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One Sentence Summary: NKCC1-mediated high astrocytic [CI7]; plays a pivotal role in seizure
prevention at GABAergic tripartite synapses.

Abstract:

A pathological excitatory action of the major inhibitory neurotransmitter y-aminobutyric acid
(GABA) has been observed in epilepsy. Blocking the CI” importer NKCC1 with bumetanide is
expected to reduce the neuronal intracellular C1” concentration ([CI7];) and thereby attenuate the
excitatory GABA response. Accordingly, several clinical trials of bumetanide for epilepsy are
currently ongoing. Although NKCCI is expressed in both neurons and glial cells, an involvement
of glial NKCCI in seizures has not yet been reported. Astrocytes maintain high [CI']; with
NKCCI1, and this gradient promotes Cl™ efflux via the astrocytic GABAAa receptor (GABAAR).
This CI” efflux buffers the synaptic cleft CI” concentration ([Cl ]o) to maintain the postsynaptic
CI” gradient during intense firing of GABAergic neurons, thereby sustaining its inhibitory action
during epilepsy. In this study, we investigated the function of astrocytic NKCC1 in modulating the
postsynaptic action of GABA in acute seizure models. We used the astrocyte-specific NKCCI
knockout (AstroNKCC1KO) mice. Seizure-like events (SLEs) in CA1 pyramidal neurons in vitro
and in the in vivo pilocarpine-induced seizure model were evaluated. The AstroNKCC1KO mice
were prone to seizures with lower threshold and longer duration of SLEs and larger GABAAR-
mediated depolarization underlying the SLEs, accompanied by higher Racine-scored seizures.
Bumetanide reduced these indicators of seizure in AstroNKCCI1KO mice (which still express
neuronal NKCC1), but not in the WT, both in vitro and in vive. Thus, astrocytic NKCCI1 inhibits
excitatory GABA-mediated seizures, whereas neuronal NKCC1 has the converse effect,
suggesting opposing actions of bumetanide on these cells.

INTRODUCTION

An imbalance between excitatory and inhibitory neurotransmission has been associated with the
pathology of epilepsy. In mature neurons, activation of GABAAR typically mediates C1™ flow into
the cell, resulting in hyperpolarization and the subsequent inhibition of membrane excitability.
However, an excitatory action of the primary inhibitory neurotransmitter GABA has been observed
in epilepsy (7-3). In seizure-like events (SLEs), hyperactivation of GABAAR transiently causes
intracellular CI” accumulation and the collapse of the neuronal C1™ gradient (4,5). This disruption
of CI” homeostasis causes a reversal of GABA action, from inhibitory to excitatory. This enhances
epileptiform activities during SLEs, and likely underlies the unresponsiveness to first-line
benzodiazepine treatment (2, 3).



Na'-K"-2CI” cotransporter type 1 (NKCC1) plays a key role in CI” accumulation in neurons (6).
Using bumetanide to block the activation of NKCC1 can reduce the [C1];, and thereby attenuate
the excitatory GABAAR response during epilepsy (7). Bumetanide has been shown to exhibit an
anticonvulsant effect in both in vitro and in vivo experiments (8-10). A recent randomized, double-
blind clinical trial showed an additional reduction of neonatal seizure burden by bumetanide over
phenobarbital (7/). However, in a clinical trial of intravenous bumetanide as an add-on to
phenobarbital for the treatment of neonatal seizures, bumetanide did not improve seizure control
(12). Consistent with this result, NKCC1 null mice exhibit severe status epilepticus compared with
their wild-type (WT) littermates (73). Although these observations suggest that bumetanide
inhibits neuronal NKCC1, NKCC1 is expressed not only in neurons, but also in glial cells
(6,14,15). The findings in NKCC1 null mice and the off-target effects of bumetanide are therefore
difficult to interpret, because the contribution of glial NKCC1 is unclear.

Astrocytes play an important role in synaptic transmission (16). Astrocyte processes tightly enwrap
synapses and form a specialized structure called the tripartite synapse (17,18). Astrocytes can
respond to synaptically released neurotransmitters, including GABA, via receptors and
transporters (79-22). In contrast to [C17]; in mature neurons (5-10 mM) (23), astrocytic [Cl]; is
higher (20-50 mM) that is maintained by NKCCI1 activity (17,24-26). Therefore, activation of
astrocytic GABAAR causes Cl™ efflux and depolarizes the astrocytic membrane potential (22,25).
Blocking astrocytic gap junction coupling enhances the depolarizing shift of the reversal potential
of the inhibitory postsynaptic current evoked by repetitive stimulation of GABAergic neurons,
indicative of an astrocytic syncytium-mediated [C17], buffering system (22). Recently, optogenetic
reduction of astrocytic [C17]i was shown to suppress inhibitory neurotransmission and enhance
neuronal activity, and conversely, optogenetic elevation of astrocytic [C1"]i potentiated inhibitory
neurotransmission and reduced neuronal activity, further supporting the existence of an astrocytic
syncytium-mediated [C17], buffering system (27). The observations suggest that NKCC1-mediated
modulation of astrocytic [CI7]; plays a critical role in maintaining [Cl ], and thereby preserving
the driving force for inhibitory GABAergic neurotransmission.

In this study, we investigated the function of astrocytic NKCC1 in GABA switching, based on
astrocytic GABAaR-mediated spatial C1” buffering in an epilepsy model. We used the Cre-loxP
system to specifically delete NKCC1 in astrocytes to reduce their ability to modulate CI levels.
We found that mice lacking astrocytic NKCC1 were more susceptible to evoked seizures in both
in vitro and in vivo experiments. The excitatory GABAergic responses were greater, corresponding
to astrocytic [Cl]ireduction, suggesting that NKCC1 and net astrocytic CI” efflux play critical roles
in GABA functional switching during epileptic seizures. Because astrocytic and neuronal NKCCl1
play opposing roles in GABAaR-mediated seizures, the clinical use of bumetanide could be a
double-edged sword.

RESULTS
Astrocytic GABAaR-mediated CI™ flux is reversed in AstroNKCC1KO mice

NKCC1 plays a critical role in modulating the high [CI7]; in astrocytes in the hippocampus (25).
Therefore, using the Cre-loxP system, we specifically depleted NKCCI in astrocytes (Fig. 1A).
To examine whether astrocytes were deficient in NKCC1, we performed double staining for
NKCC1 and GFAP in the hippocampus (Fig. 1B). A clear reduction in the colocalization of
NKCC1 and GFAP was observed in AstroNKCC1KO slices (0.01 £ 0.002) compared with WT
slices (0.396 + 0.023, P <0.001; Fig. 1C).
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Fig. 1. Conditional depletion of NKCC1 from astrocytes.

A. In the targetéd Slcl2a2 locus, exons 8-10 are flanked by loxP sites. Cre-dependent
recombination with the astrocyte promoter Aldhlll causes a frameshift (dotted exons) and
introduces a stop codon in exon 12. B. Representative confocal images showing hippocampal CA1
stratum radiatum astrocytic GFAP and NKCC1 immunoreactivities in WT and AstroNKCCIKO
mice. Arrowheads indicate colocalization of NKCC1 and GFAP C. Quantitative evaluation of the
colocalization of GFAP and NKCC1 using Manders’ correlation coefficient. The NKCC1 overlap
area is expressed as a percentage of the GFAP-immunoreactive area. Student’s f-test, ***P <
0.001. Bars show the mean + SEM with superimposed individual experiment points for the WT
group (black, n = 9 slices from 3 mice) and the AstroNKCC1KO group (red, n = 9 slices from 3
mice). s. orien.: stratum oriens; s.pyr.: stratum pyramydale; s. rad.: stratum radiatum.

To examine whether the depletion of NKCC1 from astrocytes caused a reduction in
astrocytic [CI7];, we measured changes in the fluorescence intensity of the CI™ indicator MQAE
during GABA puff application (Fig. 2A). Under normal conditions of high astrocytic [C17];, with
positive CI" reversal potential to resting membrane potential (Vrest) in WT mice, local puff
application of GABA (1 mM) increased the AF/F of MQAE (6.7 + 3.1, n = 6 cells), indicating
astrocytic [CI7]i decrease or CI” efflux. However, in AstroNKCCIKO astrocytes, GABA puff
reduced the AF/F of MQAE (—4.9 + 2.0, n = 6 cells), indicating astrocytic [Cl7]; increase or CI”
influx (P <0.001, Student’s -test; Fig. 2B, C). These results reveal low astrocytic [Cl™]i caused by
depletion of astrocytic NKCC1 in AstroNKCC1KO mice.
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Fig. 2. AstroNKCC1KO mice show reversal of the CI™ transient in response to GABA
application.

A. Fluorescence images of astrocytes labeled with SR101 and the C1™ indicator MQAE taken from
the CAl stratum radiatum of an acute hippocampal slice. The arrowhead indicates the examined
‘astrocyte (scale bar: 10 pm). B. Histogram shows the mean + SEM of the CI™ transient (AF/F)
induced by pressure application of GABA (1 mM for 1 s) in the soma of an astrocyte. Note that
the C1™ response was reversed in AstroNKCC1KO mice compared with WT mice. Graph shows
the mean + SEM. C. Peak AF/F responses to GABA application in WT and AstroNKCCIKO
neurons. Error bars show the mean + SEM with superimposed individual experimental points for
the WT group (black) and the AstroNKCC1KO group (red) (Student’s ¢- test, *** P < 0.001).

AstroNKCC1KO neurons are prone to SLEs.

To compare the SLE susceptibility between WT and AstroNKCCI1KO neurons, the intensity of
tetanic stimulation was increased from 50 pA to 450 pA, with 100 pA increments. The event was
- considered as an SLE when it exhibited seizure-like after-discharge (see Material and Methods).
The minimum stimulation intensity for triggering SLE was recorded as the SLE threshold (Fig.
3A). In CA1 pyramidal WT neurons, the induction intensity threshold was 325.0 + 41.2 pA (n =
8 cells; Fig. 3B). In comparison, in CA1 pyramidal AstroNKCC1KO neurons, the SLE threshold
was 121.4 £ 18.4 pA (n = 7 cells). Thus, the threshold for triggering SLEs was significantly
reduced in AstroNKCC1KO neurons (P <0.01; Fig. 3B). In addition, the SLE in AstroNKCC1KO
neurons lasted longer with the same stimulus intensity, with the duration (19.6 + 1.6 s, n =7 cells)
being significantly longer than in WT neurons (9.1 + 1.3 s, n = 8 cells) at 450 pA (P <0.001; Fig.
3C). These results indicate that AstroNKCC1KO neurons were more susceptible to seizure than
WT neurons.
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Fig. 3. AstroNKCC1KO neurons are prone to seizure compared with WT neurons.

A. Representative responses of CAl pyramidal neuron membrane potentials to step-wise
amplitude increases of tetanic stimulation. Inset of expanded traces show action potentials
occurring on the decay phase of the large depolarization period. The amplitude of this step-wise
stimulation was considered the SLE threshold (see Materials and Methods) B. Mean of SLE
threshold in WT and AstroNKCC1KO neurons (**P < 0.01, Mann—Whitney U-test). C. Mean of



SLE duration in WT and AstroNKCCI1KO neurons (***P < (.001, Student’s ¢-test). The results
were obtained from 1 cell per slice. Error bars show the mean + SEM with superimposed individual
experimental points for the WT (black) and AstroNKCCI1 (red) groups.

AstroNKCC1KO neurons have greater GABAAR-mediated depolarization during SLE.
Previous studies show that the excitatory GABA action during SLE enhances the excitability of
the neuronal network (2-5). Therefore, to examine the excitatory GABA action, we applied tetanic
stimulation of fixed intensity (450 pA) to induce SLE as the basal condition. Then, the specific
GABAAR antagonist bicuculline (20 pM) was applied in bath solution, and the same tetanic
stimulation was repeatedly delivered (Fig. 4A). Compared with the control SLE, much of the firing
as well as the depolarization amplitude were reduced during bicuculline application. By
subtracting the depolarization area of the SLEs under bicuculline from the basal condition, we
obtained the GABAaR-mediated depolarization. The area of the GABAaR-mediated
depolarization event of the SLE in AstroNKCC1KO neurons (331.3 = 38.9 mV*s, n = 6 cells) was
significantly larger than that in WT neurons (103.1 + 22.4 mV*s, n =6 cells) (P <0.001; Fig. 4B).
In contrast, the bicuculline-insensitive residual depolarization was not significantly different
between AstroNKCCI1KO (310.3 = 74.2 mV*s, n = 6 cells) and WT (359.6 £ 75.4 mV*s, n =6
cells) neurons (P = 0.65; Fig. 4C), indicating that the glutamatergic input did not differ between
phenotypes. The ratio of the GABAaR-mediated depolarization area over the bicuculline-
insensitive residual depolarization area was significantly larger in AstroNKCC1KO neurons (1.3
+ 0.21) than in WT neurons (0.3 + 0.02) (P < 0.01; Fig. 4D). These results reveal that the larger
GABAAaR-mediated depolarization event resulted in more severe SLEs in AstroNKCCIKO
neurons.
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Fig. 4. GABAAR-mediated depolarization during SLEs is greater in AstroNKCC1KO mice.
A. Representative SLEs from WT neurons (left) and AstroNKCCIKO neurons (right) under
control conditions or during GABAaR blockade by bicuculline. The GABAaR-mediated
depolarization was obtained by digital subtraction of the area under the curve in the presence of



bicuculline from the control condition. Note that SLEs under control and bicuculline conditions
are superimposed. B. The integral bicuculline-sensitive depolarization (area between the SLE
curves in control and in the presence of bicuculline) in WT neurons and AstroNKCCI1KO neurons.
*#% P <().001, Student’s -test. C. The integral of bicuculline-insensitive depolarization (area under
the SLE curve in the presence of bicuculline) in WT neurons and AstroNKCCIKO neurons.
Student’s ¢-test. D. The ratio of bicuculline-sensitive depolarization to the bicuculline-insensitive
depolarization. **P < 0.01, Student’s #-test. Error bars show the mean + SEM with superimposed
individual data points for the WT and AstroNKCC1 groups. The results were obtained from 1 cell
per slice.

Bumetanide lessens the higher seizure susceptibility of AstroNKCC1KO neurons

We tested whether blocking only neuronal NKCC1 with bumetanide would reduce the higher
seizure susceptibility of AstroNKCC1KO neurons (Fig. 5). Preincubation of slices with
bumetanide (10 pM) did not significantly alter the stimulation intensity threshold in WT neurons
(with 392 + 20 pA and without 325 £ 41 pA, respectively; P > 0.05, Mann—Whitney U-test). In
addition, the duration of SLE measured at 450 pA in bumetanide-preincubated WT neurons (8.8
+0.9 s, n =7 cells) was not significantly different from that in untreated WT neurons (9.1 £ 1.3 s)
(P> 0.05, Student’s t-test). However, in all AstroNKCC1KO neurons examined (n = 8 cells in 3
mice), preincubation of slices with bumetanide completely blocked SLE induction (Fig. 5B). These
results indicate that bumetanide reduces the higher susceptibility in AstroNKCC1KO neurons, but
not WT neurons.
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Fig. 5. Bumetanide lessens the higher seizure susceptibility in AstroNKCC1KO neurons
Representative responses of CAl pyramidal neuron membrane potentials to step-wise amplitude
increases of tetanic stimulation in bumetanide-treated WT neurons (A) and AstroNKCCIKO
neurons (B). Inset of expanded traces show action potentials on the decay phase of the large
depolarization period. Note that action potentials were absent on the decay phase of the
depolarization in bumetanide-treated AstroNKCC1KO neurons.



Bumetanide suppresses the GABAAR-mediated depolarization in AstroNKCC1KO mice
Our results revealed that the larger GABAaR-mediated depolarization caused SLEs in
AstroNKCC1KO neurons to be more severe. Therefore, we tested whether bumetanide could
suppress the GABAaR-mediated depolarization in SLEs by inhibiting neuronal NKCC1. We
applied tetanic stimulation (450 pA) to induce SLEs as the basal condition. Then, bumetanide (10
uM) was applied in bath solution and perfused over the slice for 30 min. During bumetanide
application, the same tetanic stimulation was repeatedly delivered. In AstroNKCCI1KO neurons,
bumetanide suppressed the firing and reduced the depolarization amplitude of SLEs. However, in
the WT, expressing both astrocytic and neuronal NKCC1, bumetanide did not suppress neuronal
SLEs (Fig. 6A). The bumetanide-sensitive area of the SLE in AstroNKCC1KO neurons (326.6
23.2 mV*s, n = 6 cells) was significantly larger than that in WT neurons (0.92 £ 0.2 mV*s,n=6 -
cells) (P < 0.001; Fig. 6B). Furthermore, a combination of bumetanide (10 uM) and bicuculline
(20 uM) was applied to the bath solution, and the same tetanic stimulation was repeatedly
delivered. In WT neurons, the addition of bicuculline suppressed all firing and the depolarization
amplitude of SLEs. However, in AstroNKCC1KO neurons, the addition of bicuculline did not
further suppress the depolarization amplitude of SLEs (Fig. 6A), indicating that bumetanide action
in AstroNKCC1KO neurons is fully mediated by GABAAR. Under the combination of bumetanide
and bicuculline, SLEs were not observed, either in WT or AstroNKCC1KO neurons. Thus, under
bumetanide treatment, the bicuculline-insensitive area of the SLE did not differ between
AstroNKCC1KO and WT neurons. These results indicate that in the absence of astrocytic NKCC1,
blocking neuronal NKCCI1 suppresses SLEs.
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A. Representative SLE obtained from WT neurons (upper) and AstroNKCC1KO neurons (lower)
under control conditions; blockade of NKCC1 by bumetanide (green) or both NKCCI1 and
GABAAR by the combination of bumetanide and bicuculline (purple) are superimposed. B. The
integral bumetanide-sensitive potentials (area between the curve of SLE in control and in the
presence of bumetanide) in WT and AstroNKCC1KO neurons. ***P < (.001, Student’s ¢-test. C.
The integral of bicuculline-sensitive area with bumetanide treatment (area between the curve of
the SLE under bumetanide and in the combination of bumetanide and bicuculline) in WT and
AstroNKCC1KO neurons. ***P < (0.001, Student’s ¢-test. Error bars show the mean + SEM with
superimposed individual data points for the WT and AstroNKCCI1 groups. The results were
obtained from 1 cell per slice.

Bumetanide reduces the heightened seizure susceptibility in AstroNKCC1KO mice

In in vitro experiments, AstroNKCCI1KO neurons displayed higher susceptibility to SLEs than
WT neurons. To examine seizure susceptibility in vivo, a pilocarpine-induced seizure model was
used. Consistent with the in vitro preparation, AstroNKCC1KO mice exhibited significantly more
severe seizure behaviors in comparison to their WT littermates (Fig. 7A; also see supplementary
video). The latency to the onset of generalized tonic-clonic seizures was significantly shorter in
AstroNKCC1KO mice (70.7 = 1.2 min, # = 6 mice) than that in WT mice (95.5 + 6.2 min, n = 6
mice) (P < 0.01; Fig. 7B). These results indicate that selective depletion of NKCC1 in astrocytes
cause AstroNKCClKO mice to be susceptible to epileptic seizures. Therefore, astrocytlc NKCC1
may protect against the onset of epilepsy.

Inhibiting NKCC1 activity with bumetanide has been shown to have conflicting effects on seizure
prevention (7). Because NKCC1 is expressed in both neurons and astrocytes (6,14, 15,26), the off-
target action of bumetanide might account for the inconsistency. Therefore, to differentiate the
roles of neuronal and astrocytic NKCC1 in seizures, bumetanide (2 mg/kg) was administered to
AstroNKCC1KO and WT mice. Bumetanide lessened the heightened seizure susceptibility of
AstroNKCC1KO mice by significantly prolonging the latency to the onset of generalized tonic-
clonic seizures (93.7 £ 2.8 min, n = 6 mice, P < 0.01). This result indicates a protective effect of
bumetanide on seizure induction by inhibiting neuronal NKCC1 function. In comparison, the
latency to the onset of generalized tonic-clonic seizures in bumetanide-treated WT mice (97.0 +
5.3 min, n = 6 mice) was not different from non-treated WT mice (95.5 + 6.2 min) (Fig. 7B).
Because NKCCl is expressed in both neurons and astrocytes, the failure of bumetanide to protect
against seizure in the WT indicates that the drug inhibits the pro-seizure action of neuronal NKCC1
as well as the anti-seizure action of astrocytic NKCC1. This suggests that the off-target actions of
bumetanide may underlie the inconsistencies among clinical trials.
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Fig. 7. AstroNKCC1KO mice are prone to seizures.

A. Temporal changes in the mean Racine scale score in WT, AstroNKCC1KO, bumetanide-treated
WT and bumetanide-treated AstroNKCC1KO mice. The first pilocarpine treatment was given at
time 0. The error bar represents the mean + SEM (Kruskal-Wallis test, *P < 0.05, **P < 0.01, 6
mice per group) B. Mean latency to stage 5 Racine scale score in WT, AstroNKCCIKO,
bumetanide-treated WT and bumetanide-treated AstroNKCCIKO mice. One-way ANOVA,
followed by Bonferroni post hoc-test, **P < 0.01. Error bars show the mean + SEM with
superimposed individual data points for WT (black closed circle), AstroNKCCI1KO (red closed
circle), bumetanide-treated WT (green open circle) and bumetanide-treated AstroNKCCIKO
(brown open circle) mice. Bume.: Bumetanide.
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Fig. 8. Depletion of NKCC1 in astrocytes elevates seizure susceptibility by disrupting spatial
CI™ buffering in the synaptic cleft. In WT mice, astrocytes maintain high [CI"]; via NKCC1, and
they use the Cl1™ gradient to buffer [CI7], via CI” efflux (black arrow) during intense firing of
GABAergic terminals. In AstroNKCC1KO mice, depletion of NKCC1 in astrocytes reduces
astrocytic [C17]i to a level that causes astrocytic GABAaR-mediated CI™ influx (red arrow). The
loss of astrocytic [Cl], buffering causes postsynaptic neuronal depolarizing Ecapa shifts,
rendering GABA action excitatory, consequently elevating seizure susceptibility.

DISCUSSION

Here, we uncovered a pivotal protective role of astrocytic NKCC1 in epileptic seizure induction.
The depletion of NKCC1 in astrocytes reversed the GABAaR-mediated CI” flux from outward to
inward. The GABAaR-mediated depolarization underlying SLEs in AstroNKCC1KO neurons
became larger and prolonged in comparison with WT neurons. Therefore, AstroNKCC1KO mice
were prone to seizure compared with their WT littermates. Blocking neuronal NKCC1 with
bumetanide countered the high seizure susceptibility in AstroNKCC1KO mice, indicating an anti-
seizure action on neuronal NKCCI1. However, the non-cell-type-selective NKCC1 inhibitor
bumetanide did not confer seizure protection in WT mice, indicating that simultaneous inhibition
of astrocytic NKCC1 could mask its action on neuronal NKCCI1.

NKCC]1 plays a major role in modulating the high astrocytic C1™ concentration (25-26). Therefore,
we generated the AstroNKCC1KO mice with specific depletion of NKCC1 in astrocytes to reduce
astrocytic [C17]i. Quinoline-based Cl -sensitive dyes have been widely used to monitor
intracellular CI~ changes. These dyes are insensitive to pH changes (28). It has been shown that
changes in pH differ in neurons and astrocytes during SLE (29). Therefore, the pH-insensitivity of
these dyes is an advantage. Moreover, using the cell membrane-permeable CI” dye MQAE, we
minimized the disturbance of astrocytic [Cl}i. The direction of GABAaR-mediated CI™ flow
depends on the electrochemical driving force. Because astrocytic [Cl]; is high, activation of
astrocytic GABAAR causes Cl efflux (22-26). We found that the AF/F MQAE in AstroNKCC1KO
astrocytes was reduced, along with an increase in astrocytic [Cl7];, in response to local GABA
application. The reversal of MQAE fluorescence in AstroNKCC1KO astrocytes, compared with
WT astrocytes, indicates that depletion of NKCC1 in astrocytes reduces astrocytic [C17]; and
reverses the direction of CI” flux. This result is consistent with a previous study using
pharmacological blockade of NKCC1 with bumetanide to reduce astrocytic [Cl ]; (26).

Previous studies show that GABAergic action shifts from inhibitory to excitatory during epileptic
seizures (1-4). During SLE, the fast-spiking interneuron, basket cell, fires at high frequency during
the ClI” accumulation accompanying the depolarizing GABAergic responses in hippocampal
pyramidal neurons (2). The postsynaptic [C] ] accumulation transiently overwhelms CI™ extrusion
mechanisms (30). The reversal potential of GABAAR (Ecaga) shifts from —83.9 mV to —42.7 mV
during SLE (3). This suggests that when the seizure causes sufficient Cl~ loading, GABAAR-
mediated signaling exacerbates, rather than inhibiting, postsynaptic activity (3). Our result is
consistent with previous studies showing GABAaR-mediated depolarization during SLEs.

The tripartite synapse model reveals the multiple roles of astrocytes in neurotransmitter release
potentiation (/6), neurotransmitter spillover modulation and synaptic cleft ionic homeostasis (77).
Extracellular CI™ concentration is not uniform, varying in the different hippocampal layers in an
activity-dependent manner (37). Perisynaptic astrocyte processes densely enwrap the synapse,
forming the tripartite synapse, contributing to synaptic isolation (/7). Astrocytic processes
expressing GABAAR respond to GABA spillover by CI™ efflux (22,25). Elevation and reduction



of astrocytic [C17]; enhances and inhibits GABAergic transmission, respectively (27). We found
that the amplitude of GABAsR-mediated depolarization during SLE was larger in CA1 pyramidal
neurons in AstroNKCC1KO mice than in their WT littermates. This indicates that depletion of
NKCC1 from astrocytes reverses astrocytic GABAaR-mediated Cl1™ flux from efflux to influx and
exacerbates neuronal GABAsR-mediated depolarization during SLE (Fig. 8). Our results support
the concept that astrocytic [Cl]; serves as a source of synaptic cleft Cl” to sustain inhibitory
GABAergic transmission (22, 27). It is not yet feasible to directly assess [Cl ], in the synaptic cleft
due to technical limitations. However, our current findings suggest that Cl~ buffering plays a
pivotal role during SLEs. A recent technical innovation may help confirm our findings (32).
Blocking NKCC1 with bumetanide has been shown to have an anticonvulsant effect both in vitro
and in vivo (8-10). Furthermore, in clinical a study, bumetanide enhanced the anticonvulsant effect
of phenobarbital on neonatal seizure (71). However, the functional role of NKCC1 in epilepsy is
still unclear, particularly as NKCC1 null mice exhibit more severe status epilepticus compared
with WT mice (13). Furthermore, bumetanide did not show a beneficial effect on neonatal seizure
in another clinical trial (/2). Notably, our present results demonstrate an ameliorative effect of
bumetanide on seizure activities both in vitro and in vivo in AstroNKCCI1KO mice. The
AstroNKCC1KO mice were more susceptible to seizures, and blocking neuronal NKCC1 with
bumetanide alleviated the symptoms almost completely. Additionally, application of bumetanide
in WT mice did not ameliorate seizure severity (Fig. 7). Neuronal NKCC1 theoretically facilitates
seizure activity (8-10), and conversely, astrocytic NKCC1 dampens seizure severity, as shown in .
the present study. The current findings indicate an anti-seizure role of astrocytic NKCC1 and a
pro-seizure role of neuronal NKCCl in acute seizure models. Because systemically administered
bumetanide inhibits NKCC]1 in both neurons and astrocytes, the differential action of bumetanide
on these cell types might underlie the lack of favorable outcome in some clinical trials for epilepsy
(12) and autism (33,34).

NKCC1 has been suggested to play a role in K uptake in astrocytes under elevated [K']o (17).
NKCC1 mediates astrocyte swelling in WT mice under high [K']o, but not in NKCC1 null mice,
suggesting that the transporter could participate in K" clearance in pathological conditions (35).
However, another study showed that NKCC1 plays no role in the activity-induced [K'], recovery
in hippocampal slices, because blocking NKCC1 with bumetanide had no effect on K' clearance
(36). Here, astrocytic NKCC1 depletion reversed the CI flux in astrocytes in response to GABA
application. Assuming that NKCC1 inwardly co-transports CI” and K, loss of astrocytic NKCC1
would also disturb [K']o buffering, which could increase seizure susceptibility. However,
differences in SLEs between WT and AstroNKCC1KO were GABAaR-dependent, therefore not
supporting this concept. Nonetheless, taken together, our findings suggest a key functional role of
astrocytic NKCC1 in dampening SLEs.

Our results highlight the importance of high astrocytic [Cl7];, sustained by NKCC1, in maintaining
GABAaR-mediated inhibitory signal transmission. Our findings suggest that astrocytic [Cl];
serves as a source of [Cl ], in the synaptic cleft via CI” efflux through astrocytic GABAAR, itself
activated by GABA spillover during SLEs. This, in turn, preserves the CI™ driving force for
postsynaptic neurons, thereby countering the collapse of inhibitory GABAergic transmission. In
particular, our findings suggest an anti-seizure action of astrocytic NKCC1, and in contrast, a pro-
seizure action of neuronal NKCC1.

In summary, astrocytic NKCC1 plays a pivotal role in seizure prevention, in contrast to the
neuronal counterpart. Several clinical trials of bumetanide for the treatment of epilepsy are
currently ongoing. The drug is anticipated to reduce the neuronal [CI']; by inhibiting NKCC1,



thereby maintaining adequate GABAergic inhibition. The dual actions of bumetanide may account
for the inconsistencies and the lack of favorable outcome in some clinical trials of the drug.

MATERIALS AND METHODS
Ethical approval

All experiments conformed to the guidelines issued by Hamamatsu University School of Medicine
on the ethical use of animals for experimentation.

Animals

Mice were housed in groups of 3—5 in a standard polycarbonate cage on wood shaving bedding
under a 12/12-h light-dark cycle (lights on from 7:00 a.m. to 7:00 p.m.). Food and water were
provided ad libitum. B6;FVB-Tg(Aldhlll-cre)JD1884Htz/] (Stock No. 023478) mice were
purchased from Jackson Laboratories. The NKCC1%°%/%* mice used (a gift from Prof. Christian
A. Hiibner) were as previously described (37). The Aldhl111-driven conditional NKCC1 knock-out
mice were produced by crossbreeding floxed NKCC1 mice with Aldhlll promoter-directed Cre
recombinase gene-expressing mice. The resulting Aldh111€*":NKCC 1°%/%°* mice were compared
with their control littermates (Aldh111¢**:NKCC1*'*!, Aldh111*Y*:;NKCC] flox/flex),

Slice preparation

Acute hippocampal slices were prepared from mice at postnatal day 18 to postnatal day 23. Mice
were deeply anesthetized with isoflurane and then decapitated. The brains were quickly removed,
and transverse 350-pm slices were cut with a vibratome (7000smz, Campden instruments) using
ice-cold, oxygenated ACSF containing the following (in mM): 126 NaCl, 2.5 KCl, 1.25 NaH,POs,
2 CaCla, 2 MgS0y4, 26 NaHCO3, 10 glucose, pH 7.2-7.4. Slices were then incubated for 10 min in
an oxygenated N-methyl-D-glucamine (NMDG) recovery solution at room temperature containing
the following (in mM): 115 NMDG, 2.5 KCI, 1.2 NaH;POs, 0.5 CaCl,, 10 MgSOq4, 25 NaHCOs,
25 glucose (300-306 mOsm). Slices were then carefully rinsed three times and stored for at least
1 h in continuously oxygenated room temperature ACSF.

Electrophysiological recording

Hippocampal slices were transferred to a submerged recording chamber and continuously perfused
with oxygenated ACSF. Slices were perfused at 1.5-2 ml/min, and the bath solution was
maintained at 30 °C. CA1 pyramidal neurons within the pyramidal cell layer of the hippocampus
were visualized under a 40x water immersion objective lens (Nikkon) with an infrared differential
contrast filter and targeted for recording. Whole-cell recordings were performed using glass
pipettes, pulled from standard wall borosilicate glass pipettes (3—5 MQ), and containing the
following (in mM): 140 K-gluconate, 2 NaCl, 1 MgClz, 10 HEPES, 0.2 EGTA, 2 Na2ATP, 0.5
NaxGTP, pH 7.3-7.4 (with KOH), 300-305 mOsm. Recordings were made using pClamp
software, Multiclamp 700B amplifier, and Digidata acquisition board (1550A, Molecular
Devices). For identifying astrocytes, slices were incubated in ACSF that contained 100 nM
sulforhodamine (SR101, Dojindo) for 30 min at room temperature before recordings (38).

Tetanic stimulation-induced SLEs

SLEs were recorded from CA1 pyramidal neurons in current-clamp mode according to a method
described elsewhere (4). In brief, tetanic stimulation (100 Hz for 0.5 s, intensity 450 pA, duration
400 ps) was delivered by a monopolar glass stimulation electrode (0.5—-1 MQ, filled with 2.5 M
NaCl) placed in the stratum radiatum. SLEs were characterized by a large membrane potential -



depolarization followed by a prolonged train of oscillatory depolarizations (Fig. 3A, inset). In most
cells, none or a single action potential occurred in each cycle of oscillatory depolarization. The
oscillatory depolarization was dependent on GABAAR activation and called the seizure-like after-
discharge (4). To measure the SLE threshold, the intensity of tetanic stimulation was increased
from 50 pA to 450 pA with 100-pA increments at 3-min intervals. In this study, the threshold was
considered as the minimal stimulation intensity in which the action potential occurred in cycles of
oscillatory depolarization on the decay of the large depolarization phase. Duration of SLEs was
measured from the ending of stimulation to the time point when the membrane potential recovers
to the baseline with the 450 pA stimulation intensity.

To examine the effect of bumetanide on SLE threshold, the slices were preincubated with
bumetanide (10 uM, Sigma-Aldrich) in ACSF for 30 min. The SLE threshold was then measured
in the presence of bumetanide (10 pM) in bath solution as described above.

To measure the GABAaR-mediated depolarization during SLEs, the tetanic stimulation (100 Hz
for 0.5 s, intensity 450 pA, duration 400 ps) was delivered to trigger SLEs in the control condition.
Then, the GABAAR was completely blocked by applying 20 pM bicuculline (Sigma-Aldrich) in
perfused solution, and the same tetanus stimulation was delivered. The SLE depolarization was
determined as the area under the SLE curve. The size of the bicuculline-sensitive area was obtained
by subtracting the SLE depolarization obtained in the blocker condition from the control condition.
Integration of the resulting bicuculline-sensitive area yielded the GABAaR-mediated
depolarization during SLE. The bicuculline-insensitive area was determined as the area under the
SLE curve in the presence of bicuculline.

To measure the bumetanide and bumetanide + bicuculline-sensitive depolarizations, tetanic
stimulation (100 Hz for 0.5 s, intensity 450 pA, duration 400 ps) was delivered to trigger SLEs in
the control condition. Then, NKCC1 activation was blocked by applying 10 pM bumetanide to the
perfusate for 30 min, and the same intensity of tetanic stimulation was delivered. Then, the
combination of bumetanide (10 uM) and bicuculline (20 uM) was applied to the perfusate for 5
min, and the same tetanic stimulation was delivered. The magnitude of the bumetanide-sensitive
area was obtained by subtracting the SLE depolarization obtained in the bumetanide condition
from the control condition. The magnitude of the bumetanide + bicuculline-sensitive area was
obtained by subtracting the SLE depolarization obtained in the bumetanide + bicuculline condition
from the bumetanide condition. The integration of the resulting areas yielded the bumetanide-
sensitive depolarization and bicuculline-sensitive depolarization, respectively, in the presence of
bumetanide during SLE.

MOQAE dye-based intracellular CI” imaging

The slices were incubated in normal ACSF containing 5 mM of the Cl -sensitive dye N-
(ethoxycarbonylmethyl)-6-methoxyquinolinium bromide (MQAE, Dojindo) for 60 min at room
temperature. MQAE was excited at 340-380 nm, and its emission, filtered at 435-485 nm, was
captured by an EMCCD camera (iXon DV887, Andor). For local GABA pressure application,
GABA (1 mM) was added to the ACSF through a glass puff pipette (2—-3 MQ) by pressure injection
(30 kPa, 1 s). The tip of the GABA-filled pipette was positioned above the slice within a horizontal
distance of 30—60 pm from the recording cells. Changes in MQAE fluorescence were recorded by
placing regions of interest over part of the cell soma (5.6 x 5.6 um) using FIJI (Imagel). For
analysis, background fluorescence was normalized linearly according to the slope for 2 s before
GABA application. The index AF/F was used to estimate the relative change in [CI"];; where F'is
the averaged fluorescence intensity obtained for 2 s before GABA application, and AF is the
change in F to fluorescence excitation at a given time. Therefore, quenching of the MQAE



fluorescence, corresponding to [Cl7]; increase, is expressed as a negative value in this index. An
increase in fluorescence intensity over baseline fluorescence (AF/F) indicates a relative decrease
in [CI]i. In the present study, we did not determine the absolute [CI7];. The experiments were
performed at room temperature to reduce leaking of the dye.

Immunohistochemistry

Mice were deeply anesthetized with sodium pentobarbital (50 mg/kg) and transcar d1ally perfused
with phosphate-buffered saline (PBS), followed by ice-cold 4% paraformaldehyde (PFA). Brains
were removed and placed in 4% PFA overnight, followed by 20% and 30% sucrose in 0.1 M
phosphate buffer at 4 °C. Next, brains were frozen, coronally sectioned (20 um), and processed
for immunohistochemistry. Free-floating sections were washed in 0.1 % Tween 20 (Sigma-
Aldrich) in PBS (PBS-T), and then blocked using 10% normal goat serum in PBS-T at room
temperature. Subsequently, sections were incubated with the primary antibodies (rabbit anti-
NKCC1, 1:500, Alomone Lab; chicken anti-GFAP, 1:1,000, Novus Biologicals) diluted in PBS-T
at 4 °C for 48 h. The sections were then incubated with secondary antibodies (1:1,000; Alexa Fluor
594 goat anti-rabbit, Invitrogen; 1:1,000, Alexa Fluor 488 goat anti-chicken, Invitrogen) for 2 h at
room temperature. After several washes with PBS-T, sections were mounted and cover-slipped.
Images were acquired by confocal microscopy (FV1000-D, Olympus). For the assessments, we
included three slices from one side of the hippocampus per mouse. The Image] program JACoP
was used to quantify colocalization by calculating the percentage of colocalization based on
Manders’ overlapping coefficient (39,40).

Pilocarpine-induced acute seizure model

The ramping-up dosing protocol was used for the preparation of the pilocarpine-induced acute
seizure model, according to previously published studies (47,42). In brief, male mice (3—4 months
of age) underwent four low-dose treatments by intraperitoneal injection of pilocarpine (100 mg/kg,
Wako) every 20 min. WT littermates were always injected together with homozygous
AstroNKCC1KO mice, using the same batch of pilocarpine. Thus, there was no systematic
difference in pilocarpine injection between WT and AstroNKCC1KO mice. To avoid peripheral
cholinergic effects, methyl scopolamine (1 mg/kg; Sigma-Aldrich) was subcutaneously
administered 30 min before the application of pilocarpine.

Mice were video recorded during each experiment. Behavioral seizure severity was measured
every 5 min, according to a previous study using the Racine scale (43), as follows: Stage 0: no
response; Stage 1: facial clonus (blinking, moving, rhythmic chewing); Stage 2: stage 1 plus
rhythmic nod; Stage 3: stage 2 plus forelimb myoclonus without upright hind limbs; Stage 4: stage
3 plus upright hind limbs; Stage 5: generalized tonic, a burst of seizure, and loss of control. All
mice exhibited stage 5 symptoms on the Racine scale. Animals that died during the experiments
were assigned stage 6.

To assess whether blocking NKCC1 with bumetanide suppresses seizures, 2 mg/kg bumetanide
(Sigma-Aldrich) was intraperitoneally injected according to a previous study (/0). A second dose
of bumetanide was administered after 60 min because of its short half-life in brain reported
previously (44).

Statistical analysis

The data are reported as mean + standard error of mean (SEM) for number of cells (n) or mouse
preparations, as detailed in the figure legends. Normality test (Shapiro—Wilk test) was applied to
the data before running statistical tests. Based on the normality results, data in two sample groups
were compared using unpaired Student’s ¢-test or the Mann—Whitney U-test. For the pilocarpine-



induced acute seizure experiment, one-way ANOVA with Bonferroni’s multiple comparison test
and Kruskal-Wallis test were used. Two-tailed tests were always performed. Statistical differences
were established with P < 0.05 (¥*), P < 0.01 (**) and P < 0.001 (***). Statistical analysis was
performed using SPSS statistical software package (SPSS 28 for Windows; SPSS, Inc., Chicago,
IL, USA).
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