz and analyzed with 
pCLAMP v. 10.2 and mini-analysis software. 

Immunochemistry 

Brain slices 
Experiments were performed on hippocampal slices incubated in 

DMSO (0.1% v/v), CTZ (50 μM), FUR (100 μM), or CTZ (50 μM) + FUR 
(100 μM) for 2 h. Slices were fixed with 4% (v/v) paraformaldehyde 
(PFA; pH 7.4) at 4 ◦C overnight. After dehydration in 30% (w/v) sucrose, 

the slices were cut into 30-µm sections that were thoroughly rinsed in 
Tris-buffered saline (TBS), permeabilized, and blocked for 2 h in 0.2% 
(v/v) Triton X-100% and 10% (v/v) normal donkey serum (NDS) in TBS 
at RT. The sections were incubated with primary antibody (anti-KCC2, 
1:300; EMD Millipore, Billerica, MA, USA) diluted in 10% (v/v) NDS 
overnight. After several rinses in TBS, the sections were incubated with 
secondary antibodies for 2 h (donkey anti-rabbit conjugated to Alexa 
Fluor 488; Molecular Probes, Eugene, OR, USA) diluted in 10% (v/v) 
NDS at RT. The sections were then rinsed several times in TBS for ≥ 30 
min each time and mounted on slides using the Fluoromount (Sigma- 
Aldrich Corp.). The sections were then viewed under an Olympus 
FV1000 confocal microscope with 60 × oil immersion objective, and the 
images were analyzed with Olympus Fluoview v.1.6a (Olympus Corp., 
Tokyo, Japan). 

Cultured neurons 

Neurons (DIV 11) were incubated in DMSO (0.1% v/v) control, CTZ 
(5 μM), FUR (100 μM), or FUR (100 μM) + CTZ (5 μM) for 48 h. They 
were then rinsed once with TBS and fixed with 4% (v/v) PFA in 0.1 M 
phosphate buffer (pH 7.4) for 10–12 min. After several rinses in TBS, the 
cells were permeabilized and blocked for 2 h in 0.2% (v/v) Triton X-100 
(Sigma-Aldrich Corp.) and 10% (v/v) NDS (EMD Millipore) in TBS (pH 
7.4) at RT. The neurons were incubated with primary antibody (rabbit 
anti-KCC2, 1:300; EMD Millipore) diluted in 10% (v/v) NDS at 4 ◦C 
overnight. After several rinses in TBS, the neurons were incubated with 
the corresponding secondary antibodies (donkey anti-rabbit conjugated 
to Alexa Fluor 488, 1:300; Molecular Probes) diluted in 10% (v/v) NDS 
at RT. The neurons were then rinsed several times in TBS for ≥ 30 min 
and mounted on slides with coverslips using ProLong Gold antifade re
agent (Molecular Probes). The slides were viewed under an Olympus 
FV1000 confocal microscope with 60 × oil immersion objective, and the 
images were analyzed with Olympus Fluoview v.1.6a (Olympus Corp.). 

Western blotting 

Rat brain slices were dissociated, and the hippocampus was isolated 
on ice under a dissecting microscope and quickly homogenized in pre- 
cooled lysis buffer (#K268–50; BioVision, Milpitas, CA, USA). The 
plasma membrane protein fractions were prepared from the homoge
nate using a standard procedure supplied with the membrane protein 
extraction kit purchased from BioVision (#K268–50). The membrane 
fractions were dissolved in 0.5% (v/v) Triton X-100 in PBS and inacti
vated by immersion in sodium dodecyl sulfate (SDS) sample buffer at 
45 ◦C for 45 min. Membrane proteins were separated by SDS- 
polyacrylamide gel electrophoresis, electrophoretically transferred to 
polyvinylidene fluoride membranes (EMD Millipore), incubated with 
primary antibodies (anti-KCC2, 1:20,000, EMD Millipore; and β-actin, 
1:1000, Cell Signaling Technology, Danvers, MA, USA) in 5% (v/v) skim 
milk-TBS-T (20 mM Tris (pH 7.6), 137 mM NaCl, and 0.05% (v/v) 
Tween 20) overnight at 4 ◦C, and finally incubated with peroxidase- 
conjugated Affinipure goat anti-rabbit (1:20,000; Jackson Laboratory, 
Bar Harbor, ME, USA) or rabbit anti-goat (1:20,000; Jackson Labora
tory) secondary antibody in TBS-T buffer. After washing thrice in TBS-T, 
the bands were visualized with an enhanced chemiluminescence 
detection system (Thermo Fisher Scientific). Immunoreactivity of the 
individual bands was measured with Image-Pro Plus and normalized to 
β-actin. 

Statistical analysis 

All results are reported as mean ± SEM and statistical analysis was 
performed by SPSS 19.0. One sample test was used to compare the 
experimental group data which is presented as percent of control with 
100%. A Chi Square test (χ2 test) was used to compare the portion of 
bursting neurons in vitro and morality rate in vivo. One-way ANOVA 
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was used to compare across multiple experimental groups and multiple 
comparisons were corrected using Bonferroni post hoc test. Corre
sponding nonparametric analysis (Kruskal-Wallis one way ANOVA) was 
used to compare across multiple experimental groups if data were not 
normally distributed and multiple comparisons were corrected using 
Bonferroni post hoc test. 

Results 

FUR prevented CTZ-induced mKCC2 downregulation in both in vivo and in 
vitro acute seizure models 

We verified whether FUR pretreatment had any effect on CTZ- 
induced mKCC2 reduction. In our previous studies, we dicoverd that 
intracerebroventricular CTZ injection could dose dependently and 
effectively induce typical seizure behaviors (Kong et al., 2010), and, also 
evoked significant downregulation of hippocampal mKCC2, but only in 
animals with ≥Racine score III seizure behavior (Chen et al., 2017). In 
this respect, in our current study, hippocampal tissues were isolated 
from those rats displaying at least Racine level 3 seizure behaviors 24 h 
after CTZ injection, similar as described in our previous study (Chen 
et al., 2017), and then, WB experiment was performed to determine the 
change of hippocampal CA1 area membrane KCC2 expression level in 
different pre-treatment animal groups. Our results showed there was a 
significant reduction in membrane level of KCC2 protein expression in 
CTZ group (CTZ: 57.6 ± 1.1%, n = 4, P < 0.001, one sample test,  
Fig. 1A) to its vehicle control level, similar as previous reported (Chen 
et al., 2017). In contrast, FUR alone did not induce any observable 
seizure behaviors either in FUR treatment group or in its pretreatment 
group within 30 min period, and FUR itself also had no effect on mKCC2 
expression relative to the control (FUR: 97.5 ± 3.5%, n = 3, Fig. 1A). 
Interestingly, CTZ injection followed by the FUR pretreatment no longer 
evoked any mKCC2 reduction with the mKCC2 at a level similar to that 
of the DMSO control (FUR+CTZ: 104.0 ± 3.7%, n = 4, Fig. 1A), 
although FUR+CTZ group animals displayed similar seizure behavior 
level (all with Racine 3 or above seizure) as those in the CTZ alone group 
(P > 0.05). This result showed that FUR pretreatment significantly 
reversed CTZ-induced mKCC2 reduction (P < 0.05, Kruskal–Wallis 
one-way ANOVA, Fig. 1A). 

FUR co-treatment (100 μM, 2 h) also significantly reversed 50 μM 
CTZ-induced mKCC2 downregulation in brain slices preparation. 
mKCC2 reduction by CTZ stimulation (CTZ: 58.9 ± 4.2% normalized to 
DMSO control, P < 0.001, one sample test, Fig. 1B) was significantly 
blocked by FUR co-incubation (FUR+CTZ: 97.0 ± 4.2%, P < 0.001, 
Kruskal–Wallis one-way ANOVA; Fig. 1B). Thus, both the in vivo and in 
vitro WB assays indicated that FUR pretreatment, while not affect the 
CTZ induced seizure, could block mKCC2 downregulation during 
convulsant CTZ stimulation. 

FUR blocked CTZ-induced KCC2 immunosignal downregulation in 
hippocampal slices 

Similar as in above stated in vivo seizure behavior experiemental 
precedures, another set of brain tissue, besides of WB experiment, was 
prepared for immunohistochemistry study, and the KCC2 immunofluo
rescence staining distribution in hippocampal slices is shown in Fig. 2A. 
For the control, a strong KCC2 immunoreactivity was observed in the 
CA1 area. KCC2 immunolabeling density after CTZ treatment was 
significantly reduced in both the soma and dendrite areas of the CA1 
pyramidal cell layer. We also measured area-specific KCC2 immuno
fluorescence signal intensity. We compared each region in the CTZ, FUR, 
or FUR + CTZ groups with those in the DMSO group. The mean KCC2 
labeling densities were decreased to 56.4 ± 2.7% in the pyramidal cell 
body layer (P < 0.01, one sample test; Figs. 2B), 48.7 ± 3.3% in the 
stratum radiatum (P < 0.01, one sample test; Fig. 2C), and 47.1 ± 6.5% 
in the stratum oriens (P < 0.05, one sample test; Fig. 2D) after CTZ 
treatment. FUR co-treatment significantly reversed CTZ-induced KCC2 
reduction to 91.9 ± 5.9% in the pyramidal cell body layer (P < 0.05, 
one-way ANOVA) and 79.1 ± 7.0% in the stratum radiatum (P < 0.05, 
one-way ANOVA). FUR alone had no effect on KCC2 intensity either in 
the pyramidal cell body layer (91.4 ± 9.6%) or the stratum (oriens: 
91.0 ± 4.8%; radiatum: 96.2 ± 4.0%) compared to that in the DMSO 
and FUR + CTZ groups. This in vitro immunostaining result further 
confirmed that FUR pretreatment protected CTZ induced seizure evoked 
KCC2 downregulation in the hippocampal CA1 area. 

Fig. 1. FUR prevented mKCC2 down
regulation in both in vivo and in vitro brain 
slice CTZ-induced acute seizure models. A: 
WB data showing significant hippocampal CA1 
cell plasma KCC2 downregulation in rats pre
senting with seizures induced by CTZ treatment 
(i.c.v.) and FUR preinjection (i.c.v.) 15 min 
before CTZ prevented this. Tissue samples were 
collected at 24 h post CTZ injection of DMSO, 
CTZ, FUR, or FUR before CTZ. Top panel: 
representative WB bands cropped from same 
WB gel at ~140 kDa and ~46 kDa. Bottom 
panel: histogram showing quantification of 
mKCC2 expression in each group normalized to 
DMSO group. (***P < 0.001 relative to DMSO, 
one sample test); Analysis by Kruskal-Wallis 
one way ANOVA revealed a significant differ
ence of KCC2 expression among CTZ, FUR and 
FUR+CTZ groups (P = 0.021 across three 
groups, #P < 0.05, Kruskal-Wallis one way 
ANOVA with Bonferroni test). B: Representative 
WB bands showing quantity of mKCC2 in CA1 
from hippocampal slices treated with either 
DMSO (0.1% v/v), CTZ (50 μM), FUR (100 μM) 
or CTZ + FUR, respectively, for 2 h. Bar plot 

showing quantification of KCC2 expression in each group normalized to DMSO-treated slices (***P < 0.001 relative to DMSO, one sample test); Analysis by one-way 
ANOVA revealed a significant difference of KCC2 expression across CTZ, FUR and FUR+CTZ groups (P < 0.001 across three groups, ###P < 0.001, one-way ANOVA 
with Bonferroni test).   
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Fig. 2. FUR blocked CTZ-induced KCC2 immunosignal downregulation in hippocampal slices in vitro. A: Confocal microscope images showing hippocampal 
CA1 labeled with KCC2-specific antibody in DMSO, CTZ, FUR, or FUR + CTZ treatment group. Pronounced reduction in staining intensity was noted for CTZ 
treatment. Reduction was blocked by co-treatment with FUR. Scale bar, 30 µm. B–D: Bar plots showing quantification of KCC2 labeling density from marked areas in 
pyramidal layer (B) (**P < 0.01 relative to DMSO, one sample test; P = 0.016 across CTZ, FUR, and FUR + CTZ groups, #P < 0.05, one-way ANOVA with Bonferroni 
test), Stratum radiatum (C) (**P < 0.01 relative to DMSO, one sample test; P = 0.002 across CTZ, FUR, and FUR + CTZ groups, #P < 0.05, ##P < 0.01, one-way 
ANOVA with Bonferroni test), and Oriens (D) (*P < 0.05 relative to DMSO, one sample test; P = 0.078, no significant differences among CTZ, FUR, and FUR +
CTZ groups, Kruskal-Wallis one way ANOVA). 

Fig. 3. FUR pretreatment prevented CTZ- 
induced positive EGABA shift in CA1 pyrami
dal neurons. A: Representative patch clamp 
traces and plots showing postsynaptic currents 
evoked by puff GABA application at increasing 
holding potentials (starting at − 80 mV in 10- 
mV increments) and peak GABAergic currents 
against holding potentials in pretreated DMSO, 
CTZ, CTZ + FUR groups and continuous 
perfusion FUR group. B: Histogram showing 
significant EGABA depolarization shift with 
continuous FUR perfusion in comparison with 
DMSO (*P < 0.05, t-test). A significant EGABA 
depolarization shift was also observed in CTZ 
pretreatment group but not in CTZ + FUR 
pretreatment group (P = 0.032 across DMOS, 
CTZ, FUR+CTZ pretreatment groups; *P < 0.05 
one-way ANOVA with Bonferroni test).   
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FUR co-pretreatment reversed CTZ-induced EGABA positive shifts in CA1 
pyramidal neurons 

Under physiological conditions, KCC2 maintains Cl- homeostasis, so 
that GABAAR can function normally as an inhibitor. Hence, EGABA is a 
physiological indicator of mKCC2 function. Here, we measured EGABA to 
investigate functional changes in mKCC2. Since WB and immunostain
ing above revealed that FUR blocked KCC2 downregulation induced by 
CTZ, we further tested whether FUR could also reverse the mKCC2 
downregulation-induced EGABA shift. As FUR itself is a KCC2 inhibitor 
(Hartmann et al., 2010; Loscher et al., 2013), we tested EGABA shifts in 
bath solutions after FUR + CTZ co-treatment. 

After 2 h of incubation, slices from the CTZ alone or FUR + CTZ 
groups were transferred into a recording chamber and perfused with 
normal ACSF during recording. For the FUR group, the tissues were 
continuously perfused with FUR during recording. IPSCs were evoked by 
puff application of GABA at a step increasing the holding potential. 
EGABA was disclosed by plotting an offline current-voltage curve 
(Fig. 3A). As expected, FUR alone continuous perfusion caused a sig
nificant depolarizing shift of EGABA in the CA1 pyramidal neurons rela
tive to the control (DMSO: − 63.5 ± 0.6 mV, n = 9 vs. FUR: − 58.7 
± 1.5 mV; n = 12; P < 0.05, t-test; Fig. 3B). After rinsing off the CTZ 
alone or FUR + CTZ treatment, a significant depolarizing EGABA shift 
continued to be recorded in the CTZ alone pretreatment groups (DMSO: 
− 63.5 ± 0.6 mV, n = 9 vs. CTZ: − 59.5 ± 0.9 mV, n = 12; P < 0.05, 
one-way ANOVA) but not in the FUR co-pretreatment groups (FUR +
CTZ: − 62.2 ± 1.3 mV, n = 12; P > 0.05, one-way ANOVA, Fig. 3B). The 
positive EGABA shift induced by CTZ alone pretreatment indicated pro
longed mKCC2 downregulation. However, it was attenuated by FUR co- 
pretreatment. 

FUR co-pretreatment attenuated CTZ-induced decreases in the GABAergic 
current in CA1 pyramidal neurons 

We further investigated whether CTZ-induced reduction in 

GABAergic inhibition is affected by FUR co-pretreatment. We recorded 
the mIPSC of the hippocampal CA1 pyramidal neurons in bath solutions 
for 2 h after drug treatment (Fig. 4A). Across three groups, there were 
significant differences in mIPSC amplitude (P < 0.001, Kruskal–Wallis 
one-way ANOVA) and mIPSC frequency (P = 0.008, Kruskal–Wallis one- 
way ANOVA), and then multiple comparisons were used to further 
reveal the differences between the groups. The amplitude was signifi
cantly lower in the neurons with the CTZ alone pretreatment (DMSO: 
39.3 ± 1.8 pA, n = 20 vs. CTZ: 24.5 ± 1.6 pA, n = 13, P < 0.001; 
Fig. 4B). However, the decrease in mIPSC amplitude induced by CTZ was 
significantly reversed in the neurons with FUR co-pretreatment (FUR +
CTZ: 33.3 ± 2.1 pA, n = 12 vs. CTZ: 24.5 ± 1.6 pA, n = 13, P < 0.05). A 
decrease in mIPSC frequency was also observed in the neurons with the 
CTZ alone pretreatment (DMSO: 2.4 ± 0.3 Hz vs. CTZ: 1.3 ± 0.3 Hz, 
P = 0.01; Fig. 4C). Nevertheless, FUR co-pretreatment did not block 
CTZ-induced mIPSC frequency reduction (FUR + CTZ: 1.7 ± 0.4 Hz, vs. 
CTZ: 1.3 ± 0.3 Hz, P = 1.0). This result indicates that the FUR-mediated 
protection of mKCC2 downregulation could rescue convulsant 
stimulation-induced KCC2 deficit-related GABAAR function impairment 
in the seizure induction phase. 

Suppression of CTZ-induced epileptiform activity in cultured neurons by 
FUR 

Our previous research demonstrated that inhibition of endogenous 
KCC2 expression promotes spontaneous epileptiform burst activity, 
whereas KCC2 overexpression inhibits it (Chen et al., 2017). Since the 
results above indicated that FUR could prevent mKCC2 downregulation 
induced by convulsant stimulation, we hypothesized that mKCC2 sta
bilized by FUR could enhance the inhibitory function of GABAAR and 
block the persistent epileptiform burst activity triggered by the 
convulsant. 

To test this hypothesis, we performed electrophysiological re
cordings on cultured hippocampal neurons. DMSO (0.1%) as control, 
CTZ (5 μM) alone, or FUR (100 μM) + CTZ (5 μM) was applied to DIV 11 

Fig. 4. FUR pretreatment attenuated CTZ- 
induced GABAergic mIPSC decrease in CA1 
pyramidal neurons. A: Representative mIPSCs 
traces for CA1 pyramidal neurons after hippo
campal slices pretreated with either DMSO 
(0.1% v/v), CTZ (50 μM), or FUR (100 μM) 
+ CTZ (50 μM) for 2 h. B: Group data showing 
that significant decrease in mIPSC amplitude 
was induced in CTZ-pretreated neurons but 
prevented by FUR + CTZ co-pretreatment for 
2 h followed by washout (P<0.001 across three 
groups, ***P<0.001 relative to DMSO; #P<0.05 
relative to CTZ, Kruskal-Wallis one-way 
ANOVA with Bonferroni test). C: Group data 
showing apparent reduction in mIPSC fre
quency was also observed in CTZ-pretreated 
neurons but could not be blocked by FUR pre
treatment (P=0.008 across three groups, *P< 
0.05 relative to DMSO, Kruskal-Wallis one-way 
ANOVA with Bonferroni test).   
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cultured hippocampal neurons for 48 h as drug pretreatments. We then 
performed immunocytochemistry on some of these neuron cultures and 
fixed them for KCC2 immunostaining. The KCC2 labeling in the DMSO 
control neurons displayed a typical uniform band pattern along the cell 
surface as previously reported (Chen et al., 2017). However, there was 
considerably less staining in neurons after the CTZ treatment (Fig. 5A). 
Quantitation analysis showed that mKCC2 expression was significantly 
reduced after CTZ treatment (DMSO: 100%, n = 5 batches vs. CTZ: 60.2 
± 3.2%, n = 5 batches; P < 0.001, one-sample test; Fig. 5B). However, 
KCC2 downregulation was significantly reversed by FUR co-treatment 
(FUR + CTZ: 82.5 ± 7.0%, n = 5 batches vs. CTZ: 60.2 ± 3.2%, n = 5 
batches; P<0.05, t-test; Fig. 5B). These immunostaining results validated 
our previous in vivo and in vitro experimental observations and indi
cated that cultured neurons may also be suitable for the study of mKCC2 
downregulation during convulsant stimulation. 

We transferred the coverslips with cultured neurons to a drug-free 
bath solution for whole-cell patch recording and used current clamp 
recording to evaluate neuronal epileptiform activity under various drug 

treatments. Epileptiform burst activity consists of > 5 consecutive action 
potentials overlaying a depolarizing shift of ≥ 10 mV that lasts 
≥ 300 ms. A neuron with at least two repeated burst activities that 
occurred during the 10 min recording period is considered to be an 
epileptiform bursting neuron, as defined in previous studies (Chen et al., 
2017; Qi et al., 2006; Wang et al., 2009). Analysis by Chi-square showed 
that the portion of bursting neurons among three groups are signifi
cantly different (P = 0.0011). Similar to our earlier study (Chen et al., 
2017), CTZ alone pretreatment here induced epileptiform bursting ac
tivity in the cultured neurons (Fig. 5C) and significantly elevated the 
proportion of bursting neurons in comparison to DMSO pretreatment 
(CTZ: 12/13, 92.3% vs. DMSO: 5/19, 26.3%; P < 0.05, χ2 test with 
Bonferroni test, Fig. 5D). In the FUR + CTZ pretreatment group, how
ever, the proportion of bursting neurons was a slight increase but no 
significant difference in comparison to that in the DMSO group (14/25, 
56%; P > 0.05 relative to DMSO, χ2 test with Bonferroni test, Fig. 5D), 
and a reduction trend in comparison to that in the CTZ alone group 
(P > 0.05 relative to CTZ, χ2 test with Bonferroni test, Fig. 5D). 

Fig. 5. Suppression of CTZ-induced epileptiform activity in cultured hippocampal neurons by FUR pretreatment. A: Confocal microscope images showing 
cultured hippocampal neurons labeled with KCC2 after treatment with DMSO (0.1% v/v), CTZ (5 μM), FUR (100 μM), or CTZ + FUR, respectively. B: Quantification 
of KCC2 labeling density (number of labeled pixel surfaces per somatic perimeter) (***P < 0.01 relative to DMSO, one sample test; #P < 0.05 relative to CTZ, t-test). 
C: Representative current clamp traces recorded from neurons pretreated with DMSO, CTZ, or FUR + CTZ for 48 h and normal bath solution during recording. D: 
Group data showing that washout of CTZ after 48 hr treatment still significantly increased the portion of bursting neurons, while washout of FUR+CTZ after 48 hr 
treatment reduced % of bursting neurons and had no significant difference in comparison with DMSO (P = 0.0011 across three groups; DMSO vs. CTZ, P < 0.05, χ2 

test with Bonferroni test). E: (a) Group data analysis showed no significant differences of burst frequency in bursting cells from three groups (Kruskal-Wallis one-way 
ANOVA); (b) Group data analysis showed significant increase of burst frequency in all recording cells from CTZ group (P = 0.001 across three groups, ***P < 0.001 
relative to DMSO, Kruskal-Wallis one-way ANOVA with Bonferroni test). FUR decreased burst frequency after washout (P = 0.058, Kruskal-Wallis one-way ANOVA 
with Bonferroni test). 
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We analyzed the influence of CTZ alone and FUR + CTZ co- 
pretreatment on neuronal burst frequency (Hz). In all the assessed 
neurons (Fig. 5E(B)), the burst frequency in the CTZ group (0.039 
± 0.012 Hz, n = 13) was significantly higher than that in the DMSO 
group (0.004 ± 0.002 Hz, n = 19, P < 0.001, Kruskal–Wallis one-way 
ANOVA). However, the burst frequency in the FUR + CTZ groups was 
only 0.011 ± 0.003 (n = 25) and not significantly different from that in 
the DMSO group (P = 0.164, Kruskal–Wallis one-way ANOVA). It was, 
however, somewhat lower than that in the CTZ group (P = 0.058, 
Kruskal–Wallis one-way ANOVA), indicating that FUR pretreatment had 
the tendency to decrease neuronal mKCC2 and suppress epileptiform 
burst activity. This result further confirmed that FUR stabilized mKCC2, 
enabled its rapid functional recovery, and suppressed abnormal 
epileptiform burst activity. 

Effects of FUR pretreatment on CTZ-induced acute seizure animal model 

To test whether FUR pretreatment influences CTZ convulsant stim
ulation in vivo, we performed in vivo experiments on rats with CTZ 
injections (i.c.v.) with or without FUR pre-injection (i.c.v.). Consistent 
with previous studies (Chen et al., 2017; Kong et al., 2010), seizure 
behaviors at different maximum seizure levels were observed in most 
animals during the acute CTZ induction period. Racine score III or above 
epileptic seizures were observed in 96% (23/24) of the rats (Figs. 6a, 
6b). Similarly, in the FUR + CTZ group, up to 90% of rats (17/19) 
showed epileptic seizure behavior as expected, since acute FUR appli
cation would only inhibit KCC2 function before it was cleared from the 
local brain region. The mean maximal Racine scores were similar for 
both groups (CTZ: 4.5 ± 0.2, n = 24 vs. FUR + CTZ: 3.9 ± 0.3, n = 19, 

P = 0.12; Fig. 6C). Among those rats showing Racine score III or above 
seizure behaviors, we examined whether FUR altered seizure latency 
after CTZ injection. The latencies in the FUR + CTZ and the CTZ alone 
groups were 21.5 ± 10.3 min (n = 17) and 22.2 ± 10.7 min (n = 23), 
respectively (P = 0.38; Fig. 6D). Therefore, inhibition of KCC2 function 
by FUR had no added effect on the CTZ-induced acute seizures. This 
result further proved that there was no difference in the severity of 
seizures in either the CTZ alone or FUR+ CTZ group, which provides a 
basis for further study. However, within 24 h after CTZ injection, the 
mortality rate in the FUR + CTZ group was significantly lower than that 
in the CTZ alone group (CTZ: 46%, n = 24 vs. FUR + CTZ: 16%, n = 19, 
* P < 0.05, χ2 test; Fig. 6E). In fact, detailed analysis showed that within 
the first 1.5 h of the acute induction period, there was no remarkable 
difference in mortality between the CTZ alone (5/24, 21%) and the FUR 
+ CTZ groups (3/19, 16%; Fig. 6E). However, while acute seizures were 
terminated with chloral hydrate 1.5 h after CTZ injection, no animals 
died between 1.5 h and 24 h in the FUR + CTZ group, but six animals 
died in the CTZ alone group (CTZ: 6/19, 32% vs. FUR + CTZ: 0/16, 0%; 
* P < 0.05, χ2 test; Fig. 6E). This result suggests that FUR, by stabilizing 
KCC2 on the cell membrane during acute convulsant stimulation, may 
have a protective effect on animals against convulsant 
stimulation-induced death. 

Discussion 

To further extend our previous reported observation, this current 
study elucidated a way, by using FUR, a KCC2 inhibitor, to effectively 
protect KCC2 downregulation in the neuronal membrane during sei
zures. Our results showed that FUR pretreatment counteracted 

Fig. 6. Effects of FUR treatment on CTZ-induced acute seizure behavior and mortality rate in freely moving rats. A: Scatter plots showing seizure behavior 
scores for animals in CTZ and FUR + CTZ groups. B: Bar plots showing the percentage of rats with maximal Racine score behavior. C: Histograms showing mean 
maximal behavioral seizure scores of animals in CTZ and FUR + CTZ groups. D: Histograms showing latency of ≥ Racine-III seizure behavior. FUR did not decrease 
latency of CTZ-induced seizures. E: Histograms showing mortality rates of rats during and immediately after seizure induction by CTZ injection (*P < 0.05 relative to 
CTZ, t-test). 
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convulsant stimulation-induced mKCC2 reduction and stabilized the 
membrane during seizures both in vivo and in vitro. Since KCC2 is 
important in the regulation of GABAAR, normal mKCC2 expression 
could help recover impaired GABA inhibition during convulsant stim
ulation and counteract seizures. 

Surface KCC2 expression and normal Cl- extrusion ensure normal 
GABA inhibitory function. mKCC2 downregulation and KCC2 dysfunc
tion perturb Cl- homeostasis, causing a depolarization shift in EGABA, 
reduce GABA inhibition, and facilitate epileptogenesis (Huberfeld et al., 
2007). FUR has been extensively administered as a non-selective phar
macological KCC2 inhibitor. It has been used to assess and mimic EGABA 
shifts (Barmashenko et al., 2011; Pathak et al., 2007). FUR application in 
the range of 0.1–1 mM to control granule neurons mimicked the EGABA 
positive shift in pilocarpine-induced status epilepticus neurons (Pathak 
et al., 2007). GABA-activated hyperpolarization currents in DIV 14–21 
hippocampal neurons were abolished by 100 µM FUR but rapidly 
reversed by washing it out (Lee et al., 2011). Previous studies have 
focused on functional inhibition mediated by FUR, however, no prior 
research has explored whether FUR affects KCC2 expression. Here in our 
current study, similar as previous reported (Wan et al., 2020), 100 µM 
FUR showed the depolarization shift of the EGABA which suggested an 
inhibition on KCC2 in mature neurons. But the effect of 100 µM FUR is 
suspected to result from inhibition of both KCC2 and NKCC1, since FUR 
also serves as an inhibitor for NKCC1, and the inhibition constant (Ki) 
for KCC2 and NKCC1 is 25 µM (Payne, 1997) and 40 µM (Gillen et al., 
1996), respectively. Although in mature neurons, the expression of 
NKCC1 is extremely low, we still need to consider to exclude the influ
ence of NKCC1 effect in our current study. Selective blockage of NKCC1 
using low concentrations of bumetanide strongly affects neuronal Cl- in 
both immature and mature hippocampal CA3 neurons (Tyzio et al., 
2008), modifies Cl- dependent GABAergic neurotransmission and de
creases severity of epileptic activity (Ben-Ari, 2017; Kahle et al., 2008; 
Loscher et al., 2013). While in our previous study, the effect of FUR on 
surface NKCC1 is negligible owing to low basal expression level in 
mature neurons and rare upregulation in hippocampal slices during 
CTZ-induced epileptiform activity (Chen et al., 2017). Both CTZ 
(50 μM/2 hr) and FUR (100 μM /2 hr) treatment resulted in a depolar
ization shift of EGABA, but not by bumetanide (10 μM /2 hr) (Chen et al., 
2017). Moreover, our unpublished data found that FUR could facilitate 
the formation of evoked potentials and shorten the latency of double 
peaks in CA1 area of hippocampus induced by CTZ, but bumetanide 
blocking NKCC1 activity specifically did not affect the process of evoked 
potential. Besides, VU0463271, a recently developed selective inhibitor 
of KCC2, has been used and demonstrated that inhibition of KCC2 alone 
could cause depolarizing shift in EGABA values and increase of epilepti
form activity (Sivakumaran et al., 2015). Thus, we performed similar 
experiments by using CTZ + VU0463271, and the results showed that 
VU0463271 co-treatment did indeed also protect membrane KCC2 
downregulation, and suppress bursting activities similar as FUR 
co-treatment with CTZ after washing out in CTZ in vitro model (sup
plementary Fig. S1). FUR rapidly and reversibly inhibits KCC2 by 
binding to its large extracellular loop (LEL) (Hartmann et al., 2010; 
Loscher et al., 2013). However, the precise LEL binding site for FUR is 
unknown. The conserved cysteine residues C287, C302, C322, and C331 
in LEL play important roles in KCC2 function. Substitution of any of 
these residues abolished KCC2 transport activity but did not alter KCC2 
expression (Come et al., 2019; Hartmann and Nothwang, 2014; Hart
mann et al., 2010). Therefore, FUR might suppress KCC2 function while 
maintaining mKCC2 expression by binding and blocking one or more of 
the aforementioned cysteine residues. 

mKCC2 trafficking steps including delivery, diffusion, clustering, 
endocytosis, recycling, and/or degradation are regulated by the phos
phorylation of key residues (Chamma et al., 2013; Heubl et al., 2017; 
Kahle et al., 2013; Kaila et al., 2014; Lee et al., 2011, 2007, 2010b; 
Puskarjov et al., 2012; Watanabe et al., 2009; Zhou et al., 2012). 
Tyrosine 903/1087 (Y903/1087), serine 940 (S940), and threonine 

906/1007 (T906/1007) are distributed in the carboxy terminal domain 
required to stabilize the membrane (Come et al., 2019; Friedel et al., 
2017). S940 phosphorylation is required for stability and normal func
tion (Silayeva et al., 2015). Inhibition of S940 phosphorylation sup
presses KCC2 and increases the latency and severity of status seizures 
induced by KA in vivo (Silayeva et al., 2015). In contrast, KCC2 is 
upregulated by reducing (T906/T1007) phosphorylation which, in turn, 
limits epileptiform activity (Moore et al., 2018). Under physiological 
conditions, mKCC2 turnover is ~20–30 min, while its lifetime is thought 
to be more than 4 h because of several turnover cycles before its final 
degradation (Come et al., 2019; Lee et al., 2010b; Puskarjov et al., 
2012). Under pathological conditions, activity-dependent KCC2 endo
cytosis and degradation rapidly decrease mKCC2 (Chamma et al., 2013; 
Come et al., 2019; Heubl et al., 2017; Lee et al., 2011). Our previous 
study showed that S940 phosphorylation and mKCC2 significantly 
declined 2 h after CTZ application to hippocampal slices (Chen et al., 
2017). In a 0 Mg2+ model, the inhibition of S940 dephosphorylation by a 
PP1 inhibitor prevented mKCC2 internalization. Nevertheless, down
regulation was significantly reversed by blocking m-calpain over acti
vation (Wan et al., 2018). The present study results seemed to indicate 
that FUR counteracted internalization and degradation mediated by 
S940 dephosphorylation and m-calpain over activation. FUR stabilized 
KCC2 may avoid the long-term endocytosis-degradation pathway and 
could be recovered to normal function upon FUR clearance. 

Earlier in vivo studies have shown that intravenous or intraperito
neal FUR injections had antiepileptic efficacy (Ahmad et al., 1976; 
Haglund and Hochman, 2005; Hesdorffer et al., 2001; Reid et al., 2000; 
Yamada et al., 2013). FUR may also synergistically enhance the efficacy 
of other antiepileptic drugs (Luszczki et al., 2007). FUR is rapidly 
metabolized and the blood–brain barrier (BBB) is relatively imperme
able to it (Pacifici, 2012; Roesner, 1986; Yang et al., 2009). Hence, its 
putative antiepileptic mode of action is increasing the ECS, limiting 
neuronal swelling, and inhibiting the transmission of epileptiform 
electrical activity through gap junctions under pathological conditions 
(Haglund and Hochman, 2005; Hochman et al., 1995, 1999). Intrave
nous mannitol administration increased ECS osmolality and inhibited 
spontaneous and stimulation-evoked epileptic activity in the neocortex 
(Haglund and Hochman, 2005). We then examined whether neuronal 
KCC2 is implicated in FUR antiepileptic efficacy. Here, we used FUR 
injection (i.c.v.) to avoid net FUR diffusion by the BBB. The other 
problem for this study is the compound used, CTZ and FUR, of which 
both have solubility issue. FUR and CTZ in physiological solution is very 
low, and we performed solution preparation very carefully, and as rec
ommended in solvent DMSO first. In our experiments, FUR and CTZ 
powder was firstly dissolved in DMSO to make 200 mM and 100 mM 
stock solution. Then an equal volume of ASCF was slowly added and 
then ultrasounded to enhance dissolving process to form 100 mM FUR 
and 50 mM CTZ working solution, and clear solution, by visual obser
vation, without any precipitation was finally obtained. In addition, we 
did perform simple observation to look under microscope instead of 
visual observation, of the final solution of CTZ + FUR, and as we ex
pected, no particles could be seen in this test solution. In in vitro ex
periments, working solution of either FUR or CTZ was sequentially 
slowly added into the large amount ASCF to make the final incubation 
solution with continuously stirring, and any precipitation was carefully 
monitored to ensure both drugs were fully dissolved into the ACSF. 
During in vivo experiment of i.c.v injection, 100 mM FUR working so
lution was injected first and then, 15 min later CTZ was then injected. By 
using this combined drug injection protocol, the seizure score and the 
latency in FUR + CTZ group was no difference to CTZ alone group, 
indicating that CTZ could maintain the effective concentration to 
generate acute seizure induction in FUR + CTZ group. Strikingly, it was 
found that FUR maintained survivability after acute seizure termination 
with chloral hydrate. The in vitro assay confirmed that after CTZ and 
FUR co-pretreatment and removal, the proportions of hippocampal 
neurons presenting with epileptiform and burst frequency activity were 
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significantly decreased. Furthermore, VU0463271 co-treatment did 
indeed protect membrane KCC2 downregulation and suppressed 
bursting activities similar a FUR co-treatment with CTZ in CTZ in vitro 
model (supplementary Fig. S1). In summary, all these procedures and 
controls strongly suggest that the effect of FUR blockade of KCC2 
downregulation during CTZ seizure induction is unlikely of FUR directly 
intervene with CTZ molecule to induce neuronal epileptiform activity, 
rather than FUR somehow prevented CTZ induced neuronal excitation 
evoked membrane KCC2 downregulation. 

The in vivo behavioral study here disclosed no significant effect of 
FUR on seizure induction during the acute phase. However, the mor
tality rates were significantly higher in non-FUR pretreated CTZ model 
rats during the recovery period (1.5–24 h) after cessation of seizure 
behavior. This phenomenon, first, is unlikely owing to FUR interference 
with the CTZ-induced acute seizure, since in the acute induction phase, 
neither the seizure score nor the seizure latency had differences between 
these two groups. Further, from the widely accepted view of the func
tional property of FUR as a KCC2 inhibitor, it would inhibit the KCC2 
function to reduce GABAAR function, hence, enhancing convulsant- 
induced seizure probabilities (Chen et al., 2017). Thus, to explain this 
epilepsy-suppressing phenomenon, we hypothesized that mKCC2 pro
tected by the FUR could, after FUR was washed away, functionally 
enhance the inhibitory function of the remaining GABA receptors in the 
epileptic brain area to protect against epileptiform brain 
excitation-induced death. Although the minor antiepileptic effect of FUR 
was only observed in the acute seizure model in our current study, it is 
worthwhile to explore whether FUR may have protective effects by 
reducing recurrent seizures in a chronic seizure model. However, in the 
current study, we did not generate data on seizure occurrence during the 
chronic period, owing to the model that we used (CTZ model) (Kong 
et al., 2014; Kong et al., 2010) and the time limits in our current study. 
Thus, a study to investigate whether protection of mKCC2 from down
regulation during early induction phase of the acute seizure may inter
rupt the epileptogenesis process is needed in future. 

The major shortfall of this study is that it did not investigate the 
mechanism underlying the protective effect of FUR on mKCC2. KCC2 is a 
glycoprotein with 12 transmembrane segments, including a long intra
cellular C-terminal domain vital to membrane stability, a short intra
cellular amino terminal domain essential for KCC2 membrane delivery, 
and six extracellular loops (Come et al., 2019; Friedel et al., 2017). KCC2 
is downregulated in seizure patients and animal models (Cohen et al., 
2002; Huberfeld et al., 2008, 2007; Lee et al., 2010a; Palma et al., 2006; 
Pathak et al., 2007; Rivera et al., 2002), probably because of its S940A 
phosphorylation. Maintenance of KCC2 expression or function during 
epileptic activities could be an effective way to interrupt or even 
terminate epileptogenesis (Silayeva et al., 2015). However, the effect of 
FUR on keeping KCC2 on the cell membrane during convulsant stimu
lation seems antithetical to the inhibitory nature of KCC2. However, our 
explanation, although we do not have experimental evidence, is that to 
function as a KCC2 inhibitor, FUR has to bind to one or several extra
cellular loops of KCC2, and this may in turn change the 
three-dimensional structure of KCC2 and hence interrupting the effect of 
S940 dephosphorylation during convulsant stimulation. Indeed, previ
ous studies have already shown that besides its KCC2 inhibitor proper
ties, FUR exerted anticonvulsant effects both in vitro (Gutschmidt et al., 
1999; Hochman and Schwartzkroin, 2000; Margineanu and Klitgaard, 
2006) and in vivo (Ahmad et al., 1976; Haglund and Hochman, 2005; 
Hesdorffer et al., 2001; Hochman et al., 1995; Reid et al., 2000; Yamada 
et al., 2013). Thus, we hypothesize that this anticonvulsant function of 
FUR might be attributable to its protection of KCC2 downregulation 
during convulsant stimulation and subsequent enhancement of GABAAR 
function. Nevertheless, the exact mechanism of FUR inhibition of KCC2 
downregulation during convulsant stimulation needs to be further 
studied. 

Conclusion 

During epileptogenesis, the dynamic KCC2 plasticity change, an 
early stage downregulation and late stage recovery in epileptic neurons, 
has been attributed to as one of the major contributors to the chronic 
seizure. Preventing KCC2 downregulation in the early stage may inter
rupting the process of epileptogenesis after initial epileptiform stimu
lation in nature. In the current study, we discovered that FUR could 
stabilize mKCC2 and prevent the usual downregulation of KCC2 during 
convulsant stimulation in hippocampal neurons. The stabilization of 
mKCC2 may rapidly recover KCC2 function, enhance GABA receptor 
efficiency after seizure stimulation, and impede progression from acute 
seizure to epileptogenesis. Our results provide a new avenue for inter
rupting epileptogenesis by blocking mKCC2 downregulation. 
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