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Abstract   22 

Recurrent seizures intensely activate GABAA receptors, which induces transient neuronal 23 

chloride ([Cl-]i) elevations and depolarizing GABA responses that contribute to the failure of 24 

inhibition that engenders further seizures and anticonvulsant resistance.  The K+-Cl- 25 

cotransporter KCC2 is responsible for Cl- extrusion and restoration of [Cl-]i equilibrium (ECl) after 26 

synaptic activity, but at the cost of increased extracellular potassium which may retard K+-Cl- 27 

extrusion, depolarize neurons and potentiate seizures. Thus KCC2 may either diminish or 28 

facilitate seizure activity, and both proconvulsant and anticonvulsant effects of KCC2 inhibition 29 

have been reported.  It is now necessary to identify the loci of these divergent responses by 30 

assaying both the electrographic effects and the ionic effects of KCC2 manipulation.   We 31 

therefore determined the net effects of KCC2 transport activity on cytoplasmic chloride 32 

elevation and Cl- extrusion rates during spontaneous recurrent ictal-like epileptiform discharges 33 

(ILDs) in organotypic hippocampal slices in vitro, as well as the correlation between ionic and 34 

electrographic effects.  We found that the KCC2 antagonist VU0463271 reduced Cl- extrusion 35 

rates, increased ictal [Cl-]i elevation, increased ILD duration and induced status epilepticus.  In 36 

contrast, the putative KCC2 up-regulator CLP257 improved chloride homeostasis and reduced 37 

the duration and frequency of ILDs in a concentration dependent manner.  Our results 38 

demonstrate that measuring both the ionic and electrographic effects of KCC2 transport clarify 39 

the impact of KCC2 modulation in specific models of epileptiform activity.  Anticonvulsant 40 

effects predominate when KCC2-mediated chloride transport rather than potassium buffering is 41 

the rate limiting step in restoring ECl and the efficacy of GABAergic inhibition during recurrent 42 

ILDs.  43 
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Significance Statement  44 

In an in vitro preparation that generates spontaneous ictal-like epileptiform discharges (ILDs), 45 

we measured the effects of acute KCC2 modulation on both neuronal chloride and ILD activity.  46 

We demonstrate that inhibiting KCC2 enhances ictal elevations in [Cl-]i, reduces extrusion and 47 

prolongs ILDs. Enhancing KCC2 activity reduces ictal [Cl-]i elevations and ILD duration.  These 48 

findings regarding the role of KCC2 on baseline chloride, chloride elevations during ILD activity, 49 

Cl- extrusion rates and ILD activity resolve conflicting reports in the literature, provide a 50 

coherent understanding of the role KCC2 activity in chloride  homeostasis during ILDs, and 51 

support the feasibility of developing KCC2 modulators into sorely-needed anticonvulsant 52 

medications.      53 

Introduction 54 

Recurrent seizures often respond poorly to first line medications that target the inhibitory 55 

chloride-permeable GABAA receptor (GABAA-R) (Painter et al., 1999;Fung et al., 2019). Low 56 

intracellular chloride concentration ([Cl-]i) is an important determinant of inhibitory 57 

postsynaptic GABAA-R signaling. This low [Cl-]i is established by a Gibbs-Donnan system 58 

comprised of impermeant cytoplasmic and extracellular anions, and a membrane permeability 59 

for chloride salts and water provided by equilibrative cation-chloride cotransporters (CCCs) 60 

(Glykys et al., 2014;Delpire and Staley, 2014).  This type of system can be characterized by the 61 

reversal potential for membrane chloride currents (ECl) when the system is at equilibrium.  62 

GABAA-R-gated chloride currents alter the local [Cl-]i and move this system away from 63 

equilibrium.  Restoration of equilibrium after synaptic signaling is achieved by the flux of 64 
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chloride salts through the CCCs, such as the K+-Cl- co-transporter KCC2 (transporting 1 K+ and 1 65 

Cl- ion per cycle) and Na+-K+-2Cl- co-transporter NKCC1 (transporting  1 Na+, 1 K+ and 2 Cl- ions 66 

per cycle) (Gamba, 2005). Because GABAA-gated chloride currents are “downhill”, that is, the 67 

chloride diffuses along its electrochemical gradient, the restoration of the baseline [Cl-]i   68 

requires energy; this is applied via cation co-transport. For KCC2, forward transport (canonical 69 

Cl- extrusion) is driven by “downhill” potassium extrusion that increases extracellular potassium 70 

([K+]0).  For NKCC1, forward transport (canonical Cl- import) is driven by “downhill” sodium 71 

import that increases intracellular sodium.   The restoration of K+ and Na+ gradients ultimately 72 

requires energy in the form of ATP as Na+-K+-ATPase-mediated cation transport that restores 73 

the Na+ and K+ gradients.    74 

High rates of synaptic Cl- influx, as occurs during seizures, stresses neuronal Cl- homeostasis 75 

(Staley and Proctor, 1999).  To restore [Cl-]i    to baseline, high rates of CCC-mediated Cl- efflux 76 

are required.  But at these high cotransport rates, K+ efflux is also increased, which may elevate 77 

[K+]0  (Viitanen et al., 2010).  This may change the equilibrium conditions for CCC transport, 78 

leading to higher [Cl-]i.  In turn this may lead to proconvulsant depolarizing GABA conductance, 79 

while the elevated [K+]0 may depolarize neurons directly, predisposing to further seizures 80 

(Gonzalez et al., 2015). Given these secondary effects of CCCs, it may not be surprising that 81 

there are conflicting results regarding the role of CCCs in seizures.  When in vitro epileptiform 82 

activity was induced with 4-AP, blocking KCC2 transport activity with either VU0240551 or high 83 

doses of bumetanide abolished ictal-like discharges, while enhancing KCC2 activity with a high 84 

concentration of CLP257   increased the duration of ictal-like discharges  (Hamidi and Avoli, 85 

2015).    On the other hand, there are both genetic and pharmacological data supporting an 86 
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anticonvulsant role of KCC2 expression in chronic temporal lobe epilepsy.  For example, 87 

selective inhibition of KCC2 with VU0463271 led to hyperexcitability and epileptiform 88 

discharges in hippocampal slices in vitro exposed to low magnesium, and induced seizures in 89 

vivo (Sivakumaran et al., 2015).  Human loss of function mutations of KCC2 result in febrile 90 

seizures or more severe early infantile epileptic encephalopathies (Kahle et al., 2016;Duy et al., 91 

2019).  Experimental studies of gain of function mutations in KCC2 have reported resistance to 92 

4-AP induced ictal-like epileptiform discharges, lower baseline [Cl-]i , and higher Cl- extrusion 93 

rates after exposure to glutamate (Moore et al., 2018).  However, since  glutamate  massively 94 

increases [K+]0 (Vargova et al., 2001) creating a proportionate increase in equilibrium [Cl-]i, 95 

increased KCC2 activity would only alter Cl- extrusion in recorded cells that were not in areas of 96 

high [K+]0; how this relates to ictal conditions (Heinemann et al., 1977) is therefore unclear (Lux 97 

and Heinemann, 1978).   98 

Here we studied KCC2 transport activity during recurrent ictal-like epileptiform discharges  in an 99 

in vitro model of epileptogenesis that does not require exogenous convulsant conditions 100 

(Berdichevsky et al., 2012) and in which both [Cl-]i and electrographic epileptiform activity  101 

could be monitored. We describe the effects of ILDs on [Cl-]i. We measured the effects of the 102 

low and high affinity KCC2 inhibitors furosemide and VU463271 (Delpire et al., 2012), as well as 103 

the putative  KCC2 activator CLP257 (Gagnon et al., 2013;Cardarelli et al., 2017) on epileptiform  104 

activity as well as neuronal chloride elevation and extrusion rates during spontaneous ictal-like 105 

discharges.   106 

Methods  107 



6 
 

 6 

All animal-use protocols were in accordance with the guidelines of the National Institute of 108 

Health and the Massachusetts General Hospital Center for Comparative Medicine on the use of 109 

laboratory animals.   All protocols were approved by the Subcommittee on Research and 110 

Animal Care (SRAC).  111 

Culture of Organotypic Hippocampal Slices and Experimental Conditions 112 

Transverse 350 m hippocampal slices were prepared from C57BL/6 and CLM1 (Duke University 113 

Medical Center, Durham, NC, USA) mice at postnatal (P) day 6-7 as previously described 114 

(Dyhrfjeld-Johnsen et al., 2010;Berdichevsky et al., 2012). Acute slices were mounted on poly-L-115 

Lysine coated glass coverslips (Electron Microscopy Sciences, Hatfield, PA). Slices were 116 

incubated in 1000 L of NeuroBasal/B27(1X) medium (Gibco by Life Technologies, Grant Island, 117 

NY) supplemented with 0.5 mM GlutaMAX and 30 g/mL gentamicin (all from Invitrogen, 118 

Carlsbad, CA) in 6-well plates with low-evaporation lid (Becton Dickinson Labware, Franklin 119 

Lakes, NJ), in a humidified 37°C atmosphere that contained 5% CO2, placed on a rocking 120 

platform (< 1 cycle/min). Culture medium was changed bi-weekly.  For acute recordings and 121 

imaging, slices were transferred to a submerged chamber and continuously superfused in 122 

oxygenated (95% O2 and 5% CO2) artificial cerebrospinal fluid (ACSF) containing (in mM): 126 123 

NaCl, 3.5 KCl, 2 CaCl2, 1.3 MgCl2, 25 NaHCO3, 1.2 NaHPO4 and 11 Glucose (pH 7.4) at 32 ± 0.5oC 124 

and a flow rate of 2 mL/min.  All organotypic hippocampal slices were used at Day in Vitro (DIV) 125 

1-28.  126 

Pharmacological agents included the Bumetanide at a concentration (200 M) that blocks 127 

NKCC1 and KCC2, the less selective cation-chloride co-transport inhibitor furosemide (0.1 and 1 128 



7 
 

 7 

mM), the specific KCC2 blockers VU0463271  (0.1 and 1 M) and VU0240551 (10 M), the 129 

putative  KCC2 cotransporter activator CLP257 (1 M), the GABAA receptor antagonist SR95531 130 

(10 M), and the sodium voltage gated channel antagonist Tetrodotoxin (1 M). Bumetanide, 131 

furosemide, and SR95531 were from Sigma-Aldrich CO, St. Louis, MO.  VU0240551, VU0463271, 132 

CLP257 and TTX were from TOCRIS Bioscience, Bristol, UK. 133 

Electrophysiological recordings and data analysis 134 

Extracellular field potentials were recorded in the CA3 and CA1 pyramidal cell layer of 135 

organotypic hippocampal slices using custom-made tungsten-coated 50 μm wire 136 

microelectrodes. The electrical signals were digitized using an analog-to-digital converter 137 

DigiData 1322A (Axon Instruments, Inc, Union City, CA). AxoScope 10.7 and Clampfit 10.7 138 

(Molecular Devices, San Jose, CA), Origin 2018 (OriginLab Corporation, Northampton, MA) and 139 

SigmaPlot 11.0 (Systat Software, Inc, San Jose, CA) programs were used for data acquisition and 140 

analyses. Recordings were sampled at 10 kHz. Interictal epileptiform discharges (IEDs) were 141 

defined as synchronous network-driven bursts characterized by short (0.1-3 s) duration and 142 

large amplitude population spikes. The frequency, duration and amplitude of IEDs substantially 143 

varied between recurrent ictal-like discharges. Ictal-like discharges (ILDs) were defined as 144 

hyper-synchronous, large-amplitude and high-frequency population spikes followed by 145 

sustained ictal-tonic and/or intermittent ictal-clonic after- discharges, with the duration of the 146 

population spikes and after-discharge complex lasting more than 5 seconds.  Power spectrum 147 

analysis was performed on the electrical recordings after filtering with a Bessel high pass filter 148 

of 1Hz and applying a Hamming window function. The power of the electrical activity was 149 
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calculated by integrating the root mean square value of the signal amplitude in corresponding 150 

time windows and frequency range from 1 to 1000 Hz. For comparison between slices, power 151 

was normalized for each slice with the highest value in control conditions. 152 

Two-photon imaging of Clomeleon, quantitative and morphological analysis 153 

Neuronal chloride concentration was determined in CA1 pyramidal neurons expressing the 154 

ratio-metric chloride indicator Clomeleon (Kuner and Augustine, 2000). High-resolution two-155 

photon excitation laser scanning imaging of the Cl--sensitive yellow fluorescent protein (YFP) 156 

and the Cl--insensitive cyan fluorescent protein (CFP) was performed on an Olympus Fluoview 157 

1000 MPE microscope. A mode-locked titanium-sapphire laser (MaiTai, Spectra Physics) with 158 

860 nm two-photon excitation was used to generate fluorescence. Emitted light passed through 159 

a dichroic mirror and was band-pass filtered through 480±15 nm (D480/30) for CFP and a 160 

535±20 nm filter (D535/40) for YFP (FV10-MRCYR/XR). Time series acquisition of 720 frames 161 

(256x256 pixels for 254.46x254.46 μm) with 5-10 second intervals was performed to measure 162 

chloride concentration as a function of time in control conditions, during a 30-60 min period of 163 

applications of drugs, and over a 30-60 min period of wash-out.  164 

For morphological analysis, organotypic slices were imaged through the CA1 pyramidal cell 165 

layer (Z-axis dimension 0-100 μm, 1-2 μm step size). ImageJ 1.51 software (National Institutes 166 

of Health) was used for quantitative analysis. Region of interests (ROIs) were selected using the 167 

chloride insensitive CFP fluorescence. The ratio of the YFP/CFP fluorescence intensity was used 168 

for [Cl-]i calculation (Kuner and Augustine, 2000;Berglund et al., 2008;Glykys et al., 2009). The 169 
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CFP emission of Clomeleon was used for the high-resolution morphological analysis (Dzhala et 170 

al., 2012).  171 

Statistical analysis 172 

 Group measures are expressed as mean ± standard deviation (SD) or median (25%-75%) ± SD 173 

as indicated. The Shapiro-Wilk test was used to determine normality of the data. The Student’s 174 

t test (paired or unpaired) was performed for parametric comparison of normally distributed 175 

data. The Wilcoxon Signed Rank Test (paired data) and Mann-Whitney test (unpaired data, two-176 

tail) were used for non-parametric comparison of arbitrary distributed data.   One-way 177 

repeated measures analysis of variance (One Way RM ANOVA) was used for multiple 178 

comparison of parametric data to evaluate the differences in the mean values among the 179 

control and treatment groups. The Friedman RM ANOVA on Ranks was used for non-parametric 180 

data to determine the differences in the median values among the control and treatment 181 

groups.  The Tukey Test was used for all pairwise comparisons of the responses to the different 182 

treatment groups. The level of significance was set at P<0.05.  183 

Results  184 

Chloride transients during ictal-like epileptiform discharges and baseline chloride changes 185 

during epileptogenesis  186 

Organotypic hippocampal slice cultures from CLM-1 mice expressing the genetically encoded 187 

intracellular chloride fluorophore Clomeleon were used as a model of traumatic brain injury 188 

and epileptogenesis in vitro (Dyhrfjeld-Johnsen et al., 2010;Dzhala et al., 2012;Dzhala and 189 
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Staley, 2015). Hippocampal slices were incubated for three to four weeks.  Non-invasive 190 

extracellular field potential recordings and two-photon fluorescence Clomeleon imaging were 191 

performed in the CA1 pyramidal cell layer to monitor neuronal network activity and [Cl-]i (Figure 192 

1 A, B). The first week latent period was followed by spontaneous ictal-like epileptiform 193 

discharges (ILDs) and status epilepticus.  Recurrent ILDs were characterized by an initial spike-194 

and-wave bursts followed by secondary ictal tonic-clonic discharges, and subsequent postictal 195 

depression.  Status epilepticus (SE) was defined as continuous ILDs for at least 5 min, or by 196 

sustained ictal-like tonic-clonic epileptiform discharges without recovery to baseline activity 197 

between the ILDs (Figure 1C). The incidence of spontaneous ILDs and status epilepticus, and the 198 

mean duration and frequency of ILDs progressively increased during epileptogenesis (Figure 199 

1D). The averaged  mean duration of ILDs increased from 15 ± 2.6 s at DIV6-8 (N = 12 slices) to 200 

64.9 ± 56.2 s at DIV27-28 (N = 11 slices), and the mean frequency of these ILDs increased from 6 201 

± 10.2 ILDs per hour at DIV6-8 to 21 ± 9.7 ILDs per hour at DIV27-28 (Figure 1D).   202 

Two-photon imaging of Clomeleon was performed during extracellular field potential 203 

recordings (Figure 1B). Under control conditions, baseline [Cl-]i distribution in CA1 pyramidal 204 

cells varied from 5 to 20 mM (Figure 1A, B). In line with our previous studies  (Lillis et al., 205 

2012;Glykys et al., 2014), [Cl-]i transiently increased in all pyramidal cells at the onset of 206 

spontaneous ILDs and was further elevated during the ILDs. Pharmacological manipulations of 207 

Cl transport could produce anticonvulsant effects that affect [Cl-]i as a consequence of reduced 208 

seizure activity, separately from the consequences of altered transport.  To estimate how direct 209 

anticonvulsant effects might alter [Cl-]i, we applied the sodium channel blocker TTX (1 M).   210 

TTX rapidly abolished recurrent ictal-like epileptiform discharges  and corresponding [Cl-]i 211 
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transients (Figure 1E), and significantly reduced  the median base-line [Cl-]i from 8.9 (7.15-11) ± 212 

4.7 to 7.5 (5.1-10.8) ± 4.1 mM (N=6 slices at DIV11-16, n=32 paired cells; Wilcoxon Signed Rank 213 

Test, Sum of Negative Ranks (W)=474, Z=3.92, P<0.001; Figure 1F), suggesting activity 214 

dependent baseline neuronal  chloride accumulation.     215 

The baseline [Cl-]i in the CA1 pyramidal cell layer progressively decreased during the first week 216 

of organotypic slice incubation (N=29 slices at DIV0-28, nonlinear extreme curve fit: 217 

Y0=23.7±2.36 (median ± SE), XC=8.3±1.1, A=-16 ± 2.3M; R2=0.67; ANOVA: F=115.3, P<0.001; 218 

Figure 1G). This progressive decrease in baseline [Cl-]i  and corresponding negative shift in ECl  219 

during the first week of incubation correlated with a decrease in the number of acutely 220 

damaged cells with higher      [Cl-]i  due to dissection (Berdichevsky et al., 2012;Dzhala et al., 221 

2012) as well as with postnatal changes in CCC expression (Stein et al., 2004;Dzhala et al., 222 

2005;Takayama and Inoue, 2010). Starting from the second week of incubation, the median 223 

baseline [Cl-]i progressively increased     with corresponding positive shifts in ECl and the 224 

increasing incidence, duration and frequency of spontaneous ILDs (Figure 1D, G). Positive shifts 225 

in ECl  and corresponding changes in GABA action are thought to contribute to facilitation of 226 

recurrent epileptiform discharges  and resistance of  ILDs  to GABAergic anticonvulsants (Dzhala 227 

and Staley, 2003;Dzhala et al., 2010;Glykys et al., 2017;Khazipov et al., 2015). We therefore 228 

determined the contribution of KCC2 cotransporter activity to neuronal chloride elevation and 229 

extrusion rates, and facilitation of recurrent ictal-like epileptiform discharges during 230 

epileptogenesis.  231 
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The selective KCC2 inhibitor VU0463271 reduced chloride extrusion and increased duration of 232 

ILDs   233 

VU0463271, a potent and selective inhibitor of the neuronal K+-Cl- cotransporter, KCC2 (IC50 =61 234 

nM), exhibits >100-fold selectivity versus the Na+-K+-2Cl- cotransporter 1 (NKCC1) (Delpire et al., 235 

2012). Selective inhibition of KCC2 with VU0463271 led to hyperexcitability and epileptiform 236 

discharges in hippocampal slices exposed to low Mg2+ and also in vivo  (Sivakumaran et al., 237 

2015). We determined the contribution of KCC2 cotransporter activity to baseline [Cl-]i 238 

elevation and extrusion rates during recurrent ILDs, and their correlation with the frequency, 239 

duration and power of ILDs.  240 

Extracellular field potential recordings were performed in the CA1 pyramidal cell layer in the 241 

organotypic hippocampal slices at DIV5-7 (Figure 2) and DIV14-21 (Figure 3) before (control), 242 

during and after application of VU0463271 (0.1 μM and 1 μM). At DIV5-7, spontaneous 243 

neuronal activity was characterized by multiunit activity and population bursts reminiscent of 244 

interictal-like epileptiform discharges  (IEDs) (Dyhrfjeld-Johnsen et al., 2010;Berdichevsky et al., 245 

2012). Bath application of VU0463271 at low concentration (0.1 μM for 10 min) did not change 246 

the  frequency (N=5 slices, One Way RM ANOVA: DF=39, F=0.328, P=0.934) and  duration of 247 

IEDs (One Way RM  ANOVA: DF=39, F=0.345, P=0.926), nor the  power of electrical activity  in 248 

all pairwise 5 min windows (One Way RM ANOVA: DF=39, F=0.753, P=0.63; Figure 2 A, B). 249 

VU0463271 at the higher concentration (1 μM for 10 min) significantly increased the frequency, 250 

duration and power of spontaneous IEDs (Figure 2 C, D). VU0463271 (1 μM) progressively 251 

increased the mean frequency  of IEDs from 7.4 ± 5.12 IED/5 min in control to 12 ± 9.7 IEL/5 252 



13 
 

 13 

min in the presence of VU0463271 and then to  24.4 ± 10.45 IED/5 min during wash (N=5; One 253 

Way RM ANOVA: DF=39, F=15.2, P<0.001; Tukey Test: VU04663271 (15 to 20 min) vs control (5 254 

to 10 min),  df=4.6, q=2.267, P=0.745; wash (20 to 25 min) vs control (5 to 10 min), df=17, 255 

q=8.377, P<0.001; wash (20 to 25 min) vs VU04663271 (15 to 20 min), df=12.4, q=6.11, 256 

P=0.004; Figure 2D). VU0463271 (1 μM) significantly increased the corresponding group mean 257 

duration of IEDs from 0.5 ± 0.23 s in control to 6.3 ± 1.87 s in the presence of VU0463271 and 258 

then reduced to 2.9 ± 0.54 s during wash (N=5; One Way RM ANOVA: DF = 39, F=32.4, P<0.001; 259 

Tukey Test: VU04663271 (15 to 20 min) vs control (5 to 10 min),  df=7.79, q=16.26, P<0.001; 260 

wash (20 to 25 min) vs control (5 to 10 min), df=2.41, q=6.77, P=0.001; wash (20 to 25 min) vs 261 

VU04663271 (15 to 20 min), df=-3.38, q=9.49, P<0.001; Figure 2D). The corresponding power of 262 

electrical activity in 5 min windows significantly increased from 183.2 ± 98.9 μV2 in control to 263 

2352.2 ± 1339.9 μV2  in the presence of VU0463271 (15 to 20 min) and then reduced to 1323.2 264 

± 882.5 μV2   (N=5; One Way  RM ANOVA: DF = 39, F=8.807, P<0.001; Tukey Test: VU04663271 265 

(15 to 20 min) vs control (5 to 10 min),  df=2169, q=8.54, P<0.001; wash (20 to 25 min) vs 266 

control (5 to 10 min), df=1139, q=4.49, P=0.062; wash (20 to 25 min) vs VU04663271 (15 to 20 267 

min), df=-1028, q=4.05, P=0.12; Figure 2D).  268 

At DIV 14-21, spontaneous neuronal network activity was characterized by short interictal-like 269 

discharges and prolonged ictal-like discharges, reminiscent of seizure-like activity in vivo (Figure 270 

3 A, B).  VU0463271 at the lower concentration (0.1 μM) did not significantly change the 271 

frequency (N=6 slices, One Way RM ANOVA: DF=53, F=0.699, P=0.69; Figure 3 A, C) and   272 

duration (One Way RM ANOVA: DF=53, F=1.198, P=0.325; Figure 3D)  of recurrent ILDs, nor the 273 

power of electrical activity in 10 min windows (One Way RM ANOVA: DF=53, F=0.799, P=0.607; 274 



14 
 

 14 

Figure 3E).  VU0463271 at the higher concentration (1 μM) significantly reduced the mean 275 

frequency of recurrent ILDs from 4±1.26 ILD/10 min in control to 1.83±0.75 ILD/10 min during 276 

VU04663271 (1 μM) application (N=6 slices; One Way RM ANOVA: DF=53, F=4.44, P<0.001; 277 

Tukey Test: VU04663271 (50 to 60 min) vs control (20 to 30 min),  df=-2.17, q=4.88, P=0.032;  278 

Figure 3 B, C) and substantially increased the group mean duration of recurrent ILDs from 279 

0.56±0.3 to 5.5±3 min (N=6; One Way RM ANOVA: DF=53, F=8.91, P<0.001; Tukey Test: 280 

VU04663271 vs control,  df=4.9, q=7.98, P<0.001; Figure 3D), resulting in status epilepticus. The 281 

corresponding power of electrical activity in 10 min windows significantly increased from 282 

591.6±171.7 to 920.2±117.4 μV2 (N=6, One Way RM ANOVA: DF=53, F=12.66, P<0.001; Tukey 283 

Test: VU04663271 vs control,  df=328.6, q=6.83, P<0.001; Figure 3E).  284 

Under similar experimental conditions (DIV12-17), bath application of DMSO (100 μl/100 ml), 285 

an organic solvent for VU04663271, did not change the frequency of ILDs  (N=5 slices, One Way 286 

RM ANOVA: DF=44, F=2.04, P=0.073; Figure 4 A, B), duration of ILDs (N=5, One Way RM 287 

ANOVA: DF=44, F=0.798, P=0.61; Figure 4B) and power of electrical activity  in all pairwise 10 288 

min windows (N=5, One Way RM ANOVA: DF=44, F=1.141, P=0.364; Figure 4B). The increased 289 

duration and power of ILDs   in the presence of  VU04663271 (1 μM) suggest that KCC2 290 

transport activity contributes to recovery of base-line [Cl-]i and GABAergic inhibition during 291 

epileptiform discharges, and may contribute to termination of ILDs, although the concentration 292 

of antagonist required was substantially higher than the reported IC50 for KCC2  (Delpire et al., 293 

2012).  294 
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To test whether these “dual”  effects of VU04663271 (1 μM) (a reduction of the frequency of 295 

recurrent ILDs, but an increase in the duration and power of ILDs) were associated with changes 296 

in neuronal baseline [Cl-]i and chloride transport, we compared the base-line [Cl-]i and decay 297 

time constant of [Cl-]i extrusion during recurrent ILDs in control conditions, during application of 298 

VU04663271, and during consecutive application of the sodium channel blocker TTX in the 299 

presence of VU04663271 (Figure 3 F-H).  TTX application blocks seizure activity directly, 300 

providing a means to assess the effects of the intensity of ILD activity on [Cl-]i levels and kinetics 301 

separately from effects on Cl transport. Bath application of VU04663271 (1 μM for 30 min) 302 

increased the median baseline chloride concentration from 12.1(9.2-14.7) ± 4.5 to 17.7(10.8-303 

31) ± 14.4 mM, and [Cl-]i remained elevated during intermittent ictal-like epileptiform 304 

discharges.  Subsequent  application of TTX (1 μM), in the continued presence of VU0463271, 305 

abolished ILDs and significantly reduced the median base-line [Cl-]i to 6.9(5-10.3) ± 3.3 mM (N=4 306 

slices at DIV14-21, n=24 paired cells; Friedman RM ANOVA on Ranks: Chi-square=36.3, P<0.001; 307 

Tukey Test: control compared to VU0463271,  Difference of Ranks (df)=12, q=2.6, P>0.05;  308 

control vs TTX in the presence of VU0463271, df=27, q=5.8, P<0.05; VU0463271 vs TTX in the 309 

presence of VU0463271, df=39, q=8.3, P<0.05; Figure 3G).  The corresponding decay time 310 

constant of baseline [Cl-]i extrusion (recovery) during ILDs significantly increased from the mean 311 

21.4±7.6 s in control to 188.1±111 s in the presence of VU04663271, and subsequent 312 

application of TTX in the presence of VU0463271 abolished [Cl-]i transients and recovered base-313 

line [Cl-]i with a time constant of 185.5±67.2 s (N=4 slices at DIV14-21, n=24 paired cells; One 314 

Way RM ANOVA: Difference  of Variations (DF)=65, F=38.6, P<0.001; Tukey Test: control 315 

compared to VU04663271, Diff. of Means (df)=-166.7, q=10.84, P<0.001;  control vs TTX in the 316 
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presence of VU04663271, df=-164.1, q=10.68, P<0.001; VU04663271 vs TTX in the presence of 317 

VU04663271, df=-2.6, q=0.166, P=0.993; Figure 3H). In contrast, VU0463271 application in the 318 

presence of TTX (Figure 3I) did not significantly change the median base-line chloride 319 

concentration from 8.5 (5.7-11.8) ± 2.7 to 8.3 (5.7-9.9) ± 2.4 mM (N=4 slices at DIV14-17, n=24 320 

paired cells; Wilcoxon Signed Rank Test: W=200, Z=1.41, P=0.16; Figure 3I). Thus, the increased 321 

duration and power of intermittent ILDs in the presence of the KCC2 blocker VU04663271 322 

correlates with increased magnitude and duration of [Cl-]i elevation, consistent with a reduced 323 

extrusion rate of [Cl-]i. 324 

We next used pharmacological tools to determine whether GABAA-R block prevents the 325 

epileptogenic action of the KCC2 antagonist VU04663271 (Figure 5 A, B). Under similar 326 

experimental conditions (DIV14 to DIV18), bath application of the GABAA-R antagonist SR95531 327 

(10 μM) reduced the mean frequency of spontaneous ILDs from 10±3 to 1.33±0.52 ILD/30 min 328 

and induced large amplitude interictal-like epileptiform discharges (IEDs). Subsequent 329 

application of VU04663271 (1 μM), in the continued presence of SR95531, did not change the 330 

mean frequency of epileptiform discharges (N=6 slices at DIV14-18; One Way RM ANOVA: 331 

DF=17,  F=59.85, P<0.001; Tukey Test: control compared to SR95531, df=8.7, q=12.3, P<0.001; 332 

control compared to VU04663271 in the presence of SR95531, df=10.0, q=14.3, P<0.001; 333 

SR95531 compared to VU04663271 in the presence of SR95531, df=1.33, q=1.9, P=0.405; Figure 334 

5B). The net effect of the changes in ictal and interictal activity was a non-significant decrease 335 

in the mean power of electrical activity by 31%, from 852.5±275.3 μV2 in control to 336 

588.1±408.32 μV2  in the presence of SR95531, and to 503.3 ±396.6  μV2  during subsequent 337 

application of VU04663271 (1 μM), in the continued presence of SR95531 (N=6; One Way RM 338 
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ANOVA: DF=17,  F=2.231, P=0.16; Figure 5B).  These data suggest that the epileptogenic effects 339 

of the KCC2 blocker VU04663271 on the duration and power of ILDs require activation of 340 

GABAA receptors.  341 

We also tested whether cation-chloride cotransport was necessary for the epileptogenic effects 342 

of VU04663271 (Figure 5 C, D). Under similar experimental conditions (DIV14 to DIV19), bath 343 

application of a concentration of bumetanide (200 μM) that blocks both NKCC1 and KCC2 344 

cotransporters significantly reduced the mean frequency of spontaneous ILDs from 12.67±5.6 345 

to 6.8±3.2 ILD/30 min.  Subsequent application of 1uM VU04663271, in the continued presence 346 

of bumetanide, did not significantly change the mean frequency of ILDs  to 5.8 ±3.7 ILD/30 min 347 

(N=6 slices at DIV14-19; One Way RM ANOVA: DF=17,  F=7.9, P=0.009; Tukey Test: control 348 

compared to bumetanide, df=5.87, q=4.4, P=0.026; control vs VU04663271 in the presence of 349 

bumetanide, df=6.87, q=5.2, P=0.011; bumetanide vs VU04663271 in the presence of 350 

bumetanide, df=1, q=76, P=0.855; Figure 5D). In addition, both bumetanide and subsequent 351 

VU04663271 applications did not change the mean duration of ictal-like epileptiform discharges 352 

(N=5 slices; One Way RM ANOVA: DF=14, F=2.4, P=0.152; Figure 5D). The net effect of the 353 

changes in ictal and interictal activity was a significant decrease in the mean power of electrical 354 

activity by 23% from 648.8±172.4 μV2 in control to 504.17±147.3 μV2 in the presence of 355 

bumetanide (Figure 5D).  Subsequent application of 1uM VU04663271, in the continued 356 

presence of bumetanide, did not significantly change the mean power of electrical activity to 357 

547.6± 218.1 μV2 (N=6; One Way RM ANOVA: DF=17,  F=7.6, P=0.01; Tukey Test: control 358 

compared to bumetanide, df=144.7, q=5.36, P=0.009; control vs VU04663271 in the presence 359 

of bumetanide, df=101.17, q=3.75, P=0.06; bumetanide vs VU04663271 in the presence of 360 
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bumetanide, df=-43.5, q=1.62, P=0.51; Figure 5D). These results suggest that KCC2 transporter 361 

activity is functional during recurrent ILDs, that VU04663271 antagonizes KCC2, and that this 362 

antagonism is necessary for the observed increase in the duration and power of ictal-like 363 

epileptiform discharges, and induction of electrical status epilepticus (Figure 3). 364 

Furosemide suppressed recurrent ILDs and delayed chloride extrusion  365 

The loop diuretic furosemide acts to inhibit both NKCC and KCC with about equal potency 366 

(Ki=25-50 μM). In contrast to the epileptogenic action of the KCC2 inhibitor VU0463271 (Figure 367 

2, 3), high concentrations of furosemide (1-2 mM) demonstrate strong anti-ictal  effects in 368 

various in vitro models of epilepsy (Hochman et al., 1995;Gutschmidt et al., 1999;Haglund and 369 

Hochman, 2005;Blauwblomme et al., 2018). To address these discrepancies, we determined the 370 

effects of furosemide (0.1 mM and 1 mM) on spontaneous epileptiform discharges alone and in 371 

combination with GABAA receptor inhibitor SR95531, NKCC1 blocker Bumetanide and the low-372 

affinity KCC2 blocker VU0240551 (Figure 6, 7). 373 

Control extracellular field potential recordings in the CA1 pyramidal cell layer revealed 374 

spontaneous IEDs and ILDs in all hippocampal slice cultures at DIV16-19. Furosemide at low 375 

concentration (0.1 mM) significantly decreased  the mean frequency of ILDs from 3±0.89 to   376 

1.5±0.55 ILD/10 min  (N=6 slices; Paired Sample t-test, t=4.39, df=5, P=0.007; Figure 6 A, C) and   377 

increased the mean frequency of interictal epileptiform discharges (IEDs) from 10±7.1 to 378 

22.8±18.6 IED/10 min (Paired Sample t-test, t=-1.94, df=4, P=0.12; Figure 6D). The net effect of 379 

the changes in ictal and interictal activity was a decrease in the mean power of electrical 380 

activity by 35%, from 656.8±222.9 to 427.7±93.6 μV2 (Paired Sample t-test, t=1.92, df=5, 381 
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P=0.11; Figure 6E).   Furosemide at high concentration (1 mM) abolished ILDs during 30 min of 382 

application (N=5 slices; Paired Sample t-test, t=6.51, df=4, P=0.003; Figure 6C) but   significantly 383 

increased the mean frequency of IEDs from 9.2 ± 10.7 to 40 ± 19 IED/10 min (N=5 slices; Paired 384 

Sample t-test, t=-3.45, df=4, P=0.023; Figure 6D). These changes resulted in a net decrease in 385 

the mean power of electrical activity by 65%, from 682.1±153.1 to 236.7±152.6 μV2 (N=5; 386 

Paired Sample t-test, t=5.7, df=4, P=0.004; Figure 6D).   387 

We next determined whether the anticonvulsant effects of furosemide correlate with changes 388 

in baseline [Cl-]i and the rate of [Cl-]i extrusion during suppression of recurrent ictal-like 389 

epileptiform discharges (Figure 6 F-L).  Bath application of low concentrations of furosemide 390 

(0.1 mM) did not significantly change the median baseline [Cl-]i between ILDs from 9.6 (5.8-391 

13.4) ± 5.3 to 8.3 (6.54-13.75)±5.24  mM (N=4 slices, n=27 paired cells; Paired Sample Wilcoxon 392 

Signed Rank Test: W=167, Z=0.47, P=0.64; Figure 6F, H). High concentrations of furosemide (1 393 

mM) abolished recurrent ILDs and corresponding [Cl-]i transients and significantly reduced the 394 

median baseline [Cl-]i from 12.8(7.7-17.3) ± 5.9 to 9.9(5.2-13.6)± 5.6 mM (N=4 slices at DIV13-395 

17, n=27 paired cells; Paired Sample Wilcoxon Signed Rank Test: W=347, Z=4.34, P<0.001; 396 

Figure 6G, H).  We also compared the effects of furosemide (1 mM) on baseline [Cl-]i and the 397 

postictal decay time constant of [Cl-]i extrusion with the corresponding effects of TTX, and 398 

furosemide in the presence of TTX (Figure 6 I-L).  The sodium channel blocker TTX (1 μM) 399 

rapidly abolished recurrent ILDs and significantly reduced the median baseline [Cl-]i   from 400 

9.1(7.67-11.6)±3.1 to 6.6(5.3-9.9)±2.5 mM, and subsequent application of furosemide (1 mM) in 401 

the presence of TTX did not change the median baseline [Cl-]i to 6.7 (5.8-9.1) ±2.3 mM (N=4 402 

slices at DIV13-17, n=17 paired cells; Friedman RM ANOVA on Ranks: Chi-square=13.2, P=0.001; 403 
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Tukey Test: control compared to TTX,  df=16, q=3.96, P<0.05; control  compared to furosemide 404 

in the presence of TTX, df=20, q=4.85, P<0.05; TTX compared to furosemide in the presence of 405 

TTX, df=4, q=0.97, P>0.05; Figure 6J). The median  decay time constant of chloride extrusion 406 

during TTX application and suppression of ILDs was 65(48.9-112.7)±66.9 s (N=5 slices at DIV14-407 

17, n=30 cells; Figure 6L), significantly lower compared to corresponding value 242.7(187-408 

328.1) ± 167.9 s (N=5 slices at DIV14-17, n=31 cells; Figure 6L)  during furosemide application 409 

(Mann-Whitney Rank Sum Test: U=32, Z=-5.67, P<0.001). The reduction in postictal [Cl-]i    410 

extrusion by high concentrations of furosemide was greater than the reduction induced by the 411 

KCC2-specific blocker VU0463271 (Figure 3H).  These data also suggest that the anti-ictal effects 412 

of high concentrations of furosemide are due to interactions with an unidentified Cl- 413 

transporter, exchanger, or channel.    414 

We next used pharmacological tools to determine whether GABAA-R and cation-chloride co-415 

transporter (NKCC1 and KCC2) inhibitors prevent the anti-ictal effects of furosemide (Figure 7).  416 

Under similar experimental conditions, bath application of furosemide (1 mM) in the presence 417 

of the GABAA receptor antagonist SR95531 (10 μM) did not change the mean frequency of 418 

epileptiform discharges (N=4 slices; One Way RM ANOVA: DF=11,  F=15.7, P=0.004; Tukey Test: 419 

control compared to SR95531, df=6, q=6.71, P=0.008; control vs  furosemide in the presence of 420 

SR95531, df=6.25, q=6.99, P=0.006; SR95531 vs furosemide in the presence of SR95531, 421 

df=0.25, q=0.28, P=0.979; Figure 7 A, B) and the mean power of epileptiform discharges (One 422 

Way RM ANOVA: DF=11,  F=1.48, P=0.29).  In contrast, furosemide (1 mM) strongly enhanced 423 

the anticonvulsant action of bumetanide applied at a concentration (10 uM) that selectively 424 

blocked NKCC1 (Figure 7 C, D). Initial  application of bumetanide (10 μM) significantly reduced 425 
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the mean frequency of ILDs from 5.25±1.7 to 2.75±0.96 ILD/30 min, and subsequent application 426 

of furosemide (1 mM) in the presence of bumetanide abolished recurrent ILDs (N = 4 slices;  427 

One Way RM ANOVA: DF=11, F=30.1, P<0.001; Tukey Test: control vs bumetanide, df=2.5, 428 

q=5.22, P=0.024; control vs  furosemide in the presence of bumetanide: df=5.25, q=10.9, 429 

P<0.001; bumetanide vs furosemide in the presence of bumetanide: df=2.75, q=5.75, P=0.016; 430 

Figure 7  C, D). Corresponding power of electrical activity decreased from 620.9±206.3 μV2  in 431 

control to 435.2±287.7 μV2 during bumetanide application, and to 185.1±196.6 μV2 during 432 

subsequent application of furosemide in the presence of bumetanide (One Way RM ANOVA: 433 

DF=14, F=14.7, P=0.002; Tukey Test: control vs bumetanide, df=185.7, q=3.26, P=0.113; control 434 

vs  furosemide in the presence of bumetanide: df=435.8, q=7.6, P=0.002; bumetanide vs 435 

furosemide in the presence of bumetanide: df=250.1, q=4.39, P=0.035; Figure 7  C, D). 436 

Under similar experimental conditions (DIV16 to DIV19), bath application of the low-affinity 437 

KCC2 antagonist VU0240551 (10 μM for 30 min) reduced the mean frequency of ILDs from 438 

6.6±4.4 to 3.4±2.2 ILD/30 min and increased the frequency of IEDs, and consecutive application 439 

of furosemide (1 mM) in the presence of VU0240551 (10 μM) rapidly abolished both ILDs and 440 

IEDs (N=5; One Way RM ANOVA: DF=14, F=10.61, P=0.006; Tukey Test: control vs VU0240551,  441 

df=3.2, q=3.15, P=0.125; control vs furosemide in the presence of VU0240551, df=6.6, q=6.514, 442 

P=0.005; VU0240551 vs furosemide in the presence of VU0240551, df=3.4, q=3.36, P=0.102; 443 

Figure 7 E, F). Corresponding power of electrical activity increased from 584.4±448.7 μV2 in 444 

control to 1241±415.9 μV2 during VU0240551 application, and consecutive application of 445 

furosemide (1 mM) in the presence of VU0240551 (10 μM) decreased the power of electrical 446 

activity to 87.7±44.6 μV2  (One Way RM ANOVA: DF=20, F=19.2, P<0.001; Tukey Test: control vs 447 
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VU0240551,  df=-656.6, q=4.97, P=0.011; control vs furosemide in the presence of VU0240551, 448 

df=496.7, q=3.76, P=0.041; VU0240551 vs furosemide in the presence of VU0240551, 449 

df=1153.2, q=8.7, P<0.001; Figure 7 E, F). These results suggest that the anti-ictal action of 450 

furosemide requires functional GABAA receptors, is independent of NKCC1 activity, and greatly 451 

exceeds the anti-ictal effects of specific blockers of KCC2 transport activity. Curiously, both 452 

bumetanide and VU0240551 strongly potentiated the antiepileptic action of furosemide.   453 

These results are consistent with anti-ictal effects arising from interactions with an unidentified 454 

Cl transporter, exchanger, or channel.   455 

Effects of KCC2 cotransporter enhancer CLP257 on [Cl-]i and recurrent ILDs  456 

Enhancing KCC2 transport activity may be a useful therapeutic strategy to restore and/or 457 

reduce a base-line [Cl-]i, improve GABAergic inhibition, suppress ictal-like discharges  and 458 

prevent epileptogenesis (Gagnon et al., 2013;Moore et al., 2018). We therefore determined the 459 

acute  anticonvulsant efficacy of the putative KCC2 activator CLP 257 (1-30 uM) (Gagnon et al., 460 

2013) and its effects on neuronal [Cl-]i  in the organotypic hippocampal slices model of 461 

epileptogenesis in vitro.  462 

CLP257 at low concentration (1 μM for 60 min) non-significantly decreased  the mean 463 

frequency of ILDs from 5±3.4 to  2.8±2 ILD/20 min  (N=6 slices at DIV14-20; Paired Sample t-464 

test, t=1.73, df=5, P=0.14; Figure 8 A, C) and significantly reduced the group  mean duration of 465 

ILDs from 0.66±0.3 to 0.41±0.26 min (Paired Sample t-test, t=4.19, df=5, P=0.008; Figure 8D). 466 

The net effect of the changes in extracellular field potential activity was a decrease in the mean 467 

power in 20 min windows from 382.1±125.3 to 293.9±80.3 μV2 (Paired Sample t-test, t=2.42, 468 
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df=5, P=0.059; Figure 8E).  CLP257 at high concentration (30 μM for 60 min) significantly 469 

decreased the mean  frequency of ILDs from 5.67±2.5 to  2.67±1.63 ILD/20 min  (N=6 slices at 470 

DIV15-20; Paired Sample t-test, t=3.5, df=5, P=0.017; Figure 8 B, C) and  reduced the group 471 

mean duration of ILDs from 0.83±0.57 to 0.59±0.3 min (Paired Sample t-test, t=1.3, df=5, 472 

P=0.25; Figure 8D). These changes resulted in a significant net decrease in the mean power of 473 

electrical activity in 20 min windows from 738.5±171.3 to 380.2±147.8 μV2 (Paired Sample t-474 

test, t=11.5, df=4, P<0.001; Figure 8E).  In contrast to these effects of CLP257 on spontaneous 475 

epileptiform activity, a higher concentration of CLP257 (100 μM)  increased the duration of 476 

ictal-like discharges  in the 4-AP induced model of epileptogenesis (Hamidi and Avoli, 2015) 477 

suggesting non-specific effects at higher concentrations of CLP257.    478 

We next determined the effects of CLP257 on baseline [Cl-]i and the postictal decay time 479 

constant of [Cl-]i extrusion during recurrent ILDs (Figure 8 F-I). Bath application of CLP257 (1 μM 480 

for 30-40 min) induced a  significant reduction in the median baseline [Cl-]i   between ILDs from 481 

13.1 (10.3-16.1) ± 5.8 to 11.9 (8.8-15) ± 7.2 mM (N=5 slices, n=30 paired cells; Wilcoxon Signed 482 

Rank Test: W=308, Z=2.38, P=0.017; Figure 8G, H).  In addition, CLP257 (1 μM) significantly 483 

reduced the median decay time constant of Cl- extrusion during post-ictal recovery of baseline 484 

[Cl-]i from 34.95 (16.87-58.15)±25.14 to  23.6(7.89-40.65)±22.16 s (Wilcoxon Signed Rank Test: 485 

W=238, Z=2.5,  P=0.012; Figure 8I).  This reduction was correlated with a reduced duration of 486 

recurrent ILDs (Figure 8A, D).  487 

In conclusion, our results demonstrated that low concentration of CLP257 (1 μM) modestly 488 

improved [Cl-]i homeostasis and reduced the duration of recurrent ictal-like discharges. 489 
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However, CLP257 (1 μM)   did not change the frequency of recurrent ILDs.   In contrast, CLP257 490 

at high concentration (30 μM) significantly reduced the frequency of ILDs and power of 491 

electrical activity.  492 

Discussion  493 

Summary of findings 494 

In an in vitro preparation exhibiting spontaneous electrographic interictal spikes and ictal-like 495 

epileptiform discharges, we found two important effects that were clearly not related to CCCs: 496 

1) GABAA receptor antagonists blocked ILDs  and produced high-amplitude periodic interictal-497 

like  discharges; 2) blocking ILDs reduced the baseline (steady state) [Cl-]i independently of 498 

effects on CCCs.  Manipulation of cation-chloride cotransport in this preparation with currently 499 

available pharmacological agents demonstrated: 3) antagonizing KCC2 activity prolonged the 500 

ictal increase in [Cl-]i; 4) antagonizing KCC2 activity increased ILD  duration; 5) increasing KCC2 501 

activity reduced the ictal [Cl-]i   increase; 6) increasing KCC2 activity reduced ILD  durations; 6) 502 

the effects of high-affinity KCC2 modulators was dependent on the activity of GABAA receptors, 503 

however 7) the effects of the high-affinity KCC2 antagonist VU0463271 on [Cl-]i    and ILDs  were 504 

only apparent at concentrations 20  times higher than the IC50 (61 nM) for KCC2 block 505 

established in dissociated cell cultures; 8) the effects of the KCC2 enhancer CLP257  on [Cl-]i  and 506 

ILDs  were evident at 2 times the EC50  (616 nM) for KCC2 enhancement.  507 

We also found evidence of effects of CCC antagonists that were not mediated by KCC2 or 508 

NKCC1.  The largest of these effects was the profound GABAA receptor-dependent anti-ictal  509 

effect of high concentrations of furosemide (Hochman et al., 1995;Gutschmidt et al., 510 



25 
 

 25 

1999;Haglund and Hochman, 2005;Blauwblomme et al., 2018)  that was enhanced in the 511 

presence of NKCC1 and KCC2 antagonists (Figure 7). This effect was correlated with a 512 

prolongation of the postictal [Cl-]i    transient that greatly exceeded the maximum effect of 513 

specific CCC blockers.  These findings raise the possibility that blockade of an unidentified CCC, 514 

perhaps KCC3, mediates these remarkable anticonvulsant effects, but it is equally possible that 515 

the anticonvulsant effects are not related to the reduced Cl- transport.  Rather, other 516 

nonspecific effects (Andreasen and Nedergaard, 2017) may be responsible for this profound 517 

anticonvulsant effect, for example interference with vesicular glutamate uptake (Roseth et al., 518 

1995), or other membrane Cl- exchangers or channels, particularly GABAA receptor-operated 519 

channels in light of our first finding  (Korpi and Luddens, 1997;Mtchedlishvili and Kapur, 2006).  520 

The role of KCC2 transport activity in termination of ictal-like epileptiform discharges   521 

Activity-dependent neuronal Cl- accumulation and a consequent transient depolarizing shift in 522 

the reversal potential of the GABAA -R (EGABA) have been suggested to contribute to generation 523 

of ictal-clonic afterdischarges (Fujiwara-Tsukamoto et al., 2006;Fujiwara-Tsukamoto et al., 524 

2010;Ellender et al., 2014). We determined the role of KCC2 transport activity in extrusion of 525 

neuronal Cl- and termination of ictal-like tonic-clonic activity using pharmacological inhibition of 526 

KCC2 transport activity. Our data demonstrated that the high-affinity KCC2 inhibitor VU0463271 527 

increased ILD-induced [Cl-]i elevation and the duration of ILDs (Figure 3). Neuronal base-line Cl- 528 

remained elevated during prolonged ictal-like activity and the mean decay time of chloride 529 

extrusion increased from the mean 21.4 ± 7.6 s in control to 188.1±111 s in the presence of 530 

VU04663271. The sodium channel blocker TTX in the presence of VU0463271 abolished 531 

recurrent ILDs and recovered baseline [Cl-]i within the mean 185.5±67.2 s. In addition, 532 
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VU0463271 application in the presence of TTX did not significantly change the mean baseline 533 

[Cl-]i. Our results demonstrate that KCC2 transport activity efficiently recovers ECl during ILDs, 534 

restores GABAergic inhibition and these effects are correlated with more rapid termination of 535 

ILDs. Inhibition of KCC2 transport activity delays chloride extrusion rate suggesting that 536 

impaired KCC2 function may contribute to the transition from the short ictal-like events to 537 

sustained status epilepticus. 538 

Modulation of cation-chloride co-transporters for control of drug-resistant ictal-like 539 

discharges   540 

Neuronal chloride concentration ([Cl-]i) is an important determinant of both post-synaptic 541 

GABAA-receptor mediated signaling and cell volume regulation. Cl- equilibrium is mediated by a 542 

Donnan system that includes intra and extracellular impermeant anions, and in which the 543 

cation-chloride co-transporters (CCCs) comprise the requisite cation and chloride membrane 544 

permeability (Glykys et al., 2017).  Increasing this permeability by increasing the maximum 545 

velocity of cation-chloride cotransport should not change the baseline [Cl-]i.  However, 546 

increasing the maximum velocity of transport could increase the ability of neurons to buffer 547 

synaptically-mediated Cl- influx.  Importantly, this increased ability is predicated on the 548 

extracellular potassium; increases in extracellular potassium directly alter the steady state [Cl-]i.   549 

The maximum velocity of CCCs is regulated by a system of the WNK-SPAK/OSR1  kinase complex 550 

pathways (serine-threonine kinase WNK (with no lysine) and SPAK (SPS1-related 551 

proline/alanine-rich kinase) or the SPAK homolog OSR1 (oxidative stress-responsive kinase 1)) 552 

that result in the compensatory phosphorylation and dephosphorylation processes (Kahle et al., 553 

2006;Melo et al., 2013;Alessi et al., 2014;de Los et al., 2014). In immature neurons and  isotonic 554 
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conditions KCC2 is phosphorylated at two C-terminal threonine (Thr906) and Thr1007) and 555 

inactive, whereas CNS development and hypotonic conditions promote their dephosphorylation 556 

and activation (Kahle et al., 2013;Pisella et al., 2019;Watanabe et al., 2019). 557 

Traumatic injury to the brain alters the equilibrium value of chloride, resulting in an elevated 558 

baseline [Cl-]i and depolarizing shift in EGABA (van den Pol et al., 1996;Pond et al., 2006;Dzhala et 559 

al., 2010;Dzhala et al., 2012;Kahle et al., 2008;Blaesse et al., 2009). Acute brain injury results in 560 

cytotoxic edema, in which there is a net neuronal uptake of chloride salts and water.  561 

Suppressing CCC activity may be a useful therapeutic strategy in this condition to prevent [Cl-]i 562 

accumulation, reduce [Cl-]i   and swelling in injured neurons, restore GABAergic inhibition and 563 

suppress acute ictal-like discharges (Kahle et al., 2008;Gagnon et al., 2013;Glykys et al., 2017). 564 

Previous studies in in vitro and in vivo models of hypoxia-ischemia, recurrent seizures and  565 

neuronal brain injury demonstrated that inhibition of NKCC1 reduced [Cl-]i in injured neurons,  566 

enhanced GABAergic inhibition and enhanced efficacy of GABAergic anticonvulsants (Dzhala et 567 

al., 2005;Dzhala et al., 2008;Dzhala et al., 2012;Dzhala and Staley, 2015;Nardou et al., 568 

2009;Nardou et al., 2011;Pond et al., 2006;Sivakumaran and Maguire, 2016;Cleary et al., 2013).  569 

 570 

In the current study, we investigated the role of CCC inhibitors in chronic epilepsy in vitro rather 571 

than seizures in the setting of acute brain injury in vivo.  Studies in acute brain slice 572 

preparations from patients with chronic epilepsy have supported the acute efficacy of 573 

bumetanide (Pallud et al., 2014).  However in acute brain slices there is also a significant degree 574 

of acute brain injury (Dzhala et al., 2012), making it difficult to  separate effects due to acute vs 575 

chronic changes.  We found only GABAA receptor-dependent pro-ictal effects of KCC2 576 
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antagonists at concentrations that also prolonged ictal [Cl-]i transients.  This is consistent with 577 

the idea that reducing KCC2 activity degrades Cl- homeostasis and the ability to restore [Cl-]i and 578 

the proper polarity of GABAA signaling after synaptic activity.  KCC2 antagonists have a potential 579 

anti-ictal effect in their reduction of [K+]0   transients.  We did not find evidence for an anti-ictal 580 

effect, but our slice cultures were perfused via the bath rather than via the vasculature, so it is 581 

possible that bulk ACSF flow reduced this potential anti-ictal  effect on KCC2-dependent [K+]0 582 

accumulation (Viitanen et al., 2010). 583 

There is substantial interest in overexpression and enhancement of KCC2 transport activity as a 584 

novel therapeutic strategy to improve synaptic GABAergic inhibition in neurological disorders  585 

(Kahle et al., 2008;Gagnon et al., 2013;Moore et al., 2018;Magloire et al., 2019). High-586 

throughput screening identified a new high-affinity compound CLP257 (EC50 = 616 nM) and its 587 

carbamate prodrug derivative CLP290 that selectively activates KCC2 over other KCC family 588 

members, NKCC1 and GABAA receptors (Gagnon et al., 2013). CLP257 restored impaired Cl- 589 

transport in adult spinal cord slices with impaired KCC2 function, restored Cl- extrusion and 590 

renormalized stimulus-evoked responses in adult neurons in an experimental model of 591 

neuropathic pain. However, the pharmacodynamic profile of CLP257, including KCC2 specificity 592 

and mode of action, has not been determined. High concentrations of CLP257 (30-50 μM) was 593 

reported to potentiate GABAA receptors (Cardarelli et al., 2017). Even higher concentrations of 594 

CLP257 (100 μM) increased the duration of ictal-like discharges without affecting their 595 

frequency (Hamidi and Avoli, 2015).  596 

We investigated whether enhancing KCC2 transport activity with a low concentration of CLP257 597 

affects base-line [Cl-]i and [Cl-]i extrusion rates in injured neurons during ictal-like events, and 598 
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the downstream effects on frequency and duration of recurrent ILDs in the organotypic 599 

hippocampal slice in vitro model of epileptogenesis (Figure 8). We found that low 600 

concentrations of CLP257 (1 μM) improved [Cl-]i homeostasis, increased postictal [Cl-]i extrusion 601 

rates and modestly reduced ictal duration without effecting ictal frequency.  Our data suggest 602 

that the modest anticonvulsant actions of low dose CLP257 are likely partially mediated by 603 

enhanced KCC2 transport activity that more efficiently restores neuronal base-line Cl- during 604 

termination of ictal-like events.  In addition, our data validate CLP257 as a promising target of 605 

investigation for antiepileptic therapy and highlight the ongoing need to develop more specific 606 

activators of KCC2 co-transport. 607 

  608 
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Figure Legends:  609 

Figure 1. Neuronal chloride accumulation during spontaneous ictal-like epileptiform 610 

discharges and epileptogenesis in organotypic hippocampal slices in vitro. A, 611 

Microphotograph of incubated organotypic hippocampal slice from CLM1 mice captured at day 612 

14 in vitro (DIV) and corresponding two-photon fluorescence image of the CA1 pyramidal cell 613 

layer. Overlays of 50 imaging planes from 0-100 μm below the slice surface (2 μm steps) are 614 

shown. Neuronal cell bodies are pseudo colored according to [Cl-]i (Dzhala et al., 2012;Dzhala et 615 

al., 2010). B, Simultaneous extracellular field potential recording and two-photon fluorescence 616 

chloride imaging were used to monitor neuronal network activity and [Cl-]i as a function of time. 617 

Example of spontaneous recurrent ILDs and corresponding [Cl-]i transients in the CA1 pyramidal 618 

cells at DIV14.  C, Recurrent ILDs can last from 10-20 seconds to more than five minutes, the ILD 619 

duration threshold for status epilepticus (SE). Example of recurrent ILDs and SE at DIV14. D, 620 

Percentage of slices with spontaneous recurrent ILDs and status epilepticus, and corresponding 621 

mean duration and frequency of ILDs as a function of age. E, [Cl-]i transients in the CA1 622 

pyramidal cells during recurrent ILDs at DIV14.  The sodium channel blocker TTX (1 μM) rapidly 623 

abolished recurrent ILDs and corresponding [Cl-]i transients, and significantly reduced the base 624 

line [Cl-]i.  Exponential fits (y=A1exp(-x/t1) + y0) were used to measure base line [Cl-]i (y0) in 625 

individual cells (solid navy curves) during recovery from ILD (Adj. R2=0.9-0.96). F, Box[Left] + 626 

Data[Right] plots correspond to median (25%-75 %) [Cl-]i in paired cells (filled circles) and their 627 

distribution curves; open squares and whisker range indicate mean ± SD; ***P<0.001 (Paired 628 

Sample Wilcoxon Signed Ranks Test). G, Median baseline [Cl-]i in individual slices as a function 629 

of age (DIV 0-28).   630 
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Figure 2. Effects of the KCC2 blocker VU0463271 on recurrent interictal epileptiform 631 

discharges at DIV5-7. A, C, Extracellular field potential recordings in the CA1 pyramidal cell 632 

layer in the organotypic hippocampal slices at DIV6 before (control), during and after 633 

application of 0.1 μM (A) and 1 μM (C) VU 0463271 for 10 min. Expansion of interictal 634 

epileptiform discharges (IEDs) in control and in the presence of VU0463271. B, D, 635 

Corresponding summary plots of the frequency and mean duration of recurrent IEDs in 636 

individual cultures (open symbols) and corresponding power of electrical activity in 5 min 637 

windows. Filled symbols indicate group mean ± SD. VU0463271 (1 μM) significantly increased 638 

the mean frequency, duration and power of epileptiform discharges (n/s corresponds to 639 

P>0.05; *P<0.05;  **P<0.01; ***P<0.001, One Way RM ANOVA, Tukey Test). 640 

Figure 3.  Effects of the KCC2 blocker VU0463271 on recurrent ILDs and intracellular chloride 641 

at DIV14-21. A, B, Extracellular field potential recordings in the CA1 pyramidal cell layer in the 642 

organotypic hippocampal slices at DIV18 before (control), during and after application of 0.1 643 

μM (A) and 1 μM (B) VU0463271 for 30 min. Expansion of ictal-like epileptiform discharges in 644 

control and in the presence of VU0463271. C-E, Corresponding summary plots of the frequency 645 

and mean duration of recurrent ictal-like discharges (ILDs) and corresponding power of 646 

electrical activity in 10 min windows in individual slice cultures (open symbols). Filled symbols 647 

indicate group mean ± SD. VU0463271 (1 μM) significantly reduced the mean frequency of ILDs 648 

and increased their duration and power (*corresponds to P<0.05; ***P<0.01, One Way RM 649 

ANOVA, Tukey Test). F, Exponential fit (y=A1exp(-(x-x0)/t1)+y0) was used to measure base line  650 

[Cl-]i  (y0) and decay time  (t1) of base line  [Cl-]i  recovery in individual cells (solid navy curves) 651 

during ILD in control, during application of VU0463271 and TTX (Adj. R2=0.9-0.96). F-H, 652 
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VU0463271 (1 μM) increased base line [Cl-]i (y0) and delayed decay time of baseline chloride 653 

recovery (t1) during ILDs.  G, TTX (1 μM) abolished ILDs and slowly reduced the median baseline 654 

[Cl-]i (*P<0.05, Friedman RM ANOVA on Ranks, Tukey test).  H, Decay time of baseline [Cl-]i 655 

recovery during application of TTX in the presence of VU0463271 was significantly higher as in 656 

control (***P<0.001, One-way RM ANOVA, Tukey test).  I, Effects of VU0463271 in the presence 657 

of TTX on [Cl-]i. VU0463271 application in the presence of TTX did not significantly change the 658 

median base-line chloride concentration (P>0.05, Wilcoxon Signed Ranks Test). 659 

Figure 4.  Effects of DMSO on recurrent ictal-like epileptiform discharges at DIV12-17. A, 660 

Extracellular field potential recording in the CA1 pyramidal cell layer in the organotypic 661 

hippocampal slices at DIV14 before (control), during and after application of DMSO (100 μl/100 662 

ml). Expansion of ictal-like epileptiform discharges in control (a1-2), in the presence of DMSO 663 

(a3-4), and during washout of DMSO (a5-6). B, Corresponding summary plots of the frequency 664 

and mean duration of recurrent ictal-like discharges (ILDs) and corresponding power of 665 

electrical activity in 10 min windows in individual slice cultures (open symbols). Filled symbols 666 

indicate group mean ± SD (n/s corresponds to P>0.05, One Way RM ANOVA). 667 

Figure 5.  Selectivity of KCC2 blocker VU0463271. A, C, Extracellular field potential recordings 668 

in the CA1 pyramidal cell layer in the organotypic hippocampal slices in vitro. A-B, Application of 669 

the GABAA-R antagonist SR95531 (10 μM) abolished spontaneous ictal-like epileptiform 670 

discharges (ILDs) and induced large amplitude interictal-like discharges (IEDs). Subsequent 671 

application of VU0463271 (1 μM) in the presence of SR95531 did not change the mean 672 

frequency of ILDs  discharges (n/s – P>0.05; ***P<0.001; One Way RM ANOVA, Tukey test)  and 673 
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power of electrical activity (P>0.05; One Way RM ANOVA).   A, a1-3, Expansion of ILD in control 674 

(a1) and IEDs in the presence of SR95531 (a2) and VU0463271 (a3). C-D, Application of VU 675 

0463271 (1 μM) in the presence of NKCC1 and KCC2 blocker bumetanide (200 μM) did not 676 

change the mean frequency and duration of ictal-like epileptiform discharges, and the mean 677 

power of electrical activity (P>0.05, One-Way RM ANOVA, Tukey test). c1-c3, Expansion of ictal-678 

like epileptiform discharges in control (c1), during application of bumetanide (c2), and in the 679 

presence of VU0463271 (c3).  680 

Figure 6.  Effects of NKCC1/KCC2 blocker furosemide on recurrent epileptiform discharges and 681 

[Cl-]i.  A, B, Extracellular field potential recording in the CA1 pyramidal cell layer in the 682 

organotypic hippocampal slice at DIV22 before (control), during and after application of 683 

furosemide (0.1 mM and 1 mM for 30 min). C-E, Summary plots of the frequency of ictal-like 684 

epileptiform discharges (ILDs), interictal epileptiform discharges (IEDs), and power of 685 

corresponding activity in 10 min windows in individual slice cultures (open symbols). Filled 686 

symbols indicate mean±SD. Furosemide (0.1 mM) reduced the frequency of ILDs and increased 687 

the frequency of IEDs. Furosemide (1 mM) abolished recurrent ILDs, increased the frequency of 688 

IEDs, and significantly decreased the power of electrical activity (*corresponds to P<0.05; 689 

**P<0.01, Paired Sample t-test).  F-H,  Effects of furosemide (0.1 and 1 mM) on [Cl-]i. 690 

Furosemide (1 mM) abolished recurrent ILDs and corresponding [Cl-]i transients, and 691 

progressively reduced the baseline [Cl-]i. H, Baseline [Cl-]i changes in the presence of 0.1 mM 692 

furosemide and 1 mM furosemide  as a function of an initial baseline [Cl-]i. I-K,  Effects of TTX (1 693 

μM) and furosemide (1 mM) in the presence of TTX on [Cl-]i. TTX rapidly abolished chloride 694 

transients, reduced the median baseline [Cl-]i (*P<0.05 compared to control, Friedman RM 695 
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ANOVA on Ranks, Tukey test) and prevented effects of furosemide on [Cl-]i (P>0.05 compared 696 

to TTX). L, Averaged mean [Cl-]i changes before and after applications of TTX (black) or 697 

furosemide (red). Data were fitted with exponential fit to calculate decay time of [Cl-]i extrusion 698 

during suppression of ILDs.  Box[Left] + Data[Right] plots correspond to median (25%-75 %) [Cl-]i 699 

in paired cells (filled circles) and their distribution curves; open squares and whisker range 700 

indicate mean ± SD. Furosemide significantly delayed chloride extrusion during suppression of 701 

ILDs (***P<0.001; Mann-Whitney Rank Sum Test).   702 

Figure 7.  GABAA receptor-dependent anti-ictal effects of furosemide was enhanced in the 703 

presence of NKCC1 and KCC2 antagonists. A, C, E, Extracellular field potential recordings in the 704 

CA1 pyramidal cell layer in the organotypic hippocampal slices in vitro. Furosemide (1 mM) was 705 

applied in the presence of (A) GABAA receptor antagonist SR95531 (10 μM), (C) NKCC1 blocker 706 

bumetanide (10 μM), and (E) KCC2 blocker VU0240551 (10 μM). A-B, SR95531 abolished 707 

recurrent ictal-like discharges, induced hypersynchronous interictal bursts and prevented the 708 

anti-ictal effect of furosemide. C-D, Furosemide potentiated anticonvulsant effect of 709 

bumetanide (10 μM). E-F, Furosemide in the presence of VU0240551 abolished ictal and 710 

interictal epileptiform discharges. B, D, F, Corresponding summary data of the frequency of 711 

recurrent ictal-like discharges and power of electrical activity before and during drugs 712 

applications. Anti-ictal effects of furosemide were significant in the presence of bumetanide (D) 713 

and VU0240551 (F). N=5-6 slices in each group of experiments; *represents P<0.05; **P<0.01; 714 

***P<0.001; One-Way RM ANOVA, Tukey Test.  715 
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Figure 8.  The KCC2 enhancer CLP257 reduced duration of ictal-like discharges. A-B, 716 

Extracellular field potential recordings in the CA1 pyramidal cell layer before (control), during 717 

and after application of CLP257 (1 μM and 30 μM for 1 hour). Examples of ictal-like events in 718 

control and during application of 1 μM CLP257 (A, a1-2) and 30 μM CLP257 (B, b1-2). C-E, 719 

Summary plots of the  frequency and mean duration of ILDs,   and power of electrical activity in 720 

individual slices (open symbols) and  corresponding group mean ± SD (filled symbols) before, 721 

during and after 1 μM (top plots) and 30 μM (bottom plots) CLP257 applications. CLP257 (1 μM) 722 

significantly reduced the mean duration of ictal-like epileptiform discharges (*P<0.05; 723 

**P<0.01; ***P<0.001; Paired Sample t-Test).  F, Effects of CLP257 on [Cl-]i as a function of time 724 

in n=5 individual cell. G, H, Statistical histograms showing the effects of CLP257 (1 μM) on 725 

baseline [Cl-]i and decay time of chloride extrusion (*P<0.05, Wilcoxon Signed Rank Test). 726 

CLP257 (1 μM) significantly accelerated extrusion rate (t1) of neuronal chloride during recurrent 727 

ictal-like epileptiform discharges.  728 

  729 
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Figure 1. Neuronal chloride accumulation during spontaneous ictal-like epileptiform 730 

discharges (ILDs) and epileptogenesis in organotypic hippocampal slices in vitro. 731 

 732 
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Figure 2. Effects of the KCC2 blocker VU0463271 on recurrent interictal-like epileptiform 738 

discharges (IEDs) at DIV5-7. 739 
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Figure 3.  Effects of the KCC2 blocker VU0463271 on recurrent ictal-like epileptiform 746 

discharges and intracellular chloride at DIV14-21. 747 
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Figure 4.  Effects of DMSO on recurrent ictal-like epileptiform discharges at DIV12-17. 753 
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Figure 5.  Selectivity of KCC2 blocker VU0463271.  760 
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Figure 6.  Effects of NKCC1/KCC2 blocker furosemide on recurrent epileptiform discharges and 767 

[Cl-]i.   768 
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Figure 7.  GABAA receptor-dependent anti-ictal effect of furosemide was enhanced in the 775 

presence of NKCC1 and KCC2 antagonists.  776 
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Figure 8.  The KCC2 enhancer CLP257 reduced duration of ictal-like discharges.  784 
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