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lonotropic and metabotropic kainate receptor signalling
regulates CI~ homeostasis and GABAergic inhibition
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Key points

e Potassium-chloride co-transporter 2 (KCC2) plays a critical role in regulating chloride homeo-
stasis, which is essential for hyperpolarizing inhibition in the mature nervous system.

e KCC2 interacts with many proteins involved in excitatory neurotransmission, including the
GluK2 subunit of the kainate receptor (KAR).

e We show that activation of KARs hyperpolarizes the reversal potential for GABA (Egapa) via
both ionotropic and metabotropic signalling mechanisms.

e KCC2isrequired for the metabotropic KAR-mediated regulation of Egapa, although ionotropic
KAR signalling can hyperpolarize Egapa independent of KCC2 transporter function.

e The KAR-mediated hyperpolarization of Egaps is absent in the GluK1/2~/~ mouse and is
independent of zinc release from mossy fibre terminals.

o The ability of KARs to regulate KCC2 function may have implications in diseases with disrupted
excitation: inhibition balance, such as epilepsy, neuropathic pain, autism spectrum disorders
and Down’s syndrome.

Abstract Potassium-chloride co-transporter 2 (KCC2) plays a critical role in the regulation of
chloride (Cl™) homeostasis within mature neurons. KCC2 is a secondarily active transporter that
extrudes Cl~ from the neuron, which maintains a low intracellular CI~ concentration [Cl~]. This
results in a hyperpolarized reversal potential of GABA (Egapa ), which is required for fast synaptic
inhibition in the mature central nervous system. KCC2 also plays a structural role in dendritic
spines and at excitatory synapses, and interacts with ‘excitatory’ proteins, including the GluK2
subunit of kainate receptors (KARs). KARs are glutamate receptors that display both ionotropic
and metabotropic signalling. We show that activating KARs in the hippocampus hyperpolarizes
EGapa, thus strengthening inhibition. This hyperpolarization occurs via both ionotropic and
metabotropic KAR signalling in the CA3 region, whereas it is absent in the GluK1/2~/~ mouse,
and is independent of zinc release from mossy fibre terminals. The metabotropic signalling
mechanism is dependent on KCC2, although the ionotropic signalling mechanism produces
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a hyperpolarization of Egapa even in the absence of KCC2 transporter function. These results
demonstrate a novel functional interaction between a glutamate receptor and KCC2, a transporter
critical for maintaining inhibition, suggesting that the KAR:KCC2 complex may play an important
role in excitatory:inhibitory balance in the hippocampus. Additionally, the ability of KARs to
regulate chloride homeostasis independently of KCC2 suggests that KAR signalling can regulate
inhibition via multiple mechanisms. Activation of kainate-type glutamate receptors could serve
as an important mechanism for increasing the strength of inhibition during periods of strong
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glutamatergic activity.

Street, Toronto, ON, M5S 3G5, Canada.
Introduction

In the central nervous system, fast hyperpolarizing
GABAergic inhibition depends upon the neuronal CI~
gradient (Kaila, K., 1994), which is primarily maintained
by members of the cation chloride co-transporter (CCC)
family (Blaesse et al. 2009, Kaila, Kai et al. 2014).
Of these transporters, potassium-chloride co-transporter
2 (KCC2) is the primary extruder of Cl™ in mature
neurons, undergoing a developmental upregulation that
contributes to the establishment and maintenance of
hyperpolarizing inhibition (Rivera et al. 1999). KCC2 is
a secondarily active transporter that uses the existing
potassium gradient generated by the Na'™/K'-ATPase
to extrude Cl~ from the neuron, resulting in relatively
low concentration of Cl~ inside mature neurons (Kaila,
Kai et al. 2014, Doyon et al. 2016). This allows Cl™
to flow down its electrochemical gradient and into
the neuron when the GABA, receptor is activated,
comprising a necessary condition for hyperpolarizing
inhibition. Fast and strong GABAergic inhibition is critical
for proper neurophysiological function, including the
regulation of spike timing (Pouille and Scanziani, 2001,
Kopp-Scheinpflug et al. 2011, D’amour and Froemke,
2015).

Because of its key role in maintaining the Cl~ gradient
that is critical to inhibition, KCC2 has been considered
historically as an ‘inhibitory protein’. However, recent
evidence suggests that KCC2 is also important for
excitatory neurotransmission. KCC2 is highly expressed at
excitatory synapses (Gulyds et al. 2001, Li ef al. 2007, Llano
et al. 2015), where it plays an important role in dendritic
spine formation and maintenance, and influences AMPA
receptor (AMPAR) content and diffusion out of the
synapse (Li et al. 2007, Gauvain et al. 2011, Llano et al.
2015). KCC2 has also been shown to physically interact
with several excitatory receptors and proteins (Mahadevan
et al. 2017), including the GluK2 subunit of kainate
receptors (KARs) (Mahadevan et al. 2014), and the KAR
auxiliary subunit Neto-2 (Ivakine et al. 2013, Mahadevan
et al. 2015). KCC2 also functionally interacts with several
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other glutamate receptors, including NMDA receptors
(Lee et al. 2011), and metabotropic glutamate receptors
(mGluRs) (Banke and Gegelashvili, 2008).

KARs are classed as ionotropic glutamate receptors
but are unusual in their signalling properties in that
they can signal both in an ionotropic (canonical)
and metabotropic (non-canonical) fashion (Lerma and
Marques, 2013). Similar to other ionotropic glutamate
receptors, the ionic current of KARs is largely carried
by Na'; however, KAR currents are typically smaller
and possess slower decay kinetics compared to other
glutamate receptors (Castillo et al. 1997) as a result
of their interaction with auxiliary subunits (Straub and
Tomita, 2012). Activation of the KAR current produces a
long lasting depolarization that increases action potential
firing via increased summation (Frerking, Matthew and
Ohliger-Frerking, 2002, Sachidhanandam et al. 2009,
Pinheiro et al. 2013). In addition to their ability to produce
an ionotropic current, KARs also signal metabotropically
via a G-protein coupled mechanism (Rodriguez-Moreno
and Lerma, 1998, Rozas et al. 2003, Lerma and Marques,
2013). Metabotropic KAR signalling has been shown to
regulate presynaptic neurotransmitter release and neuro-
nal excitability (Rodrigues and Lerma, 2012). In particular,
KAR activation decreases the amplitude of the slow after-
hyperpolarization (Isapp), which leads to a subsequent
increase in neuronal firing (Melyan et al. 2002, Melyan
et al. 2004, Fisahn et al. 2005).

KCC2 interacts with the KAR subunit GluK2 and
this physical interaction is required to maintain normal
surface expression and oligomerization of the KCC2
protein (Mahadevan ef al. 2014, Pressey et al. 2017).
However, whether KAR-mediated ionotropic current
and/or metabotropic signalling can also regulate KCC2
function is unknown. To determine whether KAR
signalling regulates KCC2 function, we made electro-
physiological recordings from pyramidal neurons in the
CA3. The CA3 is one of the few regions in the brain, and
the only region in the hippocampus, where postsynaptic
kainate ionotropic currents and KAR-metabotropic
signalling have been recorded in pyramidal neurons
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(Castillo er al. 1997, Vignes and Collingridge, 1997,
Fisahn et al. 2005, Lerma and Marques, 2013). We
demonstrate that independently activating either the
ionotropic or metabotropic KAR signalling pathways
produces a hyperpolarization of the reversal potential for
GABA (Egapa)- Interestingly, pharmacological blockade
of KCC2 prevents KAR-mediated regulation of Egapa
when low concentrations of kainic acid (KA) are applied,
but not when higher concentrations of KA are applied,
suggesting that the two modes of KAR signalling
regulate chloride homeostasis via two independent
mechanisms. KAR-mediated hyperpolarization of Egapa
is not observed in GluK1/2~/~ CA3-pyramidal cells and
occurs independently from zinc release from mossy fibre
(MF) terminals. This represents a novel mechanism
for glutamatergic activity to modulate the strength of
inhibitory synaptic transmission in the hippocampus.

Methods
Ethical approval

All animal procedures were approved by the University of
Toronto Animal Care Committee in accordance with the
Canadian Council for Animal Care guidelines (Animal
Protocol #20012022) and conformed with the principles
and standards as described by Grundy (2015). All efforts
were made to minimize animal suffering and to reduce the
number of animals used.

Animals

Experiments were performed on male and female mice.
C57Bl/6 mice were obtained from a colony in the
Faculty of Arts and Sciences Biosciences Facility (originally
obtained from Jackson Laboratories, Bar Harbor, ME,
USA). GluK1/27/~ mice were originally obtained from
Dr Chris McBain (NIH, Bethesda, MD, USA) (Mulle
et al. 1998, Contractor et al. 2000, Mulle et al. 2000)
and were used to establish a colony in the Faculty of Arts
and Sciences Biosciences Facility. All mice were housed
under a 12:12 h light/dark photocycle with access to food
and water available ad libitum. Mice were anaesthetized
with open-drop isoflurane prior to decapitation with a
guillotine.

Electrophysiology

P19-P26 C57Bl/6 mice were anaesthetized with isoflurane
and brains were rapidly removed after decapitation and
placed into a cutting solution containing (in mm): 205
sucrose, 2.5 KCl, 1.25 NaH, POy, 25 NaHCO3, 25 glucose,
0.4 ascorbicacid, 1 CaCl,, 2 MgCl, and 3 sodium pyruvate
(pH 7.4), osmolality ~295 mosmol kg™'. Coronal slices
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(300 um) containing the hippocampus were prepared
and recovered at 32°C in a 50 : 50 mixture composed
of cutting saline + artificial CSF (aCSF) for 30 min
and then placed in aCSF alone for 30 min. During
experimentation, slices were perfused at a rate of ~
2 mL min™! in aCSFE. The aCSF solution consisted of (in
mM): 123 NaCl, 2.5 KCl, 1.25 NaH,PO,, 25 NaHCOs,
25 glucose, 2 CaCl, and 1 MgCl, in double-distilled
water and saturated with 95% O,/5% CO, (pH 7.4),
osmolarity ~295 mosmol L. Recording pipettes were
pulled from thin-walled borosilicate (TW-150F, World
Precision Industries; Sarasota, FDL, USA) to resistances of
5-12 MQ with a P-87 micropipette (Sutter Instruments,
Novato, CA, USA).

Gramicidin perforated patch clamp recordings from
hippocampal slices were made in oxygenated aCSF at
35-37°C from putative pyramidal cells in the CAS3.
Recording pipettes were filled with an internal solution
containing 150 mm KCI, 10 mm HEPES and 50 ug mL™
gramicidin (pH 7.4, 300 mosmol kg™ !). Slices were first
perfused with aCSF containing GYKI-52466 (30 uM)
to block AMPAR-mediated transmission followed by
perfusion with aCSF containing both GYKI-52466
(30 um) and UBP 310 (5 uM) to block both AMPAR and
KAR-mediated transmission.

Whole-cell, patch clamp recordings were obtained from
putative pyramidal cells in the CA3 in oxygenated aCSF
containing the antagonists: GYKI 52466 (10 uM), DL-APV
(50 um), DL-AP3 (300 um) and CGP55845 (3 um).
In a subset of experiments, aCSF contained additional
antagonists NEM (50 pm), VU 0463271 (1 uM) or
ZX1 (100 puM). KARs were activated with KA (1 um or
0.1 puM) in addition to these antagonists; control cells
were exposed to antagonists alone. All experiments were
performed at 22-24°C. Pipettes were filled with an inter-
nal solution containing (in mM): 130 potassium gluconate,
10 KCl, 10 HEPES, 0.2 EGTA, 4 ATP, 0.3 GTP and 10
phosphocreatine (pH 7.4), osmolality ~285 mosmol kg™'.
In a subset of experiments, GDP-$-S (300 uM) was also
included in the internal solution. Recordings began 5 min
after entering whole-cell configuration, with this time
point taken as t = 0. Egapa was determined in voltage
clamp mode by evoking IPSCs when step depolarizing
the membrane potential. During each current step, an
IPSC was evoked by a stimulation electrode placed in
the stratum lucidum/radiatum. A linear regression of
the IPSC amplitudes was then used and the intercept of
this line with the abscissa was taken as Egapa; synaptic
conductance was taken as the slope of this regression
line, expressed in pS. Driving force was calculated by
subtracting Egapa from the resting membrane potential
(RMP) and is expressed in mV. Paired-pulse ratio (PPR)
was determined by stimulating two IPSCs 50 ms apart, and
then dividing the peak amplitude of the second IPSC by
the first.
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Chemicals

The sources of the agonists and antagonists used in the
experiments were: KA (Sigma-Aldrich, St Louis, MO,
USA), NEM (Sigma-Aldrich), GDP-B-S (Sigma-Aldrich),
DL-APV (Tocris Bioscience, St Louis, MO, USA),
GYKI 52466 (Tocris Bioscience), CGP55845 (Tocris
Bioscience), DL-AP3 (Tocris Bioscience), ZX1 (Strem
Chemicals, Newbury Port, MA, USA) and VU 0463271
(Tocris Bioscience). All chemicals were diluted in
aCSF with the exception of GDP-B-S, which was
added to pipette internal solution; CGP55845, which
was diluted in DMSQO; and VU 0463271, which was
also diluted in DMSO resulting in a concentration
of 0.0002% DMSO in aCSF (all experiments) and
0.0003% (VU experiments) in the electrophysiological
recordings.

Statistical analysis

All population data are expressed as the mean = SD, unless
otherwise specified. Full time course data was analysed
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using two-way repeated measures ANOVA. All other data
were analysed using a paired Student’s ¢ test to examine
the statistical significance of the differences. Each n value
represents an individual neuron. Only one n value was
obtained from each acute slice. multiple n values were
obtained from the same animal. The number of mice (N)
used for each experiment was: Fig. 1A and B (N = 3),
Fig. 1C-I (control, N = 7; KA, N = 7), Fig. 2 (control,
N=7; KA, N=7), Fig. 3 (control, N = 10; KA, N=5),
Fig. 4A-G (control, N= 6; KA, N = 4) Fig. 4H-] (control,
N=6;KA, N=9), Fig. 5 (control, N=5; 1 um KA, N=6;
0.1 uMm KA, N=4), Fig. 6 (control, N=4;1 uMKA, N=4;
0.1 um KA, N = 3), Fig. 7 (control, N = 4; KA, N = 3),
Fig. 8 (control, N = 4; KA, N=16).

Results

To determine whether activation of KARs regulate
KCC2 function and therefore GABAergic inhibition, we
recorded the reversal potential for GABA (Egapa) from
putative pyramidal neurons in the CA3 region in acute
hippocampal slices. KCC2 function cannot be tested
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Figure 1. Kainate receptors modulate IPSCs in CA3 pyramidal cells

A, group data showing Egapa before and after KAR blockade with UBP310 (n = 5). B, group data showing driving
force for CI~ before and after KAR blockade with UBP310 (n = 5). C, plot of voltage—current curve for a cell at
t =0 (Egapa = —75.1 mV) and t = 5(Egaga = —79.1 mV). Inset: examples of evoked IPSCs (scale bar = 60 pA,
10 ms). D, group data showing Egaga at t = 0and t =5 (n = 11 control, 8 KA). E, plot of group data showing the
effect of 1 um KA application on Egaga over time (n = 11 control, 8 KA) F, group data showing resting membrane
potential at t=0and t =5 (n = 11 control, 8 KA). G, group data showing driving force for CI~att=0and t =5
(n =11 control, 8 KA). H, group data showing C~ conductance at t=0and t =5 (n = 11 control, 8 KA). /, group
data showing paired pulse ratio at t = 0 and t = 5 (n = 9 control, 8 KA) (*P < 0.05, **P < 0.01).

© 2018 The Authors. The Journal of Physiology © 2018 The Physiological Society
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directly in neurons, and thus Egapa is used as the standard ~ including in our own studies (Acton et al. 2012, Ivakine
measure of the efficacy of this transporter in the brain et al. 2013, Mahadevan et al. 2014, Mahadevan et al.
(Woodin, 2013). 2015), we have previously demonstrated that changes

We first recorded EGABA using the gramicidin  in Egapa can be detected using whole-cell recordings
perforated patch clamp technique to preserve the intra-  (Ormond and Woodin, 2009, Ormond and Woodin,
cellular CI™ concentration at the same time as blocking 2011, Takkala and Woodin, 2013, Mahadevan et al.
AMPA receptors with GYKI-52466. We then examined the ~ 2017). The use of the whole-cell technique was necessary
effect of blocking KARs using UBP 310, which blocks post-  in the present study as a result of the longer-term
synaptic mossy-fibre CA3 KAR transmission (Pinheiro  nature of the recordings, which required the washing-in
et al. 2013). Upon UBP application, Egapa depolarized  and -out of pharmacological agents, and the need
from —87.9 £ 4.1 mV to —81.5 = 4.7 mV (Fig. 1A). This  to include a pharmacological agent in the recording
was accompanied by a significant decrease in the driving  pipette.

force for Cl~ from 15.1 £ 9.9 mV to —8.7 & 10.5 mV To determine the effects of KAR activation on KCC2
(Fig. 1B). These results suggest that KAR activity may  function, we bath applied the KAR agonist KA (1 um) for
tonically regulate KCC2 function. 5 min (¢t = 0 to t = 5 min). KAR activation produced

Next, we performed experiments to determine whether ~ a significant hyperpolarization of Egaps (f = 5 min)
KAR activation could regulate KCC2 function GABAergic compared to control Egaps measurements that were made
currents were isolated by bath applying antagonists  in aCSF containing only the inhibitors described above.
to block NMDA receptors (DL-APV), AMPARs (GYKI  Following KA washout, Egaps transiently depolarized
52466), GABAgRs (CGP55845) and Group I mGluRs  (# = 10 min) and was not significantly different from
(DL-AP3). IPSCs were evoked with a stimulating  controls, significantly hyperpolarizing again after further
electrode placed in the stratum lucidum/radiatum when  washout (#= 15 min). Upon KA application (= 5), Egapa
recording in whole-cell mode with a holding potential ~ hyperpolarized from —70.1 + 6.4 mV to —76.0 & 5.8 mV
of —70 mV. Although gramicidin-perforated patch  (Fig. 1C-E). A significant hyperpolarization of Egapa to

clamp recordings are often used to record Egaga, —76.4 = 5.9 mV persisted after KA washout (t = 15).
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Figure 2. Kainate receptors activated by 0.1 um KA modulate IPSCs

A, plot of voltage—current curve for a cell at t = 0 (Egapa = —65.6 mV) and t = 15 (Egaga = —74.6 mV). Inset:
examples of evoked IPSCs (scale bar = 60 pA, 10 ms). B, group data showing Egapa at t = 0 and t = 15. C, plot
of group data showing the effect of 0.1 um KA on Egaga over time. D, group data showing resting membrane
potential at t = 0 and t = 15. E, group data showing driving force for CI~ at t = 0 and t = 15. F, group data
showing CI~ conductance at t = 0 and t = 15. G, group data showing paired pulse ratio at t = 0 and t = 15
(n =9 control, n = 10 KA, all experiments) (*P < 0.05).
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This change in Egapa was accompanied by a significant
depolarization of the RMP (Fig. 1F), which, when
combined, resulted in a significant change in the driving
force for CI~ (Fig. 1G). This effect was accompanied by
a significant decrease in synaptic conductance but not
paired pulse ratio (Fig. 1H and I).

Next, we aimed to determine whether metabotropic
KAR activation alone could independently regulate
KCC2 function. Nanomolar concentrations of KA are
sufficient to activate metabotropic signalling (Fernandes
et al. 2009), as well as to produce much smaller or no
kainate receptor currents (Castillo et al. 1997). Therefore,
we bath applied 0.1 um KA to investigate the effects
of metabotropic KAR signalling on KCC2 function.
At this concentration of KA, there was no significant
hyperpolarization of Egapa upon KA application at
t = 5, although a significant hyperpolarization of Egapa
occurred after washout at + = 15 (Fig. 2A-C). This
resulted in a significant change in the driving force for
Cl~ (Fig. 2E), although no changes in RMP, conductance
or PPR were observed after 10 min of washout (Fig. 2D,
F and G). Taken together, these findings suggest that
metabotropic KAR signalling can regulate Egapa-

To determine whether the KAR-mediated hyper-
polarization of Egaps can result from ionotropic

D. Garand and others
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signalling, we isolated the ionotropic signalling pathway
using NEM, which is commonly used to inhibit
KAR-mediated metabotropic signalling (Frerking et al.
2001, Melyan et al. 2002). When we activated KARs with
1 uMm KA during bath application of NEM (50 um),
Ecapa significantly hyperpolarized (¢ = 5 min) (Fig. 3C);
however, this hyperpolarization did not persist following
KA washout. This change in Egaps was again accompanied
by a significant depolarization of the RMP, which resulted
in a significant change in the driving force for Cl~ (Fig. 3D
and E); similar to Egapa, these changes in RMP and
the driving force did not persist through washout. No
significant changes in conductance or paired pulse ratio
were observed upon KA application (Fig. 3Fand G). These
results suggest that KAR-mediated ionotropic can regulate
Ecapa independent of metabotropic signalling. Although
NEM is a commonly used antagonist for metabotropic
KAR signalling, it is also known to alter KCC2 function
and surface expression via an interaction with a WNK
kinase that alters KCC2 phosphorylation (Conway et al.
2017). Although control cells in our NEM experiments
did not show any changes in Egapa as a result of bath
application of NEM over the course of the experiments,
we repeated the above experiments using GDP--S to
isolate the ionotropic signalling pathway to mitigate any
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Figure 3. Kainate receptors activated by 1 uM kainic acid modulate IPSCs in the presence of

metabotropic signalling blocker NEM

A, plot of voltage—current curve for a cell at t = 0 (Egaga = —59.2 mV) and t = 5 (Egapa = —73.5 mV). Inset,
examples of evoked IPSCs (scale bar: 60 pA, 10 ms). B, group data showing Egapa att=0and t=5(n = 13
control, n = 6 KA). C, plot of group data showing the effect of 1 um KA on Egaga over time (n = 13 control,
n = 6 KA). D, group data showing resting membrane potential at t = 0 and t = 5 (n = 13 control, n = 6 KA). £,
group data showing driving force for CI~ at t = 0 and t = 5 (n = 13 control, n = 6 KA). F, group data showing
Cl= conductance att =0and t =5 (n = 11 control, 8 KA). G, group data showing paired pulse ratio at t = 0 and
t="5(n =7 control, 8 KA) (*P < 0.05) [Correction made on 9 February 2019, after first online publication: Figure

3 was replaced with the current version].

© 2018 The Authors. The Journal of Physiology © 2018 The Physiological Society
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potential concerns regarding known effects of NEM on
KCC2. GDP-B-S is a GDP analogue that interferes with
G-protein binding, and has been found to inhibit the
ability of KARs to reduce the amplitude of the Isapp (Ruiz
et al. 2005, Segerstrale et al. 2010).

Similar to our experiments with NEM, activation
of KARs with 1 um KA with GDP-$-S (300 um) in
the patch pipette led to a significant hyperpolarization
of Egapa compared to controls, which had GDP-g-S
introduced via the patch pipette but did not have KA

KAR-activation hyperpolarizes Egaga
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throughout the washout period, which was accompanied
by a depolarization of the resting membrane potential,
again resulting in a significant change in the driving force
for chloride (Fig. 4D and E). We also briefly repeated these
experiments using 0.1 uM KA application with inclusion
of GDP-B-S in the patch pipette. At this low concentration
of KA, no significant changes in E;aps were observed
throughout the experiment (Fig. 4H-]), suggesting that
G-protein signalling is necessary for the effect.

To determine whether the KAR-mediated hyper-

bath applied (Fig. 4A—C). Egapa remained hyperpolarized =~ polarization of Egapa was a result of GluKl
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Figure 4. Kainate receptors activated by 1 uM kainic acid modulate IPSCs in the presence of
metabotropic signalling blocker GDP-8-S

A, plot of voltage—current curve for a cell at t = 0 (Egaga = —68.6 mV) and t = 5 (Egapa = —74.2 mV). Inset,
examples of evoked IPSCs (scale bar: 60 pA, 10 ms). B, group data showing Egasa at t = 0 and t = 5. C, plot
of group data showing the effect of 1 «M KA on Egapa over time. D, group data showing resting membrane
potential at t = 0 and t = 5. with 1 M KA application E, group data showing driving force for ClI~ at t = 0
and t =5 (n = 13 control, n = 6 KA). F, group data showing CI~ conductance at t = 0 and t = 5 with 1 uM
KA application. G, group data showing paired pulse ratio at t = 0 and t = 5 with 1 uM KA application (n = 7
control, n = 6 KA, all 1 uM KA experiments). H, plot of voltage-current curve for a cell at t = 0 (Egaga = —67.3
mV) and t = 15 (Egaga = —69.1 mV) with 0.1 M KA application. Inset, examples of evoked IPSCs (scale bar: 60
pA, 10 ms). /, group data showing Egaga at t = 0 and t = 5 with 0.1 uM KA. J, plot of group data showing the
effect of 0.1 uM KA on Egaga over time. (n = 7 control, n = 17 KA, all 0.1 uM KA, experiments) (*P < 0.05,
P < 0.01, **P < 0.001) [Correction made on 9 February 2019, after first online publication: Figure 4 was
replaced with the current version].
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or Gluk2-containing KAR activation, we performed
KA-application experiments in GluK1/2~/~ mice (Mulle
et al. 1998, Contractor et al. 2000, Mulle et al. 2000) at
both previously used KA concentrations. No significant
differences were observed between control and cells with
either 1 um or 0.1 uM KA applied in these slices (Fig. 5).
These results suggest that GluK1/GluK2-containing KAR
activation can increase Cl~ driving force viaa combination
of depolarizing the membrane potential and hyper-
polarizing Egapa.

Next, we aimed to determine whether the KAR-
mediated hyperpolarization observed was the result of a
change in KCC2 transporter function. Although KCC2
function is the primary determinant of Egapa, other
transporters such as NKCCI1 are also present in the
neuron and maybe influence Egapa. We repeated our pre-
vious experiments with the addition of selective KCC2
antagonist VU 0463271 (VU) (1 um) to the bath to parse
out the contribution of KCC2. Interestingly, when 1 um KA
was applied, a hyperpolarization of Egspa was observed
at t = 5 (Fig. 6A-C), although this hyperpolarization
did not persist through washout as previously observed
in experiments without VU. This was accompanied by
a significant depolarization of the resting membrane
potential and a significant increase in the driving force
for CI~ (Fig. 6D and E). A significant decrease in
conductance was observed upon KA application, although
the paired pulse ratio did not change significantly (Fig. 6F
and G). By contrast, bath application of 0.1 um KA
in the presence of VU did not produce any significant
changes in Egapa throughout the experiment (Fig. 6 H-]).
These results suggest that KARs can regulate Egapa
in both a KCC2 independent and KCC2-dependent
manner.

Finally, we aimed to determine whether zinc release
of MF-CA3 plays a role in KAR-mediated regulation of
Ecapa. It has been shown previously that, at MF-CA3
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synapses, zinc release and subsequent metabotropic zinc
receptor (mZnR) activation can enhance KCC2 function
(Chorin et al. 2011). Kainate-induced zinc release at mossy
fibre synapses has also been shown to increase activity and
surface expression of KCC2, an effect that was prevented
with application of a broad divalent cation chelator (Gilad
et al. 2015). To test whether the KAR-mediated hyper-
polarization of Egapa resulted from mZnR activation,
we used a highly specific Zn** chelator, ZX1 (Pan et al.
2011). Upon 1 um KA application in the presence of ZX1,
Ecapa significantly hyperpolarized (Fig. 7A-C) and this
hyperpolarization persisted throughout washout. This was
accompanied by a significant depolarization of the resting
membrane potential, as well as an increase in the driving
force for ClI~ (Fig. 7D and E), as previously observed in the
absence of the chelator. This shift was not accompanied
by a change in PPR, although a change in conductance
over time was observed both in control and in KA groups
(Fig. 7F and G).

When repeated with 0.1 uM KA in the presence of
ZX1, Egapa significantly hyperpolarized after 10 min of
washout, producing a significant change in the driving
force for GABA despite an absence of significant changes
in resting membrane potential (Fig. 8A—E). This was
accompanied by a change in conductance, which was also
observed in control cells, as well as a change in paired pulse
ratio (Fig. 8F and G). These results further indicate that
the primary locus of the KA-mediated effect on Egapa is
metabotropic KAR signalling and that this is independent
of mZnR activation.

Discussion

In the present study, we have shown that activation
of KARs with KA hyperpolarizes the reversal potential
of GABA in the CA3 region of the hippocampus via
both ionotropic and metabotropic signalling mechanisms.
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Figure 5. 1 um or 0.1 um KA does modulate IPSCs in GIuK1/2~/~ CA3 pyramidal cells

A, plot of voltage—current curve for a GluK1/27~

neuron at t = 0 (Egaga = —64.4 mV) and t = 5 with 1 um

KA applied (Ecasa = —65.1 mV). Inset: examples of evoked IPSCs (scale bar = 200 pA, 10 ms). B, plot of
voltage—current curve for a GluK1/27~ neuron at t = 0 (Egaga = —80.7 mV) and t = 5 with 0.1 M KA applied
(Ecasa = —83.1 mV). Inset: examples of evoked IPSCs (scale bar = 60 pA, 10 ms). C, group data showing Ecapa
att=0and t=5(n =6 control, 7 KA 1 um, 5 KA 0.1 um).
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This hyperpolarization of Egapa, combined with the
depolarization of the resting membrane potential, results
in a large driving force for Cl~. At a concentration of
1 uM KA, this also resulted in a decreased conductance,
probably because of altered presynaptic GABA release,
which is a well documented effect of KAR activation
(Rodriguez-Moreno et al. 1997, Vignes et al. 1998).
This suggests that activation of kainate-type glutamate

KAR-activation hyperpolarizes Egaga
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receptors could serve as an important homeostatic
mechanism for increasing the strength of inhibition during
periods of strong glutamatergic activity.

Activation of the metabotropic signalling pathway of
KARs was able to hyperpolarize Egapa. This effect was
found to be dependent both on GluK1/2-containing
KARs and KCC2 transporter activity because it was
not present in GluK1/2~/~ neurons or when KCC2
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Figure 6. Kainate receptor mediated modulation of IPSCs activated by 0.1 um but not 1 um KA is

dependent on KCC2 transporter function

A, plot of voltage—current curve for a cell at t = 0 (Egapa = —68.6 mV) and t = 5 (Egaga = —71.9 mV). Inset:
examples of evoked IPSCs (scale bar = 100 pA, 20 ms). B, group data showing Egasa at t = 0 and t = 5. C, plot
of group data showing the effect of 1 um KA on Egaga over time in the presence of specific KCC2 antagonist
VU0463271. D, group data showing resting membrane potential at t = 0 and t = 5. £, group data showing
driving force for CI~ at t = 0 and t = 5. F, group data showing CI~ conductance at t = 0 and t = 5. G, group
data showing paired pulse ratio at t = 0 and t = 15. H, plot of voltage-current curve for a cell at t = 0 (Egaga =
—62.8 mV)and t = 15 (Egaga = —63.1 mV). Inset, examples of evoked IPSCs (scale bar: 100 pA, 20 ms). /, group
data showing Egapa at t = 0 and t = 15. J, plot of group data showing the effect of 0.1 xM KA on Egapa Over
time in the presence VU0463271. (n = 7 control, n =7 1 um KA, n =5 1 um KA, all experiments) (*P < 0.05,

P < 0.001).

© 2018 The Authors. The Journal of Physiology © 2018 The Physiological Society



1686

transporter activity was blocked. It was also abolished via
blockade of metabotropic KAR signalling with GDP- 8-S,
suggesting that G-proteins are necessary for this process,
and was also shown to be independent of zinc release at
MF-CA3 terminals. This finding is in line with a growing
body of literature suggesting that KCC2 activity can be
regulated by a number of different receptors that signal
via G-proteins, including mGluRs and mZnRs (Banke
and Gegelashvili, 2008, Chorin et al. 2011, Gilad et al.
2015, Mahadevan and Woodin, 2016). KARs, similar
to mGluRs and mZnRs, activate a G-protein signalling
pathway that increases PKC activity (Melyan et al. 2002,
Lerma and Marques, 2013). It is well known that PKC
increases KCC2 activity via phosphorylation at serine 940
(Lee et al. 2007) and so it possible that all three of these
metabotropic receptors could increase KCC2 activity via
signalling pathways that ultimately result in the activation
of PKC. If KARs, mGluRs, and mZnRs were activated by
high amounts of glutamatergic activity and zinc release
at the MF-CA3 synapse of the hippocampus, they could
work in a concerted effort to strengthen inhibition, which
could subsequently put a brake on excitatory activity.

D. Garand and others

J Physiol 597.6

Conversely, activation of the ionotropic signalling
pathway of KARs was demonstrated to hyperpolarize
Ecapa even when KCC2 transporter function was
blocked by VU 0463271, suggesting that KARs can
regulate chloride homeostasis in both a KCC2-dependent
(metabotropic) and KCC2 independent (ionotropic)
manner. This effect was also observed using two different
methods of blockade for metabotropic KAR signalling
(i.e. application of NEM or GDP-g-S), suggesting that
metabotropic KAR signalling is not involved in this
process. However, the mechanism of action for how
ionotropic KAR signalling could regulate intracellular
Cl™ remains to be determined. Although KCC2 is the
primary extruder of Cl~ in mature neurons, NKCCI,
which normally imports Cl™ into the cell, also plays a
role in CI~ homeostasis. The hyperpolarization of Egapa
could possibly indicate a reduction in NKCC1 transporter
function, although this is probably not the case given that
KA application has been implicated in increased NKCC1
expression and function in models of epilepsy (Dzhala
et al. 2005, Dzhala et al. 2010, Nogueira et al. 2015).
Further experiments involving pharmacological blockade
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Figure 7. Kainate receptors activated by 1 xm KA modulate IPSCs in CA3 pyramidal cells in the presence

of zinc chelator ZX1

A, plot of voltage—current curve for a cell at t = 0 (Egapa = —59.3 mV) and t = 15 (= —65.2 mV). Inset: examples
of evoked IPSCs (scale bar = 60 pA, 10 ms). B, group data showing Egaga at t = 0 and t = 5 (n = 6 control,
n =6 KA). C, plot of group data showing the effect of 1 um KA on Egaga over time (n = 6 control, n = 6 KA).
D, group data showing resting membrane potential at t = 0 and t = 15 (n = 6 control, n = 6 KA). E, group data
showing driving force for CI~ att =0 and t = 5 (n = 6 control, n = 6 KA). F, group data showing CI~ at t = 0
and t = 15. G, group data showing paired pulse ratio at t = 0 and t = 15 (n = 6 control, n = 5 KA) (*P < 0.05,

P < 0.01).
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of NKCC1 with bumetanide would allow us to explore this
possibility.

In both cases, ionotropic and metabotropic KAR
signalling acted in a homeostatic manner: an increase in
postsynaptic KAR activity results in a hyperpolarization
of Egapa, below the resting membrane potential, which
would ensure robust inhibition upon activation of the
GABA, receptor. This contrasts with pre-synaptic KARs,
which have been shown, in most cases, to inhibit
GABA release from presynaptic terminals (Sihra and
Rodriguez-Moreno, 2011). Postsynaptic KARs existing as
part of a larger macromolecular complex that includes
KCC2 (Mahadevan et al. 2014) would be well positioned
to influence inhibitory activity during periods of high
glutamate activity via their metabotropic signalling mode.
KCC2 is highly expressed at excitatory synapses, where
it is known to serve an important role in structural
maintenance and osmotic regulation of dendritic spines
(Gulyas et al. 2001, Li et al. 2007, Llano et al. 2015).
Metabotropic KAR regulation of KCC2 may be particularly
relevant in areas where GABAergic inputs converge with
excitatory inputs (Higley, 2014) or at locations where

KAR-activation hyperpolarizes Egaga
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KARs could potentially detect glutamate spillover from
nearby excitatory synapses.

The two signalling modes of KARs may serve different
functional roles for chloride homeostasis, allowing the
cell to regulate the strength of GABAergic inhibition in
response to excitatory activity in both a KCC2-dependent
and KCC2 independent manner. The metabotropic
signalling mode, which we have shown regulates Egapa
and is dependent on KCC2 transporter activity, places
KARs on a growing list of proteins that are able to regulate
KCC2 via G-protein signalling (Banke and Gegelashvili,
2008, Chorin et al. 2011, Mahadevan and Woodin,
2016). Two previous studies have reported an increase
in transporter activity and expression of KCC2 upon
KA application (Khirug et al. 2010, Gilad et al. 2015),
although the possibility that KARs themselves might
serve as the locus of action has not been examined.
We have shown that KA application hyperpolarizes
the reversal potential of GABA via the activation of
two independent KAR signalling mechanisms, and that
this effect can occur independently from zinc release
and subsequent mZnR activation, revealing a novel
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Figure 8. Kainate receptors activated by 0.1 um KA modulate IPSCs in CA3 pyramidal cells in the

presence of zinc chelator ZX1

A, plot of voltage—current curve for a cell at t = 0 (Egapa = —59.7 mV) and t = 15 (Egaga = —63.0 mV). Inset:
examples of evoked IPSCs (scale bar = 60 pA, 10 ms). B, group data showing Egaga att =0 and t = 5. C, plot
of group data showing the effect of 1 um KA on Egasa over time. D, group data showing resting membrane
potential at t = 0 and t = 15. £, group data showing driving force for CI~ at t = 0 and t = 5. F, group data
showing CI~ att = 0 and t = 15. G, group data showing paired pulse ratio at t = 0 and t = 15 (n = 6 control,

10 KA, experiments) (*P < 0.05, **P < 0.01).
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role for KARs in the hippocampus. It is well known
that disruptions in the Cl~ gradient are implicated in
several neurological diseases and disorders that result
from excessive glutamatergic excitation, including epilepsy
and neuropathic pain (Coull et al. 2003, Kahle et al.
2014), marking metabotropic regulation of KCC2 as a
potential target for the treatment of these diseases. These
results represent a novel mechanism for the regulation
of excitatory:inhibitory balance in the mature nervous
system and could have important implications for both
the normal physiological function of neurons and disease
states.
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