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A B S T R A C T

Background: Temporal lobe epilepsy (TLE) is the most common intractable epilepsy in adults, and elucidation
of the underlying pathological mechanisms is needed. Voltage-gated chloride channels (ClC) play diverse
physiological roles in neurons. However, less is known regarding their functions in the epilepogenesis of TLE.
Methods: ClC-mediated current and the spontaneous inhibitory synaptic currents (sIPSC) in hippocampal
neurons of epileptic lesions were investigated by electrophysiological recording. The EEG data were analyzed
by Z-scored wavelet and Fourier transformations. The expression of ClC-3, a member of ClC gene family, was
detected by immunostaining and western blot.
Findings: ClC-mediated current was increased in the hippocampal neurons of chronic TLE mice. Application of
chloride channel blockers, NPPB (5-Nitro-2- [3-phenylpropylamino] benzoic acid) and DIDS (4,4’-Diisothio-
cyanato-2,2’-stilbenedisulfonic acid disodium salt) reduced ClC-mediated current and increased inhibitory
synaptic transmission in TLE mice. NPPB and DIDS reduced the seizure frequency and the average absolute
power of ictal high-frequency oscillations (HFOs, 80-500 Hz) in TLE mice. In addition, both drugs induced
outwardly rectified currents, which might be tonic inhibitory currents in the hippocampal neurons of TLE
patients. Furthermore, the expression of ClC-3 was increased in the hippocampus of TLE mice and patients
and positively correlated with both the absolute power and number of ictal HFOs per seizure in the sclerotic
hippocampus.
Interpretation: These data suggest that ClC participate in the epilepogenetic process of TLE and the inhibition
of ClC may have anti-epileptic effect.
Funding: This work was supported by National Natural Science Foundation of China (No. 81601143, No.
81771217).
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Epilepsy is a common chronic neurological disease that affects
approximately 1% of the population worldwide. Temporal lobe epi-
lepsy (TLE) is the most common type of epilepsy in adults. To date,
TLE is mostly refractory to anti-epileptic drugs (AEDs) and ultimately
requests surgical resection of the epileptogenic foci. [1] Thus, further
mechanistic understanding of TLE is needed to develop novel strate-
gies for the prevention and treatment of epilepsy in TLE patients.
Chloride is the most abundant anion in neurons and also the pri-
mary anion transported by GABAA receptors to introduce inhibitory
synaptic transmission in the neuronal system. Many AEDs, such as
benzodiazepine and barbiturate drugs have been developed to poten-
tiate the function of GABA and GABAA receptors. In comparison, other
channels involved in transmembrane chloride transportation during
the epileptogenesis of TLE are less characterized. Voltage-gated chlo-
ride channels (ClC) are a group of chloride channels that have diverse
physiological functions, such as blood pressure regulation, cell prolif-
eration and apoptosis, cell volume regulation and neuronal excitabil-
ity. Abnormalities of these channels have been shown to cause
tissue-specific pathologies. [2-5] Nine different genes (ClC-1 to ClC-7,
and ClC-Ka and ClC-Kb) encoding for ClC have been identified in
mammalian tissues, among which ClC-3, ClC-4 and ClC-5 are consti-
tutively active in mediating outwardly rectifying current. [3] ClC-3
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Research in context

Evidence before this study

Temporal lobe epilepsy (TLE) is the most common intractable
epilepsy in adults and approximately 30% of TLE patients do not
respond adequately to exiting anti-epileptic drugs (AEDs). Volt-
age-gated chloride channels (ClC) have diverse physiological
functions such as regulating neuronal excitability; however,
their roles in the epileptogenesis of TLE remain obscure.

Added value of this study

In the present study, we presented evidence that ClC are signifi-
cantly involved in the epileptogenesis of TLE. ClC-mediated out-
wardly rectified current was increased in the hippocampal
neurons of chronic TLE mice and led to the elevation of intracel-
lular chloride concentration in the neurons of epileptogenic
lesions. Chloride channel blockers NPPB and DIDS efficiently
reduced ClC-mediated current and increased the inhibitory
transmission in hippocampal neurons of TLE mice. In vivo study
found that NPPB and DIDS reduced the seizure frequency and
the power of ictal HFOs in the hippocampus of chronic TLE
mice. Additionally, NPPB and DIDS induced an outward current,
which was likely a tonic inhibitory current in the hippocampal
neurons of intractable TLE patients. Furthermore, we identified
ClC-3, a ClC gene family member, had higher expression in the
hippocampus of TLE mice and TLE patients, and its expression
was positively correlated with both the power and number of
ictal HFOs per seizure in the sclerotic hippocampus. These char-
acterizations of the relations between ClC and TLE advance the
understanding of the mechanism of epileptogenesis in TLE.

Implications of all the available evidence

This study reveals the potential role of ClC in the epileptogene-
sis of TLE with evidence from chronic TLE mice and TLE patients
and suggests that ClC might be a potential anti-epileptic target.
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and ClC-4 are the two major members expressed in the brain, and
whereas ClC-4 is known to locate predominantly in intracellular
membranes, the function of ClC-3 in the brain is much less known.
[6,7] Previous studies found that ClC-3 knockout mice displayed a
selective hippocampus degeneration and spontaneous generalized
tonic-clonic seizures, which are similar to the pathological process of
sclerotic hippocampus in TLE. [8,9] Although these evidence suggest
that ClC might be involved in the epileptogenesis of TLE, detailed
mechanistic studies are further needed to understand how this chlo-
ride channel type governs electrophysiological events therein and
what would be the possible targeting strategy.

Here, by using a chronic TLE animal model and TLE patient speci-
mens, we investigated ClC-mediated outwardly rectified currents in
the hippocampal neurons and the effects of chloride channel blockers
including NPPB (5-Nitro-2- [3-phenylpropylamino] benzoic acid) and
DIDS (Diisothiocyanato-2,20-stilbenedisulfonic acid disodium salt) on
the inhibitory synaptic transmission in hippocampal neurons. Addi-
tionally, we examined the effects of NPPB and DIDS on seizure activ-
ity by in vivo mouse experiments. Furthermore, we characterized the
expression of ClC-3 in the epileptogenic hippocampus of TLE animals
and patients, and analyzed the correlation of ClC-3 protein abundan-
ces with clinical variables, including the frequency and power of ictal
high-frequency oscillations (HFOs, 80-500 Hz) in hippocampal
lesions, seizure duration before surgery, seizure frequency and types
of AEDs taken in TLE patients.
2. Methods

2.1. Human specimens

The human brain tissues were obtained from the Department of
Neurosurgery of Xinqiao Hospital (Army Medical University, Chongq-
ing, China). Human samples were collected from fully informed indi-
viduals who provided written consent. Fifteen human sclerotic
hippocampus specimens were collected from patients diagnosed
with intractable TLE according to the criteria established by the Inter-
national League Against Epilepsy (ILAE), [10] and the detailed infor-
mation was illustrated in Table 1. Due to the sparsity of age-matched
control hippocampal specimens, the control hippocampal specimens
were collected from five autopsies of age-matched individuals with-
out a known history of neurologic or psychiatric disease, ensuring a
3:1 disease-to-control match. All tissues were collected within six
hours after death when most proteins were stable in this postmortem
interval. [11] The average age of the intractable TLE patients was
26.20 § 1.49 years (range: 18�37 years), with 8 males and 7 females.
The control group consisted of 2 female and 3 male individuals with
an age of 31.80 § 4.60 years (range: 21-43 years), and the basic infor-
mation was illustrated in Table 2. No significant difference in age or
gender was found between TLE patients and the controls. The studies
were performed in accordance with the guidelines of Army
Medical University and with the ethical standards in Helsinki declara-
tion. [12]

2.2. Animals

Adult male C57BL/6J mice aged 2-3 months were randomly
assigned to different groups according to a computer-generated
sequence in the study. Animals were housed under standard condi-
tions (room temperature, 23 § 1°C; illumination, 12-hour light/12-
hour dark cycle; access to food and water, ad libitum). All the animal
experimental procedures were reviewed and approved by the Inter-
nal Animal Care and Use Committee of the Army Medical University.

2.3. Electrophysiological recording

Slice preparation and electrophysiological recordings were per-
formed in a similar way to our previous study. [13] Control or TLE
mice were anesthetized with phenobarbital sodium (60 mg/kg, i.p.)
and the brains were rapidly decapitated, removed and placed in an
ice-cold sucrose-based dissecting solution (in mM): sucrose (300),
KCl (2), NaH2PO4 (1.25), CaCl2 (1), MgCl2 (5), NaHCO3 (26) and glu-
cose (11). The tissue blocks with hippocampus were trimmed and cut
into transverse slices (300 mm) with a vibrating microtome (Leika,
VT1000 S, Germany) in a cold bubbled sucrose-based solution, and
transferred to an oxygenated recovery chamber containing standard
artificial cerebrospinal fluid (ACSF) (in mM): NaCl (140), KCl (2.5),
NaH2PO4 (1.4), CaCl2 (2), MgCl2 (2), NaHCO3 (25) and glucose (11) at
35°C for 30 min and then used for recording. The freshly dissected
sclerotic hippocampus of TLE patients was cut into slices with the
same procedure after transportation from operating room to labora-
tory in bubbling oxygenated ice-cold dissecting solution in 5-10 min
after resection.

Voltage-gated chloride currents in the CA1 pyramidal neurons
were evoked from a holding potential of -60 mV to the test pulses
ranging from �100 to +100 mV by an increment of 20 mV at an inter-
val of 5 s following a previous published procedure. [14] The external
solution contained (in mM): NMDG-Cl (135), HEPES (20), Glucose
(20), MgSO4 (2) and CdCl2 (200), tetrodotoxin (TTX, 500 nM) and 4-
aminopyridine (4-AP, 1 mM) were included in the bath solution to
block sodium and potassium currents, bicuculline (20 mM) was
applied to block GABAA receptors, 300 mOsm, pH 7.3�7.4 adjusted
by CsOH. The normal chloride pipette solution contained (in mM):



Table 1
Information about TLE patients.

Subjects Gender Age(year) Course(year) AEDs before surgery Seizure type Frequency per month Resected tissue Pathology Application used

1 F 18 14 CBZ, VPA,TPM FBTCS 35 RTN, RH G WB, IHC, IF
2 F 37 8 VPA, PHT FAS 20 RTN, RH G WB, IHC, EP
3 M 32 12 OXC, VPA FAS 104 RTN, RH G WB, IHC
4 F 25 8 TPM, CLB FAS 64 LTN, LH NL WB, IHC, IF
5 M 21 11 OXC, VPA FIAS 90 LTN, LH G, NL WB, IHC
6 M 23 11 VPA, PHT, PB, CBZ FIAS 153 RTN, RH G WB, IHC, EP
7 M 24 18 PHT, VPA FIAS 35 LTN, LH G, NL WB, IHC, EP
8 M 19 12 VPA, OXC, LEV FIAS 30 LTN, LH G WB, IHC
9 F 31 15 VPA, OXC, TPM FAS 92 RTN, RH G WB, IHC
10 F 25 22 LTG, VPA, LEV FBTCS 31 LTN, LH G, NL WB, IHC
11 M 20 9 VPA, PHT, PB FIAS 118 RTN, RH G, NL WB, IHC
12 M 28 14 VPA, PHT, PB FAS 43 RTN, RH G WB, IHC, EP
13 M 25 12 VPA, TPM, PB FAS 16 LTN, LH NL WB, IHC, IF
14 F 31 9 CBZ, CLB, PHT FBTCS 39 RTN, RH G WB, IHC, EP
15 F 34 17 LTG, TPM, PB FAS 42 RTN, RH ND WB, IHC, EP

M, male; F, female; AED, anti-epileptic drugs; CBZ, carbamazepine; VPA, valproic acid; CLB, clonazepam; LTG, lamotrigine; OXC, oxcarbazepine; PB, phenobarbital; PHT, phenyt-
oin; TPM, topiramate. FIAS, focal impaired awareness seizure; FAS, focal aware seizures; FBTCS, focal-to-bilateral tonic-clonic seizure; LTN, left temporal neocortex; RTN, right
temporal neocortex; LH, left hippocampus; RH, right hippocampus. G, gliosis; NL, neuronalloss; ND, neuronal degeneration; WB, western blot; IHC, immunohistochemistry; IF,
immunofluoresence; EP, electrophysiological recording.

Table 2
Information about control hippocampus.

Subjects Gender Age (year) Cause of death PMI (h) Pathology Seizure Application used

1 M 43 Splenic rupture 3.5 Normal None IHC
2 F 41 Hemopneumothorax 4.0 Normal None IHC
3 M 21 Aortoclasia 4.5 Normal None IHC
4 F 22 Aortoclasia 2.7 Normal None IHC
5 M 32 Splenic rupture 3.4 Normal None IHC

M, male; F, female; PMI, post-mortem interval (interval between death of a patient and removal of the brain before freez-
ing or fixation); IHC, immunohistochemistry.
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Cs-Acetate (125), CsCl (10), HEPES (10), EGTA (5), TEA-Cl (5), ATP-Mg
(5), 280�290 mOsm, pH 7.3 adjusted by CsOH. For sIPSC recording in
the CA1 pyramidal neurons, intracellular solution contained (in mM);
CsMeSO3 (130), NaCl (10), EGTA (10), CaCl2 (1), HEPES (10) and ATP-
Mg (2). Recordings were obtained at a membrane potential of -10 mV
near the reversal potential of glutamate EPSCs according to the meth-
ods established in a previous study. [15] Slices were transferred to a
recording chamber and continuously perfused (2 ml/min) with oxy-
genated ACSF.

Drugs were applied via the perfusion system. Patch pipettes were
pulled at a resistance of 3-6 MV for recording. All recordings were
performed by a HEKA EPC10 amplifier at room temperature. Signals
were low-pass filtered at 2 kHz and digitized at 5 kHz. A similar num-
ber of neurons was collected from multiple slices per specimen to
ensure the independence of statistical data collected from multiple
specimens. Cells were excluded from the analysis if the series resis-
tance increased by >15% during recording or exceeded 20 MV. Data
were analyzed offline (clampfit 10, Mini analysis) and plotted in the
Origin 8 graphing software.

2.4. MQAE fluorescence detection

Brain slices were labeled in oxygenated ACSF containing 5 mM
chloride indicator MQAE (N- [Ethoxycarbonylmethyl] -6- methoxy-
quinolinium bromide) (Invitrogen, E3101) for 40-45 min at room
temperature, and transferred to a perfusion chamber (2 ml/min) for
30 min to wash out extracellular MQAE. MQAE fluorescence intensity
was measured using a Leica SP5 confocal laser scanning microscope
(Leica, Nussloch, Germany) tuned to 350 nm.

2.5. Seizure study with TLE mice

Mice were randomly assigned to control and experimental groups
according to a computer generated sequence. In the experimental
group, mice received right intrahippocampal kainic acid (KA) injec-
tion (200 ng, AP: -1.8 mm, ML: +1.8 mm, DV: +2.0 mm) on a stereo-
taxic frame under anesthesia with isoflurane (1-2%) according to
previous methods. [16,17] The injection was performed using a thin
glass capillary tube of 50-100mm diameter at the tip with a Hamilton
syringe over 5-10 min. Acute seizure attack was stopped by diazepam
(10 mg/kg, i.p.) two hours after KA injection. Animals were taken sup-
portive care after the injection to increase the survival rate. Mice
were excluded from the study if they did not develop spontaneous
chronic seizure discharge two months after KA injection. Age- and
weight-matched control mice received PBS injection.

2.6. Electrode implantation

The implantation in mice was performed according to the coordi-
nates in the brain atlas. Mice were anesthetized with isoflurane (1-
2%) and placed in a stereotaxic frame. Recording electrodes were
implanted after the chronic status epilepticus was established: two
fixed recording microelectrodes (tungsten wire, 60 mm in diameter)
in the bilateral hippocampal CA3 region (AP: -1.94 mm, ML: 1.9 mm,
DV: 1.9 mm), two steel screws on bilateral frontal lobe (AP: +1.0 mm,
ML: 2.0 mm), one steel screw on contralateral occipital lobe (AP: -4.0
mm, ML: 4.0 mm) as “reference” electrode and one olfactory
“grounded” electrode (AP: +4.1 mm, ML: 1.0 mm). The entire implant
was insulated using dental acrylic for long term EEG recordings. Ani-
mals were allowed to recover from surgery for at least 48 hours
before recording.

2.7. EEG recording and analysis

EEG data in animals was low-pass filtered at 500 Hz, sampled at 3
kHz and saved digitally using DataWave Sciworks software (Parsip-
pany, NJ). Electrographic seizures were identified by their character-
istic pattern of discrete periods of rhythmic spike discharges, which
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evolved in frequency and amplitude lasting at least 10 seconds and
ended with repetitive burst discharges and voltage suppression. Ictal
HFOs were detected by band-pass filtration of the recordings at 80-
500 Hz. To be considered as a HFO candidate, oscillatory events in the
frequency range had to show at least four consecutive cycles with an
amplitude of three standard deviations (SD) above the mean of the
reference period. The detected HFOs were then extracted and used
for further analysis. The time frequency analysis was performed using
Z-scored wavelet transform procedures to present relative changes in
magnitude. Warmer color represents greater Z-scores. The Fourier
transformation was used for power spectrum analysis. For each ani-
mal, EEG was recorded in the home cage with access to food and
water for continuous twenty-four hours, and the number of seizures
per four hours was obtained by dividing the total number of seizures
by the total number of recording hours and multiplied by four.

For TLE patients, depth electrodes (0.8 mm diameter, 16 contacts
of 2.0 mm length, spacing between contacts centres 1.5 mm, SDE-08,
HKHS, China) were implanted stereotactically into the targeted areas.
Electrode locations were identified by coregistering
a postimplantation CT image to a preimplantation T1-weighted MRI,
which was then normalized to MNI space in SPM12. To assign a label
of cortical and subcortical regions to each electrode, we segmented
each patient’s structural MRI using FreeSurfer 7.1 and Fieldtrip.
[18,19] The anatomical locations of each electrode were visually veri-
fied by two experienced neurosurgeons. EEG data in TLE patients
were collected by the EEG-1200C (NIHON KOHDEN, Japan) at 2 kHz,
and low-pass filtered at 600 Hz. A bipolar montage was used to
record and review the EEG data. HFOs in patients were detected and
counted by an automated detector similar to a previously established
procedure with slight modification. [20] The number of HFOs per sei-
zure in TLE patients was calculated as the average of HFOs in three
seizure attacks and reviewed by two experienced electrophysiologi-
cal experts. The time-frequency and power of HFOs analyses were
performed in the same procedure as in rodents. All analyses were
performed by at least two investigators who were blinded to experi-
mental groups according to previous studies. [21]

2.8. Immunostaining

Paraffin-embedded tissues were sectioned at 6 mm. Sections were
heated 20 min for antigen retrieval after deparaffinization and rehy-
dration. Endogenous peroxidase activity was blocked with 3% H2O2.
After blocking with bovine serum, sections were incubated with the
rabbit anti-ClC-3 antibody (Alomone Labs Cat# ACL-001, RRID:
AB_2039814) overnight at 4°C. Sections were then incubated with
goat anti-rabbit immunoglobulin conjugated to peroxidase-labeled
dextran polymer for one hour at 37°C after being washed with PBS
three times, and DAB (3,3’-diaminobenzidine) subsequently for
appropriate time according to manufacturing instructions. Counter-
staining was performed with hematoxylin. To evaluate the immuno-
reactivity of ClC-3, three sections from each specimen were selected
and three visions were captured (200 £ or 400 £magnification, reso-
lution 4080 £ 3027) in each section, and the optical density (OD) was
evaluated with imageJ and IHC profiler plugin according to a previous
method. [22] The average OD of the three sections was determined as
the OD of ClC-3 in the specimen. All images were taken with an
upright bright-field microscope (BX63, OLYPUS, Japan).

For double immunofluorescence staining, samples frommice with
chronic TLE were cryoprotected in 30% sucrose solution at 4°C for 48
h after fixation. The tissues were sectioned at 25 mm thickness using
a cryostat microtome. Frozen sections from TLE mice or paraffin sec-
tions from TLE patients were incubated with the rabbit anti-ClC-3
(Alomone Labs Cat# ACL-001, RRID: AB_2039814) and mouse anti-
NeuN antibodies (Millipore Cat# MAB377, RRID: AB_2298772) over-
night at 4°C after blocking with bovine serum. After washing three
times with PBS, sections were incubated with Alexa Fluor 555-
conjugated goat anti-rabbit IgG (Thermo Fisher Scientific Cat# A-
21428, RRID: AB_2535849) and Alexa Fluor 488-conjugated donkey
anti-mouse IgG (Thermo Fisher Scientific Cat# A-21202, RRID:
AB_141607) secondary antibodies for one hour at room temperature
and washing with PBS three times. All images were taken with an
inverted laser scanning confocal microscope equipped with a Zeiss
GaAsP Airyscan detection connected to the Zen 2.3 system (LSM800;
Zeiss; Germany).

2.9. Western blot

Total proteins were extracted from the hippocampus of chronic
TLE and control mice using a total protein extraction kit according to
manufacturing instructions (Beyotime Biotechnology, Shanghai,
China). Equal amounts of protein (60 ug/lane) were separated on the
SDS-Polyacrylamide Bis-Tris 10% gels and transferred to polyvinyli-
dene difluoride (PVDF) membranes. The membranes were blocked by
5% BSA at room temperature for one hour and incubated with the
rabbit anti-ClC-3 (Alomone Labs Cat# ACL-001, RRID: AB_2039814)
and rabbit anti-GAPDH (Sigma-Aldrich Cat# G9545, RRID:
AB_796208) antibodies overnight at 4°C. After washed with TBST
three times, the membranes were incubated with horseradish perox-
idase (HRP)-conjugated secondary antibody (Beyotime Biotechnol-
ogy, Shanghai, China) at room temperature for one hour and washed
with TBST three times. The immunoreactive bands were scanned
after visualization using enhanced chemiluminescence and analyzed
with Quantity One software. GAPDH was used as the internal control
for normalization.

2.10. Ethical statements

The study was approved by the Ethics Committee of ArmyMedical
University. The use of human samples was approved by the Ethics
Committee guidelines of Army Medical University in consistent with
the ethical standards in Helsinki declaration. [12] All patients or indi-
viduals involved had signed an informed consent form prior to the
study. The protocol for animal experiments was carried out in accor-
dance with the institutional animal welfare guidelines and followed
the ARRIVE guidelines for reporting animal research. All the animal
experimental procedures were reviewed and approved by the Inter-
nal Animal Care and Use Committee of the Army Medical University.

2.11. Statistical analysis

The proper sample size and associated study power were esti-
mated according to the previously established experimental settings.
[23] G*Power 3 was used to calculate the statistical power. For each
experiment, the sample size was estimated for an effect size of 50% to
70% using the SD calculated from the control population with a
power of 0.8 (b = 0.2) and an a of 0.05. The sample of each experi-
ment was n � 3. For example, in Figure 5c (Quantification of the ClC-
3 protein in the homogenate of hippocampal lesions), using unpaired
two-tailed t-test, six mice in each group would be sufficient to reach
significance with a power of 0.9 and an a of 0.05 for the presented
data.

Data acquisition and analysis were done blindly and presented as
means § SEM. Statistical methods, the number of replicates and
number of animals or specimens were indicated as needed. For com-
parisons between two or more groups, t-test, paired non-parametric
Wilcoxon rank test or two-way ANOVA followed by post-hoc analysis
were used. For the comparison of the interevent interval and ampli-
tude distribution of sIPSC in single cell, Kolmogorov-Smirnov (K-S)
test was used. Spearman’s rank correlation analysis was used in cor-
relation analyses. Normality and equal variance tests were performed
for all statistical analyses. Data were plotted and analyzed by Graph-
pad Prism 5 and Origin 8. P < 0.05 was considered statistically



Figure 1. ClC-mediated current was increased in the hippocampal neurons of chronic TLE mice.
(a) Representative traces of ClC-mediated neuronal chloride current in the CA1 region of control and TLE mice. (b) The peak amplitude of chloride currents at +100 mV stimula-

tion was increased in the hippocampal neurons of chronic TLE mice (*P < 0.05, unpaired two-tailed t-test. n = 11 neurons from total 3-4 mice for each group). (c-f) Representative
traces and I-V curves showing that chloride currents induced by stepped-voltage stimulation was inhibited by NPPB or DIDS treatment (*P < 0.05, **P < 0.01 and ***P < 0.001, two-
way ANOVA test followed by post-hoc analysis. n = 11, 13 neurons from total four mice for each group).
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significant. The schematic diagram of the experimental design, the
number of mice and clinical specimens and the statistical plan used
in different experimental procedures were illustrated in Supplemen-
tary Figure 1.

2.12. Role of funding source

This study was supported by the National Natural Science Founda-
tion of China (No. 81601143, No. 81771217).

3. Results

3.1. ClC-mediated current was increased in the hippocampal pyramidal
neurons of chronic TLE mice

As ClC transport chloride across the plasma membrane along the
electrochemical gradient, we first compared the amplitude of ClC-
mediated current in neurons at the CA1 region of control and TLE
mice. As shown in representative traces (Figure 1a), an outwardly
rectified current was recorded in the neuron with the stepped volt-
age stimulation, and the statistical analysis revealed that the peak
chloride current at +100 mV stimulation was increased in the hippo-
campal neurons of TLE group than that in control tissues (P < 0.05,
unpaired two-tailed t-test, Figure 1b).

Next, we asked whether manipulating of ClC has any effect on the
chloride current in the ipsilateral hippocampal neurons of TLE mice.
To this end, we utilized NPPB and DIDS, two broad-spectrum blockers
for chloride channels with demonstrated function in regulating volt-
age-gated chloride currents in glioma cells or cultured neurons.
[14,24,25] As shown in representative traces and subtracted traces
(Figure 1c, e), the chloride current we recorded was sensitive to NPPB
or DIDS treatment. The current-voltage curves of the steady-state
current showed that the density of ClC-mediated current at +60, +80
and +100 mV stimulation was significantly reduced by the drug treat-
ment (P< 0.05, P< 0.01 and P< 0.001, respectively, two-way ANOVA
test followed by post-hoc analysis, Figure 1d, f). Together, these data
indicated that ClC are significantly involved in mediating neuronal
chloride current under the epilepsy context.

3.2. The inhibitory synaptic transmission in hippocampal neurons of
chronic TLE mice was increased by NPPB and DIDS

As NPPB and DIDS both inhibited ClC-mediated outward chloride
current in the hippocampal neurons of TLE mice and inhibitory syn-
aptic transmission in neurons is mainly mediated by chloride influ-
xes, we next investigated the effects of NPPB and DIDS on the
spontaneous IPSC (sIPSC) in the CA1 pyramidal neurons of chronic
TLE mice. To ensure that the currents recorded at -10 mV in cesium-
based intracellular solution were pure sIPSC, we compared the sIPSCs
frequency and amplitude before and after the treatment of glutama-
tergic blockers CNQX and AP-5. Both representative traces and statis-
tical analyses showed that the frequency and amplitude of sIPSC
events were similar before and after the CNQX/AP-5 treatment (Sup-
plementary Figure 2a, b). As the chloride influxes were mainly medi-
ated by GABAA receptors, we additionally applied bicuculline (a
GABAA receptor blocker) and strychnine (a glycine receptor blocker)
sequentially at the end of sIPSC recording. The results showed that
the sIPSC events were blocked by bicuculline and strychnine (Supple-
mentary Figure 2c), suggesting the outward currents recorded were
mostly sIPSC. Subsequently, we evaluated the effects of NPPB and
DIDS on sIPSC in the CA1 pyramidal neurons in chronic TLE mice. As
shown in representative recording traces (Figure 2a, b), an outward
current was induced after NPPB or DIDS treatment in the recorded
cells. We measured the amplitude of the outward current by sub-
tracting the steady-state value (set as baseline) from the peak value
observed at approximately 5 min after drug treatment in all the



Figure 2. The inhibitory synaptic transmission was increased by NPPB or DIDS in hippocampal neurons of TLE mice.
(a, b) Representative traces of sIPSC recorded with NPPB or DIDS treatment in hippocampal neurons of TLE mice. (c, d) Scatter-bar plots showing the amplitude of the outward

currents after NPPB or DIDS treatment in the recorded cells. n = 10 (c) and 12 (d) neurons from total five mice. (e) Representative traces of sIPSC recorded in the pyramidal neuron
shown in (a) before (“Baseline”) and after NPPB treatment. (f, g) Cumulative probability curves showing that neither inter-event interval or amplitude of sIPSC was affected by NPPB
in the cell presented in (a). (P > 0.05, K-S test). Inset: the relative frequency of sIPSC was increased by NPPB treatment, while the relative amplitude was not affected. (*P < 0.05,
paired two-tailed t-test, n = 10 neurons from total five mice). (h) Representative traces of sIPSC recorded in the pyramidal neuron shown in (b) before (“Baseline”) and after DIDS
treatment. (i, j) Cumulative probability curves showing that the increased inter-event interval and amplitude of sIPSC in the cell presented in (b) after DIDS treatment. (*P < 0.05, K-
S test). Inset: the relative frequency of sIPSC was increased by DIDS treatment, while the relative amplitude was not affected. (*P < 0.05, paired two-tailed t-test, n = 12 neurons
from total five mice).
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recorded cells (Figure 2c, d). We analyzed the cumulative probability
of inter-event intervals and amplitude of sIPSC before and after NPPB
treatment. While the sIPSC frequency was increased (P < 0.05, paired
two-tailed t-test, Figure 2e, f), the amplitude was not affected
(Figure 2g). Similarly for DIDS, statistical analysis revealed that the
sIPSC frequency was increased after the treatment (P < 0.05, paired
two-tailed t-test, Figure 2h, i), whereas the sIPSC amplitude was not
affected (Figure 2j). Taken together, these results suggest that NPPB
or DIDS treatment increases inhibitory synaptic transmission in the
pyramidal neurons in CA1 region of chronic TLE mice.

3.3. NPPB and DIDS ameliorated the seizure activity in mice with
chronic TLE

Next, we investigated whether in vivo administration of NPPB and
DIDS could alleviate seizure activity in mice with chronic TLE. We
first sought to generate the chronic epilepsy mouse model to mimic
the electroencephalography, histopathology and synaptic reorganiza-
tion of TLE in patients [16,17]. To this end, we performed an intrahip-
pocampal injection of 200 ng KA to the experimental mice, which
were followed by approximately two months to develop stable
chronic epileptic activity. [26] Chronic status epilepticus was success-
fully recorded in these mice, as evidenced by the observations that
seizure initiated at the ipsilateral hippocampus, propagated to con-
tralateral hippocampus and ipsilateral frontal lobe gradually
(Figure 3a).

To test the effects of NPPB and DIDS on chronic seizure activity in
the mouse model, we set the dose of the drug to be 20 mg/kg (i.p.),
since this dose was previously reported to efficiently modulate pain
threshold in animals with chronic pain. [27] NPPB or DIDS was
administrated once a day without any observable side effects, and
EEG was recorded simultaneously. Statistical analysis showed that
the number of spontaneous status epilepticus in 0-4 hours after NPPB
or DIDS injection was reduced compared to the number of seizures
per 4 hours in the remaining 4-24 hours (set as baseline) respectively
(Figure 3b, c) (b, P <0.001, paired non-parametric Wilcoxon rank
test. c, P <0.01, paired non-parametric Wilcoxon rank test). However,
the duration of each status epilepticus was not affected in 0-4 hours
after NPPB or DIDS injection (Figure 3d, e). We speculated that the
neuronal network in chronic status epilepticus is complicated, and
seizure duration can be affected by many factors but not NPPB or
DIDS alone.



Figure 3. NPPB and DIDS ameliorated seizure activity in the chronic TLE mice.
(a) Representative raw traces of recorded status epilepticus in multiple encephalic sites of the chronic TLE mice. (b, c) The number of seizure discharges was reduced in 0-4

hours after NPPB or DIDS injection (***P < 0.001, **P < 0.01, paired non-parametric Wilcoxon rank test, n = 12, 11 mice for each group). (d, e) The duration of each status epilepticus
was not altered by NPPB or DIDS injection (P> 0.05, unpaired two-tailed t-test. n = 6-18 seizures from total six mice in each group). (f) Representative raw trace of status epilepticus
recorded in the ipsilateral hippocampus of the chronic TLE mice. HFOs (80-500 Hz) were obtained after band-pass filtration of the raw trace. (g-i) Relevant time-frequency analysis
of the band-pass filtered HFOs (80-500 Hz) recorded in the ipsilateral hippocampus of TLE mice before and after NPPB or DIDS injection. (j, k) Power spectrum traces showing the
distribution of the absolute power of HFOs at 80-500 Hz in the ipsilateral hippocampus in 0-4 hours and 4-24 hours (set as baseline) after NPPB or DIDS treatment. (l, m) The average
absolute power of ictal HFOs at 80-500 Hz in the ipsilateral CA3 region was reduced in 0-4 h after NPPB or DIDS treatment. (*P < 0.05, unpaired two-tailed t-test, n = 6-18 seizures
from total six mice for each group).
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Figure 4. NPPB and DIDS induced outward currents in hippocampal neurons of intractable TLE patients.
(a, b) Representative traces of sIPSC showing outward currents after NPPB or DIDS treatment in the hippocampal neurons of intractable TLE patients. (c, d) Scatter-bar diagram

showing the amplitude of the outward currents induced by NPPB or DIDS in recorded cells. n = 10 (c) or 12 (d) neurons from total six specimens for each group. (e) Representative
traces of sIPSC showing robust increase of frequency and amplitude of sIPSC in responding to NPPB treatment. (f, g) Cumulative probability curves showing increased inter-event
interval and amplitude of sIPSC after NPPB treatment in the cell presented in (e) (***P < 0.001, K-S test). Inset: the relative inter-event interval and amplitude were not significantly
affected by NPPB in the hippocampal neurons of TLE patients. (P > 0.05, paired two-tailed t-test, n = 10 neurons from total six specimens). (h) Representative traces showing
increased sIPSC frequency and amplitude in responding to DIDS treatment. (i, j) Cumulative probability curves showing increased inter-event interval and amplitude of sIPSC in the
cell presented in (h) after DIDS treatment (***P < 0.001, K-S test). Inset: the relative inter-event interval and amplitude of sIPSC were slightly increased after DIDS treatment (P >

0.05, paired two-tailed t-test, n = 12 neurons from total six specimens). (k, l) Representative images and real-time intensity curves showing increased immunofluorescence intensity
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High-frequency oscillations (HFOs) are mainly generated by pyra-
midal cells in response to GABA released from interneurons and
reflect population spike bursts arising from synchronized discharges
of abnormally bursting principal cells and interneurons. [28,29] HFOs
occur in the EEG recordings of TLE patients and animal models, and
have been used as an electrophysiological biomarker in epilepsy. [30-
33] Thus, we wondered whether the HFOs in the hippocampus of TLE
mice would be affected by modulating the intracellular chloride
homeostasis with NPPB or DIDS. HFOs are generally analyzed above
80 Hz, while the upper-limit for recording might vary. Oscillations
between 80 and 200 Hz (ripples) are found in humans and correlate
with the severity of local atrophy in TLE patients, oscillations
between 250 and 500 Hz (fast ripples) are identified in epileptogenic
areas and represent the hypersynchronous discharging of locally
interconnected principal neurons and interneurons capable of gener-
ating spontaneous seizures. [34-36] In our study, we analyzed the
HFOs at the scope of 80-500 Hz. In status epilepticus activity recorded
from the ipsilateral hippocampus, ictal HFOs were obtained after
band-passed filtration of the raw traces and concomitantly generated
in the spike activity generally (Figure 3f), which is consistent with
previous studies. [35,37] We analyzed the time-frequency diagram of
ictal HFOs recorded in 0-4 hours after NPPB or DIDS injection, as
shown in the representative traces and corresponding time-fre-
quency diagrams (Figure 3g-i). The magnitude of HFOs in baseline
was slightly higher (warmer color represents greater Z-score). We
analyzed the distribution of ictal HFOs between 80 and 500 Hz in
NPPB or DIDS treated mice (Figure 3j, k) and found that the average
absolute power of ictal HFOs at this range was reduced in the seizure
activities that occurred in 0-4 hours after the drug treatment (P <

0.05, unpaired two-tailed t-test, Figure 3l, m). Taken together, these
results suggest that NPPB and DIDS ameliorate the seizure severity in
vivo in chronic TLE mice.

3.4. NPPB and DIDS induced outward currents in neurons of CA1 region
in TLE patients

We next sought to verify the effects of NPPB and DIDS on the
inhibitory synaptic transmission in CA1 pyramidal neurons of scle-
rotic hippocampus of TLE patients. Slices from six patient sclerotic
hippocampi were used in our study (Table 1). Consistent with the
observation from TLE mice, application of NPPB and DIDS induced
outward currents in eight out of ten and ten out of twelve recorded
neurons, respectively, as shown by representative traces and the
measurement of the amplitude of outward currents (Figure 4a-d).
Additionally, we observed two recorded cells in each group respond-
ing to the NPPB or DIDS treatment with weak outward current but
significant increase of sIPSC frequency and amplitude (Figure 4e-j) (P
< 0.05, K-S test). Interestingly, statistical analysis showed that the
inter-event interval and amplitude of sIPSC were not significantly
affected by NPPB or DIDS in all the recorded hippocampal neurons of
TLE patients (Insets in Figure 4e-j) (P > 0.05, paired two-tailed t-test),
which might attribute to the heterogeneity of human hippocampus
when compared with the hippocampus from experimental mice.
Because human hippocampus samples were collected from patients
with different ages, different seizure duration or have taken different
AEDs before surgery, whereas the hippocampus dissected from
experimental mice were less various because they were sustained
with similar treatment at a similar age and housed under the same
condition.

Furthermore, we monitored the effect of NPPB and DIDS on intra-
cellular chloride concentration ( [Cl�]i) in slices sectioned from the
hippocampus of TLE patients using MQAE (N-Ethoxycarbonylmethyl
of intracellular chloride indicator MQAE after NPPB treatment in the hippocampal neurons. (
real-time intensity curves showing increased immunofluorescence intensity of intracellular
respectively from total three specimens).
-6- methoxyquinolinium bromide), a chloride indicator that would
be quenched via collision with increased intercellular chloride. Fluo-
rescent images and the plotted real-time density curves showed that
the mean fluorescence intensity of MQAE was increased remarkably
after NPPB or DIDS treatment, suggesting that the [Cl�]i in the
detected cells were decreased, ultimately leading to the increase of
the transmembrane chloride electrochemical gradient (Figure 4k-n).
Taken together, these results suggest that NPPB and DIDS induce out-
ward currents in CA1 pyramidal neurons of TLE patients by increasing
the transmembrane chloride electrochemical gradient.

3.5. The expression of ClC-3 was increased in the hippocampus of mice
with chronic TLE

Next, we investigated whether the expression of ClC components
were altered in the ipsilateral hippocampus of mice with chronic TLE.
We focused on ClC-3, the major ClC gene family member with known
expression in the brain and its possible roles in tonic-clonic seizures.
[8,9] We picked the first section in every five continuous frozen sec-
tions (25 mm) of the hippocampus (from anterior to posterior) and
performed double immunofluorescence staining. In our samples, ClC-
3 was expressed in the NeuN positive hippocampal neurons in CA1
region of both control and TLE mice (Figure 5a). The expression pat-
tern of ClC-3 in the CA1 region was similar between the anterior and
posterior hippocampus (Data not shown). In addition, western blot
detected the ClC-3 immunoreactive bands at approximately 87 kDa
in gel electrophoresis (Figure 5b), which is consistent with previous
studies. [38] Quantitative analysis revealed that the protein expres-
sion of ClC-3 was increased in the hippocampus of chronic TLE mice
(Figure 5c) (P < 0.01, unpaired two-tailed t-test).

We further analyzed the correlation between the expression of
ClC-3 (relative optical density, OD) and various epileptical character-
izations of the chronic TLE mice, including the number of seizures per
day, average seizure duration, and average absolute power of ictal
HFOs. Spearman’s rank correlation analysis showed that the expres-
sion of ClC-3 was positively correlated with the average absolute
power of ictal HFOs in TLE mice (P < 0.05), but not with the number
of seizures per day and average seizure duration (P > 0.05)
(Figure 5d-f).

3.6. Correlation between ClC-3 protein level and clinical characteristics
in TLE patients

Finally, we assessed the expression of ClC-3 in the hippocampus of
intractable TLE patients (Table 1) and age-matched donors (Table 2).
Immunohistochemical staining found that ClC-3 was expressed in
the neurons of CA1 region in the control and sclerotic hippocampus
(Figure 6a). Mean density of the immunoreactivity of ClC-3 was
reviewed according to previous methods, [22] and the results
showed that the intensity of ClC-3 immunoreactivity was increased
in the CA1 region of TLE patients (Figure 6b) (P < 0.05, unpaired two-
tailed t-test). Double immunostaining additionally revealed that ClC-
3 was co-expressed with NeuN in the CA1 region of the hippocampus
in TLE patients (Figure 6c).

Depth electrodes were implanted in the targeted brain area of TLE
patients to locate the onset zone of seizure. Propagated seizure activ-
ity was recorded in multiple sites by the recording montage in a rep-
resentative TLE patient (Supplementary Figure 3). The depth
electrode targeted the left hippocampus in the representative TLE
patient was shown (Figure 6d). Seizure activity in the CA1 region of
the hippocampus was recorded by the indicated bipolar contacts
(arrows in Figure 6d), and ictal HFOs were obtained after filtration of
n = 3 slices respectively from total three specimens). (m, n) Representative images and
chloride indicator MQAE after DIDS treatment in the hippocampal neurons. (n = 4 slices



Figure 5. The expression of ClC-3 was increased in the ipsilateral hippocampus of chronic TLE mice.
(a) Representative double immunofluorescence images showing the neuronal co-expression of ClC-3 and NeuN in the hippocampal CA1 region of control and chronic TLE mice.

Scale bar, 20 mm. Images were selected from three mice for each group. (b) The ClC-3 protein in the homogenates of hippocampus from control and TLE mice was detected at 72-95
kDa by Western blot. (c) Densitometric analysis results showing the increased expression of ClC-3 in the hippocampus of the chronic TLE mice. (**P < 0.05, unpaired two-tailed t-
test, n = 6 mice for each group). (d-f) Spearman’s rank correlation between the expression of ClC-3 in the hippocampus and the average absolute power of ictal HFOs (d,
rho = 0.9429, *P < 0.05), the number of seizures per day (e, rho = 0.7409, P > 0.05) and average seizure duration (f, rho = 0.4857, P > 0.05). n = 6 mice for each analysis.
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the raw traces, as shown by the temporal traces and the illustration of
the single burst-like HFO (Figure 6e). Time-frequency diagram indi-
cated that the oscillations between 80-250 Hz were the primary
band of HFOs in the hippocampus of the TLE patient (Figure 6e). We
assessed the correlations between the protein level of ClC-3 in the
CA1 region of the sclerotic hippocampus and relevant clinical charac-
teristics in all the fifteen TLE patients. The expression of ClC-3 was
positively correlated with the number of ictal HFOs per seizure in the
hippocampus of TLE patients (Figure 6f) (P < 0.05, Spearman’s rank
test), but not with the absolute power of HFOs per seizure, course of
epilepsy, seizure frequency per month or categories of AEDs taken
(Figure 6g-j). Together, our results from mice and TLE patients sug-
gest that ClC-3 encodes the important ClC component mediating the
neuronal chloride current homeostasis and its expressional alteration
might account for the aberrant electrophysiological activities in TLE.
4. Discussion

Here, we combined mouse models and patient specimens and
provided evidence that ClC were involved in mediating various
electrophysiological activities of TLE. We utilized ClC inhibitors to
show that targeting ClC might be an effective therapeutical strategy
to ameliorate seizures. Moreover, our expressional characterization
followed by correlation analysis suggested that ClC-3 might encode
the important ClC component accounting for the increase of ClC-
mediated current in hippocampal lesions and therefore deserve fur-
ther investigation for more precise TLE targeting.

Our study first characterized the pathogenic function of ClC in hip-
pocampal neurons. In mature neurons, the intracellular chloride is
maintained at a very low level under normal physiological conditions
for maintaining the resting membrane potential. Previously studies



Figure 6. The expression of ClC-3 in the CA1 region was positively correlated with the number of HFOs per seizure in TLE patients.
(a) Representative immunohistochemical images showing increased ClC-3 protein abundance in the neurons at the hippocampal CA1 region from control donors and TLE

patients. Scale bar: 50 mm. (b) Scatter-bar plots showing the increased immunoreactivity of ClC-3 in the CA1 region of TLE patients (**P < 0.01, unpaired two-tailed t-test, n = 5, 15
specimens for each group). (c) Representative double immunofluorescent image showing the co-expression of ClC-3 and NeuN in the CA1 region of sclerotic hippocampus of TLE
patients. Scale bar: 20 mm. Image was selected from three specimens. (d) Representative image showing the implantation of a depth electrode in the CA1 region of the left hippo-
campus in a representative TLE patient. Arrows indicates the contacts at hippocampus used for HFOs detection. (e) Representative EEG traces of a seizure activity initiated at the
indicated contacts of the depth electrode showed in (d). Upper panel: raw EEG traces showing the initiation and propagation of a seizure activity; middle panel: spike activities in
the seizure discharging; bottom panel: filtered HFOs at 80-500 Hz corresponding to the spike activities in the middle panel (Inset: illustration showing the oscillation cycles of a sin-
gle HFO). Relative time-frequency analysis showed the recorded ictal HFOs concentrated in the band scope of 80-250 Hz. (f) Spearman’s rank correlation between the expression of
ClC-3 in the CA1 region and the number of ictal HFOs per seizure in the hippocampus of TLE patients (rho = 0.4883, *P < 0.05). n = 15 patients. (g-j) No significant correlation
between ClC-3 protein level and the average power of ictal HFOs (g, rho = -0.1545, P > 0.05), course of epilepsy (h, rho = -0.116, P > 0.05), seizures per month (i, rho = -0.09502, P >

0.05) and categories of AEDs taken (j, rho = 0.2556, P > 0.05) in TLE patients. n = 15 patients for each analysis.
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have identified abnormal accumulation of intracellular chloride
altered the GABAergic transmission in epileptogenic foci, [39-44] fac-
tors such as the cation-chloride cotransporter NKCC1 and the potas-
sium-coupled chloride transporter KCC2 are involved. [45-48] By
using the chronic TLE model, we found that the outwardly rectified
chloride current mediated by ClC was increased in the hippocampal
neurons, suggesting that ClC might be another potential etiologic fac-
tor for intracellular chloride accumulation in the neurons of TLE hip-
pocampal lesions.

We further showed that blocking ClC by small molecules (NPPB
and DIDS) affected not only the outwardly rectified chloride, but also
the inhibitory synaptic transmission in the hippocampal lesions.
These observations were recapitulated in TLE patients, though the
frequency and amplitude of sIPSC varied across individuals. Our
chronic TLE mouse model manipulation found that administration of
NPPB or DIDS ameliorated the seizure activity, suggesting that ClC
are attractive drug targets for seizure treatment.
Our study also delineated the HFO profile under the CIC blockage.
Previous studies have found that higher rates of HFO ripples (80-200
Hz) in the hippocampus correlate with the severity of local atrophy
in TLE patients with hippocampal sclerosis. [49] Also, increased
amplitude of HFOs has been identified from the pathological granule
cell layer of the dentate gyrus in animals with status epilepticus. [28]
The amplitude of ripples (80-250 Hz) is typically largest in the pyra-
midal cell layer and increasing the fidelity of pyramidal cell dis-
charges restored the amplitude of pathological HFOs in epilepsy.
[50,51] We found the average absolute power of ictal HFOs in the hip-
pocampus of TLE mice was reduced in 0-4 hours after NPPB or DIDS
administration, suggesting that the power of ictal HFOs was affected
by the neuronal chloride concentration and these drugs ameliorated
the intensity of status epilepticus besides reducing the seizure fre-
quency.

Finally, we characterized the expression of the ClC gene family
member, ClC-3, in seizure lesions and correlated the expression to
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relevant electrophysiological activities. Among the constitutively
activated ClC family members, ClC-3 is one of the major isoforms
expressed in the brain and was considered as the crucial ClC compo-
nent in mediating the outwardly rectified chloride current. [3,6] We
found that the hippocampal expression of ClC-3 was positively corre-
lated with the average absolute power of HFOs in TLE mice and the
number of ictal HFOs per seizure in TLE patients, suggesting that
increased expression of ClC-3 might promote epileptogenic events
via affecting HFOs. These results also indicated that targeting ClC-3
might further represent a more effective and precise TLE treatment
option.

In summary, our results characterized the potential role of ClC in
the eplileptogenesis of TLE by modulating the intracellular chloride
concentration and emphasized the significance of electrochemical
equilibrium in maintaining neuron excitability. Targeted inhibition of
ClC may be a potential therapeutic strategy to ameliorate seizure
activity.
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