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ABSTRACT

In the CNS, synaptic release of the neurotransmitter GABA is responsible for fast inhibitory
transmission. This is predominatly mediated by chloride flow through GABAA receptors.
Hence, tight control of chloride homeostasis is critical for maintaing the efficacy of GABAergic
transmission. In mature neurons, this is primarily achieved by the activity of the potassium-
chloride cotransporter KCC2, which usually acts to extrude intracellular chloride and
potassium ions. Expression of KCC2 however is compromised in numerous neurological
disorders including epilepsy, Rett syndrome or neuropathic pain. Subsequent defects in
GABA signaling through alteration of transmembrane chloride gradients are thought to
underlie the pathological symptoms associated with these conditions. However, KCC2 is also
highly expressed in dendritic spines where it plays a major role in controling the efficacy and
gating the long-term plasticity of glutamatergic synapses. Remarkably, these functions are
independent of chloride transport but instead involve KCC2 interaction with several protein
partners. Hence, KCC2 can be classified as a moonlightning protein with multiple functions at
excitatory and inhibitory synapses, thereby complicating predictions of the overall effect of
its suppression on network activity. During my PhD, | characterized the effects of a chronic
downregulation of KCC2 in the rat dentate gyrus at the cellular and synaptic levels as well as
on the hippocampal network activity in vivo. Unexpectedly, lack of KCC2 did not impact
steady-state GABAergic transmission. In contrast, my work shed light on a novel critical role
of KCC2 in controling neuronal excitability through interaction with the leak-potassium
channel Task-3 (KCNK9). This in turn alters hippocampal rhythmogenesis independently of
GABA signaling. My results thus reveal a novel mechanism through which KCC2 influences
neuronal activity separately of its ion transport function. They predict that pathological
conditions associated with KCC2 downregulation may be at least partly explained by altered
neuronal excitability and point to Task-3 as a new potential therapeutic target in these

disorders.






RESUME

Dans le systéme nerveux central, la transmission inhibitrice est principalement assurée par la
libération synaptique du neurotransmetteur GABA. La fixation du GABA aux récepteurs
GABAA induit en effet un flux entrant d’ions chlorure, résultant en une hyperpolarisation du
neurone. Le maintien d’'une faible concentration intraneuronale en chlore est donc
essentielle a I'action inhibitrice du GABA. Dans les neurones matures, cette fonction est
principalement réalisée par I'activité du cotransporteur potassium-chlore KCC2, qui a I'état
basal exporte les ions chlorure et potassium vers le milieu extracellulaire. De nombreuses
affections neurologiques, telles que I'épilepsie, le syndrome de Rett ou encore les douleurs
neuropathiques, sont associées a une diminution de I'expression de KCC2. Un déficit de
transmission GABAergique dO a une altération des gradients transmembranaires d’ions
chlorure sont généralement invoqués pour rendre compte des symptoémes associés a ces
affections. Cependant, KCC2 est également fortement exprimé dans les épines dendritiques
des neurones corticaux. Sa présence a proximité de la densité postsynaptique influence
I'efficacité mais également la plasticité a long terme des synapses glutamatergiques. Ces
fonctions inattendues de KCC2 au niveau des synapses excitatrices ne reposent pas sur sa
fonction de transport ionique mais impliquent au contraire des interactions avec divers
partenaires protéiques. Ainsi, le transporteur KCC2 posséde de multiple fonctions et régule
différemment les transmissions excitatrice et inhibitrice. Ceci complique la prédiction de
I’effet net d’une suppression de KCC2 sur I'activité d’un réseau neuronal dans la pathologie.
Durant ma thése, j'ai caractérisé les effets d’une suppression chronique de KCC2 dans le
gyrus dentelé chez le rat adulte au niveau cellulaire, synaptique et de I'activité du réseau
hippocampique in vivo. De fagon inattendue, jai montré que la suppression de KCC2
n’entrainait pas de modifications majeures de la transmission GABAergique. En revanche, j’ai
mis en évidence un nouveau mécanisme indépendant du transport ionique par lequel KCC2
controle I'excitabilité neuronale et la rythmogénése hippocampique a travers son interaction
avec le canal potassique de fuite Task-3 (KNCK9). Mes résultats prédisent que les déficits
associés a une suppression de KCC2 dans la pathologie pourraient étre en partie expliqués
par cet effet sur I'excitabilité neuronale. lls suggerent également que Task-3 pourrait
constituer une nouvelle cible thérapeutique dans le traitement des affections impliquant la

suppression de KCC2.
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INTRODUCTION

GENERAL INTRODUCTION

In the central nervous system (CNS), information processing relies on synaptic connections,
which enable information transfer between neurons. Following emission of an action potential
by the presynaptic neuron, a neurotransmitter is released in the synaptic cleft. Depending on
the identity of the neurotransmitter released, the activity of the postsynaptic neurons is either
promoted or inhibited. In the mature CNS, excitatory transmission relies mainly on glutamate

release while y-Amino Butyric Acid (GABA) mostly inhibits the postsynaptic neurons.

Both synaptic inhibition and excitation are mediated by charge movements across the plasma
membrane. Fast excitatory transmission resulting from glutamate receptor activation is
mediated by a net influx of cations (Na*, Ca?*) through the membrane and subsequent
depolarizing excitatory postsynaptic currents (EPSCs). On the other hand, ionotropic receptors
subtype A for GABA (GABAAR) possess a mix permeability to chloride and bicarbonate ions with
a relative permeability ratio of 4/1 (Kaila and Voipio, 1987). Hence, their activation classically
mediates a net hyperpolarizing influx of chloride ions (inhibitory postsynaptic current, IPSC) (Fig

1b and c).

The directionality of ion fluxes through the receptors depends directly on the relationship
between their reversal potential (determined by their electrochemical ionic gradient across the
membrane of the neuron) and the resting membrane potential (V) of the cell. In neurons, the
reversal potential of GABA (Ecasa) is close to Vi, and small changes in chloride concentration may
be sufficient to reverse the direction of chloride flow through the receptor. Hence, control of
chloride homeostasis is crucial for neurons to maintain hyperpolarizing GABA transmission. This
is mainly achieved through the combined action of two secondary active transporters, the

Na/K/Cl cotransporter NKCC1 and the K/Cl cotransporter KCC2 which, under basal conditions,



use the Na* and K* electrochemical gradients generated by the Na/K ATPase to respectively load

and extrude chloride ions from the cell (Fig. 1).

NKCC1 Na/K ATPase Kce2 GABAA receptor
' cr

“Nat +
Na K cr HCO3"

+ ATP ADP
K* cr Na* K* y

Figure 1 : CCC activity determines chloride flux through GABAARs

KCC2 extrudes chloride out of the cell using the electrochemical potassium gradient generated by the Na*/K* ATPase.
NKCC1, in contrast, transports chloride into neurons using the electrochemical gradient of sodium. Transmembrane
chloride gradients and subsequently, the direction of chloride flux through GABAARs depend on the relative activity of
the two transporters. In mature neurons, KCC2 activity dominates over NKCC1 leading to a high transmembrane
gradient. Hence, GABAARs activation triggers hyperpolarizing influx of chloride ions.

Importantly, emission of action potentials by the postsynaptic neuron does not uniquely depend
on the summation of both EPSCs and IPSCs but also on intrinsic properties of the cell such as its
membrane potential, its membrane resistance (Rin) or its action potential threshold. Hence,
modifications of both sodium (Ren, 2011) and potassium leak channels influence neuronal
excitability by altering both Vi, and Ri» while voltage-gated sodium channels expression regulate

action potential threshold (Fig 2).

At the network level, neurons tend to fire in a synchronous manner giving rise to oscillations
that can be observed in electroencephalogram (EEG). Such neural oscillations, which require a
tight control of both excitatory and inhibitory transmission as well as excitability, organize the
information into coordinated patterns of activity. Various neural oscillations have been
demonstrated as critical for cognitive processes such as perception, memory formation and
consolidation but also consciousness. Hence, neural oscillations are believed to represent the

intermediate link between cellular activity and behavior.
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Figure 2 : Control of action potential emission

In the CNS, neurons need to constantly integrate stimuli from excitatory and inhibitory synapses. Synaptic GABA
release classically triggers hyperpolarizing current (lgasa) mediated by the influx of chloride through GABAARs (b). In
contrast, glutamate mediates depolarizing currents (lg,) through AMPA and NMDA receptors (c). The emission of an
action potential depends on postsynaptic integration of these synaptic inputs together with intrinsic properties of its
membrane such as the membrane resting potential (Vn), the input resistance (Rin) and the action potential threshold
(Vthresh) (2). In a simplistic reduction, the membrane of the neuron can be assimilated to a RC circuit. Hence, according
to Ohm'’s law, an action potential will be triggered if Vi - Vinresh = Rin * (lgasa + lgiu)

Altered activity of the K/Cl cotransporter KCC2 has been reported in numerous pathologies
including epilepsy and neuropathic pain. Due to the close relationship between KCC2 activity
and the polarity of GABAergic transmission, studies of KCC2 in the pathology have often focused
on this aspect. However, KCC2 suppression was recently demonstrated to also alter
glutamatergic transmission and plasticity through transport-independent mechanisms. Thus, the

overall network effect of the loss of KCC2 is not so easy to predict.

During my PhD, | characterized the impact of KCC2 suppression on the hippocampal network. In
particular, | focused on how the integration of the diverse cellular and synaptic modifications
triggered by this suppression influences hippocampal physiological oscillations and | questioned
their ability to favor the emergence of pathological activities. Before presenting these results in
the form of a research article at the core of this thesis, | will introduce the function and
regulation of KCC2 as well as the cellular and synaptic basis for hippocampal oscillations in

health and disease.






I- KCC2, A PROTEIN WITH MULTIPLE FUNCTIONS AT BOTH
EXCITATORY AND INHIBITORY SYNAPSES

1. Expression of KCC2 in the CNS

a. The CCC family

KCC2 is one of the nine members of the cation-chloride cotransporter (CCC) family, encoded by
the genes slc12al1-9. Seven of them have been categorized as plasma membrane transporters
(Gamba et al., 1993; Gillen et al.,, 1996; Hartmann and Nothwang, 2014; Hiki et al., 1999;
Mercado et al., 2004; Payne et al., 1996). CCCs are widely expressed in all organs. They have
been at first largely studied for their role in the control of cell volume upon osmotic challenges
in epithelium and kidney in particular (Hoffmann and Dunham, 1995). In the CNS, special
attention has been given to CCC function due to their key role in regulation of intraneuronal
chloride homeostasis and, consequently, of the polarity of GABAergic transmission (Kaila, 1994;
Payne et al.,, 2003). All CCCs cotransport Na* and/or K* ions coupled to chloride and are
characterized by a transport stoichiometry of 1 cation for 1 chloride ion transported.
Consequently, transport of chloride through the plasma membrane is accomplished without any
net movement of charges across the membrane, which complicates the electrophysiological
study of their activity, as we will discuss later (see 1.2.a). Finally, all CCCs are secondary active
transporters meaning they use the gradients of Na* and K* generated by the Na-K-ATPase to

transport chloride.

The family of CCCs has been divided in two main branches (see Gagnon and Delpire, 2013 for
review). The first branch corresponds to transporters using Na* gradient to import chloride into
the cell. Specifically, this branch comprises two Na*-dependent K*/CI" cotransporters (NKCC1 and
NKCC2) and one Na*-dependent CI" cotransporter (NCC) which share about 55% conservation in
amino acid sequence. The second branch comprises four K*-dependent CI cotransporter (KCC1,
KCC2, KCC3 and KCC4). These transporters use the potassium gradient created by the Na-K-
ATPase pump to extrude chloride from the cell and share more than 70% of homology in their
sequence. The two remaining members of the CCC family, CIP1 and CC9 are less well
characterized. They display relatively low identity with other CCCs (20-25%) and evidence for a
chloride transport function is still lacking (Fig. 3A). CIP1 has been suggested to form

heterodimers with other CCCs, thereby influencing their transport activity (Caron et al., 2000)



while CCC9 has been shown to influence polyamine transport in HEK-293 cells (Daigle et al.,
2009). Based on these observations, whether CIP1 and CCC9 belong to the CCC family has been
debated (Hartmann and Nothwang, 2014). From an evolutionary perspective, comparing gene
sequences of putative CCC from Archeae and Eukaryota taxons suggests the existence of a single
ancestral CCC gene in Archea (Hartmann et al., 2014). The diversity in the CCC family among and

between species then emerged from consecutive duplication events.
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Figure 3 : Phylogeny and structure of the CCC family
(a) Phylogenic tree of the characterized CCC family members. Percent of sequence homology are indicated at each
branching. (b) Proposed secondary structure for NKCCs (top) and KCCs (bottom) mainly differ in the position of the
long extracellular loop. Adapted from (Gamba 2005)

CCCs are transmembrane proteins with an apparent molecular weight of 120-200 kDa. Even
though no crystallographic structure of the CCC has been obtained to date, predictions of the
molecular structure with hydrophobicity profiles were made and suggest the presence of 12
transmembrane domains (TM), and an intracellular localization of both N-terminal and C-
terminal domains (Gamba 2005; Gerelsaikhan and Turner 2000; Payne et al., 1996). A notable
difference between NKCC/NCCs and KCCs is the location of the large extracellular loop which is
situated between TM7 and TM8 in NKCC/NCCs and between TM5 and TM6 in KCCs (Gamba
2005, Fig 3B). This extracellular loop contains several glycosylation sites (Hoover et al., 2003)
which seem important for correct targeting at the membrane (Weng et al., 2013). A more
detailed model of KCC2 structure has been recently proposed (Stodberg et al., 2015) based on
its homology with the bacterial amino acid, polyamine, and organocation transporter (ApcT)
(Shaffer et al., 2009). This model suggests a key role for the interaction of TM1 and TM6 for the

transport function and proposes the putative substrate binding residues to be located in TMS.



b. NKCC1 and KCC2 are the main active CCC in the CNS

CCC show differential tissue expression patterns. While NKCC2 and NCC are mostly expressed in
the kidney where they regulate salt reabsorption (Kahle et al., 2010; Russell 2000), NKCC1 is
ubiquitously expressed (Plotkin et al., 1997). Hence, NKCC1 is the only chloride importer of the

CCC family expressed in the CNS.

In contrast, all KCCs are expressed in the CNS, although at various levels. KCC1 and KCC4 exhibit
low expression levels in the brain and, consequently, there is no obvious neurological phenotype
in mice lacking one of these transporters (Boettger et al., 2002; Rust et al., 2007). Although KCC3
is expressed in the adult brain, its physiological relevance remains largely unknown but has been
suggested to mainly contribute to volume homeostasis (Kahle et al., 2015).

Until its recent identification in some pancreatic cells (Kursan et al., 2017), KCC2 was believed to
be uniquely expressed in the CNS. In contrast to other KCCs, KCC2 is constitutively active under
isotonic conditions (Payne 1997). This feature is conferred by a short amino-acid sequence
(1022-1037) called the ISO-domain, which lays in its carboxy-terminal domain (CTD) (Acton et
al., 2012; Mercado et al., 2006). Interestingly the ISO-domain-lacking KCC2 transporter could still
be activated under hypotonic conditions, indicating that two distinct domains are involved in the

activation of KCC2 under isotonic vs. hypotonic conditions.

It should be mentioned that chloride anion exchangers, Na*-dependent anion exchangers as well
as calcium-gated and voltage-gated chloride channels also participate, to some extent, to
neuronal chloride homeostasis. For instance, the voltage-gated channel CIC-2 contributes to
background chloride conductance and influences GABAAR function (Staley et al., 1996).
However, CIC-2 seems to be mostly active following transient chloride loading of the cell rather
than in basal conditions (Rinke et al., 2010). Accordingly, CIC-2 knock-out mice do not present
deficits of chloride homeostasis (Bosl et al.,, 2001). Hence, in the rest of this thesis, we will

primarily focus on the role of KCC2 in the CNS.

c. Isoforms of KCC2

KCC2 is encoded by the Slc12a5 gene. Two isoforms, KCC2a and KCC2b, were initially identified
in the CNS, resulting from two alternative promoters (Uvarov et al., 2007). These isoforms only
differ in their amino-terminal domain (NTD) which is 40 amino acids longer in KCC2a than in

KCC2b and contains an additional putative Ste20p-related proline/Alanine-rich kinase (SPAK) /
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oxidative stress-responsive kinase-1 (OSR1) phosphorylation site for KCC2a (de Los Heros et al.,
2014). Both variants show similar ion transport properties when expressed in HEK cells (Uvarov
et al., 2007) but KCC2a exhibits an increased sensibility to SPAK-dependent regulation due to
this additional phosphorylation site (Markkanen et al.,, 2017). Furthermore, the two isoforms
have different subcellular localization (Markkanen et al., 2014), suggesting a contribution of the

NTD to the subcellular targeting of the transporter.

Originally, based on a study on its homologous protein KCC1 (Casula et al., 2001), the NTD of
KCC2 had been proposed to be essential for the transport function of chloride (Li et al., 2007).
Consequently, several groups have used a truncated form of KCC2, KCC2-ANTD, as a transport-
deficient model in order to study ion-transport independent role of KCC2 (Fiumelli et al., 2013;
Horn et al.,, 2010; Li et al.,, 2007). However, recent data from the group of Igor Medina in
Marseilles revealed that the NTD domain of KCC2 is critical for the membrane insertion of the
protein (Friedel et al., 2017). This study suggests KCC2-NTD influences primarily KCC2 trafficking,

which is consistent with the difference in subcellular targeting of KCC2a vs. KCC2b.

A third isoform of KCC2 lacking the exon 25, KCC2a-S25, has recently been identified in
pancreatic cells (Kursan et al., 2017) but is not expressed in the CNS. This isoform is
characterized by the lack of 5 residues immediately after the 1SO-domain and its functional

properties remain to be determined.

d. Cellular and sub-cellular expression of KCC2 in the CNS

In the CNS, KCC2 expression is entirely neuron-specific due to the presence of neuron-restrictive
silencing elements (NRSE), early growth response transcription factor 4 (Egr4) and upstream
stimulating factors (USF1 and 2) binding sites in its promoter sequence (Uvarov et al., 2006;
Markkanen et al., 2008; Yeo et al., 2009). Expression of KCC2 has been observed throughout the
CNS (Fig. 4A,B) including spinal cord (Hibner et al., 2001) cerebellum (Williams et al., 1999),
thalamus (Barthé et al., 2004), auditory brainstem (Blaesse et al., 2006) and cortical structures
(Gulyas et al., 2001; Rivera et al., 1999). Although KCC2 seems ubiquitously expressed in the
brain, differential values of Ecasan have been reported depending on brain structures and
neuronal type. This could reflect differential levels of KCC2 expression. For instance, neurons of

the reticular thalamic nucleus display low levels of KCC2 compared to adjacent brain structures



(Klein et al., 2018). However, changes in Ecasa mMay also reflect changes in the expression of

NKCC1 as well as in the activity of other chloride channels or metabolism of bicarbonate.

At the subcellular level, KCC2 has been shown to be organized in clusters at the plasma
membrane. In 2001, Gulyas and colleagues made the first surprising observation, using
immunogold staining and electron microscopy, that KCC2 was highly enriched at the vicinity of
excitatory synapses, within dendritic spines (Gulyds et al., 2001, Fig 4C). Data from our group
later confirmed that not only is KCC2 enriched in dendritic spines, in close proximity to
glutamatergic synapses, but also it seems to be excluded from the postsynaptic density
(Chamma et al., 2012; Gauvain et al., 2011). Additionally, and perhaps more expectedly, KCC2 is
also enriched near GABAergic synapses (Chamma et al., 2013). Interestingly, KCC2 is completely
excluded from the axon, thereby leading to a higher intracellular concentration of chloride in

axons compared to the somatodendritic compartment (Price and Trussell 2006, Fig 4D).

Figure 4 : Cellular and subcellular localization of KCC2

(a) In situ hybridization of KCC2 mRNA (Allen Brain Atlas, scale 1mm) indicate KCC2 is expressed in the whole brain

(b) Immunohistochemistry revealing KCC2 expression in the hippocampus (Gulyas et al. 2001, scale 0.6mm)

(c) KCC2 is expressed in dendritic spines. Left, electron microscopy revealed KCC2 presence in dendritic spines (Gulyas
et al. 2001, scale 0.6um). Right, immunocytochemistry showed KCC2 forms clusters in dendritic spines (top) and is
excluded from the postsynaptic density as detected by PSD95 staining (bottom) (Gauvain et al. 2011, scale 2um)

(d) KCC2 is excluded from the axons (white arrows) as revealed by immunocytochemistry on cultured hippocampal
neurons. Scale 40um for left image and 10um for insets (Chamma et al. 2013)

As previously mentioned, the subcellular localization of the two isoforms of KCC2 has been

recently described. It revealed only partial colocalization of KCC2a and KCC2b in mature neurons



(Markkanen et al., 2014). In general, KCC2b is more concentrated than KCC2a at the somatic
membrane and the two isoforms are expressed in distinct dendritic compartments. Although the
functional relevance of this observation is still unclear, such differences may indicate different

roles for the two isoforms in the mature brain.

2. Transport function of KCC2

a. Control of the chloride homeostasis : setting the intraneuronal [Cl];

e Thermodynamic considerations about KCC2 activity

Historically, the first observation that intraneuronal concentration of chloride was lower than
expected if due to passive distribution only was made in 1988 (Thompson et al. 1988) but the
identification of the neuronal chloride extruder KCC2 occurred several years later (Payne et al.

1996).

In neurons, KCC2 operates close to its thermodynamic equilibrium (Payne 1997). Indeed, such
equilibrium is obtained when reversal potential for chloride and potassium ions are equal. The
reversal potential of an ion is calculated according to the Nernst equation:

Eion = RT/zF * In([ion]; / [ion]o)
where R represent the ideal gas constant, T the temperature in Kelvin, F the Faraday constant
and z the valence of the studied ion.

Hence, the equation Eq = Ex is equivalent, after simplification, to [Cl'], * [K*]o = [CI']i * [K*];

Both extracellular chloride concentration and intracellular potassium can be considered as fixed
and close to 140 mM. Such approximations indicate that if [CI]; is higher than [K*],, KCC2
extrudes both chloride and potassium. Conversely, KCC2 contributes to the influx of both ions
when [K*], exceeds [CI]i. Physiological [CI]i has been estimated to vary between 7 and 13 mM in
a computational model (Doyon et al., 2011) while physiological [K*], ranges between 2 and 4
mM. However, intense neuronal activation induces a rise in [K*], which can reach values up to 8
mM (Branston et al. 1982) hence inducing a reversal in the directionality of KCC2-mediated

transport (Fig 5A).
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Thus, KCC2 is in an interesting position to reduce network excitability by two different means.
Indeed, its activity is necessary to cope with the constant chloride load in the neurons due to
GABAAR activation enabling the maintenance of a hyperpolarizing inhibitory GABAergic
transmission. However, reverse transport through KCC2 also allows to buffer extracellular

potassium in case of a transient rise, thereby reducing neuronal excitability (Fig 5B).
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Figure 5 : KCC2 functions close to its thermodynamic equilibrium

(a) KCC2 thermodynamic equilibrium is achieved when [CI], * [K*]o = [CI]i * [K*]i. Both [CI-]o and [K*];can be considered
constant and close to 140 mM. Hence, KCC2 reaches its equilibrium when [K*], = [CI]; (as represented by the black
line). Under physiological conditions, the intracellular chloride concentration is higher than the extracellular
potassium concentration (green box). Hence, KCC2 classically extrudes chloride and potassium. However, following
intense activity, extracellular potassium concentration increases (red box) and KCC2 might reverse if [K*], > [CI];.

(b) KCC2 can buffer both intraneuronal chloride following GABAARs activation (top) and extracellular potassium
following intense activity (bottom).

e Brief overview of methods for estimating KCC2 activity

Since KCC2 activity is electroneutral, it is impossible to directly measure its activity by classical
electrophysiological methods. A typical approach is then to use a radioactive potassium
substitute such as *°K* or more frequently ®Rb* to evaluate KCC2 transport activity (Gamba
2005; Mount et al. 1998; Payne 1997). In addition to the obvious limitations of using radioactive
elements, these techniques only estimate average KCC2 function at the population level and do

not permit testing individual cells or subcellular compartments.

In contrast, electrophysiological techniques allow assessing KCC2 function for individual cells by
using GABAergic currents as a proxy. Thus, in whole-cell patch clamp experiments, the extrusion
capacity of KCC2 may be determined by measuring the recovery rate of GABAergic currents
following intense chloride loading in neurons (Staley and Proctor 1999; Pellegrino et al. 2011).

Alternatively, KCC2 activity may be derived from the somato-dendritic gradient of Egasa
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measured while imposing a fixed concentration of chloride through the patch pipette (Gauvain
et al., 2011; Kelsch et al., 2001; Khirug et al., 2005). On the other hand, KCC2 activity can also be
inferred from measures of steady-state chloride concentration. Since GABAARs are mostly
permeable to chloride, measures of Ecasa provide a good estimation of the equilibrium potential
of chloride ions and enable evaluation of chloride concentration. To this end, GABAergic
currents can be measured in a gramicidin perforated-patch configuration which preserves
intraneuronal chloride concentration (Akerman and Cline, 2006; Lee et al., 2011; Woodin et al.,

2003).

Electrophysiological techniques of Egasa measurements can be tedious thus preventing screening
of large-scale populations. To counteract this inconvenience, several fluorescent indicators were
developed to directly assess chloride concentration. Among these indicators, the organic dye
chloride-sensitive MQAE (Doyon et al., 2011; Galeffi et al., 2004) has been largely due for its
capacity to cross the plasma membrane. However, MQAE also shows a strong attenuation of its
signal over time thus only allowing low frequency of acquisition (Inglefield and Schwartz-Bloom,
1997). Genetic ratiometric CFP - YFP sensors such as Clomeleon and Cl-Sensor do not show such
limitation and have alternatively been used to estimate intraneuronal chloride concentration
(Chamma et al., 2013; Kuner and Augustine, 2000; Markova et al., 2008). Yet, these ratiometric
sensors are sensitive to pH, a parameter that can be affected by KCC2 function, which raises

guestions concerning the measures obtained by this method.

In conclusion, several techniques exist to estimate KCC2 activity. Each of them has their specific
pros and cons and can be used to answer different questions. Hence, measures of chloride
concentrations by fluorescence imaging or reversal potential of GABA by electrophysiological
techniques inform on steady-state chloride homeostasis. In contrast, estimations of chloride
extrusion capacity reflect the ability of the cell to cope with repetitive GABAergic stimulations in

a more dynamic way.

e Potential role of impermeant anions for setting chloride concentration

In @ much commented publication, the group of Kevin Staley proposed that chloride
concentration may not be set by the activity of the CCCs but instead be primarily constrained by
the relative concentration of extracellular and intracellular impermeant anions (Glykys et al.,
2014). Indeed, impermeant anions may create a gradient of electrical charges across the

membrane thereby influencing the transmembrane diffusion of permeable ions such as chloride.
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Such effect is known as the Gibbs-Donnan effect. The most surprising observation of this study is
that pharmacological blockade of the activity of CCCs did not affect chloride concentration when
evaluated by chloride imaging, a result in complete contradiction with all prior publications on
the topic (see, among many others, Dargaei et al., 2018; Doyon et al., 2011; Dzhala et al., 2005;
Gauvain et al., 2011; Rivera et al., 1999; Zhu et al., 2005). Therefore, while impermeant anions
may influence intraneuronal chloride concentration, as recently evidenced in reticular thalamic
neurons (Klein et al., 2018), twenty years of research on the topic strongly argue for a primary

role of CCC activity.

b. KCC2 transport function is critical for hyperpolarizing action of GABA.

o Theoretical models reveal a critical role of KCC2 for maintenance of hyperpolarizing

GABA transmission

Given the critical role of KCC2 in chloride homeostasis, it is somehow not surprising that several
computational models have revealed a direct relationship between KCC2 transport activity and

GABAergic transmission (Doyon et al., 2011; Jedlicka et al., 2010; Lewin et al., 2012).

The main appeal of computational models is that they allow combination of various ions and
electrical parameters as well as spatio-temporal integration of the signals to make predictions
regarding KCC2 activity and GABA signaling. An interesting discovery of these models is that
chloride extrusion capacity was already close to its maximum in neurons since increasing KCC2
activity had very little effects on Ecaea (Doyon et al., 2011).

Another consistent finding of all these models is to reveal a differential impact of GABA
stimulation depending on the synapse position along the dendritic axis. More precisely,
following GABAA receptor activation, chloride accumulates more rapidly in distal compared to
proximal compartments. This indicates that distal synapses may be less robust for maintenance
of hyperpolarizing GABA transmission when facing intense activation of GABAARs. However, all
these models consider KCC2 activity to be equivalent along the dendritic axis. Yet,
immunohistochemical studies revealed a higher density of KCC2 in distal dendrites (Baldi et al.,
2010). This increased expression of the transporter could allow better coping with chloride

accumulation in these compartments.
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Finally, a mild KCC2 hypofunction was not sufficient to affect steady-state chloride homeostasis
(Doyon et al., 2016). However, it resulted in less efficient coping of neurons upon repeated
GABAergic stimulations as well as in an alteration of the neural code and information
processing. Overall, these data indicate that even in the absence of changes in neuronal chloride
concentration, information processing may be affected by both synapse localization and

chloride extrusion capacity.

e Developmental switch in the polarity of GABA transmission correlates with KCC2

developmental upregulation

A striking example of the correlation between KCC2 activity and the polarity of GABAAR-
mediated currents is observed during development. A few years before KCC2 was even
identified, Ben-Ari and collaborators described the presence of giant depolarizing potentials
(GDPs) as well as depolarizing responses to GABA in the immature brain (Ben-Ari et al., 1989;
Cherubini et al., 1991). Around postnatal day 5 (P5), a switch in the polarity of GABA responses
from depolarizing to hyperpolarizing occurs in hippocampal neurons and is closely followed by
the disappearance of GDPs. The precise timing of this switch was later refined and placed

around P13 in the hippocampus (Khazipov et al., 2004).
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Figure 6 : Developmental upregulation of KCC2 is critical for GABAergic switch from depolarizing to hyperpolarizing
(a) Northern blot experiments revealed upregulation of mRNA levels of KCC2 through development in the rat
hippocampus (adapted from Rivera et al. 1999)

(b) KCC2 protein levels are also upregulated in human hippocampus between 25 weeks post conception and 13
months. Scale : 100um (adapted from Sedmak et al. 2016)

(c) Upregulation of KCC2 through development allow the establishment of a low intraneuronal chloride concentration,
thus enabling hyperpolarizing GABA responses
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Upregulation of KCC2 is observed throughout the forebrain in rodents (Rivera et al., 1999) from
P5 - P7 before reaching its maximal level around P15 (Fig 6A). Inhibition of KCC2 expression by
incubation of slices with antisense oligodeoxynucleotides against KCC2 mRNA was sufficient to
prevent the switch of the polarity of GABAAR-mediated currents. Thus, KCC2 seems to be the
main chloride extruder responsible for fast hyperpolarizing GABA transmission (Fig 6C). Several
studies later revealed that the precise timing of this upregulation differs depending on brain
regions but is highly correlated with the timing of switch of the polarity of GABAAR-mediated
currents in each brain region (see Watanabe and Fukuda, 2015 for review). KCC2 developmental
expression pattern is not restricted to the rodent brain but is also observed in the human brain
between 25 weeks post conception and 13 months (Sedmak et al., 2016, Fig 6B). Similar to the
observations made on rodent, the upregulation of KCC2 in the human brain coincides with a
transition from depolarizing to hyperpolarizing GABA-mediated currents (Dzhala et al., 2005;

Sedmak et al., 2016).

e Physiological relevance of depolarizing GABA in immature brain

In a controversial series of publications, the group of Yuri Zilberter argued that the depolarizing
effect of GABA and the observation of GDPs in the immature brain were both experimental
artifacts. They suggested that these observations arose from the absence of adequate energy
substrates and showed that addition of ketone-bodies (Rheims et al., 2009), lactate or pyruvate
(Holmgren et al., 2010) efficiently suppress the GDPs in vitro. Furthermore, slicing itself was
suggested to be sufficient to render GABAAR-currents depolarizing at the surface of the slices
due to unsatisfied energy requirements (Dzhala et al., 2012). However, the results published by
the Zilberter’s group failed to be reproduced by two independent groups (Ruusuvuori et al.,
2010; Tyzio et al., 2011) who also demonstrated that actual levels of energy substrates in the
pup brain are much lower than those used in the study from the Zilberter’s group. Finally, GDPs
have been observed both in intact hippocampal preparation (Khalilov et al., 1999) and in vivo

(Sipila et al., 2006) which refutes the hypothesis of a sole slicing artifact.

Instead, GDPs are thought to be essential for the neurotrophic action of GABA in the immature
brain. Indeed, GABAergic synapses are formed and active prior to glutamatergic synapses.
Depolarizing currents mediated by GABAARs lead to voltage-gated Ca?* channels (VGCCs)
activation as well as enhanced recruitment of N-methyl-D-Aspartate receptors (NMDARs) which
in turn favors the development of glutamatergic synapses (Akerman and Cline, 2006). Early

expression of KCC2 was also proven detrimental for interneuron migration (Bortone and Polleux,
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2009) due to a lack of recruitment of VGCCs. Thus, KCC2 absence in the developing brain and

subsequent depolarizing action of GABA is critical for its correct maturation.

c. Does Eq directly control the polarity of GABA transmission?

So far, | described a straightforward relationship through which KCC2 activity directly controls
chloride homeostasis and consequently the reversal potential and polarity of GABAAR-mediated

currents. Such affirmation needs to be partly moderated.

First, as | already mentioned, GABAARs also display a lesser conductance to bicarbonate ions.
Reversal potential of bicarbonate-mediated currents is around -10 mV, sensibly more
depolarized than membrane potential. Hence, activation of GABAARs leads to a depolarizing
outward current of bicarbonate. Consequently, regulation of bicarbonate homeostasis may also
influence GABA signaling. In particular, carbonic anhydrase, a catalytic enzyme of bicarbonate, is
upregulated during development and participates in the regulation of Ecaea (Rivera et al., 2005).
This importance of bicarbonate control for GABAergic transmission has been further highlighted
in the context of febrile seizures. Indeed, in rat pups, hyperthermia triggers seizures through
brain alkalosis, a mechanism which could be mimicked by bicarbonate injection (Schuchmann et
al.,, 2006). In contrast, knock-out animals for the carbonic anhydrase VII show reduced
susceptibility to hyperthermic seizures (Ruusuvuori et al., 2013). These seizures were mediated
by GABAergic excitation since they were aggravated by diazepam, a positive allosteric modulator

of GABAARs.

Second, it is important to distinguish between Egasa and the driving force of GABA (DFgasa). The
latter reflects the difference between the reversal potential of GABAAR-mediated currents and
the resting membrane potential and therefore determines the amplitude and polarity of
GABAergic currents. Consequently, any changes in Vy, will also affect GABA transmission. Thus,
neuronal maturation has been associated with hyperpolarization of their resting membrane
potential in hippocampal pyramidal cells (Spigelman et al., 1992), dentate gyrus granule cells
(Ambrogini et al., 2004) as well as neurons derived from human stem cells (Johnson et al., 2007)
but not striatal neurons (Deng et al., 2004). This indicates that the overall impact of
development on GABA transmission may differ depending on cell types. Even more strikingly,
Cre-mediated exon excision of KCC2 in the cerebellum modifies DFgaga in Purkinje cells but not in

cerebellar granule cells since changes in Vi, exactly matches changes in Egaga in the latest (Seja et
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al.,, 2012). Therefore, as | will show later in this thesis, changes in KCC2 expression may be
functionally masked by concomitant changes in resting membrane potential, thereby precluding

changes in DFgaga.

Finally, it should be highlighted that depolarizing GABA currents are not necessarily excitatory.
Indeed, independently of the polarity of net ion flux through GABAARs, their activation leads to
opening of a membrane conductance and therefore decreases the membrane resistance. This in
turn hinders subsequent depolarization of the membrane by glutamatergic inputs by a shunting
inhibitory effect (Staley and Mody, 1992). In particular, a recent in vivo study demonstrated that
GABA transmission was depolarizing but inhibitory due to this shunting effect in neurons from

the upper cortical plate during early postnatal development (Kirmse et al., 2015).

d. Osmotic regulation in neurons

In addition to its critical control of chloride homeostasis, KCC2 also plays an essential role in the
osmotic regulation of neurons.

KCCs were first described in epithelial and red blood cells as swelling-activated transporters
whose activity was critical for facing osmotic challenges (Dunham and Ellory, 1981; Lauf and
Theg, 1980; Zeuthen and MacAulay, 2002). This is due to the fact that co-transport of potassium
and chloride is indirectly or directly coupled to water transport (MacAulay and Zeuthen, 2010;
Zeuthen and MacAulay, 2002). Notably, it has been estimated that up to 500 molecules of water
may cross the membrane for each chloride ion transported by KCC2 or NKCC1, probably to
partially equilibrate for osmotic changes due to the ion transport (MacAulay and Zeuthen,

2010).

In the CNS, activation of ionotropic GABAAR as well as glutamate receptors leads to net ion
influx in the postsynaptic neuron. This influx is accompanied by water fluxes in order to maintain
intracellular osmolarity. Thus, intense neuronal activity directly impacts cell volume and can lead
to cell swelling and cell death in extreme cases. Since neurons lack aquaporins (Amiry-
Moghaddam and Ottersen, 2003), other mechanisms may be necessary for coping with the
activity-induced swelling. Hence, digital holographic microscopy revealed an important water
influx through both NKCC1 and NMDARs following glutamate application (Jourdain et al., 2011)
accompanied by cell swelling. This was counteracted by subsequent swelling-induced activation

of KCC2 and water extrusion, which allowed recovery of cell volume. In one study, KCC2
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transport - function was proven essential to neuronal survival following NMDA-induced
excitotoxicity (Pellegrino et al., 2011). Although the authors did not fully explore the
mechanisms underlying such neuroprotective effect, the role of KCC2 in coping with activity-

induced swelling may be one of them.

Swelling-induced activation of KCC2 is most likely dependent on the inhibition of the With No
Lysine Kinase (WNK) as well as SPAK / OSR1 pathway, which results in dephosphorylation of the
threonine T906 and T1007 residues (Gagnon et al., 2006; Rinehart et al., 2009). Conversely,
extracellular hyperosmotic challenges lead to activation of the WNK, SPAK / OSR1 pathway,
phosphorylation of T906 and T1007 residues and inhibition of KCC2 membrane expression.
Notably, NKCC1 is also regulated by this pathway in opposite direction thus also participating to

the regulation of cell volume following osmotic challenges (Kahle et al., 2010).

In conclusion, KCC2 transport-function is essential in neurons both for maintenance of inhibitory
GABAergic transmission and for coping with osmotic challenges associated in particular with
synaptic activity. Thus, mechanisms influencing KCC2 expression and membrane stability are

likely to also critically impact both of these physiological processes.

3. Regulation of KCC2 expression and membrane stability

a. Age-dependent regulation of KCC2 by the BDNF/TrkB pathway

The progressive upregulation of KCC2 during development is promoted by brain-derived
neurotrophic factor (BDNF) release (Aguado et al., 2003). BDNF binding to the tropomyosin
receptor kinase B (TrkB) leads to activation of the extracellular signal regulated kinases 1 and 2
(Erk1/2) pathway via its coupling with the Src homology 2 domain containing transforming
protein (Shc) and FGF receptor substrate 2 (FRS-2) (Fig 7). This in turn enhances the activity of
the Egrd transcription factor, which favors the expression of KCC2 (Ludwig et al.,, 2011).
Surprisingly, full knock-out mice for BDNF still present a developmental upregulation of KCC2
(Puskarjov et al., 2015). This could be explained by the presence of compensatory mechanisms
to BDNF. Indeed, the neurturin trophic factor can also trigger Egr4d activity thereby regulating
KCC2 expression (Ludwig et al., 2011). Interestingly, this upregulation is restricted to the KCC2b
isoform (Yeo et al., 2009) resulting in different proportion of the two isoforms in the developing

versus mature brain. Hence, whereas KCC2a contributes to about 20-50% of the total KCC2
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mMRNA expression in the neonatal brain, its contribution decreases to 5-10% in the adult brain
(Uvarov et al., 2009). Surprisingly, the developmental upregulation of KCC2 also requires prior
expression of neuroligin-2 (Sun et al.,, 2013) although the mechanisms underlying such

regulation and whether it involves BDNF or neurturin signaling remains unknown.

Nevertheless, BDNF possesses completely opposite effects on KCC2 expression and membrane
stability in the mature brain compared to its role in development. Indeed, BDNF incubation for 2
to 3 hours is sufficient to induce massive downregulation of KCC2 expression and mRNA levels
(Rivera et al., 2002). This regulation is dependent on both Shc/FRS-2 and phospholipase Cy
(PLCy) - cAMP response element-binding protein (CREB) signaling (Rivera et al. 2004). This shift
in BDNF / TrkB signaling pathway during maturation could be explained by an age-dependent
change of TrkB phosphorylation at its PLCy binding site (Di Lieto et al., 2012).

Interestingly, BDNF also potentiates the maturation of GABAergic neurons in the developing
brain (Yamada et al.,, 2002) but not at later developmental stages (Mizoguchi et al., 2003).
Conversely, in immature but not mature hippocampal neurons, GABA increases BDNF mRNA
levels (Berninger et al., 1995), indicating a possible synergistic effect of GABA and BDNF in the

developing brain.

b. Activity-dependent regulation by synaptic transmission

e Fast downregulation of KCC2 by excitatory transmission

KCC2 expression and transport-function is rapidly downregulated by neuronal activity under
physiological conditions (Kaila et al., 1997; Kitamura et al., 2008; Woodin et al., 2003). This
effect was proposed to enable the maintenance of neuronal activity homeostasis (Wang et al.,

2006) but also to participate in learning-related functions (Fiumelli and Woodin, 2007).

The group of Mu-Ming Poo was the first to show calcium-dependent downregulation of KCC2 in
immature neurons (Woodin et al., 2003). This effect was dependent on both voltage-gated
calcium channels (VGCCs) and protein kinase C (PKC) activity (Fiumelli et al., 2005). However, the
action of PKC is likely to be indirect since the only known phosphorylation site targeted by PKC is
the serine 940 (S940) whose phosphorylation stabilizes KCC2 membrane expression (Lee et al.,

2007).
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Raise of intracellular Ca** concentration and consecutive downregulation of KCC2 may occur
upon activation not only of VGCC but also of NMDARs (Fig 7). Postsynaptic calcium influx
through NMDARs induces protein phosphatase 1 (PP1) - dependent dephosphorylation of the
5940 residue of KCC2 (Lee et al., 2011) which in turn reduces the membrane stability of the
transporter. Furthermore, calcium recruits calpain protease leading to cleavage of the C-
terminal domain of KCC2 and rapid endocytosis of the protein (Puskarjov et al., 2012; Zhou et
al.,, 2012). Finally, a study from our group demonstrated that increased excitatory activity
induces a rapid, NMDAR-dependent increase in KCC2 lateral diffusion. This effect was
accompanied by a decrease of KCC2 function and clustering, involving both dephosphorylation

of the 5940 residue by PP1 and calpain cleavage of the CTD (Chamma et al., 2013).

e Regulation of KCC2 by metabotropic receptors

Stabilization and enhanced function of KCC2 has been demonstrated following activation of both
group | metabotropic glutamate receptors (Banke and Gegelashvili, 2008), serotonin type 2A
receptors (Bos et al., 2013) and metabotropic zinc-sensing receptors (Chorin et al., 2011). These
receptors are all coupled to the Gog protein and their activation ultimately leads to the

recruitment of PKC and phosphorylation of the $940 residue.

On the other hand, intense activation of muscarinic acetylcholine receptors (mAchRs) lead to
phosphorylation of the tyrosine Y903 and Y1087 by the proto-oncogene tyrosine-protein kinase
Src and downregulation of the protein (Lee et al., 2010). Such observation is surprising since
phosphorylation of these residues was previously shown to alter KCC2 activity in both
heterologous systems (Strange et al., 2000; Watanabe et al., 2009) and neurons (Akerman and
Cline, 2006; Chudotvorova et al., 2005; Pellegrino et al., 2011) without affecting its membrane
expression. It is however possible that two independent mechanisms occur following intense
mAchRs activation: one leading to phosphorylation of the tyrosine residues and the other
resulting in destabilization of the protein, possibly through one of the previously described

pathway.

e Impact of inhibitory transmission on KCC2 membrane stability

Recently, two different studies revealed new rapid regulation of KCC2 expression and function
by inhibitory transmission (Fig 7). In a first study from our group, activation of GABAARs was

shown to stabilize KCC2 at the plasma membrane while blockade of GABAergic transmission
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increased diffusion and reduced clustering and membrane stability of the transporter (Heubl et
al.,, 2017). These effects were mediated by chloride ions acting as secondary messengers to
regulate the chloride-sensitive WNK1 activity and subsequently the phosphorylation levels of

T906 and T1007 residues of KCC2.

In a second study, activation of GABAg receptors led to a rapid destabilization of KCC2 (Wright et
al.,, 2017) which was unaffected by blockers of calcium signaling pathways or kinases and
phosphatases implicated in KCC2 regulation. Instead, the authors described a new interaction
between KCC2 transmembrane domain and GABAg receptors. The decrease of KCC2 expression
correlated with the decrease in GABAg receptors expression, suggesting that stabilization of
GABABRs at the plasma membrane was important for KCC2 stability. These results of Wright and
colleagues somewhat contradict those of our group in which GABAg receptors activation had no
effect on KCC2 diffusion and membrane stability (Heubl et al., 2017). Such discrepancy may
reflect differences in the experimental models used. In fact, internalization of GABAs receptors
following their activation had been previously reported in slices (Laffray et al., 2007), as used by
Wright and collaborators, but not in dissociated neuronal cultures (Vargas et al., 2008), as used

by our group.
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Figure 7 : Activity-dependent regulation of KCC2 expression and function

BDNF controls KCC2 expression in an age-dependent manner. During neuronal development, only Shc is stimulated
leading to the transcription of KCC2 gene Slc12a5. On the contrary, in mature neurons, BDNF binding to TrkB induces
the co-stimulation of Shc and PLC leading to the inhibition of KCC2 gene expression.

KCC2 is also highly regulated at the post-translational level. Both excitatory and inhibitory transmissions modulate its
membrane expression and function through a variety of pathways.
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We have previously shown that regulation of KCC2 stability and function in turn potently
impacts GABA signaling. Hence, these discoveries on KCC2 fast regulation by both excitatory and
inhibitory transmission reveal new mechanisms to rapidly controlling GABAergic transmission
based on ongoing synaptic activity. Overall, these studies suggest KCC2 is ideally controlled to

mediate a cross-talk between glutamatergic and GABAergic signaling.

c. Regulation of KCC2 expression through protein interaction

KCC2 is involved in numerous protein-protein interactions, mainly through its C-terminal domain
but also through its transmembrane domains (Fig 8). Among KCC2 partners, several actin-related
proteins expressed at glutamatergic synapses have been identified, including the protein 4.1N
(Li et al., 2007) and BPix (Chevy et al., 2015; Llano et al.,, 2015). A recent native KCC2
interactome reveals that a large proportion of putative KCC2-interacting proteins is expressed at
glutamatergic synapses (Mahadevan et al.,, 2017), indicating a potential role of KCC2 as a
structural organizer of glutamatergic synapses. This study also identifies proteins involved in

intracellular trafficking, such as 14-3-3 protein and Kif21B, as putative KCC2 interactors.

It is remarkable that several putative KCC2-interacting proteins are involved in regulation of
either its membrane stability or function. We just described such reciprocal interaction with
GABAg receptors (Wright et al.,, 2017). Additionally, KCC2 interaction with Neto2 and GluK2
seems to be required for its normal membrane expression and function (lvakine et al., 2013;
Mahadevan et al., 2014). Indeed, genetic ablation of either Neto2 or GIuK2 results in decreased
KCC2 expression and function. Interestingly, Neto2 is upregulated during the development with
a timing similar to that of KCC2 upregulation (Michishita et al., 2004), suggesting a possible role
of this interaction in the developmental upregulation of KCC2. A recent study from the Woodin
group revealed that PKC-dependent phosphorylation of the GluK2 subunit is necessary to

promote KCC2 recycling and enhance its function (Pressey et al., 2017).

Several other KCC2-interacting proteins were shown to affect the membrane stability of the
transporter. Hence, interaction of KCC2 with the amyloid precursor protein (APP) is critical to
limit both tyrosine-phosphorylation and ubiquitination of KCC2, thereby preventing subsequent
degradation of the transporter (M. Chen et al., 2017). In contrast, interaction of the KCC2-CTD
with the clathrin-binding adaptor protein-2 (AP-2), induces constitutive dynamin-dependent

clathrin-mediated endocytosis of KCC2 (Zhao et al., 2008). KCC2 expression is also negatively
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regulated by its interaction with the endocytic regulatory protein PACSIN1 (Mahadevan et al.,
2017).

Lastly, activity of KCC2 was shown to be positively regulated in HEK-293 through its interaction
with the CCC CIP1 (Wenz et al., 2009). However, the mechanism through which KCC2 function is
enhanced by this interaction remains to be clarified. Similarly, KCC2 interacts with the the
alpha2 subunit of the Na/K ATPase (lkeda et al., 2004) as well as the brain-type creatine kinase
(CKB), an enzyme which regenerates ATP using the energy contained in phosphocreatine (Inoue
et al.,, 2004). CKB activity affects KCC2 transport function (Inoue et al., 2006), suggesting a

phosphorylation of KCC2 by CKB. However, the target residue has not been identified yet.
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Figure 8 : KCC2 interactome

KCC2 is involved in several putative macromolecular complexes.

Several of these interactions positively regulate KCC2 membrane stability and / or function. Hence, near excitatory
synapses, KCC2 interacts and is positively regulated by the kainate receptor GluK2 and its auxiliary protein Neto2.
Similarly, the interaction with the GABAB receptors stabilizes KCC2 at the membrane. Furthermore, KCC2 function is
positively regulated by its interaction with CIP1 and the amyloid precursor protein (APP). In contrast, the interaction
of the transporter with several endocytic partners such as AP-2 and Pacsin favors its internalization.

KCC2 also interacts with proteins involved in energy supply such as the alpha2 subunit of the Na/K ATPase and with
the brain-type creatine kinase (CKB). These interactions are thought to increase the energetic coupling between
primary and secondary-types of active transporters as well as to promote ATP replenishment.

Finally, actin-related proteins such as 4.1N and BPix interact with the C-terminal domain of KCC2. The latest
interaction has been shown to regulate actin polymerization (Llano et al. 2015, Chevy et al. 2015).

In conclusion, KCC2 is involved in macromolecular complexes composed of several proteins at
the plasma membrane. Such complexes are critical for the regulation of KCC2 membrane
stability and function. Identification of the components of these complexes reveals a variety of
novel pathways through which KCC2 and ultimately GABA transmission may be regulated.

Reciprocally, as we will see later in this thesis, these interactions may be lost upon KCC2 down-
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regulation, in particular in the pathology. Fully understanding the functional impact of this
down-regulation at the cellular and network levels then requires taking into account the various

interactions KCC2 is normally engaged in.

d. Oligomerization and clustering of KCC2

Both oligomerization and clustering of KCC2 have been suggested to influence its function.
Multimeric assembly has been demonstrated for a large number of members of the CCC family
(Blaesse et al., 2006; Casula et al., 2001; Moore-Hoon and Turner, 2000; Simard et al., 2007;
Starremans et al., 2003; Warmuth et al., 2009) and KCC2 oligomers were detected in the brain
(Blaesse et al., 2006; Uvarov et al., 2009). However, a recently published study based on
electron microscopy indicated that KCC2 in solution mostly forms dimers rather than oligomers
(Agez et al., 2017). This dimerization involves disulfides bridges that may involve cysteine
residues located in the extracellular loop, possibly together with interactions between the C-
terminal domains.

Whether monomeric KCC2 is functional for chloride-transport is still an open question. The
increase in KCC2 oligomerization during development (Blaesse et al., 2006) as well as the
correlation between decreased oligomerization and reduced transport activity (Mahadevan et
al., 2014; Watanabe et al., 2009) point in that direction. However, such observations are not
sufficient to indicate causality. Furthermore, experimental limitations with studies of KCC2
oligomerization by western blot techniques were recently raised (Medina et al., 2014), which

complicated the interpretation such experiments.

As mentioned previously, KCC2 protein has also been shown to form clusters at the plasma
membrane (cf. I.1.d). Regulation and functional relevance of this clustering has been mainly
investigated in three different studies. First, inhibition of tyrosine phosphorylation was shown to
reduce KCC2 clustering and function with no apparent change in total surface expression of the
transporter (Watanabe et al., 2009). Second, KCC2 clustering and function were demonstrated
to be rapidly modulated by both excitatory and inhibitory through changes in diffusion
properties of KCC2 (Chamma et al., 2013; Heubl et al., 2017).

Mechanisms controlling KCC2 clustering and oligomerization are still not fully understood. They
may, however, represent important pathways for the regulation of chloride homeostasis

through the control of KCC2 activity.
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4. Emerging role of KCC2 at glutamatergic synapses

The identification of highly clustered KCC2 in dendritic spines, near the glutamatergic
postsynaptic density, has prompted the study of the potential role of KCC2 in this unexpected
location. In the original work from Gulyas and collaborators, the authors postulated that this
localization of KCC2 could be a mechanism for neurons to cope with activity-induced swelling of
the cell (Gulyas et al., 2001). Indeed, suppression of KCC2 induces a swelling of dendritic spines,
as already mentioned above (Gauvain et al., 2011). However, further studies revealed other

unexpected functions of KCC2 at excitatory synapses.

a. Maturation of dendritic spines

Initial studies on the role of KCC2 on the maturation of glutamatergic synapses were based on
overexpressing KCC2 at early developmental stages. In utero electroporation of KCC2 in the
developing retino-tectal circuit of Xenopus embryos reduced both the frequency and amplitude
of mEPSCs (Akerman and Cline, 2006). This effect was indirectly dependent on KCC2 transport-
function. Indeed, as mentioned previously (see 1.2.b), the decrease in chloride concentration
following KCC2 expression is sufficient to render GABA transmission hyperpolarizing in the
developing brain. This, in turn, would prevent NMDA receptor activation and subsequent
expression of AMPA receptors at silent synapses. Similar to previously published results on
hippocampal neurons cultures (Chudotvorova et al., 2005), the authors found that early
overexpression of KCC2 also promoted the maturation of GABA synapses (resulting in an
increase of both the frequency and amplitude of mIPSCs). Interestingly, Chudotvorova and
colleagues reported no change in glutamatergic transmission upon KCC2 overexpression. This
discrepancy could be explained by the neuronal type (hippocampal vs. retino-tectal neurons) or

by different mechanisms of regulation between the in vitro and the in vivo models.

The team of Claudio Rivera (Li et al., 2007) soon provided new insights into the role of KCC2 at
glutamatergic synapses. Since full KCC2 knockout mice do not survive after birth (see I.5.c for
more details), the authors used primary cultures of hippocampal neurons from KCC27/* mice to
investigate the effect of KCC2 suppression on excitatory synapses maturation. They showed that
the absence of KCC2 impaired dendritic spine maturation, resulting in a higher proportion of

filopodia-shaped dendritic spines and an overall reduction in the number of active glutamatergic
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synapses. Unexpectedly, this effect was independent of KCC2 transport-function. Indeed,
overexpression of the A-NTD KCC2 completely rescued the alterations of spine formation
without restoring chloride homeostasis. Instead, control of dendritic spines maturation involved
KCC2 interaction with the actin cytoskeleton. The authors described a novel interaction between
the C-terminal domain of KCC2 and the FERM-domain of the cytoskeletal protein 4.1N.
Disruption of this interaction by overexpression of KCC2-CTD or of a Myc-tagged FERM domain
(both acting as dominant negative) was sufficient to mimic the phenotype of KCC27* neurons.
Hence, interaction of KCC2 with the actin cytoskeleton through 4.1N is necessary for
glutamatergic synapses maturation. Surprisingly, as | already mentioned (cf I.1.c), the A-NTD
KCC2 was recently described as presenting deficits of membrane expression (Friedel et al.,
2017). This questions the precise mechanism through which this mutant rescued the deficits in
spinogenesis. Despite this unresolved issue, the work of Li and collaborators marked a
breakthrough in the study of KCC2 role in the CNS since it was the first to highlight a non-

canonical role of KCC2 through protein interaction independent of chloride transport.

Interestingly, this effect on dendritic spines morphology was not observed when KCC2 was
suppressed after the period of spinogenesis. Thus, no change in either spine morphology or
number of excitatory synapses were observed upon chronic suppression of KCC2 by RNA
interference in mature hippocampal neurons in culture (Gauvain et al.,, 2011) or by Cre-
mediated exon excision in the cerebellum in the weeks following birth (Seja et al., 2012).
However, in line with the results from Li et al., in utero electroporation of KCC2 but also of the A-
NTD KCC2 induces an increase in spine density in layer 2/3 of the somatosensory cortex (Fiumelli

et al., 2013).

Altogether, these studies support a role of KCC2 in controlling the maturation of dendritic spines

during development, through an interaction with the actin cytoskeleton.

b. Role of KCC2 at mature glutamatergic synapses

KCC2 interaction with the actin cytoskeleton is not only crucial for spinogenesis but also for
basal excitatory transmission (Gauvain et al.,, 2011) and plasticity of glutamatergic synapses
(Chevy et al., 2015). Thus, suppressing KCC2 in mature hippocampal neurons in culture leads to

decreased amplitude of mEPSCs. This effect correlates with increased membrane diffusion of
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these receptors and a reduction in GluAl-containing AMPARs in dendritic spines. Importantly,
this effect is transport-independent as it is not reproduced by bath-application of the specific
KCC2 antagonist, VU0240551 but can be mimicked by the expression of the CTD of KCC2. This
study suggests KCC2 anchoring to the actin cytoskeleton could act as a physical barrier confining

a pool of extrasynaptic AMPARs within dendritic spines (Fig 9).

KCC2 interaction with the actin cytoskeleton is not restricted to direct, physical interaction via
the 4.1N protein. Thus, a novel interaction with the B isoform of the Rac/Cdc42 guanine
nucleotide exchange factor B-Pix was recently identified (Chevy et al., 2015; Llano et al., 2015;
see |.3.c). B-Pix is part of signaling pathway involving Racl, PAK et LIMK that acts to inhibit
cofilin-1, which binds and depolymerizes filamentous actin. Suppression of KCC2 then results in
increased levels of phosphorylated cofilin and consequently in accumulation of polymerized F-
actin in dendritic spines. In a study from our group in which | participated, we showed that this
in turn impairs long-term potentiation of glutamatergic synapses by precluding activity-driven
membrane delivery of AMPARs (Chevy et al., 2015; Fig 9). Again, this effect was independent of
KCC2 ion transport function as these results were not mimicked by application of the KCC2
antagonist, VU0240551. Since long-term potentiation is thought to represent the cellular
substrate for learning and memory (Whitlock et al., 2006), these observations predict KCC2

down-regulation may also result in cognitive deficits.
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Figure 9 : Impact of KCC2 suppression on mature glutamatergic synapses

(a) In dendritic spines, KCC2 interacts with the actin cytoskeleton through 4.1N thus limiting AMPARs lateral diffusion.
Its interaction with B-Pix also prevent accumulation of F-actin

(b) In absence of KCC2, spine volume increases due to loss of osmotic regulation via its transport function. AMPARs
escape from the synapse thus decrease the efficacy of glutamatergic transmission. Finally, accumulation of F-actin
precludes activity-dependent AMPARs exocytosis and long-term potentiation of the synapse.
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This series of studies indicates a structural, transport-independent role of KCC2 in controlling
both maturation, activity and plasticity of glutamatergic synapses. Thus, impairment of KCC2

expression is predicted to not only affect GABAergic but also alter glutamatergic signaling.

5. KCC2in epilepsy

KCC2 is rapidly downregulated following seizure induction (Rivera et al., 2002). This in turn leads
to accumulation of intraneuronal chloride and altered GABA signaling. Therefore, the loss of
KCC2 has been proposed to not only be a consequence of seizures but also causal in

epileptogenesis. However, evidence in support of the latter remains elusive.

a. Excitation / inhibition imbalance in epilepsy

The term epilepsy represents a complex disease with a variety of clinical characteristics and,
consequently, a variety of underlying molecular mechanisms. One important distinction in this
respect is between epilepsy and seizure. A seizure corresponds to a period of abnormal
excitation and synchronization of a neuronal population. Epilepsy, on the other hand, represents
a pathological condition characterized by the occurrence of seizures. Similarly, one should
distinguish epileptogenesis, which refers to the process leading to epilepsy after an initial insult
(a seizure, brain trauma, infection...), and ictogenesis, which refers to the mechanisms

contributing to the generation of a seizure in an epileptic network.

One commonly proposed mechanism underlying seizures involves a dysregulation of the
excitatory/inhibitory (E/I) balance. A failure in GABAergic inhibitory transmission has often been
proposed as being at the basis of this E/I imbalance. Thus, several alterations in GABAergic
networks have been associated (yet not always linked by causality) with epilepsy, including
specific interneuron vulnerability (Cossart et al., 2001; de Lanerolle et al., 1989), dysfunction of
GABAergic synapses (Thind et al., 2010) or reduced interneuron excitability (Martin et al., 2010;
Sloviter, 1987).

In line with these observations, drugs acting to promote GABAergic transmission have been used

for a long time in the treatment of epilepsy. For instance, sodium valproate which increases the
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levels of GABA in the brain has been commonly used in many forms of epilepsy. Similarly,
benzodiazepines, which act as positive allosteric modulators of GABAARs, have often been used
as first-line treatment in case of status epilepticus (SE) (Alvarez et al., 2016). However, about
30% of epileptic patients do not respond to treatments by classical antiepileptic drugs (Picot et
al., 2008). In the vast majority of cases, patients resistant to one type of treatment will not have
their symptoms contained by any kind of medication, only leaving surgical resection of the
epileptic focus as a potential therapeutic option (Engel, 2014). Hence, better understanding of
the mechanisms explaining such pharmacoresistance is critical to provide new effective

treatments.

b. KCC2 mutations and epileptogenesis

First evidence linking dysfunctions of KCC2 transporter, E/I imbalance and epileptogenesis arose

from study of knockout (KO) lines.

e Phenotype of KCC2 KO and mutant animal models

Complete genetic deletion of a gene is often used to better understand the physiological role of
a protein. In the case of KCC2, considering its developmental upregulation occurs around 9 days
postnatal and its crucial role in both regulation of GABAergic transmission and synapses
maturation (see 1.2.b and 1.4.a), severe deficits in KCC27- mice were expected to appear shortly
after birth. Remarkably, these mice already suffered from drastic motor deficits at birth and die
shortly after from respiratory failure (Hiibner et al., 2001). In contrast, heterozygous animals
were perfectly viable and the authors did not report any change in response to proconvulsant

drugs.

A second model of KCC2 knockout targeted exon 1b of the Slc12a5 gene, leading to a specific
deletion of KCC2b without affecting KCC2a and resulting in expression of approximately 5% of
the protein level of KCC2 (Woo et al.,, 2002). These hypomorphic KCC2 mice survived for a
couple of weeks after birth but exhibited spasticity, hyperexcitability in the hippocampus as well
as frequent spontaneous generalized seizures. Surprisingly, in contrast to the full KCC2 KO
described by Hlbner and colleagues, heterozygous hypomorphic mice also displayed increased

susceptibility to generalized seizure following pentylenetetrazol (PTZ) injection.
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Finally, hypomorphic KCC2-deficient mice against KCC2a and KCC2b were raised (Vilen et al.,
2001). These mice exhibit about 30% of the control protein level and did not display any obvious
phenotype. From this strain, mice double heterozygous for the hypomorphic and null alleles of
KCC2 were generated (Tornberg et al., 2005). Even though they expressed only about 17% of the
control level of KCC2, these mice were viable and fertile. However, they exhibited a decreased
body-weight, increased anxiety, impaired spatial learning and increased susceptibility to PTZ-

induced seizures (Tornberg et al., 2005).

It should be noted that the phenotype observed in all these mice strains may not entirely be
driven by changes in GABAergic transmission. As previously mentioned, suppression of KCC2
during the development also impairs the maturation of the dendritic spines, which could

participate in the reported deficits.

In contrast, more subtle effects were observed with knock-in KCC2 phospho-mutants. In vitro,
the activity of KCC2 is potentiated by the phosphorylation of serine 940 (Lee et al., 2007; see
1.3.b). Mutants mice with constitutive dephosphorylation of this residue mutated in an alanine
(5940A) were generated by the Moss lab (Silayeva et al.,, 2015). S940A mice do not exhibit
changes in surface expression of KCC2 nor in basal Ecasa. However, they are more susceptible to
epilepsy, as indicated by the decreased latency to SE and increased severity of SE in a kainate
model. This observation was paralleled by a deficit in chloride homeostasis in neurons from
S940A mice after transient glutamate exposure. Thus, phosphorylation of the serine 940 of KCC2
seems critical for stabilization of KCC2 following high excitatory activity and activation of NMDA

receptors thus delaying the onset of pharmacologically- induced SE.

e KCC2 mutations in human epilepsy

Based on these observations from mutant mice, mutations in the Slc12a5 gene encoding KCC2
have long been expected to be associated with inherited forms of epilepsy. However, the first
reports of Slc12a5 mutations linked to epilepsy only appeared in 2014. A first study identified
the KCC2-R952H variant that co-segregated in an Austalian family with febrile seizures
(Puskarjov et al.,, 2014; Fig 10). This variant displayed reduced membrane expression in
heterologous cells and reduced chloride extrusion capacity when over-expressed in immature

cortical neurons.
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This variant was also nearly simultaneously identified in a second study in a family with
idiopathic generalized seizures, along with another variant KCC2-R1049C (Kahle et al., 2014; Fig
10). The later was likewise characterized by an impaired maintenance of chloride homeostasis

but had a normal membrane expression.

Three further recessive loss-of-function mutations in the Slc12a5 gene were later identified in
patients suffering from epilepsy of infancy with migrating focal seizures (Stodberg et al., 2015;
Fig 10). All these mutations resulted in decreased membrane expression of the protein, reduced
glycosylation and impaired mechanism of chloride extrusion. Finally, biallelic mutations of KCC2
that reduce chloride transport without affecting surface expression of the transporter were

identified in patients with migrating focal seizures (Saitsu et al., 2016, Fig 10).
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Figure 10 : KCC2 mutations in epilepsy

Left, Overview of all variants and mutations described in the context of KCC2 and epilepsy with their localization. Note
the diversity of residues affected. Right, Impact on KCC2 expression and function. Nearly all mutations impaired
chloride homeostasis while only some of them were additionally associated with decreased membrane expression of
the transporter.

Several conclusions may be drawn from the identification of these human mutations. First,
contrasting with the drastic phenotype reported in knockout mice, the penetrance of these
mutations was incomplete. Some of these variants were also reported in healthy controls (Kahle
et al., 2014). Similarly, in the latest study (Saitsu et al., 2016), biallelic mutations of KCC2 were
required for expression of the epileptic phenotype, while family members expressing only a
single mutation did not suffer from epilepsy. Such observations dampen the hypothesis of direct
causal link between KCC2 malfunction and epilepsy. In contrast, as often in epilepsy-related
mutations, they suggest that mutations may represents susceptibility factors acting together

with other environmental or genetic factors to promote epileptogenesis.
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Second, it is worth noting that point mutations associated with epilepsy were identified in the
NTD, but also in the transmembrane segment, the extracellular loop and the CTD of the protein.
In particular, the identification of several mutations in the extracellular loop between TM5 and
TM6 and inside TM6 pleads for an important role of these 2 regions in membrane expression
and activity of KCC2. Overall, this suggests that a variety of mechanisms perhaps including

conformational changes may be involved in regulating KCC2 expression and function.

Finally, whereas all identified mutations were characterized by impaired chloride extrusion,
most of them also resulted in decreased membrane expression of the protein. KCC2 membrane
expression and subsequent interaction with the actin cytoskeleton is critical for excitatory
synapses maturation and maintenance. Hence, in addition to a deficit in the control of chloride
homeostasis, patients expressing such mutations may also suffer from defects in glutamatergic
synapse formation and maturation, which could then participate in the epileptic phenotype. In
line with this idea, the KCC2-R952H variant was unable to rescue the aberrant spinogenesis in

KCC27 neurons (Puskarjov et al., 2014).

c. Chloride homeostasis, GABA transmission and epilepsy

Well before KCC2 mutations were associated with inherited epilepsies, a pioneer series of
experiments conducted by the team of Richard Miles shed new light on a possible role of KCC2

transport-function in the context of pharmacoresistant epilepsies.

Using hippocampal tissue resected from patients suffering pharmacoresistant temporal lobe
epilepsy, they studied the pharmacology underlying the generation of spontaneous interictal
activity in the subiculum (Cohen et al., 2002). Interictal events are short, spontaneous and
recurrent bursts of activity that characterize an epileptic brain that can be recorded
electrophysiologically but are clinically silent (refer to 11.3.c for more details). As expected, the
authors showed that interictal activity recorded in vitro from slices of human epileptic
hippocampus was abolished by blockers of glutamatergic transmission. However, surprisingly,
this was also the case with blockers of GABAergic transmission. Interestingly, some of the
principal cells of the subiculum were excited during interictal events and displayed depolarizing
responses to GABA. This led the authors to hypothesize that paradoxical excitatory GABA

transmission may contribute to interictal activity. In a follow-up study, the authors revealed that
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depolarizing, GABAAR-mediated currents partially correlated with a downregulation of KCC2,
which was apparent in approximately 30% of the principal cells in the epileptic subiculum
(Huberfeld et al., 2007; Fig 11). Restoring chloride homeostasis by blocking the chloride importer

NKCC1 with bumetanide was then sufficient to suppress interictal activity.
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Figure 11 : Correlation between KCC2 expression, GABA transmission and interictal activities

(a) (A-C left) Simultaneous intracellular (top, thin traces) and extracellular (bottom, thick traces) recordings during
interictal-like activity in resected hippocampus from a temporal lobe epilepsy patient. Immunostaining reveals the
absence of KCC2 in 4 out of 7 recorded cells eliciting a depolarizing GABAergic transmission (A-C right). (D) Partial
correlation between KCC2 protein expression and the polarity of GABAergic transmission (from Huberfeld et al, 2007).
(b) In slices resected from patients with low-grade glioma, spontaneous interictal activity is suppressed by application
of the GABAAR antagonist gabazine indicated an unexpected pro ictogenic action of GABA. Similar results were
obtained by reducing intraneuronal chloride with the NKCC1 antagonist bumetanide. These results argue for a role of
increased chloride concentration and subsequent depolarizing action of GABA in the appearance of interictal events
(from Pallud et al. 2014)

Such a link between chloride homeostasis, GABA transmission and interictal activity is not
limited to TLE patients. Indeed, a similar observation has recently been made in peri-tumoral
human neocortex (Pallud et al., 2014). Low-grade glioma tissues spontaneously generate
interictal activity in vitro that correlates with depolarizing GABA responses in some principal
cells and can be abolished by bumetanide. It is worth noting that, in this study, bumetanide had
no effect on either pre-ictal or ictal discharges. This may not be entirely surprising considering
the different mechanisms leading to these different types of events. In fact, pre-ictal discharges
have be shown to rely on glutamatergic transmission while interictal activity depends on both

GABAergic and glutamatergic activity (Huberfeld et al., 2011).
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In conclusion, the set of studies performed by the teams of Richard Miles and Gilles Huberfeld
revealed an interesting correlation between the loss of KCC2 and the appearance of interictal
activity in the epileptic brain. However, in the absence of control tissue, the specificity and thus
physiological relevance of KCC2 downregulation remains unclear. It is also unclear whether the
sole downregulation of KCC2 promotes interictal activity and whether it may contribute

together with other factors to ictogenesis.

d. Transport-function of KCC2 and ictogenesis

In order to study the possible link between KCC2 expression and function and epilepsy, several
teams took advantage of in vitro models of ictogenesis in slices, thus allowing easier use of
pharmacology. Interictal and ictal events can be induced in both hippocampal and entorhinal
cortex slices through a variety of models that all rely upon increased network excitability.
Among the most commonly used models are an elevation of extracellular potassium levels (high
[K*]e model), a reduction in extracellular magnesium (0 Mg?* model) or the blockade of
potassium channels with 4-aminopyridine (4-AP model) or cesium (Cs-model). It should be noted
that some models may themselves alter KCC2 activity and function. Indeed, as discussed above a
high extracellular concentration of potassium could lead to reverse transport through KCC2 (cf
1.2.a) while the 0 Mg? model will favor the activation of NMDA receptors thereby leading to

destabilization of the transporter at the plasma membrane (see 1.3.b).

e KCC2 activity may aggravate pre-established ictal activity

In a set of recently published papers, authors made the startling observation that
pharmacological KCC2 blockade with the antagonists VU0240551 or furosemide nearly
completely abolishes ictal activity in both piriform and entorhinal cortices in the 4-AP model
(Hamidi et al., 2015; Hamidi and Avoli, 2015) and in hippocampal cortex in the Cs-model (Uwera
et al.,, 2015). Conversely, potentiating KCC2 function with the newly identified drug CLP257
(Gagnon et al., 2013) increased the occurrence of ictal activity (Hamidi and Avoli, 2015). In
contrast, interictal-like events were more frequent and of larger amplitude when KCC2 activity
was blocked suggesting that impaired chloride homeostasis aggravates interictal activity. This is
in line with previous observations in slices from human epileptic tissue where restoring chloride

homeostasis by blocking NKCC1 activity suppresses interictal activity (Huberfeld et al., 2007;
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Pallud et al., 2014). These results again highlight the different mechanisms underlying the

emergence of ictal vs. interictal activity.

In order to understand this somewhat counterintuitive role of KCC2 in ictogenesis, it is worth
noting that chloride accumulation and subsequent depolarizing GABA transmission play an
important part in ictogenesis. Thus, in mouse hippocampal slices, ictal activity is preceded by an
important firing of interneurons (Lillis et al., 2012). The resulting intense activation of GABAARs
in pyramidal cells leads, at first, to intraneuronal chloride accumulation and, subsequently, to
transiently depolarizing and excitatory GABAergic transmission. Hence, following ictal activity,
interneurons can recruit and synchronize pyramidal neurons into clonic afterdischarges that
maintain epileptiform activity (Ellender et al., 2014; Fig 12). Similar results were obtained in an
in vivo model of optogenetic seizure induction in the cortex (Khoshkhoo et al., 2017). In this
model, interneurons are rapidly recruited at the onset of the seizure, prior to principal cells.
Inhibiting the interneurons once the seizure was established greatly reduced their duration,
consistent with a transient excitatory action of GABA transmission during seizures. In these
conditions, KCC2 activity may favor the increased excitability of the network. Indeed, following
intense activation of GABAARs, KCC2 will be activated to cope with the increased [Cl];. This will
be accompanied by a transient rise in the extracellular concentration of potassium, which, in

turn, may act to further enhance neuronal excitability (Viitanen et al., 2010).

KCC2 function may however be important for the termination of an ictal event by promoting
chloride extrusion back to basal concentration and restore hyperpolarizing GABA signaling. In
line with this idea, pharmacological blockade of KCC2 with VU0463271, a more potent and
specific antagonist of KCC2 function (Delpire et al., 2012), prolongs the duration of ictal activity
in a 4-AP model in slices (Kelley et al., 2016). Furthermore, restoring chloride homeostasis using
bumetanide in a kindling epilepsy model significantly reduced the duration and severity of
induced seizures (Wang et al.,, 2017). Indeed, in slices, termination of ictal activity was
accompanied by a recovery of hyperpolarizing GABA transmission (Ellender et al., 2014).
Furthermore, KCC2 activity may be critical to maintain inhibitory GABAergic transmission in
tissue surrounding the ictal tissue. This would be important to limit the spread of a seizure

through inhibitory restraint (Trevelyan and Schevon, 2013).
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Figure 12 : Chloride homeostasis and KCC2 function during ictal phase

(a) Representative current-clamp recording from CA3 pyramidal neuron during epileptiform activity induced by 0 Mg?*
(adapted from Ellender et al. 2014).

(b,c) Firing pattern of PV interneurons and pyramidal cells during epileptiform activity (top) and suggested associated
mechanism (bottom). During the initiation phase, interneurons massively fire thus leading to increased intraneuronal
concentration. In turn, KCC2 activity generates extracellular potassium transients which increase neuronal excitability.
During the afterdischarges phase, interneurons synchronize population of principal cells through depolarizing
excitatory GABA-mediated currents. Finally, KCC2 activity allows recovery of low intraneuronal concentration and
associated inhibitory action of GAB thus enabling termination of the epileptiform events. Model proposed based on
Ellender et al. 2014, Viitanen et al. 2010, Khoshkhoo et al. 2017

K* CI

Overall, the impact of KCC2 activity on pre-established ictal activity is mixed. Indeed, the activity
of the transporter may facilitate the onset of seizures. Nevertheless, it could also favor
termination of the event by enabling recovery of chloride concentration and may be necessary

for inhibitory restraint preventing the spreading of the event.

e Loss of KCC2 activity is not sufficient to trigger ictal activity

A recent computational model claimed that KCC2 suppression in about 30% of principal cells was
sufficient to trigger ictal activity in a modeled subicular network (Buchin et al., 2016). This model
takes into account changes on GABA transmission as well as on extracellular potassium and
subsequently on neuronal excitability. Nevertheless, the claim of a causal relationship between
KCC2 suppression and ictal activity needs to be taken cautiously due to the high basal

extracellular potassium concentration (8 mM) used by the authors in their model. Such
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concentration is not quite physiological and results in increased excitability of the neurons, thus
possibly priming the network to ictal activity. In addition, the model surprisingly lacks
perisomatic inhibition - with all GABAergic synapses formed onto apical dendrites of principal
cells - as well as GABAergic inhibition of interneurons. It is therefore difficult to extrapolate

predictions from this model to the actual behavior of subicular (or any other) neuronal network.

Interestingly, in contrast to this computational study, complete pharmacological blockade of
KCC2 in hippocampal slices was not sufficient to induce seizure-like events (Kelley et al., 2016)
but reduced their latency in a 0 Mg? model (Sivakumaran et al., 2015). Similarly, massive
chloride loading of pyramidal neurons using optogenetic tools induces a depolarizing shift in
Ecasa, @ hyperexcitability of the network and the appearance of high-frequency oscillations
(HFOs) closely resembling those observed in the epileptic brain (see also I1.3.c) but did not lead
not full ictal activity (Alfonsa et al., 2015). Consistent with these observations, in vivo infusion of
the KCC2 antagonist VU0463271 in the dorsal hippocampus of mice induces pathological
epileptiform activity without ictal activity nor behavioral seizures (Sivakumaran et al., 2015). It
should also be noted that this last study lacked important controls, including injections of
vehicle (DMSO) only, which may be important considering the dose and volume of antagonist

that was injected (0.5 pl, 100 uM, for an ICso of 61 nM; Delpire et al., 2012).

All together, these data seriously dampens the hypothesis of a causal relationship of KCC2
downregulation in epilepsy through mechanisms solely involving control of chloride
homeostasis. Additionally, they draw a special attention to a potential differential role of KCC2

function in the generation of interictal versus ictal events in the epileptic brain.

e. Is KCC2 downregulated in chronic epilepsy?

Since the demonstration that kindling induces a rapid decrease in KCC2 mRNA levels (Rivera et
al., 2002), the idea of a downregulation of the protein in the epileptic brain has appeared as a
consensus. Indeed, decreased KCC2 expression was reported in the hippocampus in a
pilocarpine mouse model of epilepsy (Li et al., 2008) but also in the dentate gyrus in a kainate
mouse model of TLE (Stamboulian-Platel et al., 2016). In human, similar observations were made
in the subiculum of epileptic patients at both the RNA level (Palma et al., 2006) and the protein
level (Huberfeld et al., 2007; Mufioz et al., 2007) as well as in peritumoral tissue of patients

suffering from glioma (Pallud et al., 2014).

37



However, in contrast with these results, increase in KCC2 transcripts has been found in the
inferior colliculus of a post-ischemic mouse model of audiogenic seizures (Reid et al. 2001). Most
strikingly, a recent study also described an upregulation of KCC2 protein levels in the
hippocampus of epileptic patients and of a pilocarpine mouse model of chronic epilepsy

(Karlécai et al., 2016).

Two remarks could help solve this apparent discrepancy.

First, it is important to note the difference between seizure-induced downregulation of KCC2
and level of protein expression during the chronic phase of the pathology. Intense excitatory
activity, which occurs for instance during SE, has been shown to induce rapid downregulation of
KCC2 (see I.3.b). Thus, pilocarpine-induced SE leads to a rapid decrease of KCC2 expression
accompanied by a depolarizing shift in reversal potential of GABAergic currents in dentate
granule cells (Pathak et al., 2007), in all hippocampal subfields (Barmashenko et al., 2011) and in
entorhinal cortex (Bragin et al., 2009). Similar decrease of KCC2 expression was also observed in
mice in the subiculum following kindling (Wang et al., 2017). However, a return to control levels

of KCC2 protein was observed during the chronic phase of epilepsy (Pathak et al., 2007).

Second, all the aforementioned studies indicating downregulation of KCC2 in human epileptic
brain actually focused on epileptogenic regions (the subiculum and the peri-tumoral region). In
particular, the decrease of mRNA levels of KCC2 in the subiculum was observed in comparison to
the level measured in the rest of the hippocampus in the same patients (Palma et al., 2006)
while the absence of KCC2 in about 20% of the principal cells was only observed in the
subiculum and sclerotic CA1 but not in CA3 or the dentate gyrus (Mufioz et al., 2007). One could
then argue that KCC2 downregulation in these regions may favor epileptic activity or,
conversely, that these regions undergo frequent sustained excitatory activity which in turn

downregulates KCC2.

In conclusion, the relationship between alteration of KCC2 expression and function, GABAergic
transmission and epileptogenesis is not as straightforward as previously assumed. Data from
both KCC2 knockout animal models and human mutations suggest a causal relationship between
dysregulation of KCC2 and epilepsy. Notably, this effect could rely on alteration of both
GABAergic transmission and glutamatergic synapse maturation. Furthermore, although
complete blockade of KCC2-transport function seems pro-ictogenic in vitro, it now appears that

these conditions are far from what actually happens in the epileptic brain. Indeed,
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downregulation of KCC2 in the epileptic brain rather seems restricted to a small proportion of

neurons located around the epileptic focus.

The hypothesis that KCC2 suppression upon a first seizure would, in turn, be sufficient to
facilitate the emergence of further epileptic seizures remains to be demonstrated. The
development of recent genetic tools allowing chronic suppression of KCC2 in vivo in an already
mature brain (using viral-based ARN interference or viral expression of the Cre-recombinase in a
floxed KCC2 mouse line) could help solve this query. In a recent publication, Chen and
collaborators claimed that lentiviral-based suppression of KCC2 by ARN interference in the rat
dentate gyrus was sufficient to induce seizures (L. Chen et al., 2017). This conclusion however
needs to be taken cautiously since it is based only on 3 animals vs. 2 controls. Moreover, the
authors reported spontaneous Racine stage lll behavior (defined by unilateral forelimb clonus).
However, they did not provide movie supporting this observation. Instead, they based their
claim on short (< 1 second) abnormal activity observed in EEG recordings. Yet, classical Racine
stage |l seizures are wusually lasting several seconds both at the behavioral and
electrophysiological scale, as the authors themselves described in the first figure of the
publication and in the supplementary video. Hence, the contribution of KCC2 regulation in the

context of epilepsy clearly needs careful and unbiased examination.

6. Dysregulation of KCC2 expression and function in other pathologies

Given the critical implication of KCC2 expression and function in controlling GABA signaling as
well as maturation, function and plasticity of glutamatergic synapses, it is not surprising that
dysregulation of the transporter has now been implicated in a variety of neurological disorders

beyond epilepsy.

a. Spasticity and neuropathic pain

Chronic pain and spasticity (hypertonia) are classical consequences of lesions affecting the
sensory-motor system and the spinal cord. The sensory-motor system is severely affected in
KCC2 knock-out mice which display severe motor deficits correlated with depolarizing responses

to GABA and glycine in motoneurons of the ventral part of the spinal cord (Hiibner et al., 2001).
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Downregulation of KCC2 associated with a depolarizing action of GABA has been demonstrated
in rodent spinal cord injury (SCI) models of chronic pain in spasticity. KCC2 downregulation is
observed in both motoneurons in the case of spasticity (Boulenguez et al., 2010) and in neurons
of the lamina | of the dorsal horn in chronic pain models (Coull et al., 2003), and appears to

depend on the BDNF/TrkB pathway (Boulenguez et al., 2010).

A working hypothesis on neuropathic pain is based on the “gate control theory” which has been
described in details in several reviews (Kaila et al., 2014; Price et al., 2005; Vinay and Jean-
Xavier, 2008). Briefly, in basal conditions, nociceptive stimuli conducted by the pain-conductive
C-fibers are gated by non-painful sensory inputs. Terminals of C-fibers are in fact contacted by
GABAergic interneurons relaying tactile information from A-beta fibers, thus preventing
transmission of the painful inputs to the CNS. Following SCI, the downregulation of KCC2 and
subsequent effect on GABAergic signaling result in the loss of inhibition of neurons of the dorsal
horn and in aberrant stimulation of pain-conducting fibers by tactile-conducting fibers, thus

inducing hyperalgesia.

b. Psychiatric disorders

KCC2/NKCC1 imbalance has been suggested to be involved in several human neurological and
psychiatric disorders characterized by perturbed network activity. Increased NKCC1 expression
along with decreased KCC2 expression was observed in the brain of schizophrenic patients (Hyde
et al., 2011; Kalkman, 2011) and suggested to contribute to autistic behavior (Lemonnier and
Ben-Ari 2010). Quite consistently, dysregulated NKCC1 and KCC2 protein levels were found in
the 22g11.2 deletion syndrome mouse model (Amin et al., 2017), a syndrome associated with
higher risks for schizophrenia and autism. Low expression of KCC2 was also found in the
cerebrospinal fluid (CSF) of Rett syndrome patients (Duarte et al., 2013). These results were
paralleled by a decrease in KCC2 expression in MecP2 knockout mouse model of Rett syndrome
(Banerjee et al., 2016). A recent study also described a reduced expression of KCC2 in the R6/2
mouse model of Huntington's disease (Dargaei et al., 2018). Finally, KCC2/NKCC1 imbalance was
reported in Ts65Dn mouse model of Down’s syndrome though it mainly relies on an

upregulation of NKCC1 in this case (Deidda et al., 2015).
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c. Therapeutic approaches in pathologies involving KCC2

Considering its major impact on GABAergic transmission, KCC2 is considered a promising
therapeutic target, not only for the treatment of epilepsy but also in many of the
aforementioned conditions. This idea was supported by in vitro studies demonstrating of
positive effect of restoring chloride homeostasis on interictal activity in hippocampal slices from
epileptic patients by blocking NKCC1 function (Huberfeld et al., 2007). Since then, a lot of
emphasis has been put on the use of bumetanide as therapeutic treatment in pathologies with
evidence for chloride homeostasis dysregulation. The fact that bumetanide is FDA-approved has

certainly contributed to the interest for this compound.

The therapeutic potential of bumetanide was first illustrated by the team of Yezekhel Ben-Ari in
autism (Lemonnier and Ben-Ari, 2010). In later work in rodents, the team showed that during
delivery, maternal oxytocin release was suggested to lead to a transient hyperpolarizing shift in
GABA responses in the fetal brain (Tyzio et al., 2006). This shift was not observed in fragile X and
valproate models of autism due to KCC2 downregulation (Tyzio et al., 2014). Treatment of the
dams with bumetanide to restore low intraneuronal chloride concentration was sufficient to
attenuate autistic phenotype while inhibiting oxytocin signaling in wild-type dams triggered
autistic characteristics in newborns (Tyzio et al., 2014). Intriguingly, this mechanism does not
explain the beneficial effect of bumetanide in autistic children. In addition, the bioavailability of
bumetanide in the brain is also debated, as bumetanide may not cross the blood brain barrier
and may be >98% bound to plasmatic proteins (Brandt et al., 2010). Nevertheless, positive
effects of bumetanide in autistic spectrum disorders is now well documented (Cellot and
Cherubini, 2014; Grandgeorge et al., 2014; Lemonnier et al., 2012; Lemonnier and Ben-Ari,
2010).

Chronic treatments with bumetanide have now been shown to restore Ecasa in a Rett syndrome
mouse model (Banerjee et al., 2016). Interestingly, it was also sufficient to rescue the cognitive
deficits observed in both Down’s syndrome (Deidda et al., 2015) and Huntington’s disease
(Dargaei et al., 2018), suggesting deficits underlying these disorders were primarily due to

defects in chloride homeostasis and, likely, GABA signaling.

As promising as bumetanide currently appears, it may not fully rescue the phenotypes induced

by the loss of KCC2 in many pathologies (Fig 13). Indeed, as described previously, in addition to
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its transport function, KCC2 also plays a role in maturation, maintenance and plasticity of
glutamatergic synapses in an ion transport-independent manner. Strategies aiming to restore
KCC2 expression - not just function - may then prove advantageous. To this aim, a new stabilizer
of KCC2, CLP 257, has been recently identified and proved to have a beneficial effects in the
treatment of neuropathic pain (Gagnon et al., 2013). Prochlorperazine also increases KCC2
membrane expression and function and reduces spasticity after SCI (Liabeuf et al., 2017). 5-
HT2A receptors have also been suggested as a potential therapeutic target in the treatment of
spasticity following SCI since their stimulation leads to an increase in KCC2 expression (Bos et al.,
2013). Finally, it was recently demonstrated that the insulin growth factor 1 (IGF-1) was
sufficient to induce an upregulation of KCC2, which may explain some of the therapeutic effect

of IGF-1 in the treatment of Rett syndrome (Tang et al., 2016).
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Figure 13 : Therapeutic strategies following KCC2 downregulation

In multiple pathologies, KCC2 is downregulated leading to increased intraneuronal chloride concentration and altered
GABAergic transmission (middle). Two main therapeutic strategies are currently tested to rescue deficits induced by
the loss of KCC2. In several studies, inhibiting the chloride importer NKCC1 with bumetanide restored GABAergic
transmission as well as some of the pathological symptoms (left, Lemonnier and Ben-Ari 2010, Dargaei et al. 2018). In
contrast, approaches aiming at enhancing KCC2 membrane stability or function have proven beneficial in spinal cord
injury models (right, Gagnon et al. 2013, Liaboeuf et al, 2017). Notably, this strategy not only restores low
intraneuronal concentration but also KCC2 interaction with protein partners.

In conclusion, suppression of KCC2 in a mature network triggers a variety of biological events
affecting both GABAergic transmission through accumulation of intraneuronal chloride and
glutamatergic transmission through structural changes at the dendritic spines. Whether such
changes are sufficient to trigger the emergence of pathological, epileptiform activity remains
unclear. Therefore, during my PhD, | asked how the multiple changes induced by the loss of
KCC2 combined to affect hippocampal network dynamics. The following chapter of this
manuscript will review the mechanisms leading to the emergence of various neural oscillations

in the hippocampus, their physiological relevance and their alterations in the context of

epilepsy.
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- THE HIPPOCAMPUS, A KEY STRUCTURE FOR COGNITION AND ITS
INVOLVEMENT IN EPILEPSY

The hippocampus (HPC) is a structure located in the medial temporal lobe which belongs to the
limbic system and has been extensively studied in the last 60 years. The case of Henry Molaison,
(better known as patient H.M.) highly contributed to put the hippocampus in the spotlight for its
key role in memory formation (Scoville and Milner, 1957). As a treatment to its intractable
epilepsy, Henry Molaison underwent bilateral ablation of the hippocampal formation, following
which he suffered from complete anterograde amnesia (that is the inability to form new
memories). Since then, both the physiology and the circuitry of the HPC have been characterized
in details, leading to several important breakthroughs such as the discovery of its role in spatial
navigation (O’Keefe and Dostrovsky, 1971), the discovery of synaptic plasticity (Bliss and Lomo,

1973) or the importance of neural oscillations in cognition (Winson, 1978).

1. Overview of the hippocampal structure, connectivity and function

a. Anatomy and cellular physiology of the hippocampus

In mammals, the hippocampus is a highly conserved bilateral structure consisting of two
interlocked folds of cortex, the cornu Ammonis (CA) which can be subdivided into areas CA1,
CA2 and CA3, and the dentate gyrus (DG). Although the terminology varies among authors, the
hippocampus proper usually refers to these four subregions. In a broader definition, the
hippocampal formation also comprises the subiculum, the pre- and parasubiculum and the
entorhinal cortex (Fig 14a). Here, | will focus on the anatomy and circuitry of the hippocampus
proper. Since most of my PhD work focused on the dentate gyrus, | will put special emphasis on

description of the properties of this region.

In contrast to the laminar organization of the neocortex, which consists of 5 or 6 layers, the HPC
is a 3-layers structure referred to as ‘archicortex’. Its configuration as well as its diversity in cell
type and morphology was first thoroughly described by the original work of Santiago Ramén y

Cajal (Cajal, 1909) and his student Rafael Lorente de N6 (Lorente De NGO, 1934). While in the
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neocortex, principal cells are present in several different layers, the cell bodies of principal cells

in the hippocampus are aligned in one thin layer (Fig 14b).

Hippocampus proper
Vv DG CA3 CA2 CA1

Para-hippocampal formation
suw P |[Pas| MEC |LEC|

Figure 14 : Anatomy of the hippocampal formation

(a) Lateral view of the rat hippocampal formation inside the rodent brain. It consists of the hippocampus proper (DG;
dentate gyrus; CA1-3, cornu ammonis 1-3); the subiculum (Sub), pre- and para-subiculum (PrS, PaS), medial (MEC) and
lateral entorhinal cortices (LEC).

(b) Horizontal section of the area indicated by the plane on (a).

or, stratum oriens; pyr, pyramidal layer; luc, stratum lucidum; rad, stratum radiatum; slm, stratum lacunosum-
moleculare; ml, molecular layer; gl, granular layer. The Roman numerals indicate cortical layers.

Adapted from (Strange et al., 2014; van Strien et al., 2009).

e CAregions

In the CA regions, principal cells are called pyramidal cells, due to the conic shape of their cell
body. The layer formed by their somatas is the stratum pyramidale. Basal dendrites and most of
axonal projections of pyramidal cells go through the deep, external layer called stratum oriens,
while the apical dendrites extend within the stratum radiatum. The most superficial and internal
part of the CA region is the stratum lacunosum moleculare. The lamination of the HPC is roughly
similar in all the CA subregions with exception of an additional layer, the stratum lucidum above
the pyramidal layer in CA3. Pyramidal cells of the hippocampus have long been considered as
one homogenous population. However, several recent studies have revealed heterogeneity in
both morphology and physiology between deep and superficial neurons of the CA1 region. This
diversity leads to differential recruitment during oscillations and possibly a differential
involvement in information processing (Danielson et al., 2016; Mizuseki et al., 2011; Valero et

al., 2015).
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e The dentate gyrus

The DG is a U-shaped structure formed of three layers: the stratum moleculare (most
superficial), the stratum granulosum and the hilus. The principal cells of the DG are the dentate
granule cells (GCs) whose cell bodies are densely packed in the stratum granulosum. GCs have a
bipolar organization with spiny dendrites dispersed in the molecular layer while the axon
emerges from the other pole and run through the hilus. Very sparse firing of the DG has been
observed in vivo with only 10-20% of the cells active at a rate < 0.5 Hz while the animal is
exploring its environment (Jung and McNaughton, 1993). It is likely that several intrinsic
properties of the granule cells contribute to this low recruitment of the neurons. First, the
resting membrane potential of GCs is particularly hyperpolarized (Spruston and Johnston, 1992).
Although they possess a high membrane resistance, this is paralleled by a long time constant
which reduces summation of synaptic inputs. Moreover, GCs display strong voltage attenuation
of their inputs (Krueppel et al., 2011). Hence, GC recruitment requires large concomitant inputs
due to a combination of membrane properties. Furthermore, GCs highly express a relatively rare
type of GABAARs composed of asfd subunits (Chandra et al., 2006; Wei et al.,, 2003). These
receptors are mostly located peri- and extra-synaptically and display a high affinity for GABA.
Thus, they respond to ambient GABA and spillover from synapses and mediate strong tonic

inhibition which further hinders GCs recruitment.

In rodents, the DG is one of the few regions able to undergo neurogenesis even in the adult
brain, along with the subventricular zone and the olfactory bulb (Altman and Das, 1965). Neural
stem cells are located at the limit of the hilus, in the subgranular zone of the DG (Eriksson et al.,
1998). Consequently, there is a maturation gradient along the granule cell layer with older
mature GCs located close to the molecular layer and newly generated GCs near the hilus. This
ability of the DG to generate newborn GCs has been suggested to be essential for memory
formation (Jessberger et al., 2009). However, the relevance of these observations in human is
now debated since a recent study failed to detect hippocampal neurogenesis in the human adult

brain (Sorrells et al., 2018).

Finally, the DG also contains a second type of excitatory glutamatergic cells : the mossy cells,

which are located in the hilus.
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e Interneurons of the hippocampus

While principal cells constitute approximately 80 to 90% of the hippocampal cells (Misgeld and
Frotscher, 1986), the remaining 10-20% are GABAergic interneurons. In contrast to pyramidal
cells which are restricted to the stratum pyramidale, interneurons can be found through all the
layers of the hippocampus. GABAergic interneurons are extremely diverse with respect to their
morphology, physiology, expression of neurochemical markers or axonal localization, which
complicates their precise classification (Freund and Buzsaki, 1996; Parra et al., 1998; Somogyi
and Klausberger, 2005)). Three main classes of interneurons can be distinguished based on their
postsynaptic targets. First, some interneurons such as vasoactive intestinal peptide (VIP) positive
interneurons show a particular specificity for targeting other GABAergic interneurons (Acsady et
al., 1996). Principal cells, on the other hand, receive two main types of inhibitory inputs.
Parvalbumin-containing (PV) and Cholecystokinin-expressing (CCK) interneurons mostly drive
perisomatic inhibition while somatostatin-positive (SOM) interneurons — among others — mostly
target dendritic compartments. This differential localization of inhibitory inputs has a profound
effect on their functional role. Indeed, perisomatic inhibition effectively suppresses action
potential firing while dendritic inhibition rather gates excitatory inputs by acting on dendritically

generated calcium-mediated membrane depolarization (Miles et al., 1996).

Moreover, two main types of inhibition can be distinguished based on their circuitry. Hence,
feedforward inhibition refers to the action of interneurons recruited by excitatory afferents on
downstream neurons. This mechanism is thought to be essential to limit propagation of
excitation and to temporally control spiking of principal cells. In contrast, feedback inhibition is a
local recurrent network between principal cells and interneurons. Feedback perisomatic
inhibition represents one of the system through which populations of principal cells can be
synchronized. Therefore, as | will discuss in the second part of this chapter, it has been described

as a key component favoring the emergence of rhythmic oscillations (see 11.2.b-d).
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b. Hippocampal intrinsic and extrinsic connectivity

o The classical trisynaptic loop

Unlike neocortical regions that mostly follow a reciprocal organization principle, the
hippocampal network connectivity is mainly unidirectional. A simplified description of this circuit
is the excitatory glutamatergic trisynaptic loop (Amaral and Witter, 1989; Andersen et al., 1971,
1966; Fig 15). The main input to the hippocampus originates from the layer Il of the entorhinal
cortex (EC) which connects onto the granule cells on the dentate gyrus through the perforant
path (first synapse). Axons of the dentate granule cells, called mossy fibers, run through the
hilus along the stratum lucidum where they contact CA3 pyramidal cells forming the second
synapse (Claiborne et al., 1986). Finally, CA3 pyramidal cells project onto CA1 pyramidal cells
apical dendrites through the Schaffer collaterals (Ishizuka et al., 1990). The loop is finally closed
as the principal cells of CA1 connect to the deep layer V - VI of the entorhinal cortex either

directly or through the subiculum (Kéhler, 1986).

Temporoammonic path

CA1 N
oG
) LR
=1
Schaffer .f\*,iﬂ%r |
collaterals J“"'%t':;/t’

Mossy fibers Perforant path

Figure 15 : Main intrinsic circuitry of the hippocampus. Horizontal section schema.

Representation of the classical trisynaptic loop :

The perforant path carries inputs from layer Il entorhinal neurons (purple) to the DG (1). The DG projects to CA3
through the mossy fibers (2). Then CA3 pyramidal cells connect to CA1 region via the Schaffer collaterals (3). Finally,
CA1 projects back to layers V/VI of the EC either directly or through the subiculum (4). Note the existence of an
alternative loop through CA2 (2' and 3').

Note also the additional inputs from the entorhinal cortex with direct projections from layer Ill to CAl via the
temporoammonic path and connections from the perforant path to CA3.

CA1-3 cornu ammonis 1-3; DG dentate gyrus; Sub subiculum; PrS presubiculum; PaS parasubiculum; MEC, medial
entorhinal cortex; LEC, lateral entorhinal cortex
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During the last few years, the long-forgotten CA2 region started to be more extensively studied.
A strong direct excitatory connection between CA2 and CA1 pyramidal cells was first identified
(Chevaleyre and Siegelbaum, 2010). Later on, an optogenetic study revealed a direct synaptic
connection from dentate granule cells onto CA2 principal cells (Kohara et al., 2014) leading to

the idea of a secondary trisynaptic loop EC &> DG — CA2 — CAl.

e A more detailed view of the DG — CA3 network

In addition to these two unidirectional circuits, a number of local interactions also regulate
hippocampal activity through feedforward and feedback inhibition but also recurrent

connections. | will here only focus on the circuits controlling activity in the DG and CA3 (Fig 16).

| previously mentioned that activity in the dentate gyrus is sparse due to a number of intrinsic
properties of granule cells. Several networks characteristics also participate in setting this
phenotype. Hence, both feedworard and feedback inhibition are strong in the DG (Freund and
Buzsaki, 1996). Furthermore, dentate granule cells contact mossy cells of the hilus. Although
mossy cells are glutamatergic neurons, the impact of their activation has been difficult to predict
since they innervate both GABAergic interneurons of the DG and dentate granule cells
(Buckmaster et al., 1996; Scharfman, 1995). A recent study described their role in both memory
and epilepsy (Bui et al., 2018). The authors showed that optogenetic inhibition of mossy cells
results in memory impairment in a spatial memory task while their activation in epileptic mice
decreased the occurrence and duration of seizures. This suggests that the main output of mossy
cells on dentate network is inhibitory through disynaptic inhibition. Finally, CA3 pyramidal cells
project back onto mossy cells and dentate interneurons (Li et al., 1994) which ultimately results

in inhibition of dentate granule cells (Scharfman, 1994).

The importance of feedforward inhibition is also evidenced at the DG — CA3 synapses. Indeed,
mossy fiber terminals mostly contact CA3 interneurons (Acsady et al., 1998). Consequently, the
main output of the DG onto CA3 is inhibitory. However, at high frequency (> 40 Hz), potentiation
of mossy fibers terminals contacting CA3 pyramidal cells will favor their recruitment (Henze et
al., 2002). Hence, only intense, repetitive dentate activity allows excitation of CA3 pyramidal
neurons (Mori et al., 2007). CA3 region contains strong recurrent excitatory connectivity (Amaral
and Witter, 1989). Thus, once pyramidal cells are recruited, amplification through recurrent

connections allows the emergence of transient bursts of activity. These bursts are critical for the
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emergence of synchronous activity such as ripples (see 1.2.c) but may also favor mnesic

processes such as pattern completion (see I.1.c).

Interneuron ),

DG

Pyramidal cell
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Figure 16 : Local connectivity in the DG - CA3 region

Various connections control the activity of the DG — CA3 region. While recurrent connections of CA3 region favor the
emergence of bursts of activity, several mechanisms contribute to reduce network excitability. Hence, feedforward
inhibition lowers recruitment of CA3 pyramidal cells while backprojections on hilar interneurons further silence
dentate granule cells. Local circuitry in the hilus through mossy cells has more complex effect on DG activity since it
mediates both direct excitation and disynaptic inhibition of granule cells.

The presence of such complex local networks forms the basis of specific activity patterns in each
region. Moreover, it suggests a local processing of the information in individual hippocampal

subfields in addition to its sequential treatment via the trisynaptic circuit.

e Extrinsic hippocampal connectivity

Although the perforant path represents the main afferent of the hippocampus, it is far from
being the only one. It should first be noted that perforant path axons not only form synapses
onto dentate granule cells but also onto CA3 pyramidal neurons (Yeckel and Berger, 1990).
Furthermore, the layer Il of the EC also projects directly onto the most distant part of the apical

dendrites of CA1 through the temporoammonic path (Witter et al., 1988).

In addition to the inputs from the entorhinal cortex, the HPC receives modulatory afferents from
many other cerebral structures among which cholinergic and GABAergic inputs from the medial
septum, diagonal band of Broca (Freund and Antal, 1988; Swanson and Cowan, 1979) but also
glutamatergic from the supramammillary nucleus (Haglund et al., 1984), noradrenergic from
from the locus coeruleus (Jones and Moore, 1977), dopaminergic from the ventral tegmental

area (Pasquier and Reinoso-Suarez, 1976) as well as serotoninergic from the raphe nuclei
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(Moore and Halaris, 1975). All these afferents contribute to the fine tuning of hippocampal

activity thereby influencing its function.

c. Linking physiology, connectivity and behavioral function

e Different functions of ventral vs. dorsal hippocampus rely on distinct extrinsic

connectivity

Based on its internal circuitry, the HPC appears as a mostly homogenous structure. However, the
extrinsic connectivity with the cortical and subcortical structures varies greatly along the dorso-
ventral axis. In accordance with this observation, early lesions studies have suggested a
differential role for dorsal and ventral hippocampus (Hughes, 1965; Stevens and Cowey, 1973).
Thus, spatial learning impairment correlated tightly with the size of the lesion when it occurred
in the dorsal hippocampus but was only mildly for lesions of the ventral hippocampus (Moser et
al.,, 1993). In contrast, the ventral hippocampus controls the emotional behavior as ventral
hippocampal lesions reduce anxiety in various unconditioned test (Kjelstrup et al., 2002;
Pentkowski et al., 2006), an observation consistent with the more dense connectivity of the
ventral hippocampus with the amygdala (Canteras and Swanson, 1992).

During my PhD, | only worked on dorsal hippocampus. Hence, from now on, | will only address
the role of the dorsal hippocampus in episodic memory when referring to the cognitive

functions of the HPC.

® Subregion specific physiology of hippocampal network enables complementary

functions in memory processes

Episodic memory requires both the ability to distinguish between two relatively close contexts
(pattern separation) and the capacity to interpolate from an incomplete set of information

(pattern completion).

Sparse firing, such as that occurring in the DG (see I.1a), is considered to facilitate pattern
separation by allowing recruitment of different subgroups of cells by similar incoming stimuli.
Hence, the DG has long been hypothesized as the structure essential for pattern separation in

the hippocampus (McNaughton and Morris, 1987) and several computational models have
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supported this view (Treves et al., 2008). Indeed, in vivo recordings revealed that DG coding was
strongly affected even by minimal modifications of the environmental cues (Leutgeb et al.,,
2007). Accordingly, alterations of the DG activity by suppression of the subunit NR1 of NMDARs
resulted in impaired contextual memory (McHugh et al., 2007). Similarly, lesions of the DG
induced by colchicine impair both contextual fear memory and drug-induced contextual place

preference (Hernandez-Rabaza et al., 2008).

In contrast, recurrent connectivity in the CA3 region is supposed to favor the emergence of an
auto-associative network, thus enabling pattern completion. Indeed, CA3 cells maintain a rather
stable spatial representation when small changes are made in the environment (Lee et al., 2004;
Neunuebel and Knierim, 2014). Moreover, in vitro analysis of CA3 circuit revealed connectivity
consistent with an auto-associative network (Guzman et al.,, 2016). Indeed, although the
probability of connection between cells was low (1%), the efficacy of excitatory synapses was
high. Thus, firing of one principal cell efficiently activates neuronal assemblies. Behaviorally,
impairing CA3 activity by specific suppression of NMDARs led to impaired learning in the Morris
water maze task specifically when part of cues are masked (Nakazawa et al., 2002). However,
the view of CA3 as solely performing pattern completion seems simplistic and computational
models suggested CA3 could perform both pattern completion for inputs of little intensity as

well as pattern separation for inputs of higher intensity (Knierim and Zhang, 2012).

Finally, CA1 region receives inputs from both CA3 and the EC. It was hypothesized that these
dual inputs onto CA1 would allow the region to compare sensory information (carried by EC
afferents) to encoded memory (provided by CA3 afferents). Consequently, CA1 would act as a
novelty detector. Indeed, the ability to perform novelty detection is impaired in rats upon
disruption of the temporoammonic pathway (Vago and Kesner, 2008). Furthermore, in humans,

CA1 activity correlates with match vs. mismatch detection (Duncan et al., 2012).

In conclusion, in a somewhat simplified view, the role of the DG can be ascribed to pattern
separation in the HPC, while CA3 operates pattern completion and CA1l performs novelty

detection.

d. Cellular substrate of memory in the hippocampus

A major advance in linking neuronal activity to hippocampal mnemonic function came from

pioneer studies using in vivo recording techniques. This allowed identification of a most striking
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feature of some neurons of the dorsal CA1 region of the HPC, namely their ability to discharge
specifically when the animal is at a given location in the environment (O’Keefe and Dostrovsky,
1971). Consequently, such cells were called ‘place cells’ and their region of activity was named
‘place field’. This particularity was suggested to form the basis for a ‘cognitive map’ that would
support spatial memory (O’Keefe and Nadel, 1979). Although they were originally identified in
the CA1l region, similar spatial selectivity was later found in both the CA3 region and the DG

(Jung and McNaughton, 1993).

However, the HPC is not only involved in spatial memory but also in declarative memory, which
is the conscious recollection of factual information and previous experience (Squire, 1986).
Consistent with this more general function of HPC in memory, some hippocampal neurons
respond specifically to sounds (Sakurai, 2002), odors (Eichenbaum et al., 1987), faces (Fried et
al., 1997) but also to elapsed time (the ‘time cells’, MacDonald et al., 2011). Such observations
prompted the team of David Tank to hypothesize that place cells are one example of a more
general mechanism of task-relevant information encoding in the hippocampus (Aronov et al.,
2017). To test this idea, they develop a task in which rats had to press a lever to manipulate
sound along a continuous frequency axis and relieve it once a certain frequency was attained. To
avoid misinterpreting ‘time cells’ as frequency cells, the task was rendered purely auditory by
randomly varying the speed of sound streaming across trials. This paradigm revealed a complete
mapping of the behavioral task with neurons displaying specificity to various sound frequencies
in a manner closely resembling the characteristics of place cells. They also revealed that a same
pyramidal neuron could both possess a spatial specificity and a sound specificity in two distinct
tasks. Overall, this study suggests that similar hippocampal circuitry underlie various behavioral
tasks and argue for a role of the hippocampus in all kind of attention-based tasks rather than

spatial memory only.

In summary, the hippocampus is a structure highly connected with various cortical areas which
play a key role in the formation and consolidation of episodic memory. Each hippocampal
subregion shows specific connectivity and physiology which are believed to support the
accomplishment of diverse mnemonic processes such as pattern separation in the DG, pattern
completion in CA3 and novelty detection in CAl. The fundamental units of memory processing

in the HPC are the principal cells, which display firing specificity relevant to the behavioral task.
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How may memory be generated from sole neuronal activity ? Several types of neural oscillations
can be recorded in the hippocampal formation. These network rhythmic activities are suggested
to represent the link between unitary neural activity and cognition. Thus, in the following part, |
will describe hippocampal rhythmic activities, how they participate in memory formation and

consolidation and how they are affected in pathologies such as epilepsy.

2. Hippocampal oscillations and their behavioral correlates

a. Invivo electrophysiological recordings : what they are, what they say

Before describing the various neural oscillations in the hippocampus as well as their functional
relevance, | will quickly introduce the concepts and methodology underlying this field of

research.

Population activity in the brain is usually estimated through electrical measurements of local
extracellular signals. When directly recorded in the brain, these signals are named local field
potentials (LFP) in contrast to the term electroencephalogram (EEG) that is used for scalp
recordings. Except for this distinction in the location of the probe, LFP and EEG fundamentally
reflect the same concept (Fig 17a). The multiple ways through which neuronal activity
contributes to the LFP have been expertly reviewed by Buzsaki and collaborators. They comprise
mainly synaptic activity along with action potentials. However, other parameters such as calcium
spikes, intrinsic currents or gap junctions also participate although to a lesser extent (Buzsaki et

al., 2012).

An important notion in studying LFP is the distinction between sinks and sources. Influx of
cations from the extracellular medium to the intraneuronal compartment - such as excitatory
synaptic currents, for instance - gives rise to an extracellular sink. In order to maintain
electroneutrality, such a sink is accompanied by an opposing flow of ions in the close vicinity,
thus generating an extracellular source and creating an electrical dipole (Fig 17b). In the
hippocampus, the laminar organization of the principal cells allow for the alignment of these
various dipoles and the summation of the currents leading to the high magnitude of recorded

LFPs as compared to other brain structures (Forster et al., 2006).
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Another important property of the electrical field is that it can be volume conducted, thus
leading to recording of potentials far away from their sources. The use of linear probes and
current source density (CSD) analysis allow to distinguish the effect of volume conduction and to

detect the location of sinks and sources accurately.

a EcoG surface
/—\ - AU, ) ™ i
| = A s v/“\,,,‘,.l.h P °
! ' [
LFP depth ?
M -f“’"’J\'-.. ’l’,-v"wf"'\"’h\.\ ‘,}!/;T"N r.\"q ,«r':‘\wp\ o / h\
] W Y W
l i | 1 I E «—
\Y ' & N/
v el o I”*E
Intracellular @
Py
VI

Figure 17 : LFP recordings and CSD analysis

(a) Simultaneous EcoG recording, LFP recordings from layer 5 of the visual cortex and intracellular recording from a
layer-5 neuron in an anesthetized cat. EcoG recordings, LFP and intracellular recordings basically represent the same
activity. Note that the bursts of firing of the neuron correspond to high frequency oscillations of both LFP and EcoG.
(b) CSD analysis allows identification of charges fluxes. Left : entrance of positive charges in the neuron forms a
current sink compensated by an outward flow of charges, the current source. Blue and red lines represent isopotential
lines (respectively negative and positive). Note that in proximity to the sink and source, potential varies quickly thus
creating important variations in the CSD. Right : CSD signal corresponding to the charge fluxes represented in left. CSD
is represented both by its value (black line) and by a color code.

Adapted from Buzsaki et al. 2012

Identifying sinks and sources however is not sufficient to provide direct information on neuronal
activity. Indeed, dendritic excitation and somatic inhibition result in similar flow of currents
hence displaying similar CSD maps. Discriminating between the two situations requires access to
individual neuronal firing that can be achieved using tetrode recordings. This technique allows
for subsequent spike clustering (Harris et al., 2000) and putative neuronal identification based
on intrinsic properties such as frequency of firing, or action potential width (Barthé et al., 2004).
Correlating firing of the different neuronal types with CSD analysis then allows differentiating

between dendritic excitation and somatic inhibition.

b. Theta rhythm and memory encoding

During active exploration as well as rapid eye movement sleep (REM), the hippocampal LFP

displays a regular oscillation at approximatively 8 Hz, called theta rhythm (Vanderwolf, 1969).

54



This oscillation is of largest amplitude in the stratum lacunosum moleculare and its phase
reverses progressively across the layers. Before describing the mechanisms underlying theta
oscillations in the hippocampus, it should be noted that this rhythm is not restricted to the

hippocampus but is observed in several cortical structures (Steriade, 2000).

e Mechanisms of theta generation

Since lesions of the medial septum - diagonal band of Broca (MS-DBB) were shown to
consistently abolish theta oscillations in all cortical structures (Petsche et al., 1962), the MS-DBB
has long been considered as the main pacemaker of theta rhythm in the brain through its
cholinergic and GABAergic afferents. In contrast to what have been shown in urethane-
anesthetized animals, however, blockade of cholinergic transmission failed to suppress
hippocampal theta in awake rats (Kramis et al., 1975). This indicates the existence of two types
of theta-generating mechanisms, one visible under anesthesia and depending on cholinergic
inputs from the MS-DBB (‘atropine sensitive theta’) while the other also requires GABAergic but
not cholinergic transmission from the MS-DBB (‘atropine resistant theta’). Since atropine-
sensitive theta is mainly observed under anesthesia, | will rather focus on the mechanisms

underlying the generation of atropine-resistant theta.

CSD analysis of theta oscillations reveals the presence of two distinct sources of currents in the
stratum pyramidale and at the border between the stratum radiatum and the stratum
lacunosum moleculare (Kamondi et al., 1998; Fig 18a). Based on this observation, a classical
model of theta generation was proposed relying only on extrinsic afferents to the HPC (Buzsaki,
2002). In this model, the MS-DBB provides rhythmic inputs onto CA1 pyramidal cells through
feedforward inhibition mediated by perisomatic interneurons. Concomitantly, the entorhinal
cortex, which is known to also oscillate at theta frequency (Mitchell and Ranck, 1980), excites

apical dendrites of the principal cells through the temporoammonic path (Fig 18b).

However, the idea of theta as a rhythm entirely generated outside of the HPC is now being
challenged since theta oscillations can also spontaneously arise from intact hippocampal
preparations in vitro (Goutagny et al., 2009). This preparation allowed identification of CA3 as an
additional current generator for theta. The same group later took advantage of this intact
hippocampal preparation to study in more detail the contribution of different types of
interneurons to theta generation (Amilhon et al., 2015). They evidenced that PV interneurons

are critical for the establishment of theta oscillations. In contrast, SOM interneurons activity
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only affected theta when entorhinal afferents were stimulated. This suggests that SOM
interneurons are mainly involved in gating entorhinal inputs. Finally, the picture is further
complicated by the observation that activation of PV interneurons triggered theta frequency
spiking (resonance) of pyramidal neurons (Stark et al., 2013), a characteristic driven by post-
inhibitory rebound mediated by I, conductance. Hence, CA1l pyramidal can also participate

directly in the generation of theta oscillations.

Given the mechanisms that we just reviewed, it is not surprising that theta oscillations strongly
modulate the firing of hippocampal cells. Hence, pyramidal cells preferentially discharge at the
trough of the oscillation, whereas the various hippocampal interneurons display different
preferred phases of firing depending on their type (Klausberger and Somogyi, 2008). In
particular, PV interneurons discharge mostly at the peak of the oscillation, in alternation with

pyramidal cells, while SOM interneurons are active at the trough (Figure 18c).
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Figure 18 : Theta rhythm in the hippocampus

(a) Left : CSD profile across 3 cycles of oscillations revealing alternation of sink and sources in each layer. Right : Theta
power is maximum in the stratum lacunosum moleculare. Adapted from Kamondi et al. 1998, Bragin et al. 1995

or : stratum oriens, pyr : stratum pyramidale, rad : stratum radiatum, Im : stratum lacunosum molecular, mol : stratum
moleculare, gran : stratum granulare

(b) Theta is generated in CA1 through multiple inputs. The MS-DBB, the entorhinal cortex and the area CA3 are all
theta generators. Additionally, CA1 pyramidal neurons display theta-frequency resonance.

(c) Different types of neurons discharge at various phases of theta cycle. Adapted from Klausberger and Somogyi
2008.

In summary, although the mechanisms underlying theta generation in the hippocampus are not

fully understood yet, they clearly involve a delicate combination of extrinsic afferents as well as
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internal properties of hippocampal cells and connections. Ultimately, theta oscillations arise
from the rhythmic alternation of excitation and inhibition at different sites of pyramidal cells’
dendritic tree. Consequently, regulation of theta activity necessitates a tight control of both

excitatory and inhibitory transmission.

e Function of theta oscillations

The functional relevance of these theta oscillations in the process of memory formation has
been suggested for a long time. Indeed, long-term potentiation of hippocampal synapses could
be preferentially induced through stimulations at the theta frequency (Huerta and Lisman, 1993;
Larson et al., 1986). Accordingly, several studies aiming to impair hippocampal theta oscillations
also revealed memory deficits (McNaughton et al., 2006; Mitchell et al., 1982; Mizumori et al.,
1990 among others). Further publications revealed that theta oscillations are critical for the
formation of relevant neuronal ensembles. Thus, as an animal explores its environment, neurons
fire sequentially as the animal enters their firing field, thereby creating a behavioral sequence of
firing. Strikingly, similar sequences are compressed within each theta cycle, allowing
simultaneous representation of past, present and future position of the animal in a few
milliseconds timeframe (Skaggs et al., 1996). Such time compression was proposed to favor
mechanisms of synaptic plasticity and to allow memory encoding of current experience. Indeed,
altering theta sequences severely impaired spatial memory without affecting the specificity of

place fields (Robbe and Buzsaki, 2009).

c. Sharp-Waves Ripples and memory consolidation

During periods of slow wave sleep as well as during quiet wakefulness, hippocampal LFP
switches from theta to large amplitude irregular activity, characterized by the sporadic
occurrence (0.01 - 3 per second) of transient field events called ‘sharp wave-ripples’ (SPW-Rs,

Buzsdki, 1986; Ylinen et al., 1995) in the CA1 region.

e Mechanisms of SPW-Rs generation

Sharp waves typically last 50 to 150 milliseconds. They show maximal amplitude in the stratum
radiatum and reverse in the pyramidal layer. They arise from the transient bursts of collective

firing in CA3 permitted by the high recurrent connectivity of this region (see Il.1.b). This leads to
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the massive depolarization of apical dendrites of CA1 pyramidal cells upon activation of Schaffer
collateral inputs (Buzsaki et al., 1992). Concomitant to the sharp wave, a brief (50-150 ms) high-
frequency (120-250Hz) oscillatory event can be observed in the pyramidal layer and is called a

ripple (Fig 19a).

Activity in the hippocampus was shown to increase several-fold during SPW-R events (Csicsvari
et al., 2000) with approximately 10 to 15% neurons emitting an action potential during the SPW-
R (Buzsdki et al., 1992; Ellender et al., 2010). Interestingly, pyramidal neurons recruited during
the event only fired at 10 Hz, thus usually generating a single action potential per ripple (Ylinen
et al., 1995). In contrast, interneurons discharged at a frequency similar to the ripple. CSD
analysis also revealed a rhythmic source of current located at the border between the stratum
pyramidale and the stratum radiatum (Stark et al., 2014; Ylinen et al., 1995). Altogether, these
observations led to the following model of ripple generation. At first, abundant recurrent
connections in CA3 favor the emergence of intense bursts of activity in this region. In turn,
interneurons are massively recruited and start firing at ripple frequency due to both their
intrinsic properties and their reciprocal connections (Ellender et al., 2010; Schlingloff et al.,
2014). Finally, the rhythmic activity of interneurons defines precise temporal window during
which pyramidal cells can fire (Ylinen et al., 1995; Ellender et al. 2010). This model of ripple
generation was mainly established based on in vitro experiments in the CA3 region (Ellender et
al., 2010; Schlingoff et al., 2014). However, it is known that ripples in CAl are not directly
transferred from upstream regions but rather emerge from a local mechanism (Csicsvari et al.,
2000; Sullivan et al., 2011). Based on the in vitro data in CA3, and the CSD analysis in CA1,
perisomatic-targeting interneurons in the CA1 region were assumed to be directly excited by the
depolarization of the sharp-wave and oscillate at ripple frequency due to reciprocal connections.
However, optogenetic in vivo experiments revealed that small depolarization of CA1 pyramidal
neurons was sufficient to trigger ripples. In contrast, rhythmic activation of interneurons while
inhibiting pyramidal cells failed to generate ripples (Stark et al., 2014). This indicats that ripples
in CA1 necessitate an initial activity of pyramidal neurons followed by massive recruitment of
interneurons. The subsequent feedback loop, combined to reciprocal connections between

interneurons, would finally generate ripples (Fig 19b).
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Figure 19 : Hippocampal ripples and their function

(a) Hippocampal LFP recorded in CA1 stratum pyramidale during sleep (Top, stars indicate ripples) and depth profile
of a sharp-wave ripples superimposed on CSD map of the same events (bottom). Note the large sink in radiatum
(sharp wave) and the fast alternation between sinks and sources in the pyramidal layer (ripple).

(b) Sharp waves in stratum radiatum reflect massive excitation of CA1l neurons by CA3 pyramidal cells via Schaffer
collaterals (1). Activated CA1 pyramidal neurons (2) recruit interconnected network of interneurons (3) which
synchronize at ~200Hz and control pyramidal cell firing through feedback inhibition thus generating a ripple in the
pyramidal layer.

(c) Electrical stimulations during ripples effectively disrupt the ongoing oscillation (top) and subsequently impair
spatial learning (bottom). Adapted from Girardeau et al. 2009

or : stratum oriens, pyr : stratum pyramidale, rad : stratum radiatum, Im : stratum lacunosum moleculare

e Functions of SPW-Rs in memory

Sleep SPW-Rs have long been suggested to play a critical role in memory consolidation (Fig 19c).
Indeed they have been associated with the reactivation of spike sequences relevant to previous
waking experiences in multiple studies (Kudrimoti et al., 1999; Lee and Wilson, 2002; Nadasdy et
al., 1999; Wilson and McNaughton, 1994). First direct evidence for a causal role of SPW-Rs in
memory came from two near-simultaneous studies (Ego-Stengel and Wilson, 2010; Girardeau et
al., 2009). In both studies, animals were trained to complex spatial memory task over several
consecutive days. Following each training sessions, animals were allowed to rest and ripples
were detected online and subsequently suppressed by closed-loop electrical stimulations. Ripple
disruption resulted in impaired learning, an effect which could not be attributed to the electrical
stimulation only since delayed stimulations did not affect animal performance (Girardeau et al.,

2009).
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SPW-Rs also occur during waking in periods of immobility where they also coincide with
reactivation of spike sequences (Diba and Buzsaki, 2007; Foster and Wilson, 2006). Interestingly,
these reactivations usually occur in similar order as in behavior when happening at the
beginning of a run (they are then called forward replay) but also in reverse order when occurring
at the end of the run (reverse replay) (Diba and Buzsaki, 2007). Thus, it was suggested that
forward replay could be associated to planning of the behavior and memory retrieval while
reverse replay would be more linked to memory encoding. Similar to what was observed during
sleep, electrical suppression of awake ripples impaired learning in a spatial memory task.
However, the underlying mechanism of memory consolidation through ripple activity could be
different during waking and sleep. Indeed, while sleep ripples may promote memory
consolidation by favoring transfer of information to the neocortex (Maingret et al., 2016), awake

ripples may rather favor the stabilization of spatial maps (Roux et al., 2017).

d. Gamma oscillations : not one but two distinct oscillations

The term gamma oscillations points to activities in a large frequency band ranging from 25 to
100 Hz. Activities in the whole range of gamma frequencies are observed in the hippocampus
during both exploration and sleep (Bragin et al., 1995a). However, the amplitude of gamma
oscillations is usually higher during waking and has therefore been better studied during that

phase. Thus, | will solely focus on gamma during exploration.

e Mechanisms of gamma generation in the HPC

For a long time, gamma oscillations were analyzed as one unique rhythm in the HPC. CSD
analysis first suggested the presence of two distinct generators, one in the DG that required an
excitatory drive from the EC and another in CA3 that would entrain oscillations in CA1 (Csicsvari
et al., 2003). However, this study assumed that these two generators triggered similar
oscillations. In a groundbreaking study, Laura Colgin and colleagues demonstrated for the first
time a clear distinction between slow (25-55 Hz) and fast (60-100 Hz) gamma (Colgin et al.,
2009). Although both types of gamma activity are observed in the HPC in general and in CA1l in
particular, they emerge from different pathways and rarely appear simultaneously. Hence, slow
gamma in CA1l is directly entrained by CA3 afferents while fast gamma is generated by inputs

from the medial EC.
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Fast-spiking interneurons have long been hypothesized to be the key regulators of gamma
oscillations due to their ability to discharge at gamma frequencies. Indeed, computational
models suggest that gamma oscillations can arise from distinct mechanisms, both involving fast-
spiking perisomatic inhibition (Whittington et al., 2000). The first proposed mechanism relies on
an excitatory drive which recruits a feedback loop between interneurons and principal cells. This
model has been called Pyramidal Interneuron Network of Gamma (PING). The second model
depends only on interneuron activity and has thus been named Interneuron Network of Gamma
(ING). It suggests that gamma oscillations arise from reciprocal connections between
interneurons and subsequent rhythmic inhibition of principal cells (Fig 20a). Early in vitro studies
on slices strongly argue for the PING model as carbachol-induced gamma oscillations required
both PV interneurons and pyramidal cells activity (Fisahn, 2005; Gulyas et al., 2010). However,
most recent in vivo studies suggest that, whereas slow gamma emerge from PING model, fast
gamma is rather generated focally through an ING model (Lasztéczi and Klausberger, 2014;

Striiber et al., 2017).
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Figure 20 : Mechanisms of gamma oscillations and coupling to theta

(a) Gamma oscillations can arise through two distinct mechanisms. In the Pyramidal Interneuron Network of Gamma
(PING), an excitatory drive is necessary to recruit a feedback loop between interneuron and principal cells. In contrast,
in the Interneuron Network of Gamma (ING), oscillation emerges from reciprocally connected interneurons without
requiring excitatory activity. PING model has been shown to underlie in vitro gamma and in vivo slow gamma while
ING model explains fast gamma activity in vivo.

(b) In CA1, slow and fast gamma emerge from distinct afferents and couple differentially to theta. Hence, slow gamma
(purple) is driven by CA3 and occurs at the trough of theta oscillation. In contrast, fast gamma (green) is generated by
entorhinal inputs at the peak of theta. Adapted from Schomburg et al. 2014

One particularity of gamma oscillations is their coupling to theta rhythm. This means that
gamma oscillations are not homogeneous across one theta cycle but instead preferentially
appear with a specific phase with respect to the theta oscillation. Interestingly, both slow and
fast gamma display a strong theta-phase coupling (Belluscio et al., 2012) although the actual

coupling phase differs depending on the type of gamma. Thus, slow gamma is coupled to
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descending phases of theta cycles while fast gamma emerges mostly at the troughs of theta

cycles (Colgin et al., 2009; Schomburg et al., 2014; Fig 20b).

e Functions of gamma oscillations in memory

Since the identification of different types of gamma oscillations, attempts have been made to
assign each rhythm with a specific role in memory. Advances towards this goal have been made
through the study of how spike sequences are organized inside gamma oscillations. Indeed, two
separate studies indicated that sequences during slow gamma reflected upcoming trajectories
(Bieri et al., 2014; Zheng et al., 2016) as if the animal was planning its movement. Hence, this
prospective coding during slow gamma suggested a role for memory retrieval. Consistent with
this hypothesis, theta - slow gamma coupling increases in CA3 during retrieval (Tort et al., 2009).
In contrast, the same studies showed that spike sequences during fast gamma rather represent

past trajectories through retrospective coding, indicating a role in memory encoding.

However, other studies suggested different roles for both slow and fast gamma. Indeed,
transient burst of fast gamma synchrony between CA1 and the EC appeared before correct
choices in a working memory task, indicating a role of fast gamma in working memory rather
than encoding (Yamamoto et al., 2014). Furthermore, pyramidal cells phase locking to slow
gamma increases in relation with novelty but not during memory retrieval (Kitanishi et al.,
2015). Hence, the specific functions of slow and fast gamma in memory processes still need to

be clarified.

e. Dentate Spikes, the poor parent of hippocampal rhythms

More than 20 years ago, Bragin and colleagues described for the first time a novel population
pattern arising specifically in the dentate gyrus of sleeping or immobile rats (Bragin et al.,
1995b). They reported transient (< 30 ms), large amplitude positive deflections of the LFP
associated with a decrease in the firing of CA3 pyramidal cells. CSD analysis indicated two types
of DSs, both with a large sink in the molecular layer suggesting these events are triggered by
entorhinal afferents through the perforant path (Fig 21a). Type-l DS had a sink in the outer
molecular layer and e presumably triggered by lateral EC afferents while type-Il DS displayed a
sink in the inner molecular layer suggesting they resulted from medial EC activity. Consistently

with this hypothesis, lesions of the entorhinal cortex led to complete disruption of the DS.
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Further studies confirmed that dentate granule cells were depolarized and recruited during
dentate spikes (Penttonen et al., 1997) and that stimulations of the perforant path would lead to
similar population patterns (Braham, 1998). Thus, DS seem to arise from a transient increase in

the excitatory drive from the entorhinal cortex to the DG.
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Figure 21 : Dentate spikes generation and their relationship to ripples

(a) Example traces and associated CSD profile of the two types of dentate spikes. Type | DS (left) display a sink in the
outer molecular layer indicated they are generated by lateral entorhinal afferents. In contrast, type Il DS (right)
emerge from medial entorhinal inputs as evidenced by the localization of the sink close to the granular layer. Adapted
from Bragin et al. 1995 and Laurent et al. 2015.

pyr : stratum pyramidale, rad : stratum radiatum, Im : stratum lacunosum molecular, mol : stratum molecular, gran :
stratum granulare

(b) Dentate spikes influence downstream hippocampal activity. In particular, ripples occurring in close proximity to
dentate spikes present reduced power. Adapted from Headley et al. 2017

Following this first set of publications, very little attention was given to the dentate spikes, their
genesis or their physiological relevance. In 2013, a computational study revealed that LFP
profiles similar to DS could be generated by the sole excitatory activity of the perforant path on
the DG due to the particular U-shaped configuration of this region (Fernandez-Ruiz et al., 2013).
Although this study confirmed the hypothesis that DS emerge from brief burst of activity in the
entorhinal cortex, it did not shed much light on their function. However, two studies published
last year started to address this issue. The first one examined the relationship between DS and
other patterns of activity appearing during sleep such as SPW-R (Headley et al., 2017). It
demonstrated a clear interaction between DS and SPW-R. DS usually closely followed ripples.
However, ripples preceded by a DS were of smaller amplitude (Fig 21b). Additionally, the
authors reported increased gamma coherence across cortical regions specifically around the
timing of DS. Although the functional impact of all these observations is not clear yet, it suggests
that dentate spikes may participate in some way in the process of memory consolidation

occurring during sleep. In accordance with this hypothesis, a second study showed that electrical
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stimulations of the hippocampus during sleep retarded associative learning when precisely

targeted at dentate spikes (Nokia et al., 2017).

In conclusion, oscillatory patterns in the hippocampus vary considerably depending on
behavioral states. During exploratory behavior as well as REM sleep, the dominant oscillation is
the theta rhythm along with superimposed gamma oscillations. In contrast, during slow-wave
sleep, the hippocampal activity is mainly characterized by two transient events : the sharp wave
- ripples in the CA fields and the dentate spikes in the DG. Except dentate spikes, which seem
mostly dependent on glutamatergic inputs from the perforant path onto dentate granule cells,
all others rhythms rely on a tight regulation of both excitatory and inhibitory inputs. Hence,
alterations of synaptic transmission or intrinsic properties of hippocampal neurons are likely to
severely impair network activity and oscillations. This in turn may result in memory deficits. Such
changes often occur in pathologies affecting the hippocampus like epilepsy. In the following
section, | will explore how hippocampal organization and neuronal activity are altered in
temporal lobe epilepsy. | will specifically discuss how these modifications favor ictogenesis,

impact rhythmogenesis and result in cognitive deficits.

3. The hippocampus in temporal lobe epilepsy

a. Cellular alterations of the hippocampus in mTLE

Temporal lobe epilepsy is the most common form of focal epilepsy. Mesial TLE (mTLE) possess a
focus in the hippocampal formation. They are often pharmaco-resistant and are usually
associated with memory deficits and mood disorders. Histological studies on both epileptic

patients and animal models of mTLE revealed a number of important morphological alterations.

One major aspect of mTLE is the hippocampal sclerosis which can be observed in about 50% of
the patients suffering of mTLE (Coras and Bliimcke, 2015). The term sclerosis points to an
atrophy of the hippocampal formation, which can reach from 30 to 50% of the hippocampal
volume, due to a severe neuronal loss (Fig 22a). The magnitude of the sclerosis as well as the
affected regions can vary across patients but several studies showed that it predominantly
reflects degeneration of pyramidal cells in the CA1l and to a lesser extent the CA3 region

(Blimcke et al., 2000; Mathern et al., 1997). Although most of the hippocampal shrinkage is due
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to neuronal loss in these two regions, mossy cell and interneuron loss has also been extensively
described and implicated in the pathogenesis of epilepsy (Bliimcke et al., 2000; de Lanerolle et
al., 1989; Magldczky and Freund, 2005; Wittner et al., 2001). Finally, the entorhinal cortex
sometimes undergoes neuronal loss, particularly in the layer Il (Du et al.,, 1995; Jung et al.,

2009). In contrast, the DG and CA2 are remarkably preserved from cell degeneration.

While the DG is relatively spared from hippocampal sclerosis, several morphological alterations
were reported in these regions. First, epilepsy results in granule cells dispersion (Houser, 1990;
Fig 22b). Hence, whereas the number of granule cells is unaffected, the granule cell layer is
thicker in the epileptic DG. This is proposed to result from alteration of the local extracellular
matrix and in particular decrease in reelin expression (Haas et al., 2002). Reelin is a secreted
protein which has been proposed to critically control neuronal migration (Howell et al., 1997). In
temporal epilepsy, the DG displays aberrant neurogenesis. Hence, status epilepticus induces a
major increase in neurogenesis. Many of these newly generated cells have been shown to
integrate abnormally in the local DG network (Kron et al., 2010; Parent, 2007) which could be at
least partly linked to the deficits in reelin expression. In particular, numerous newborn cells
migrate to ectopic locations within the hilus and displayed increased excitability and
synchronization with CA3 pyramidal cells (Scharfman et al., 2003). Granule cell dispersion is also
associated with a reorganization of their dendritic tree which are wider, show a redistribution of

their dendritic spines (Freiman et al., 2011) and extend in the hilus (Kelly and Beck, 2017).

Another major alteration of the DG in epilepsy is the ectopic mossy fiber sprouting, which
results in a recurrent excitatory circuit between dentate granule cells (Gabriel et al., 2004; Tauck
and Nadler, 1985). As previously described, mossy fibers normally runs through the hilus and the
stratum lucidum to contact CA3 interneurons and, to a lesser extent, principal cells (cf Il.1.b). In
TLE patients, mossy fibers sprout in the hilus, cross the granule cell layer and form characteristic
giant mossy boutons in the molecular layer onto granule cells (Represa et al., 1993; Scharfman
et al., 2003; Fig 22c). Activity of kainate receptors at these aberrant synapses contribute to shift
granule cell firing mode from sparse to sustained (Artinian et al., 2011). A recent study
implicated dysregulation of chloride homeostasis at the origin of mossy fibers sprouting in a
pilocarpine mouse model of TLE (Kourdougli et al., 2017). Thus, decreasing intraneuronal
chloride concentration by blocking NKCC1 activity with bumetanide in the days following
epilepsy induction was sufficient to significantly reduce the sprouting of mossy fibers and

ameliorates the epileptic phenotype.
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Figure 22 : Alterations of hippocampal anatomy in TLE patients

(a) Tissue from TLE patients suffering from hippocampal sclerosis. Neuronal loss can be mostly restricted to CA1 (top)
or affect both CA1 and CA3 regions (bottom). Note that CA2 and the DG always remain preserved. Scale 1 mm.
Adapted from (Blumcke et al., 2013)

(b) Non sclerotic patients present densely packed granule cell layer (top, delineated in red) while hippocampal
sclerosis is often associated with granule cell dispersion (bottom). Scale 60 um. Adapted from (Ying et al., 1998)

(c) Mossy fibers sprouting in a mouse model of epilepsy. In control animals (top), mossy fibers, as detected by
synaptoporin staining, run exclusively through the hilus. Following status epilepticus (bottom), mossy fibers aberrantly
form connexions in the molecular layer (white arrowhead). Scale 150 um. Adapted from Kourdougli et al. 2017

Sparse DG firing is thought to be critical for restraining inputs to the hippocampus and
preventing the spread of seizure (Heinemann et al., 1992; see also Il.1.a-b). However, all the
alterations that | presented combine to significantly increase DG excitability in epilepsy, thus
lowering the gate to the HPC. In agreement with increased excitability of the DG, dentate spikes
are more frequent in epileptic animals (Flynn et al., 2015). This alteration of dentate excitability
and thereby dentate gate is critical in the pathophysiology of epilepsy. Indeed, optogenetic
inhibition of granule cells in epileptic mice efficiently stopped spontaneous seizures while their

activation aggravated seizures (Krook-Magnuson et al., 2015).

b. Alterations of theta rhythms in epilepsy

Given the extent of cellular and morphological changes that occur in the epileptic HPC, it is not
surprising that many of the classical hippocampal oscillations undergo massive alterations. The
most consistent modification observed throughout studies is a decrease in theta power, which is
observed in both the pilocarpine model (Chauviere et al.,, 2009) and the kainate model of

epilepsy in rodents (Dugladze et al., 2007; Inostroza et al., 2013). This is likely to be a direct
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consequence of the hippocampal sclerosis that massively affects CA1, since theta oscillations
mostly arise from the activity of CA1 pyramidal cells (Buzsaki, 2002, see also 11.2.b). However,
reduced theta power may also result from some molecular modifications and changes in
intrinsic neuronal properties. For instance, the expression of HCN channels that underlie h-
currents and contribute to theta generation, is reduced in a rat model of TLE (Marcelin et al.,
2009). More subtle alterations of theta rhythm were also described such as altered theta
coherence between the DG and the EC (Froriep et al., 2012), modified proximodistal
coordination of theta rhythm (Laurent et al., 2015) or impairment of theta - gamma coupling

reflecting a lesser phase locking of interneurons (Lopez-Pigozzi et al., 2016).

Given the importance of theta in memory encoding (as described previously in Il.2.b), it is not
surprising that these alterations of theta oscillations are accompanied by deficits in spatial
learning (Chauviere et al., 2009) and episodic-like memory (Inostroza et al,. 2013). Consistently,
theta sequences, which are assumed to constitute a cellular basis of memory encoding (Robbe
and Buzsaki, 2009), are also altered in epileptic rats (Lenck-Santini and Holmes, 2008). This could
be due directly to the sclerosis in CA1l or result from the loss of entorhinal neurons during
hippocampal sclerosis (Du et al., 1993) since medial EC afferents are important for the
establishment of theta sequences (Schlesiger et al., 2015).

Promisingly, restoring hippocampal theta activity has proven beneficial both in animal models
and in epileptic patients. Indeed, deep brain stimulation of the entorhinal cortex of epileptic
patients resets theta rhythm and improves learning in a spatial memory task (Suthana et al.,
2012), while stimulations of the EC at theta frequency ameliorates learning in the Barnes maze

in a pilocarpine rat model (Lee et al., 2017).

c. Emergence of novel pathological oscillations around the epileptogenic

zZone

Even in absence of seizures, the epileptic brain is characterized by the appearance of
pathological events with constitute hallmarks of epilepsy. In particular, regular interictal
discharges can be observed in the epileptic brain (Bragin et al.,, 2011; Schevon et al., 2009).
These sharp events correspond to an intense recruitment of principal cells (Bragin et al., 2011).
The function of interictal spikes in ictogenesis is currently debated (see Avoli et al., 2006 for
review). Indeed, early studies indicated that interictal discharges rate increased prior to seizures

suggesting a pro-ictogenic function (Dichter and Ayala, 1987). In contrast, in vitro, interictal

67



events in CA3 inhibit rather than promote ictal activity (Barbarosie and Avoli, 1997).
Independently of their role in ictogenesis, it was recently suggested that interictal discharges
contributed to memory deficits observed in temporal lobe epilepsy by inducing aberrant
consolidation of memory traces (Gelinas et al., 2016). Indeed, in both animal model and
epileptic patients, interictal discharges often triggered neocortical down-states. This temporal
association of hippocampal and cortical rhythms has been shown to favor memory consolidation
(Maingret et al., 2016). Thus, interictal discharges which do not convey any task-relevant

information would compete with physiological ripples thereby preventing adequate learning.
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Figure 23 : Characteristics of fast ripples

(a) Left : In vitro recording of physiological ripple in 1 mM Ca?* (top) and associated time-frequency spectrum
revealing a band around 200Hz (bottom). Right : Linear recordings across CA3 layer and associated CSD analysis
revealing a profile similar to in vivo SPW-R.

(b) Same as a for fast-ripples recorded in 3 mM CaZ*. Note the higher amplitude of the event (left, top), the frequency
of oscillation around 300 Hz (left, bottom) and the increased amplitude of currents revealed by the CSD profile (right)
Adapted from Aivar et al. 2014

In addition to interictal discharges, fast ripples (short oscillations of intrinsic frequency superior
to 200 Hz, Fig 23) have been reported in the brain of epileptic patients and in animal epilepsy
models (Bragin et al., 1999; Jefferys et al., 2012). In humans, the occurrence of fast ripples is
usually limited to less than 1 mm?3 of the brain, close to the epileptic focus (Bragin et al., 2002).
Intracerebral multi-electrode recordings in epileptic patients revealed that most of the fast
ripples were restricted locally since they could usually only be detected by one electrode
(Schevon et al., 2009). They can occur independently but also sometimes in close temporal
proximity with interictal discharges (Schevon et al., 2009). Several groups investigated the
mechanisms leading to the emergence of fast ripples in vitro. Fast ripples emergence could be
favored in slices by increasing the excitability of the network either by acting on intrinsic
properties of the neurons (with increased extracellular potassium or decreased extracellular
magnesium) or by blocking inhibitory transmission (Karldcai et al., 2014). Interestingly, in all
these models, the authors observed a clear transition from physiological ripples to fast-ripples.

This indicates that these two events are fundamentally distinct. Analysis of cell activity during

68



fast ripples revealed an increased firing of principal cells due to a depolarizing block in
interneurons. Another study came to quite similar conclusions (Aivar et al., 2014). There,
decreasing extracellular potassium resulted in increased excitability of the neurons and altered

disynaptic inhibition thus leading to the emergence of fast ripples.

How can these high-frequency oscillations arise from the activity of pyramidal cells that cannot
sustain firing at such high frequency ? In slices from epileptic animals, enhanced synaptic activity
in CA3 can lead to a less reliable timing of action potential firing (Foffani et al., 2007). This in
turn could lead to out-of-phase firing of principal neurons. Hence, the high-frequency oscillation
would result from several subgroups of neurons firing out of phase (lbarz et al., 2010).
Importantly, such loss of firing selectivity would be accompanied by a decrease in the

information content, thereby resulting in memory impairment (Valero et al., 2017).

Finally, in epileptic patients, some ripples with spectral characteristics similar to physiological
SPW-R may actually be pathological. Indeed, these high-frequency oscillations can occur in the
dentate gyrus, where physiological SPW-Rs are never recorded (Bragin et al., 1999). Additionally,
these events have been associated with the onset of seizures (Jacobs et al., 2009; Worrell et al.,
2004). In vitro, these oscillations have been shown to directly reflect the pattern of inhibitory
postsynaptic currents in pyramidal cells (Trevelyan, 2009). Strikingly, during the transition to
ictal phase, the mechanisms underlying high-frequency oscillations changed. Indeed, the
correlation between IPSCs in pyramidal neurons and LFP collapsed while excitatory synaptic
actyivity became predominant. Hence, pathological high-frequency oscillations can emerge from

diverse mechanisms that could evolve during seizure progression.

To summarize, in both temporal lobe epilepsy patients and animal models, the hippocampus
undergoes vast morphological and physiological changes. All of these alterations combine to
increase hippocampal excitability thereby favoring the emergence of seizures. Independently of
seizure occurrence, the epileptic hippocampal circuitry is characterized by degradations of
physiological rhythms and appearance of pathological interictal events. The mechanisms leading
to this altered network activity are still not fully understood. During my PhD, | investigated how

one specific event, the loss of KCC2, could participate in generating abnormal activities.
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lll-  RATIONALE AND OBJECTIVE OF THE PROJECT

The expression and activity of the potassium-chloride cotransporter KCC2 critically regulate
transmembrane chloride gradients in neurons. This, in turn, affects fast GABAergic transmission
since GABAARs are primarily permeable to chloride and, to a lesser extent, bicarbonate ions.
Thus, the progressive upregulation of KCC2 during development is accompanied by a gradual
hyperpolarizing shift of the reversal potential of GABA-mediated currents (Rivera et al., 1999) by
increasing transmembrane chloride gradient. Conversely, downregulation of KCC2, as observed
in several neurological disorders (Rivera et al., 2002; Hyde et al., 2011; Duarte et al., 2013;
Dargaei et al., 2018), is associated with reduced transmembrane chloride gradients which is
often assumed to result in a depolarized reversal potential of GABAergic currents. This would
results in altering the excitatory / inhibitory balance in neuronal networks, thereby leading to

the emergence of pathological activities that underlie these disorders.

Over the last 20 years, KCC2 has been extensively studied in the context of epilepsy. Indeed,
hypomorphic KCC2 mutant mice suffer from severe epilepsy (Woo et al., 2002). Furthermore, in
slices resected from epileptic patients, pathological interictal activity can be suppressed by
inhibition of GABAergic transmission, suggesting that GABA may have a paradoxical excitatory
action in the epileptic brain (Cohen et al., 2002). This observation correlated with a depolarizing
effect of GABA and the loss of KCC2 expression in a small subset of principal cells (Huberfeld et
al., 2007). This series of experiments lay the ground for the hypothesis that downregulation of
KCC2 could be causal to the epileptic phenotype, as recently suggested in a modeling study
(Buchin et al., 2016). In line with this assumption, KCC2 expression is downregulated following
traumatic brain injury (Bonislawski et al., 2007), a condition which often results in
epileptogenesis. Similarly, loss of KCC2 following an initial seizure (Rivera et al., 2002) could
favor the occurrence of further epileptic activity. However, in spite of a considerable literature
on this topic, whether KCC2 suppression on its own is sufficient to trigger seizures remains
unkonwn. In parallel, studies revealed a more complex role of KCC2 activity in epileptogenesis
than previously expected. Although loss of KCC2 renders GABA transmission depolarizing and
favors interictal activity (Huberfeld et al., 2007; Pallud et al.,, 2014), it exerts a paradoxical
protective role on ictal activity (Hamidi and Avoli 2015). This could be due to a pro-excitatory
impact of KCC2 activity on neuronal networks following intense GABAARs stimulations due to a

rise of extracellular potassium (Viitanen et al., 2010).
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A further level of complexity in exploring the role of KCC2 suppression in epileptogenesis and
ictogenesis arises from the diversity of KCC2 functions. Thus, KCC2 is not just acting to regulate
chloride and potassium homeostasis in neurons but also interacts with numerous protein
partners involved in a wide range of cellular and synaptic processes. Several of these partners
act as regulators of KCC2 membrane expression and function (M. Chen et al., 2017; Ivakine et
al., 2013; Mahadevan et al.,, 2014). Conversely, KCC2 regulates the activity of some of its
partners. In particular, KCC2 was shown to influence the organization and activity of
glutamatergic synapses through its interaction with the actin-related proteins 4.1N and BPix.
Thus, downregulation of KCC2 during development severely impairs dendritic spine maturation
(Li et al., 2007) while its suppression in mature neurons decreases the efficacy of glutamatergic
transmission (Gauvain et al.,, 2007) and precludes the long-term potentiation of the synapses
(Chevy et al., 2015). These data suggest that the effects of KCC2 suppression should not
considered solely in the context of altered GABAergic transmission and/or extracellular

potassium clearance.

Hippocampal activity is characterized by the emergence of various oscillatory patterns
associated with behavior. These oscillations, which have been shown essential for numerous
cognitive processes, rely on an exquisite control of synaptic strength and connectivity as well as
neuronal intrinsic properties. Since loss of KCC2 impacts both GABAergic and glutamatergic

transmission, | predicted that it would also affects hippocampal rhythmogenesis.

In this context, | aimed at characterizing the consequences of a chronic downregulation of KCC2
on hippocampal network activity. In particular, | asked whether suppression of KCC2 in a mature
network might affect hippocampal rhythmogenesis and whether it could be sufficient to favor
the emergence of pathological, epileptiform activities. | examined the mechanisms underlying
the observed changes and questioned their dependence on KCC2 transport-function. To address
these questions, | combined in vitro and in vivo electrophysiological techniques to investigate in
detail the impact of KCC2 suppression on both cellular physiology, synaptic transmission and

network activity.
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MATERIALS AND METHODS

Most methods are described in detail in the research manuscript presented in the Result section
of this thesis. Therefore, | will only present here methods relevant to the additional experiments

presented in the result section but not in the manuscript.

Slice preparation
Methods for slicing and tissue preservation are critical for keeping neurons healthy, especially

when preparing slices from older animals.

When | arrived in the lab, the classical method for these preparations was the following. Animals
were deeply anesthetized with ketamine / xylazine (115/15 mg/kg) and transcardially perfused
with an ice-cold choline-based solution containing (in mM) : 110 Choline Cl, 25 Glucose, 25
NaHCOs, 11.6 Ascorbic acid, 3.1 Pyruvic acid, 1.25 NaH,PQ,, 2.5 KCl, 0.5 CaCl,, 7 MgCl, saturated
with 95% 0,/5% CO,. Rats were then decapitated and 350um parasagittal sections were
prepared using a vibratome (Microm, Thermofisher). Slices were then kept for ~30 minutes at
37°C in the cutting solution before being transferred in a submerged chamber containing
bicarbonate-buffered ACSF oxygenated with 5% CO; in O,, containing (in mM) : 126 NaCl, 26
NaHCOs, 10 Glucose, 2.5 KCl, 1.25 NaH,PO,, 3 CaCl,, 2 MgCl,.

However, although neurons seemed healthy with this preparation, this technique yielded a very
low rate of spontaneous activity. In a first series of experiments, | was interested in recording
sharp wave-ripple activity in slices, which requires strong basal activity. Hence, | decided to
improve our protocol. Based on interactions with the team of Attila Gulyas in Budapest, who
commonly record sharp-wave ripples in slices, | realized that conserving slices in an interface
chamber rather than submerged considerably increases slice survival and spontaneous activity. |
also slightly modified the composition of ACSF to increase cellular excitability by raising the
concentration of extracellular potassium to 3.5 mM and decreasing the amounts of divalent

cations while keeping similar ratios of calcium and magnesium (1.6 CaCl,, 1.2 MgCl,).

Network activity such as sharp wave-ripples is more likely to occur when neuronal connections

are well preserved. In the hippocampus, these connections are mostly transversal. Parasagittal
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slicing allows recovering transverse hippocampal sections from the dorsal hippocampus.
However, the number of perfectly transverse sections is quite low (~2 per hemisphere) with this
technique. | therefore decided to dissect out each hippocampus and make transverse sections
using a guiding agar block to immobilize the hippocampus. Finally, network activity is also more

prominent in thicker slices so | used 450um thick slices for this set of experiments

Therefore, | used the following slicing protocol. After transcardiac perfusion with ice-cold
choline-based cutting solution, rats were decapitated, hippocampi were rapidly dissected and
450um transverse sections (400um for patch clamp experiments) were prepared using a
vibratome. Slices were then transferred and allowed to recover for 1 hour in a humidified
interface chamber filled with bicarbonate-buffered ACSF pre-heated at 37°C and oxygenated
with 5% CO, in O,, containing (in mM) : 126 NaCl, 26 NaHCOs, 10 Glucose, 3.5 KCl, 1.25 NaH,PO,,
1.6 CaCl,, 1.2 MgCl,.

Extracellular in vitro recordings

For recordings, slices were transferred in a submerged-style recording chamber equipped with a
dual superfusion system to improve metabolic and oxygen supply to the slice (Hajos et al. 2009).
In this design, slices were placed on a nylon mesh and two separate inlets allowed ACSF to flow
both above and below the slices at a rate of 5 ml/min, at 34°C. A bubble trap was added right
before the chamber to avoid degassing of ACSF under the slices which could impair the stability

of recordings.

A recording pipette of 2-3 MQ resistance was filled with ACSF and inserted in the pyramidal
layer of the CA3 region. Signals were acquired with a Multiclamp 700B amplifier (Molecular

Devices), band-pass filtered (0.1 Hz - 10 kHz), and digitized at 20 kHz.

To test the effect of complete blockade of KCC2 function, the specific KCC2 blocker VU0463271
(10uM in DMSO, Tocris) was bath applied for 15 minutes on the slice. Similar amount of DMSO
(0.01%) was added in ACSF for baseline condition. Since spontaneous activity can slowly build-up
in slices over time, drug application was only performed if pattern of activity was stable for at

least 10 minutes prior to application, as checked by visual observation of the recordings.
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Analysis of in vitro extracellular recordings

Methods for detection and analysis of ripples were adapted based on classical standards used
for in vivo recordings (Csicsvari et al.,, 2000, Girardeau et al., 2009). Ripple detection was
;performed by band-pass filtering (100-600 Hz), squaring and normalizing, followed by
thresholding of the signal. SPW-Rs were defined as events starting at 2-fold the standard
deviation (s.d.) of the baseline signal, peaking above 5 s.d., and remaining above 2 s.d. for more
than 30 ms and less than 300 ms. Event amplitude was determined as the positive deflection of
the recorded local field potential. For average spectrogram of the events, ripples were aligned
on their peak (defined as the maximum of the filtered signal). Spectrograms were then
computed using a multi-taper method with 50 ms window and 5 ms step

Spike detection was performed by high-pass filtering above 500 Hz. Events exceeding 4 s.d. and
lasting less than 2.5 ms were considered as spikes.

Bursts were defined as series of minimum 3 spikes separated by less than 30 ms each. The inter-
spike interval used for burst consideration was arbitrarily defined based on the distribution on

these intervals through the whole recordings.

To study the effect of KCC2 blockade on slices, analyses were performed on 5 minutes of
recordings either just preceding VU0463271 application, at the end treatment or 10-15 minutes

following treatment.

In vivo recordings and analysis

For in vivo intrahippocampal recordings methods, please refer to the method section of the
manuscript.

All  analyses were performed offline using Matlab built-in functions, Chronux

(http://chronux.org/), the FMAToolbox (http://fmatoolbox.sourceforge.net/) as well as custom-

written scripts.

Power spectra and spectrograms were computed using multi-tapers estimates on the raw LFP
with 5 seconds window and 2.5 seconds step. Gamma band was defined as 25-90 Hz. Slow and
fast gamma ranges (respectively 25 - 55 and 60 — 90 Hz) were determined according to Colgin et
al. 2009. Theta-gamma coupling was estimated using the measure of modulatory index as
described in (Tort et al., 2008). Briefly, this index allows to estimate the modulation of the
amplitude of an oscillation (here, in the gamma band) by the phase of the other oscillation (here
theta). A modulatory index (Ml) of O indicates lack of phase to amplitude modulation while

increased value of Ml reveal stronger amplitude-phase coupling.
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Ripple detection was performed by band-pass filtering (100-600 Hz), squaring and normalizing,
followed by thresholding of the field potential recorded in CA1 pyramidal layer. SPW-Rs were
defined as events starting at 4 s.d., peaking at more than 6 s.d., and remaining above 4 s.d. for
more than 15 ms and less than 150 ms. To estimate the strength of ripples recorded in vivo, the
amplitude of the raw LFP signal cannot be used since it depends on the precise layer localization
of the electrode, which cannot be controlled. Hence, different approaches were developed. One
option is to calculate the power of the ripple based on its spectrogram (Headley et al., 2017).
Alternatively, strength can be estimated as the peak of the z-score filtered signal (Peyrache et
al., 2011), or as the envelope amplitude measured using the Hilbert transform of the band-pass
filtered signal (Girardeau et al., 2009). | tested the last two methods and obtained similar results
with both. | then decided to only estimate strength of the ripples by measuring the envelope

amplitude of the signal.
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RESULTS

I- IN VITRO STUDY OF THE IMPACT OF KCC2 SUPPRESSION ON
HIPPOCAMPAL RHYTHMOGENESIS

In a first set of experiments, | aimed at investigating the impact of KCC2 suppression on
hippocampal rhythmogenesis in vitro. Our initial hypothesis was that the loss of KCC2 expression
in a small subset of neurons, as reported in epilepsy (Huberfeld et al., 2007), could be sufficient
to favor the emergence of epileptiform activity such as interictal discharges or fast ripples, as

suggested by a recent computational model (Buchin et al., 2016).

To test this hypothesis in vitro, | first set up conditions for reliable recordings of ripple activity in
the CA3 region of rat hippocampal slices (see Methods). Even after improvement of slicing and
conservation techniques, basal activity remained highly variable among slices (Fig 24A). One
third of the recorded slices (7 out of 21) did not show any pattern of organized activity and only
displayed regular multi-unit activity. | analyzed the characteristics of the ripples events recorded
in the remaining slices. Consistent with data published from other groups (Aivar et al., 2014;
Hajos et al., 2009), ripples were typically accompanied by depolarization of the local field
potential (LFP) of ~ 100 to 200 pV, lasted 50 to 80 ms and occurred at a rate of ~0.3 Hz. | noticed
that in some slices (5/16), these events, although of similar amplitude, were accompanied by a
high multi-unit activity. | wondered whether this difference in neuronal activity could coincide
with different spectral properties of the two types of events. Indeed, classical ripples displayed a
frequency of oscillation around 150 Hz. In contrast, in slices with high multi-unit activity, an
additional frequency of oscillation between 200 and 300 Hz was revealed (Fig 24B,C), suggesting

these events may be reminiscent of pathological fast-ripples (see Introduction I1.3.c).
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Figure 24 : High variability of rhythmic activity in area CA3 of rat hippocampal slices

(a) Representative 300ms traces of extracellular recording from slices without organized activity (grey, left), with
typical ripples (green, middle) or with multi-unit activity superimposed on ripples (purple, right)

(b,c) Average time-frequency spectrograms of all detected events in a slice showing typical ripples (b) and ripples with
associated spiking (c). Note the appearance of a band between 200 — 300 Hz in the latter case.

(d) Proportion of the different patterns of activity in ACSF and in 0.01% DMSO. In DMSO, higher proportion of slices
presented ripples with superimposed spikes.

(e) Summary data for action potential threshold in dentate granule cells in ACSF (n = 13 cells) and in 0.01 % DMSO (n =
15 cells). ** p <0.01

Since basal conditions were already highly variable, | reasoned that suppression of KCC2 in a
subset of neurons as in Buchin et al. (2016) may not be sufficient to uncover differences in
network activity. | therefore decided to first examine the effects of complete KCC2 blockade by
using the specific antagonist of KCC2 VU0463271 (Delpire et al., 2012). VU0463271 is only
soluble in DMSO. Hence, | added 0.01% DMSO to the ACSF for control conditions. Even low
concentrations of DMSO may alter neuronal excitability and cell membrane properties (Sawada
and Sato, 1975; Tamagnini et al., 2014). Indeed, the presence of 0.01% of DMSO modified the

type of recorded events by increasing the proportion of spike-containing ripples (ACSF, n = 21

86



slices, DMSO, n = 27 slices, Fig 24D). In whole-cell patch clamp recordings, | observed DMSO
application induced a hyperpolarizing shift of action potential threshold in dentate granule cells
(Fig 24E, -55.55 + 1.15 vs -50.56 + 1.30 mV, n = 13 and 15 cells, t-test, p <0.01) thus increasing
their excitability. This could explain the higher proportion of pathological fast-ripples in the
presence of DMSO since fast-ripples are associated with a combination of altered inhibition and

increased excitability (Aivar et al., 2014).
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Figure 25 : Pharmacological blockade of KCC2 function does not affect in vitro rhythmogenesis

(a) Top, representative LFP recordings in the CA3 pyramidal layer. The blue line indicates the timing of application of
the KCC2 antagonist VU0463271. Bottom, typical examples of the recorded events before (black, left), during (blue,
middle) and after (grey, right) pharmacological blockade of KCC2

(b,c) Analyses of ripples rate (b) and amplitude (c) during the 5 minutes preceding the drug application, the last 5
minutes of treatment by KCC2 antagonist and 10 to 15 minutes following treatment for every slice.

(d) Frequency of action potential firing during the same periods as for ripple analysis

(e) Percentage of action potential belonging to a burst during the same periods as for ripple analysis
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Bath application of the KCC2 antagonist for 15 minutes did not alter rhythmogenesis in vitro (Fig
25). Thus, neither the frequency of occurrence (0.34 + 0.07 vs 0.29 + 0.05 Hz, paired t-test, p =
0.38) or the amplitude of the events (113.5 + 13.8 vs 141.0 + 48.3 pV, paired t-test, p = 0.18)
were affected by the loss of KCC2 transport-function. Additionally, |1 did not detect any
differences in the action potential rate upon VU0463271 application compared with DMSO (2.97
+ 0.69 vs 0.91 + 0.68 Hz, paired t-test, p = 0.86). | also wondered whether loss of KCC2 could
affect the firing mode of neurons by favoring the emergence of bursts. However, the proportion
of spikes belonging to a burst was unchanged between conditions (20.86 + 0.03 vs 25.44 + 0.04
Hz, paired t-test, p = 0.09).

Overall, | did not detect any change in hippocampal rhythmogenesis in vitro following complete
blockade of KCC2 transport function. Similar observations were later reported in two papers
published during my PhD (Sivakumaran et al., 2015; Kelley et al., 2016). The method used in
these experiments possesses two main disadvantages. First, as reported, the variability of the
activity recorded in control conditions remains high, which hinders the possibility to detect
tenuous differences. Furthermore, as described in my introduction, blocking KCC2 function does
not replicate well the effect of suppressing KCC2 expression as observed in the pathology, since

only ion transport function is affected, but not interactions with protein partners.

These observations highlighted the need for a better model of KCC2 suppression to study its
impact on hippocampal rhythmogenesis and epileptogenesis. Therefore, | decided to use a viral-
based shRNA-mediated approach to chronically suppress KCC2 in a mature hippocampal
network. Thus, the main part of my thesis was dedicated to the characterization of the effect of
KCC2 suppression in the dentate gyrus on hippocampal activity. The results of this study are

presented in the following part of this manuscript.
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- MAIN ARTICLE : KCC2 REGULATES NEURONAL EXCITABILITY AND
HIPPOCAMPAL RHYTHMOGENESIS VIA DIRECT INTERACTION
WITH TASK-3 CHANNELS

Preface

Patients suffering from temporal lobe epilepsy often present massive hippocampal sclerosis
(Coras and Bliimcke 2015). Noticeably, CA1 and CA3 regions are mostly affected by neuronal loss
while the dentate gyrus, CA2 and the subiculum are relatively spared. This led to hypothesize
that the latter regions may be essential to the process of ictogenesis. Indeed, studies on slices
resected from temporal lobe epilepsy patients revealed spontaneous interictal activities
emerging from the subiculum (Cohen et al., 2002), CA2 (Wittner et al., 2009) and the dentate
gyrus (Eugéne et al., 2014). Traumatic brain injury highly correlates with later development of
epilepsy (Jennett, 1975). In this context, epileptogenesis has been associated with an increased
excitability of the dentate gyrus (Lowenstein et al., 1992). Since traumatic brain injury also
results in a decrease in KCC2 mRNA level in the dentate gyrus, loss of KCC2 has been suggested
to underlie epileptogenesis in these conditions (Bonislawski et al., 2007). To test this hypothesis,
| decided to chronically suppress KCC2 in the dorsal dentate gyrus using viral-based shRNA
extinction. Since in epileptic patients, only a minority of neurons presents a downregulation of
KCC2 expression (Cohen et al., 2002; Huberfeld et al., 2007), | decided to use lentiviral vectors
rather than AAV to better control for the rate of neuronal transduction. Using a combination of

in vitro and in vivo electrophysiological techniques, | showed that :

e Chronic KCC2 extinction in the dentate gyrus is not sufficient to generate seizures or
epileptiform activities

e GABAergic transmission at rest is unaffected in KCC2 knockdown neurons, due to a
regulation of their intrinsic properties which act to increase their excitability and their
synaptic recruitment by excitatory afferents

e This effect is mediated by regulation of the leak-potassium channel Task-3 (KCNK9)
through its interaction with KCC2

e Hippocampal rhythmogenesis is altered primarily due to increased excitability of the

granule cells, not defect GABA signaling
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Abstract

The K*/CI™ co-transporter KCC2 (SLC12A5) regulates neuronal transmembrane chloride gradients
and thereby controls GABA signaling in the brain. KCC2 downregulation is observed in several
neurological and psychiatric disorders including epilepsy, neuropathic pain and autism spectrum
disorders. Paradoxical, depolarizing GABA signaling is usually assumed to contribute to abnormal
network activity underlying the pathology. We tested this hypothesis and explored the
functional impact of chronic KCC2 downregulation in the rat dentate gyrus. Although the
reversal potential of GABAA receptor currents was depolarized in KCC2 knockdown neurons, this
shift was fully compensated by depolarization of their resting membrane potential. This effect
was due to downregulation of Task-3 leak potassium channels that we show is controlled via
interaction with KCC2. Increased neuronal excitability upon KCC2 suppression altered dentate
gyrus rhythmogenesis that could be rescued by chemogenetic hyperpolarization. Our data
reveal KCC2 downregulation engages complex synaptic and cellular alterations beyond GABA
signaling that concur to perturb network activity, thus offering novel targets for therapeutic

intervention.

Introduction

Fast synaptic inhibition in the brain is primarily mediated by GABAA receptors (GABAAR), which
are ligand-gated receptors associated with an anion-permeable conductance. GABAAR currents
are carried by fluxes of chloride and, to a lesser extent, bicarbonate ions®. Consequently, the
polarity of the net ion flux through GABAAR channels relies on both the transmembrane
gradients of these ions as well as the neuronal resting membrane potential, which thereby
determine the driving force of GABAAR currents. In mature neurons, transmembrane chloride
gradients are predominantly regulated by the opposing actions of the two cation-chloride co-
transporters (CCCs) KCC2 and NKCC1, which respectively mediate outward and inward co-
transport of chloride and potassium ions?. Thus, postnatal upregulation of KCC2 expression is
associated with a progressive hyperpolarizing shift in the reversal potential of GABAAR-

mediated currents (Ecaga)®.

In mature neurons, KCC2 expression and function is rapidly regulated by neuronal activity via

multiple posttranslational mechanisms*>. Thus, Ca®*" influx through postsynaptic NMDA
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receptors or during prolonged postsynaptic firing® rapidly reduces KCC2 membrane expression
and function through protein phosphatase 1-dependent dephosphorylation of its Ser940 residue
and protein cleavage by the calcium-activated protease calpain’®°. Conversely, chloride influx
through GABAA receptors stabilizes KCC2 at the plasma membrane via ClI-mediated inhibition of
the serine/threonine WNK1 kinase and its downstream effectors SPAK/OSR1, which
phosphorylate KCC2 on Thr906 and Thr1007 residues'®'2, Finally, KCC2 expression is also
regulated by several neuromodulators acting on G-protein couples receptors!® as well as

neurotrophins such as BDNF acting via TrkB signaling®*.

KCC2 dysregulation has been associated with numerous neurological and psychiatric disorders

17,18,19,20,21,22,23’ neu ropathic pa i n24,25’

involving synaptic alterations®™®. These include epilepsy
posttraumatic spasticity?®, Huntington disease?’, schizophrenia?® and Rett syndrome?>3031, |n
most cases, reduced KCC2 expression was associated with a depolarizing shift in Egasa that could
be partly reversed using NKCC1 antagonists or drugs acting to enhance KCC2 function82527:30.32,
Since these drugs also ameliorated the pathological symptoms, those were generally assumed to

primarily reflect defect neuronal chloride transport and altered GABAergic neurotransmission.

However, KCC2 functions in neurons extend beyond the mere control of chloride transport.
Through interactions with multiple transmembrane and intracellular partners, KCC2 was shown
to regulate dendritic spine morphology®*3* and actin cytoskeleton>3¢, as well as the strength
and long-term plasticity of glutamatergic synapses®***. Recent functional proteomics data
revealed additional putative KCC2 partners, including some involved in the recycling and
trafficking of various transmembrane proteins and receptors®’. Those may then either influence
KCC2 function or, conversely, be regulated by KCC2. Thus, dysregulation of KCC2 expression may
affect a variety of neuronal intrinsic and synaptic properties and thereby contribute to abnormal
activity patterns that underlie neurological and psychiatric disorders. Deciphering the relative
contribution of the various perturbations upon KCC2 downregulation may then help predict the

most effective rescue strategies.

In the present study, we therefore explored the functional impact of chronic KCC2
downregulation in the rat dentate gyrus at the cellular, synaptic and network activity levels. We

found that KCC2 knockdown had no significant effect on the driving force of GABAAR currents
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but instead enhanced neuronal excitability and EPSP/spike coupling through membrane
depolarization and increased resistance. Pharmacological and biochemical evidence suggest this
reflected downregulation of a leak potassium conductance carried by TWIK-related acid-
sensitive 3 (Task-3) channels, the expression of which was regulated via interaction with KCC2.
KCC2 knockdown was not sufficient to promote epileptiform activity but altered hippocampal
rhythmogenesis, which was fully rescued by restoring granule cell membrane properties. Our
results show that KCC2 downregulation affects network activity primarily through enhanced

neuronal excitability, suggesting novel targets for therapeutic strategies.

Results

We investigated the impact of a chronic KCC2 suppression in the dentate gyrus using in vivo RNA
interference. Young adult rats (P30) were stereotaxically injected in the dorsal dentate gyrus
with lentiviruses expressing previously validated KCC2-directed or non-target small hairpin RNA
sequences together with GFP3%*3, Suppression of KCC2 expression in transduced neurons was
confirmed by immunohistofluorescence imaging two weeks after infection (Fig 1A, B). We first
analyzed GABAAR--mediated transmission using gramicidin perforated-patch recordings.
GABAAR-mediated currents were evoked by somatic laser uncaging of Rubi-GABA (15uM) while
varying holding potentials (Fig 1C-D). As expected, the reversal potential of GABAAR currents
(Ecasa) was significantly more depolarized in neurons with suppressed KCC2 expression (-73.26 +
2.57 mV) compared to control granule cells (-82.10 + 2.26 mV, t-test, p< 0.05, Fig 1E). However,
neurons transduced with lentivirus expressing KCC2-directed shRNA also displayed more
depolarized resting membrane potential (Vrest, -83.6 + 1.52 vs -89.77 + 0.82 mV, t-test, p<0.01).
The shift in Egapa and Viest was of similar magnitude such that the driving force of ion flux
through GABAARs at rest was unaffected by KCC2 knockdown (10.34 + 2.37 vs 7.66 + 2.38 mV, t-
test, p=0.44). Additionally, neither the amplitude (14.12 + 1.24 vs 14.78 + 0.72 pA, Mann-
Whitney, p=0.42) or mean frequency (0.91 + 0.13 vs 1.17 * 0.16 Hz, Mann-Whitney, p=0.27) of
miniature inhibitory post-synaptic currents (mIPSCs) was affected by chronic KCC2 down-
regulation (Fig S1). Therefore, KCC2 suppression in dentate granule cells does not affect steady-
state GABAergic transmission, due to an unexpected depolarizing shift in resting membrane

potential.
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We further explored the mechanisms underlying changes in membrane potential upon KCC2
suppression in granule cells. We recorded infected neurons in whole-cell configuration while
blocking synaptic transmission with bicuculline (20 uM), NBQX (20 uM) and APV (50 puM). In
these conditions, depolarized resting membrane potential in KCC2 knockdown granule cells (-
80.79 + 1.61 vs -87.67 + 1.06 mV, t-test, p<0.01) was accompanied by a ~30% increase in input
resistance (662.70 + 47.14 vs 513.38 + 47.85 MQ, t-test,p<0.05, Fig 2A; Table 1). These changes
in intrinsic membrane properties resulted in higher excitability of KCC2 knockdown neurons
following current injection (Fig 2C, repeated measures ANOVA, p<0.001). Changes in the
input/output relationship primarily reflected changes of membrane properties since no
difference was observed in action potential threshold upon KCC2 knockdown (Fig 2D -50.7 +
1.92 vs -50.56 + 1.30 mV, t-test, p = 0.95). Additionally, action potential waveform and
amplitude were also unchanged in KCC2 knockdown vs control neurons (Fig 2E-2F, see Table 1

for details).

Increased neuronal excitability upon KCC2 down-regulation was cell-autonomous since
neighboring uninfected cells had similar properties in slices from animals infected with viruses
expressing non-target or KCC2-directed shRNA (Fig S2). In addition, acute application of the
KCC2-specific antagonist VU046327138 (6 EM) for more than 30 min did not affect membrane
resistance in granule cells from uninjected animals (298.95 + 26.16 vs 356.14 = 35.73 MQ, Fig
S2), indicating that KCC2-mediated ion transport per se does not significantly contribute to input
resistance. Finally, these modifications were not specific of dentate granule cells, since KCC2
knockdown in CA1 pyramidal cells also resulted in depolarized resting membrane potential (-
66.59 + 1.04 vs -72.06 + 1.53 mV, t-test, p<0.01), increased input resistance (213 + 25.38 vs
134.45 + 10.21 MQ, Mann-Whitney, p<0.01) and shifted input/output curve (repeated measures
ANOVA, p<0.001, Fig S3).

Depolarized membrane potential and increased input resistance likely reflect a reduction in
potassium currents operating at rest. We tested this hypothesis by recording potassium currents
upon voltage ramps from -120 to -50 mV at 0.03 mV/ms while blocking synaptic transmission. In
KCC2 knockdown granule cells, potassium conductance was reduced throughout the range of
potentials tested (Fig 2G-H). This reduction however was of higher magnitude for outward than
inward currents, as evidenced by reduced rectification index (.0 / l-120) in KCC2 knockdown vs

control granule cells (0.46 +0.05 vs 0.82 + 0.08, t-test, p<0.001, Fig 2l). This suggests that
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outwardly rectifying leak potassium channels might be down-regulated upon KCC2 suppression.
Two-pore-domain potassium channels (K2P) are a large family of leak potassium channels
comprising both inward and outward rectifiers®>4°, We therefore tested whether currents
carried by K2P channels may be reduced in KCC2 knockdown neurons. Bath application of
bupivacaine (200uM), a non-specific antagonist of K2P channels significantly reduced potassium
currents in neurons expressing non-target shRNA but had very little effect in neurons expressing
KCC2-directed shRNA (Fig 2G). Moreover, bupivacaine abolished the difference in resting
membrane potential (-77.31 £ 1.86 vs -81.03 = 1.48 mV, Mann-Whitney test with Bonferroni
correction, p = 1, Fig 2J) and input resistance (998.7 + 118.6 vs 1343.1 + 207.4 MQ, Mann-
Whitney test with Bonferroni correction, p = 1) between KCC2 knockdown and control granule
cells. Together, these results demonstrate that chronic KCC2 suppression increases neuronal

excitability primarily through regulation of an outwardly rectifying leak potassium conductance.

Trek-2 and Task-3 are the most prominent outward-rectifier K2P in dentate gyrus granule
cells®4243  Immunohistofluorescence imaging of Trek-2 however revealed a predominant
expression in mossy fibers (Fig. S4A) with little or no expression in somato-dendritic
compartments, suggesting Trek-2 may not prominently contribute to granule cell resting
membrane potential and membrane conductance. Conversely, Task-3 expression was primarily
observed in granule cell somata and dendrites (Fig. S4B). We therefore examined whether Task-
3 protein expression in granule cells might be affected by chronic KCC2 suppression.
Immunohistofluorescence confocal imaging indeed revealed a reduced expression of Task-3 in
granule cells expressing KCC2-directed shRNA compared to non-target shRNA (Fig 3A). We then
investigated the mechanisms underlying Task-3 down-regulation upon KCC2 silencing. KCC2 has
been shown to interact with a variety of proteins, including transmembrane proteins such as
Gluk2**, Neto2* and GABAg receptors*®® that regulate KCC2 membrane expression or the
intracellular guanylyl exchange factor BPIX which is regulated through direct interaction with
KCC23>%, We therefore asked whether KCC2 might also interact with Task-3 channels and
thereby influence their membrane expression and/or function. In order to test whether KCC2
interacts with Task-3 channels in vivo, we performed a co-immunoprecipitation assay from adult
rat hippocampal homogenates. We observed that anti-KCC2 antibodies pulled down KCC2 and
Task-3 complexes, indicating an interaction between the endogenous proteins in hippocampal
neurons (Fig 3B). In order to characterize KCC2-Task-3 interaction further, we co-
immunoprecipitated exogenously expressed Flag-tagged KCC2 and HA-tagged Task-3 in HEK293T

cells. In lysates from double-transfected cells, anti-HA antibodies pulled down Flag-KCC2
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together with Task-3 while anti-Flag antibodies pulled down HA-Task-3 and Flag-KCC2 (Fig 3C).
Importantly, this interaction was specific of Task-3 since overexpressed HA-tagged GFP failed to
interact with KCC2 in a similar assay (Fig. 3C). We then asked whether interaction with KCC2 may
influence the expression of Task-3 channels. To test this hypothesis, we expressed HA-Task-3 in
Neuro2A cells either alone or together with Flag-KCC2 and analyzed Task-3 expression by
immunostaining and confocal imaging. In the absence of KCC2, Task-3 expression at plasma
membrane was reduced and accumulated in an intracellular compartment (Fig. 3D-E). Line scans
of immunofluorescence across the cell membrane and cytoplasm therefore revealed a reduced
membrane to intracellular intensity ratio in cells lacking KCC2 (0.74 + 0.08 vs. 2.47 + 0.34, Mann-
Whitney, p<0.001, Fig 3E). Together, our results show that KCC2 interacts with Task-3 and
regulates its membrane expression in dentate gyrus granule cells, thereby regulating their

intrinsic excitability.

We next asked how reduced leak conductances and enhanced excitability upon KCC2
suppression might affect EPSP/spike coupling in granule cells. Previous work showed that loss of
KCC2 expression in hippocampal neurons led to reduced synaptic strength at glutamatergic
inputs due to enhanced lateral diffusion of AMPA receptors®. Enhanced intrinsic excitability
may then act as a homeostatic compensatory mechanism for reduced synaptic excitation*’. To
test this hypothesis, we first compared synaptic strength at glutamatergic inputs onto granule
cells by recording miniature excitatory postsynaptic currents (mEPSCs). As previously reported,
KCC2 knockdown granule cells showed a ~30% decrease in mEPSC amplitude (5.06 + 0.43 vs 6.54
+ 0.28 pA, Mann-Whitney, p<0.001, Fig 4B) with no change in their mean frequency (1.60 + 0.42
vs 1.82 * 0.41 Hz, Mann-Whitney, p = 0.09, Fig 4B) compared to control cells. From these
recordings, waveforms of quantal currents were derived, fitted, and used as a current command
in current-clamp recordings from KCC2 knockdown vs control granule cells. Thus, neurons were
recorded in whole-cell configuration and maintained at their resting membrane potential while
somatically injecting multiples of quantal current waveforms to mimic synchronous excitatory
inputs (Fig 4C). Although the efficacy of excitatory inputs was reduced in KCC2 knockdown
neurons compared to control, enhanced intrinsic excitability overcompensated this reduction,
leading to enhanced EPSP/spike coupling. Thus, KCC2 knockdown neurons fired action potentials
from ~40 simultaneous quanta whereas firing of control neurons expressing non-target shRNA
required at least 60 quanta (Fig 4D, repeated measures ANOVA, p < 0.001). In addition, synaptic

integration during high frequency (>50 Hz) trains of EPSCs was also facilitated in KCC2
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knockdown granule cells, owing to increased membrane resistance compared to control cells

(Fig. 4E).

Perforant path input to the dentate gyrus provides synaptic excitation to granule cells as well as
feedforward inhibition that contributes to their sparse activation by entorhinal afferents*. In
order to explore EPSP/spike coupling of perforant path inputs in a more physiological setting, we
recorded evoked fEPSP and population spike upon stimulation of perforant path inputs. The
recording electrode was positioned in a densely infected area of the granular layer and stimulus
intensity was set such as amplitude of the population spike was about half of its maximum
amplitude (see Methods). In slices infected with viruses expressing KCC2-directed shRNA,
fEPSP/population spike coupling was increased by ~47% compared to control slices expressing
non-target shRNA (2.00 + 0.25 vs 1.36 + 0.15 ms™, t-test, p < 0.05, Fig 4F,G). This result further
supports that increased excitability upon KCC2 knockdown is not homeostatic but instead acts to
promote granule cell recruitment by entorhinal afferents. Importantly, bath application of the
GABAAR blocker picrotoxin (100uM) increased the amplitude of population spike similarly in
slices expressing either non-target shRNA (1.12 + 0.15 mV vs 0.88 + 0.13 mV, paired t-test, p<
0.01) or KCC2-directed shRNA (1.21 £ 0.17 mV vs 0.79 £ 0.11 mV, paired t-test p < 0.001; Fig 4H).
These results suggest that GABAergic transmission, although depolarizing in dentate granule
cells®® (Fig. 1E), remains shunting and inhibitory independent of KCC2 expression. Therefore,
KCC2 suppression in dentate granule cells promotes their recruitment by entorhinal afferents
primarily through enhanced excitability and EPSP/spike coupling rather than altered GABA

signaling.

The dentate gyrus is often considered as a filter or a gate for activity propagation from the
entorhinal cortex to the hippocampus®, in particular owing to dentate granule cells’ sparse
firing. These properties allow for pattern separation®® and may prevent runaway excitation in
the hippocampal®?. Enhanced EPSP/spike coupling in dentate granule cells upon KCC2
suppression may then act to increase their excitatory drive by entorhinal afferents and thereby
alter hippocampal rhythmogenesis. We explored this hypothesis using chronic intrahippocampal
recordings from rats injected with lentivirus expressing either KCC2-directed or non-target
shRNA (n=7 and 5, respectively, Fig 5A-B). Unlike a recent study using a similar approach®, we
did not observe spontaneous seizures in any of these animals. Susceptibility to pilocarpine-
induced seizures was also unaffected by KCC2 knockdown in the dorsal dentate gyrus (Fig S5 A-

C). Chronic, intrahippocampal recordings using linear silicon probes did not reveal interictal
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spikes or fast ripples (Fig S5 D-E) that could represent hallmarks of an epileptic hippocampal
network even in the absence of behavioral symptoms®®. These results indicate that KCC2

suppression in the dentate gyrus is not sufficient to trigger or promote epileptiform activity.

Further analysis of hippocampal rhythmogenesis during various behavioral states however
revealed significant alterations upon KCC2 knockdown in the dentate gyrus. Thus, while theta-
band activity recorded during exploration and rapid-eye movement (REM) sleep was not
significantly affected (Fig S6), we observed a specific increase in both the amplitude
(Kolmogorov-Smirnov, p < 0.001, Fig 5E) and frequency (Kolmogorov-Smirnov, p < 0.001, Fig 5E)
of dentate spikes during slow-wave sleep (SWS). Dentate spikes are sharp hilar LFP events
associated with rest> that arise from a transient increase in the excitatory drive from the
entorhinal cortex, as revealed by current source density analysis®®>. Our results suggest these
changes in dentate spike activity resulted primarily from increased excitability of dentate
granule cells. Restoring granule cell excitability independently of chloride export and GABA
signaling was then predicted to rescue dentate spike activity. We tested this prediction by co-
injecting animals with adeno-associated viruses (AAV2.1) expressing the inhibitory receptor
hMA4D(Gi)*® and either non-target or KCC2-directed shRNA with GFP (Fig S5F-G). Using this
approach, all granule cells expressing GFP also expressed hM4D(Gi), thereby enabling specific
silencing of neurons expressing shRNA sequences (Fig. 5G). We first verified that hM4D(Gi)
activation was sufficient to hyperpolarize transduced granule cells in vitro. Indeed, in whole cell
recordings from transduced neurons, bath application of the hM4D(Gi) ligand CNO (10uM)
induced a hyperpolarizing shift of Vet by -5.66 £ 1.42 mV (paired t-test, p < 0.01, Fig S7). As in
lentivirus-infected animals, AAV-mediated KCC2 suppression in the dorsal dentate gyrus
increased the amplitude of dentate spikes during SWS (n = 3 rats per condition, Kolmogorov-
Smirnov, p < 0.001, Fig 5H). Following systemic injection of CNO (1 mg/kg, i.p.), the amplitude of
dentate spikes in animals injected with KCC2-directed shRNA was reduced to levels below those
of saline-treated control animals (Fig 5H). Similarly, CNO injection reduced the frequency of
dentate spikes in both KCC2-knockdown and control animals (Kolmogorov-Smirnov, p < 0.001,
Fig 5F). Together, our data demonstrate that KCC2 suppression in dentate granule cells leads to
altered hippocampal rhythmogenesis through a reduced Task3-mediated potassium

conductance and a subsequent increase in neuronal excitability, independent of GABA signaling.
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Discussion

Cation-chloride cotransporters (CCCs) are essential to neuronal chloride homeostasis. Thus,
changes in their expression level in the developing brain are associated with changes in the
polarity of GABA transmission® and altered CCC function or expression is observed in a variety of
neurological and psychiatric conditions!>!®. In the pathology, KCC2 downregulation has often
been assumed to primarily affect GABA signaling and thereby promote

17,18,25.26,27,57  However, this hypothesis was not tested in isolation from other,

hyperexcitability
potentially confounding pathological factors. Here we directly tested the impact of a chronic
suppression of KCC2 both on the cellular and synaptic properties of hippocampal neurons as
well as on network activity associated with behavior. We demonstrate that KCC2 knockdown in
dentate granule cells has little effect on GABA signaling at rest but instead increases their
excitability via interaction with the leak potassium channel Task-3. We establish that this
increased excitability strengthens EPSP/spike coupling in dentate gyrus granule cells thereby
acting to enhance their recruitment by entorhinal afferents. This in turn results in altered local
rhythmogenesis that was fully rescued by restoring granule cell intrinsic excitability. Thus, KCC2
downregulation affects a variety of synaptic and intrinsic properties in hippocampal neurons

beyond the mere control of GABA transmission and concur to perturb hippocampal

rhythmogenesis.

KCC2 interacts with a variety of transmembrane as well as intracellular partners, including
postsynaptic receptors**>4, actin-related proteins**3>3 and others involved in protein
trafficking and recycling®’. Although these interactions are most often considered with regard to
KCC2 expression or function, they also influence the function of KCC2 partners. For instance, loss
of BPIX-KCC2 interaction increases the activity of BPIX effectors of the Rac1/PAK/LIMK pathway,
likely through subcellular relocation3>3¢, Here, using immunoprecipitation assays, we identified
the leak potassium channel Task-3 (KCNK9) as a novel KCC2 interactor in hippocampal neurons.
We show Task-3 expression and function in neurons are reduced upon KCC2 downregulation
and demonstrate that Task-3 membrane targeting requires KCC2 expression in heterologous
cells. Thus, in cells lacking KCC2, Task-3 was sequestered intracellularly and its membrane
expression was reduced (Fig. 3). We did not attempt to fully identify the molecular determinants
of this interaction or the mechanism involved in KCC2-dependent trafficking of Task-3 channels.
However, it is remarkable that whereas Task-3 was not found among KCC2 interactors by
functional proteomics, several members of the YWHA family encoding 14-3-3 proteins were

identified as putative partners®’. 14-3-3 are adaptor proteins involved in a variety of biological
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functions that include masking phosphorylated or interaction sites of their targets or altering
their subcellular localization®®. In particular, 14-3-3 proteins were shown to bind to and
influence the membrane traffic of both Task-1 and Task-3 channels®. This effect is mediated
through a KRR retention signal in the carboxy-terminal domain of the channels that is masked by
14-3-3 binding. Thus, phosphorylation-dependent binding of 14-3-3 suppresses coatomer
protein | (COPI)-mediated retention of Task channels in the endoplasmic reticulum>>%. We
therefore propose that KCC2 binding to both 14-3-3 and Task-3 may somehow influence the
interaction between the two proteins, thereby preventing COPI-mediated sequestration of the
channels in the endoplasmic reticulum. We cannot exclude, however, that KCC2-Task-3

interaction may also occur at the plasma membrane and act to stabilize Task-3 channels.

In mature neurons, KCC2 plays a prominent role in maintaining transmembrane chloride
gradients, thereby influencing ion flux through the chloride-permeable GABAA receptor
channels. Thus, KCC2 pharmacological blockade®*, genetic ablation®"®? or suppression®, or
activity-dependent modulation®!14664 3| result in a depolarization of the reversal potential of
GABAAR-mediated currents (Ecasa). Consistent with these observations, we found that chronic
KCC2 knockdown in dentate granule cells resulted in a depolarizing shift of Ecasa by about 9 mV.
This effect was, however, almost fully compensated by a depolarization of their resting
membrane potential (Vrest) of about the same magnitude (Fig. 1), resulting in a driving force of
GABAAR currents that was virtually unaffected. This effect was not specific of dentate gyrus
granule cells as it was observed also in CA1 pyramidal neurons (Fig. S3). Despite the importance
of the membrane potential in setting the efficacy and polarity of GABA signaling, only one study
investigated the effect of KCC2 suppression on V. in cerebellar neurons®. Thus, conditional
KCC2 ablation resulted in a depolarization of Vi that also compensated the shift in Egaga in
granule cells but not Purkinje cells. Interestingly, hippocampal and cerebellar granule cells as
well as CA1 pyramidal cells strongly express Task-3 channels**®® whereas in Purkinje cells
predominantly express Task-1 and Task-5%>%¢, Thus, differential expression of leak potassium
channels may underlie cell-specific effects of KCC2 knockdown on resting membrane potential

and the driving force of GABAAR currents.

KCC2 downregulation has often been linked to epileptogenesis. Thus, KCC2 expression is
reduced in several animal models of experimental epilepsy including kindling®, traumatic brain

injury®® and pilocarpine-induced status epilepticus?®®. Moreover, genetic studies identified loss of
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function mutations in the Slc12a5 gene encoding KCC2 in families with idiopathic epilepsy!®2%5°,
Finally, lack of KCC2 expression was associated with depolarized Egasa in 20-30% principal
neurons in the subiculum resected from temporal lobe epilepsy patients!®”° as well as in human
peritumoral neocortical slices’. This work suggested that KCC2 downregulation may be causal
to the pathological, interictal activity recorded in vitro and a modeling study supported such
conclusion'’. Our experiments allowed us to test this hypothesis experimentally for the first
time. Despite a high density and wide spread of infection in most of the dorsal dentate gyrus, we
did not however find any sign of epileptiform activity in rats with suppressed KCC2 expression
(Fig. S5). Thus, these animals did not show spontaneous seizures and intrahippocampal
recordings around the infected area failed to reveal interictal discharges or fast ripples that
occur between seizures both in patients and in animal models of focal epilepsy”73. Susceptibility
to pilocarpine-evoked status epilepticus was also unaffected by KCC2 knockdown. Our data
therefore argue against a causal link between KCC2 downregulation and the emergence of
epileptiform activity, at least in the dentate gyrus. Several arguments may help resolve this
apparent discrepancy between our results and data from human epileptic tissue and animal
models. First, epileptic networks undergo a number of physio-pathological alterations that may
contribute to or promote epileptiform activities, including cell death, axonal sprouting,
inflammation, as well as changes in synaptic and intrinsic neuronal membrane properties’.
Thus, it is interesting to note that KCC2 suppression failed to produce epileptiform activity in a
subicular model network unless extracellular potassium was raised to a non-physiological range,
thereby increasing neuronal excitability'’. In addition, our data show that depolarized Egaga upon
KCC2 suppression is fully compensated by depolarized Viest, such that KCC2 knockdown neurons
are more excitable although GABA signaling remains inhibitory. Depolarizing GABAergic
responses may then require further depolarization of Egasa, for instance through concomitant

20,75

upregulation of the NKCC1 transporter, as observed in temporal lobe epilepsy models as well

as in the cortex and hippocampus from epileptic patients’"’.

Our results show that KCC2 downregulation in the dentate gyrus is nevertheless sufficient to
alter local rhythmogenesis. Thus, we report a specific increase in the amplitude and frequency of
dentate spikes upon KCC2 knockdown (Fig. 5). Dentate spikes are population activities that
occur in the dentate gyrus during sleep and immobility and are thought to represent
synchronous activation of granule cells by entorhinal afferents®. This phenotype is therefore
consistent with the cellular impact of KCC2 knockdown we observed in dentate granule cells, i.e.

membrane depolarization and increased excitability due to Task-3 downregulation. We showed
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these effects combined to promote EPSP/spike coupling, despite a reduced synaptic strength at
glutamatergic inputs onto granule cells, as previously observed in hippocampal neurons3*3>,
Although granule cells fire sparsely under physiological conditions, KCC2 suppression and
subsequent increased excitability promote their recruitment by entorhinal afferents. Thus, less
simultaneous glutamatergic quantal EPSCs are required for firing KCC2 knockdown granule cells
and they fire more action potentials than control cells during high frequency trains of afferent
inputs (Fig. 4C-D). Several arguments support that these effects were mostly independent of
KCC2-induced alterations in GABA transmission. First, GABA transmission was still inhibitory
upon KCC2 suppression, as indicated by the unchanged driving force of GABAAR-mediated
currents (Fig. 1) and the excitatory effect of picrotoxin on evoked population spikes (Fig. 4G).
Second, increased dentate spike amplitude was fully compensated by chemogenetic
hyperpolarization of KCC2 knockdown neurons (Fig. 5). Since GABAAR activation is depolarizing
in dentate granule cells*, hM4D(Gi)-induced hyperpolarization rescued Vs in infected granule
cells but further enhance the depolarizing nature of GABA transmission. If GABA signaling was
involved in the increased dentate spike amplitude and frequency, hM4D(Gi) silencing would

then be expected to worsen, not rescue this phenotype.

Together, our work reveals for the first time the effects of a chronic downregulation of KCC2
expression in an intact network. We show these effects are diverse but primarily involve
increased neuronal excitability, not reversed GABA signaling. They lead to altered network
activity without however promoting seizures. Thus, KCC2 suppression in the dentate gyrus
primarily affects dentate spike activity with no detectable effect on theta-band activity
throughout the hippocampal formation (Fig. S6). This rather subtle phenotype may still be of
physiopathological relevance for disorders associated with KCC2 downregulation. Dentate spikes
coincide with periods of stronger gamma-band activity coherence between hippocampus and
cortex and are temporally correlated to the power of sharp-wave ripples’”. Since both dentate
spikes’® and sharp-wave ripples’® have been associated with memory consolidation in
hippocampal-dependent learning, we predict KCC2 suppression in the pathology may impact
cognitive performances through a combination of GABA-dependent and -independent
mechanisms. Our results suggest therapeutic strategies aiming to either restore neuronal
chloride homeostasis by blocking NKCC1 function®” and neuronal excitability by targeting leak

25,32

potassium channels®, or to stabilize KCC2 membrane expression may best compensate for

altered network activity and associated behavioral or cognitive deficits.
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Figures

Table 1. Overview of membrane and firing properties in infected dentate granule cells

shNT shKCC2 p.value (t-test)

N (cells / slices / rats) 18/9/5 21/12/7
Series resistance (MQ) 7.28+0.33 6.57 £ 0.50 0.2634
Membrane potential (mV) -87.67 £ 1.06 -80.79 £ 1.61 0.0014
Membrane resistance (MQ) 513.38 +47.85 662.70 +47.14 0.0332
AP threshold (mV) -50.56 + 1.30 -50.70 £ 1.92 0.9524
AP amplitude (mV) 89.59 +1.82 88.31+3.31 0.5636
AP width (ms) 0.89 +0.030 0.74 £ 0.026 0.0008
AHP (mV) 15.19+1.04 19.70+1.73 0.0390
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Figure 1. KCC2 suppression in dentate granule cells does not alter steady state GABA signaling

A, Top, Experimental timeline. P30 Wistar rats were injected with lentiviral vectors (LV)
expressing either non-target (shNT) or KCC2-directed (shKCC2) shRNA sequences and EGFP. In
vitro electrophysiological recordings were performed 10 to 20 days post-injection. Bottom,
maximal intensity projection of confocal micrographs showing infected cells (GFP, green) and
DAPI (blue) staining in a parasagittal hippocampal slice 2 weeks after injection. Arrowhead
indicates mossy fibers from infected granule cells. Scale bar, 500 um. B, Maximal intensity
projection of confocal micrographs of infected dentate gyrus areas, showing massive extinction
of KCC2 expression in KCC2 knockdown neurons. Dotted line delimitates st. granulosum.
Neurons expressing non-target but not KCC2-directed (arrows) show pericellular KCC2
immunostaining, as do neighboring uninfected cells (arrowheads). Scale bar, 50 um. C,
Representative currents following Rubi-GABA somatic uncaging (Flash, dotted line) recorded in
gramicidin perforated-patch configuration during incremental voltage steps. D, |-V curve of
GABA-induced currents corresponding to the examples shown in C. Egasa is interpolated from
the two points around reversal. E, Summary data (shNT n = 12 cells, 6 rats, shKCC2 n = 14 cells, 6
rats) show depolarized Egasa Upon KCC2 suppression (* p<0.05). The resting membrane potential
(Vrest) is also depolarized (** p<0.01), resulting in no significant change in the driving force of

GABAergic currents.
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Figure 2. Increased excitability upon KCC2 extinction reflects downregulation of a leak

potassium conductance

A, Summary graphs of membrane properties of granule cells expressing non-target (n = 18 cells,
5 rats) or KCC2-directed (n = 21 cells, 7 rats) shRNA recorded in whole-cell patch clamp mode in
the presence of synaptic transmission blockers. KCC2 knockdown resulted in depolarized
membrane potential (** p<0.01) and increased input resistance (* p<0.05). B, Individual traces
in both conditions for a depolarizing current pulse of 50 pA. C, Input/output curve for all cells
representing the firing frequency as a function of the injected current (*** p<0.001). D, Action
potential threshold was determined as the voltage for which derivative of the signal exceeded
15 mV/ms and was not different between conditions. E, Individual phase plots of action
potentials (insets) recorded in neurons expressing either shRNA sequence, showing no change in
the shape of action potentials upon KCC2 suppression. F, The amplitude of action potentials was
also unchanged in KCC2-knockdown cells. G, Representative individual traces for potassium
currents recorded in voltage-clamp mode with a voltage ramp ranging -120 to -50 mV at 0.03
mV/ms, in the presence of synaptic transmission blockers and TTX. H, Summary plots of mean
currents in cells expressing non-target (shNT n = 18 cells, 5 rats) vs. KCC2-directed (shKCC2 n =
21 cells, 7 rats) shRNA. Bath application the leak-potassium channel blocker bupivacaine (100
uM) reduced potassium currents only in control cells (shNT n = 16 cells, 3 rats, shKCC2 n = 19
cells, 5 rats). I, Rectification index plot, defined as the ratio of potassium-mediated currents at -
60 mV vs. -120 mV. KCC2 knockdown resulted in reduced rectification (*** p<0.001). J, Bath
application of bupivacaine (100uM) rescues resting membrane potential in KCC2-knockdown

neurons (* p<0.05).
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Figure 3. KCC2 interacts with Task-3 and promotes its membrane expression

A, Maximal intensity projection of confocal micrographs (4 focal planes, 0.2 um z-step) of
infected dentate gyrus, showing decreased Task-3 pericellular immunostaining in KCC2
knockdown vs. control granule cells. Scale, 10 um. B, Immunoblot of co-IP samples of
endogenous proteins extracts from adult rat hippocampi. Solubilized membrane homogenates
(input) were immunoprecipitated with either Task-3, KCC2 or control IgG antibodies. Eluates
resulting from immunoprecipitations (IP fractions) were then probed for both Task-3 and KCC2.
Task-3 IP pulled down KCC2, therefore demonstrating KCC2 interaction with Task-3 in adult
hippocampus. KCC2 IP however did not reveal detectable Task-3 protein level in these samples.
Representative example of three independent replicates. C, Immunoblot of the
immunoprecipitates from HEK293T cell homogenates coexpressing recombinant, Flag-tagged
KCC2 and HA-tagged GFP (left) or HA-tagged Task-3 (right). Immunoprecipitation using Flag
antibodies pulled down Task-3 (right) but not GFP (left). Conversely, immunoprecipitation with
HA antibodies precipitated Flag-KCC2 only in HA-Task-3 expressing cells. Each immunoblot is a
representative example of three independent experiments. D, Focal plane from confocal
micrographs of HEK293T cells transfected with either HA-Task-3 alone (top) or HA-Task-3
together with Flag-KCC2 (bottom). Note the accumulation of HA immunostaining in an
intracellular compartment in absence of Flag-KCC2 (arrowhead). Scale, 20um. Fluorescence
intensity of HA staining across the cell membrane and cytoplasm was analyzed along the white
line shown on the micrographs and plotted in dotted insets (right). Scale, 5 um. E, Averaged,
scaled line scan intensity plots from all cells (HA-Task-3, n = 12 ; HA-Task-3+Flag-KCC2, n =15)
reveal intracellular accumulation of Task-3 in absence of KCC2 as evidenced by the averaged HA
intensity across line scans and the decreased ratio of membrane to intracellular intensity (inset,

*%% n<0.001).

110



shNT

shKCC2

B P C Flag-KCC2 Flag-KCC2

HA-GFP HA-Task-3
input IgG Task-3 KCCZ 1P P P P

- input Flag UB input HA UB input Flag UB input HA UB
B |y ‘ MW ~[™ MW
88 ARy (kD) (kD)
SI¥ 8|0
: 70 Bl 170 & 170
o 130 £ 130 | L AREN
~ =l [ — S— 55
§| T -] | LB | ™ |5
D HA Flag line scan E °
el
©
o 34
% L -
"—? Y g g 2 o
T = 100f E
> 2 oo
Z 80t e
=
5
| =
% & E
U O =
e \ 2
= ot =
<8 £
=

Norm. dlstance

111



Figure 4. KCC2 suppression increases EPSP/Spike coupling in dentate granule cells

A, 4 s-recordings of mEPSCs from infected granule cells expressing non-target (shNT, black, n =
13 cells, 3 rats) or KCC2-directed (shKCC2, blue, n = 15 cells, 3 rats) shRNA. B, Summary data of
MEPSC showing reduced amplitude (left) but not frequency (right). C, Left, representative
recordings of current clamp recordings (top) from granule cells kept at their resting membrane
potential upon somatic injection of multiples of scaled, mEPSC waveforms of increasing
amplitude (bottom). Right, summary plots of all data (shNT, n = 13 cells, 2 rats, shKCC2, n = 15
cells, 2 rats) showing enhanced EPSP/spike coupling in KCC2 knockdown neurons. D, Neurons
were kept at -87 mV in current clamp mode and trains of 120 pA amplitude mEPSCs (about 20x
guantal size) were injected as in C at various frequency. Left, representative traces for trains of
10 EPSC waveform at 10, 50 and 100 Hz. Right, for trains delivered at 50 or 100 Hz, firing
probability was enhanced in KCC2 knockdown granule cells (* p< 0.05, shNT, n = 13 cells, 2 rats,
shKCC2, n = 15 cells, 2 rats). F, Left, experimental paradigm to test EPSP/spike coupling for
synaptically evoked responses in slices. A bipolar electrode was located in the molecular layer to
stimulate entorhinal afferents while field PSPs and population spikes were recorded with a glass
electrode located in the granule cell layer (top). fEPSP and population spike amplitudes were
measured as shown (bottom). Right, average of 10 consecutive responses recorded at 0.1 Hz. G,
Data from n = 15 slices infected with non-target shRNA (shNT, 6 animals,) and 16 slices infected
with KCC2-directed shRNA (shKCC2, 6 animals) confirmed increased coupling of fEPSP to
population spike (* p<0.05). H, Bath application of the GABAAR pore blocker picrotoxin resulted
in increased amplitude of the population spike in both conditions, indicating GABA transmission

was functionally inhibitory.
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Figure 5. KCC2 suppression alters dentate gyrus rhythmogenesis primarily through increased

neuronal excitability

A, Experimental timeline. P30 Wistar rats were injected with shRNA-expressing lentiviral vectors.
A week later, 16-channels linear silicon probe were implanted at the same coordinates. In vivo
recordings were performed starting from 3 days post-implantation. B, Longitudinal spread of the
viral infection was determined at the end of each experiments and was similar between groups
(shNT n= 5 rats, shKCC2 n = 7 rats; p= 0.45). C, Macroscope DIC micrograph revealing probe
localization (vertical scar). Scale, 250 um. D, Top, the 16-channels silicon probe allow
simultaneous recording of all hippocampal layers. Examples of recordings during non-REM sleep
showing dentate spikes (highlighted in grey: shNT or blue : shKCC2). E, Dentate spikes were
automatically detected for each animal. Cumulative amplitude (left) and inter-event intervals
(right) histograms from 140 randomly selected events per animal, showing increased amplitude
and frequency of dentate spike upon KCC2 knockdown in the dentate gyrus (*** p<0.001) F,
Experimental timeline for rescue experiments with DREADD silencing as above, except that each
animal was after either saline or CNO (1 mg/kg) i.p. injection. G, Single plane confocal
micrographs confirmed most granule cells were co-infected with shRNA+GFP and hM4D(Gi)-
mCherry (stars). Scale, 20 um. H, Dentate spikes were automatically detected for each animal (3
per group). Cumulative amplitude (left) and inter-event intervals (right) histograms from 185
randomly selected events per animal. Injection of CNO significantly reduced dentate spike

amplitude (p < 0.001) and frequency (p < 0.001) in both groups of animals.
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Supplementary Figures
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Figure S1. KCC2 suppression does not affect the efficacy of GABAergic synapses

A, 4 s-recordings of mIPSCs from granule cells expressing non-target (shNT, black) or KCC2-
directed (shKCC2, blue) shRNA. B, Summary data from shNT (n = 13 cells, 2 rats) and shKCC2 (n =
14 cells, 2 rats) showing no changes in mIPSCs amplitude (left, p=0.42) or frequency (right,
p=0.27).
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Figure S2. Increased excitability upon KCC2 knockdown is cell-autonomous and independent

of KCC2-mediated ion transport.

Membrane and spike properties were analyzed for uninfected cells from slices infected with
lentiviral vectors expressing non-target (grey, n = 13 cells, 5 rats) or KCC2-directed (light blue, n
= 13 cells, 7 rats) shRNA sequences. Effect of KCC2 blockade for >30 min with its specific
antagonist VU0463271 was also analyzed (green, n = 17 cells, 5 rats) and compared to DMSO
treatment (black, n = 15 cells, 4 rats). No differences were observed in membrane potential (A,
SshNT vs shKCC2 p = 0.83, DMSO vs VU p =0.75), input resistance (B, shNT vs shKCC2 p = 0.63,
DMSO vs VU p =0.20) was well as AP threshold (C, shNT vs shKCC2 p = 0.063, DMSO vs VU p
=0.055), waveform (D-E) and amplitude (F, shNT vs shKCC2 p = 0.24, DMSO vs VU p =0.77).
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Figure S3. Increased excitability in CA1 pyramidal cells upon KCC2 suppression
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A-B, Membrane properties of CA1 superficial pyramidal cells expressing non-target (n = 11 cells,

3 rats) or KCC2-directed (n = 11 cells, 3 rats) shRNA, as detected in whole-cell patch clamp

recordings while blocking synaptic transmission. KCC2 knockdown resulted in depolarized

membrane potential (A, ** p<0.01) and increased input resistance (B, ** p<0.01). C, Individual

traces in both conditions for a depolarizing current pulse of 100 pA. D, Mean input/output

relationships representing the frequency of APs as a function of injected current (*** p<0.001).

No difference was observed between shNT and shKCC2-expressing CA1 pyramidal cells with

regard to action potential threshold (D, p=0.13), spike waveform (E) or spike amplitude (F,

p=0.59).
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Trek-2 Task-3

Figure S4. Differential subcellular localization of leak-potassium channels in the dentate gyrus

Left, Average intensity projection of confocal micrographs of dentate gyrus immunostained with
Trek-2 antibody. Note the massive expression of Trek-2 in mossy fibers (arrowhead) and its
relative absence in the granular and molecular layers of the dentate gyrus. h : hilus, mf : mossy
fibers. Right, Average intensity projection of confocal micrographs of dentate gyrus
immunostained with Task-3 antibody revealing a strong expression in both granular and

molecular layers as well as in hilar mossy cells. Scale, 200 um.
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Figure S5. KCC2 suppression in the dentate gyrus does not induce or promote epileptiform

activity

A, Example trace of an EcoG recording during epilepsy induction with a pilocarpine protocol.
Arrowheads indicate the timing of the first seizure and the onset of the status epilepticus. B,
Expanded sections of the recording shown in A, showing the evolution of the EcoG signal at
different time points of ictogenesis. C, Behavioral state was classified according to modified
Racine’s scale as follows: stage 1, immobility and chewing; stage 2, neck and body clonus; stage
3, forelimb clonus and rearing; stage 4, status epilepticus, uninterrupted seizures. The onset of
status epilepticus was assessed based on EcoG recordings. Latency to different stages was
similar between groups (n = 15 animals each). D, Traces of ripple events recorded in CA1 during
sleep for rats implanted with 16-channels silicon probes as in Fig. 5. E, Ripples were
automatically detected and 100 events per animal were randomly selected (shNT n= 5 rats,
shKCC2 n = 7 rats). Suppression of KCC2 in the dentate gyrus did not lead to pathological fast
ripples as evidenced by the absence of band around 300 Hz in the average time-frequency

spectra.
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Figure S6. KCC2 suppression in the dentate gyrus does not affect hippocampal theta rhythm

A, Left, 500 ms stretches of intrahippocampal recordings (as in Fig. 5) during exploratory
behavior in rats expressing non-target shRNA (left, black) or KCC2-directed shRNA (blue, right) in
the dentate gyrus. Note the prominent theta oscillation in all channels. The localization of the
stratum lacunosum moleculare was defined by the highest power of theta and CAl was
identified by the presence of action potentials and of ripples during sleep. Localization of the
dentate gyrus is highlighted in orange. Right, theta power in the 5-10 Hz frequency band
measured over > 1 min of recording using multi-tapers estimates. Power is represented as a
function of the electrode localization. Depth of the electrode is expressed as the distance from
stratum lacunosum moleculare (SLM). Two-way ANOVA p = 0.15. B, Similar as A, but during REM
sleep. Depth profile was slightly different between groups (2-way ANOVA p = 0.024). However,
comparisons for each layer individually did not yield any significant difference (Mann-Whitney, p

> 0.05 for all layers).
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Figure S7. CNO application hyperpolarizes hM4D(Gi)-expressing dentate granule cells

A, Example current clamp recording of a dentate granule cell expressing non-target shRNA and
hMA4D(Gi) receptor, showing hyperpolarization of the membrane potential upon CNO (10 uM)
bath application. Application of Ba?* (100 mM BaCl,) completely blocks CNO-induced
hyperpolarization. B, Summary data from 3 cells expressing non-target shRNA and 3 cells
expressing KCC2-directed shRNA, together with hM4D(Gi). All cells were hyperpolarized

following CNO application (** p<0.01) and repolarized upon Ba?* application
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Methods

Animals

Juvenile male Wistar rats were obtained from Janvier Labs (Le Genest Saint Isle, France). All
procedures conformed to the International Guidelines on the ethical use of animals, the French
Agriculture and Forestry Ministry guidelines for handling animals (decree 87849, licence A 75-
05-22) and were approved by the Charles Darwin ethical committee

(APAFIS2015111011588776v3).

Virus and constructs

Rat slc12a5-specific and non-target shRNA sequences®® were introduced in pTrip vector under
U6 promoter and used to produce purified lentiviral particles (titer 7-9 x 10° TU/ml, UNC Vector
Core Facility)®. For some experiments, these same sequences were introduced in pAAV vector
under U6 promoter and used to produce purified AAV particles (AAV2.1-shRNA-GFP, titer 10%3
TU/ml, Atlantic Gene Therapy, Nantes). AAV particles expressing inhibitory DREADD under
synapsin promoter were obtained from the Viral Vector Facility of Zurich University (AAV2.1-

hM4D(Gi)-mCherry, titer 10 TU/ml).

Stereotaxic viral injection and EcoG electrodes implantation

30-days Wistar rats were anesthetized by intraperitoneal injection of ketamine / xylazine (75/10
mg/kg) and subcutaneous injection of buprenorphine (0.05 mg/kg) for analgesia. Animals were
then head-fixed in a stereotaxic apparatus. 1 pl of lentivirus (concentrated at 10° TU/ml) was
injected bilaterally in the dentate gyrus (AP -4.0 mm, ML +/- 2.5 mm, DV -3.1 mm) at 125 nl/min.
For DREADD experiments, 500nL of mix AAV2.1-shRNA-GFP and AAV2.1-hM4D(Gi)-mCherry
(ratio 2/3:1/3) was injected bilaterally in the dentate gyrus. For experiments in CA1, animals
were injected bilaterally with 1 pl of AAV2.1-shRNA-GFP (AP -4.0 mm, ML +/- 2.5 mm, DV -2.35
mm).

For pilocarpine experiments, animals were also implanted with EcoG electrodes soldered to
stainless steel screws. Two electrodes were placed above each hippocampus, at the same
coordinates as the injection sites. A third screw was placed above the cerebellum and used as

reference.

Intracerebral probe implantation
For intra-hippocampal recordings, animals were anesthetized with isoflurane one week

following viral injection, and injected subcutaneously with 0.05 mg/kg of buprenorphine for
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analgesia. One 16-channels silicon probe was implanted in the right hemisphere, at the site of
the injection. Signals were monitored during the insertion of the probe to ensure correct
localization of the probe in the hippocampus. One stainless steel screw was placed above the
cerebellum and connected to the probe as a reference. Four additional screws were placed
above the prefrontal cortex and the contralateral hemisphere to secure the dental cement
adhesion. During the recovery period (minimum 3 days), rats were daily monitored and
additional injection of buprenorphine (subcutaneous, 0.05 mg/kg) were made in case of

detectable pain.

Electrophysiology

Slice preparation

10 to 20 days after viral injection, animals were deeply anesthetized with ketamine / xylazine
(115/15 mg/kg) and transcardially perfused with an ice-cold choline-based solution containing
(in mM) : 110 Choline Cl, 25 Glucose, 25 NaHCOs, 11.6 Ascorbic acid, 3.1 Pyruvic acid, 1.25
NaH,PO,, 2.5 KCl, 0.5 CaCl,, 7 MgCl, saturated with 95% 0,/5% CO,. Rats were then decapitated,
hippocampi were rapidly dissected and 400um transverse sections were prepared using a
vibratome (Microm, Thermofisher). Slices were then transferred and allowed to recover for 1
hour in a humidified interface chamber filled with bicarbonate-buffered ACSF pre-heated at
37°C and oxygenated with 5% CO, in O, containing (in mM) : 126 NaCl, 26 NaHCOs3, 10 Glucose,
3.5 KCI, 1.25 NaH,P0,, 1.6 CaCl,, 1.2 MgCl,. For recordings, slices were transferred in a
submerged recording chamber and superfused with ACSF maintained at 32°C.

Patch clamp recordings

Electrophysiological recordings were made with 4-5 MQ borosilicate glass pipettes. Signals were
acquired with a Multiclamp 700B amplifier (Molecular Devices), low-pass filtered at 10 kHz, and

digitized at 20 kHz. All cells were recorded in the suprapyramidal blade of the dentate gyrus.

For perforated-patch recordings, internal solution contained (in mM) 140 KCl and 10 HEPES (pH
adjusted to 7.4 with KOH). Gramicidin was added in the pipette solution to reach a
concentration of 60 pg/ml. Rubi-GABA was added in ACSF (15 uM, Tocris) together with NBQX
(20 uM, HelloBio), APV (50 uM, HelloBio), CGP54626 (10 uM, Tocris) and TTX (1 uM, Latoxan).
Rubi-GABA was photolyzed using a digital modulated diode laser beam at 405 nm (Omicron
Deepstar, Photon Lines, Marly Le Roi, France) delivered through a single path photolysis head
(Prairie Technologies, Middleton, USA). The laser beam diameter was set to a diameter of 3-5
um and was directed onto the soma of the recorded neuron. Photolysis was induced by a 5

ms/30 mW pulse. Once access resistance was stabilized, cells were held at a potential of -70 mV
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and 3.5 s voltage steps ranging from -100 to -30 mV were applied to the cell. Laser pulses were
delivered at 2.2 s after the onset of the voltage step to allow for stabilization of the holding
current. Currents were analyzed offline using Clampfit software (Molecular Devices). Voltages
were corrected for liquid junction potential (4.1 mV) and for the voltage drop through the series

resistance

For all other patch clamp experiments, cells were recorded in whole-cell configuration and
maintained at -70 mV. All voltages were corrected offline for liquid junction potential (of 14.5
mV).

Intrinsic properties were evaluated using an internal solution containing (in mM) 120 K-
Gluconate, 10 KCI, 10 HEPES, 0.1 EGTA, 4 MgATP, 0.4 NasGTP (pH adjusted to 7.4 with KOH) and
blocking synaptic transmission with NBQX, APV and picrotoxin (10uM, HelloBio). Resting
membrane potential was measured using 1=0 current clamp mode one minute after break-in.
Input resistance was measured in current-clamp mode with -50 pA current steps. Input/output
curves were derived from series of 800 ms current steps (ranging from -100 to 375 pA, 25 pA
step increment). For potassium currents measurements, TTX (1 uM) was added to the bath.
Currents were recorded in voltage-clamp mode between -120 mV and -60 mV with a continuous
ramp at 0.03 mV/ms. For EPSP/spike coupling recordings, artificial waveforms derived from
mEPSC recordings were used as a current command applied to the patch pipette. Effect of CNO
application on membrane potential was estimated by whole-cell recordings in current-clamp

mode with no current injection.

For miniature excitatory postsynaptic current (mEPSCs) recordings, pipettes were filled with
internal solution containing (in mM) 115 Cs-Methylsulfonate, 20 CsCl, 10 HEPES, 0.1 EGTA, 4
MgATP, 0.4 NasGTP (pH adjusted to 7.4 with CsOH) and currents were isolated by adding TTX
and bicuculline to the extracellular solution. For miniature inhibitory postsynaptic currents
(mIPSCs), pipettes were filled with (in mM) 135 CsCl, 10 HEPES, 10 EGTA, 4 MgATP, 0.4 NasGTP,
1.8 MgCl, (pH adjusted to 7.4 with CsOH) and currents were isolated by adding TTX, NBQX and
AP-V in the bath. Series and input resistance were regularly monitored with -5 mV voltage steps
and recordings were interrupted if either value varied by more than 20 Miniature synaptic

currents were detected and analyzed offline using Detectivent software®..

Extracellular field recordings
For extracellular recordings, a recording pipette of 2-3 MQ resistance was filled with ACSF and

inserted within the granular layer, in a densely infected area of the dentate gyrus. A tungsten
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bipolar electrode (0.5 MQ) was used to stimulate perforant path inputs. Stimulation intensity
was adjusted to induce a population spike of about half its maximum amplitude. Field EPSP
(fEPSP) slope was determined over a 1ms window preceding the population spike. Population
spike amplitude was assessed as the distance between its peak and the baseline extrapolated
from its initiation and termination points using a routine written under Matlab (The MathWorks,

Inc., Natick, MA, USA).

Biochemistry

Co-immunoprecipitation assays from HEK293T cells

HEK293T cells were grown in DMEM GlutaMAX (Invitrogen) supplemented with 5 g/l glucose
and 10% fetal bovine serum. Cells (60-70% confluent) were co-transfected using transfectin
(Biorad) according to the manufacturer’s instructions with plasmids expressing Flag-tagged rat
KCC2 (Chamma et al., 2013) and HA-tagged mouse Task3 (kindly provided by Guillaume Sandoz,
Nice Univ., France) or HA-tagged GFP (Addgene) as control (with a 1:1 ratio). 48 hours after
transfection, cells were homogenized by sonication in co-immunoprecipitation buffer containing
(in mM): 50 Tris-HCI pH 7.4, 150 NaCl, 1 EDTA, as well as 0.5 % triton X-100 and protease
inhibitors. Cells were then solubilized by rotation for 2 hours at 4°C and centrifuged at 20,000 g
for 30 minutes at 4°C. Supernatants were transferred into a microtube with 20 pl of pre washed
anti-HA coupled beads (Cell signaling) or EZview™ Red anti-Flag M2 Affinity Gel (Sigma). Samples
were incubated overnight at 4°C under rotation. Complexes were precipitated with 20 pl
protein-G magnetic beads (Invitrogen) for 2 hours at 4°C. Beads were then washed twice with
1ml of co-immunoprecipitation buffer and once with triton-free co-immunoprecipitation buffer.
Bound complexes were eluted in 4X sample buffer (Invitrogen) for 1 hour at 37°C. Samples were

analyzed by SDS-PAGE and western blot.

Co-immunoprecipitation assays from rat hippocampal homogenates

Hippocampi were dissected from adult Sprague Dawley female rats and homogenized by
sonication in co-immunoprecipitation buffer as above (1 ml/100 mg of tissue) and solubilized by
rotation for 2 to 4 hours at 4°C. After centrifugation at 20,000 g for 40 minutes at 4°C, protein
content of the supernatant was measured by BCA protein assay (Pierce). 6.5 mg of proteins
were transferred into microtube and 5 pg of primary antibody (Rabbit anti-KCC2, Millipore, and
Rabbit anti-Task3, Alomone) or nonimmune 1gG control antibody of the same species (Jackson
Immunoresearch) were added. Samples were then incubated overnight at 4°C under rotation

and processed as above.
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Western blotting

Proteins were separated on a 4-12% SDS polyacrylamide gradient gel (Invitrogen) and
transferred onto a nitrocellulose membrane (GE Healthcare). For co-immunoprecipitation assays
from rat hippocampal homogenate, blots were probed with antibodies against KCC2 (1/1000,
Millipore) and Task3 (1/250, Santa Cruz). For co-immunoprecipitation assays from HEK293T
cells, blots were probed with HA (1/3000, Cell signaling) and KCC2 or FlagM2 (1/1000, Sigma).
The primary antibodies were detected with fluorescent secondary antibody (1/1000-1/3000,
DyLight 700 or 800, Rockland) using Odyssey infrared imaging system (LI-COR Bioscience). All
biochemical assays were repeated at least 3 times on independent hippocampal extracts or

cultures.

Immunocytochemistry

Neuro-2a cells were grown on glass coverslips in DMEM GlutaMAX (Invitrogen) supplemented
with 1 g/l glucose and 10% fetal bovine serum. Cells at 60-70% confluence were co-transfected
using Transfectin (Biorad) according to manufacturer’s instructions with plasmids expressing
Flag-tagged rat KCC27! and either HA-tagged mouse Task-3 (kindly provided by Guillaume
Sandoz, Nice Sophia Antipolis Univ., France) or a pCAG empty vector as control (with a 3:1 ratio).
48 hours after transfection, cells were washed with PBS, fixed with paraformaldehyde (4%)
supplemented with 4% sucrose in PBS and permeabilized with 0.25% Triton X-100 in PBS. After 3
x 10 min washes in PBS, cells were incubated for 30 min in blocking buffer (10% normal goat
serum in PBS). Incubation with primary antibodies, HA (rabbit, 1/2000, Chemicon) and FlagM2
(mouse, 1/2000, Sigma) was then performed in blocking buffer for 2 hours at room
temperature. After 3 x 10 min washes in PBS, cells were incubated with secondary antibodies for
1 hour (donkey anti-rabbit Alexa 647, 1/1000, Jackson Immunoresearch and goat anti-mouse
CY3, 1/2000, Jackson Immunoresearch). Coverslips were washed 3 times in PBS and mounted in
Mowiol/Dabco (25 mg/ml) solution. Immunofluorescence images were acquired using an
upright confocal microscope (Leica TCS SP5), using a 63x 1.40-N.A. objective with 2.5X electronic
magnification and an Ar/Kr laser set at 561 and 633 nm for excitation of Cy3 and Alexa 647,

respectively.

Immunohistochemistry
At least 2 weeks following viral injections, rats were anesthetized by intraperitoneal ketamine /
xylazine injection (110/15 mg/kg) and perfused transcardially with ice-cold cutting solution of

choline as above. Brain were removed, postfixed in PFA 4% for 48 hours and stored at 4°C in
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30% sucrose PBS. Parasagittal sections (40 um thick) were obtained using a cryotome. After
washes, brain slices were preincubated 3 hours with 0.5% Triton and 10% goat serum in PBS and
then 48 hours at 4°C with primary antibodies: GFP (chicken, 1:1000, Millipore), KCC2 (rabbit,
1:400, Millipore), Prox1 (rabbit, 1:10000, Millipore), Task3 (rabbit, 1:400, Alomone), Trek2
(rabbit, 1:400, Alomone). After rinsing in PBS, slices were incubated 3 hours with secondary
antibody (Cy3-coupled goat anti-rabbit and FITC-coupled goat anti-chicken) and mounted with
Mowiol/Dabco (25 mg/mL). Images were acquired on an upright confocal microscope (Leica TCS
SP5), using a 63X 1.40-N.A. objective with 2X electronic magnification and Ar/Kr laser set at 491
and 561 nm for excitation of Cy3 and FITC, respectively. Stacks of 4 to 6 um optical sections
were acquired at a pixel resolution of 1024 x 1024 with a z-step of 0.2 um. Individual sections
were then analyzed with Imaris (Bitplane). For images of the entire dentate gyrus, images were
acquired using a 10X objective and stacks of 10 to 20 um optical sections were acquired at a

pixel resolution of 1024 x 1024 with a z-step of 1 um.

Behavior and recordings

All recordings took place in a dimly-lit area enclosed by black curtains. Animals were handled for
at least 3 days for habituation and to ensure stability of the recordings (location of the probe,
power of the signal) before experiments started. A 80 cm x 80 cm arena with 50 cm high black
plastic walls was used for exploration phase. A white card on one of the wall was used as spatial
cue. For sleep recordings, animals were put in a white cylinder box (20 cm of diameter, 40 cm
high). During the habituation phase, animals were placed in the cylinder box then in the empty
arena for 10 min each, twice a day.

For recordings of awake behavior, new objects were placed in the open-field to stimulate
exploration. All sleep recording sessions took place during the 2 hours following exploration of
novel objects. For DREADD experiments, saline or CNO (1 mg/kg) was injected in i.p. 30 minutes
before starting recording. All recordings took place less than 3 hours after i.p. injection.

Data were acquired at 20 kHz using an Intan recording controller (Intan Technologies, Los

Angeles, USA) and Intan Recording Controller software (version 2.05).

Data analysis
All analyses were performed offline using Matlab built-in functions and custom-written scripts

as well as Chronux (http://chronux.org/) and the FMAToolbox

(http://fmatoolbox.sourceforge.net/). Power spectra and spectrograms were computed using

multi-tapers estimates on the raw LFP. Theta power was determined in the 5 — 10 Hz band.

Dentate spikes detection was performed after high-pass filtering (> 30Hz), squaring and
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normalizing the field potential in the dentate gyrus. DS were defined as events of positive
deflection peaking at > 8 s.d. and remaining above 4 s.d. for less than 30 ms.

Ripple detection was performed by band-pass filtering (100-600 Hz), squaring and normalizing,
followed by thresholding of the field potential recorded in CA1 pyramidal layer. SPW-Rs were
defined as events starting at 4 s.d., peaking at >6 s.d., and remaining at >4 s.d. for <150 ms and

>15 ms

Electrocorticogram (EcoG) recordings and epilepsy induction

EcoG data were acquired at 20 kHz using Epoch Wireless recording system (Ripple, Salt Lake
City, USA) and Clampex software (Molecular Devices). Video recording (29 frames/s) was
synchronized to data acquisition to enable offline analysis.

For epilepsy induction, animals received intraperitoneal injection of 127 mg/kg of lithium 24
hours before treatment. The following day, animals received i.p. injection of 1 mg/kg of
methylscopolamine in order to prevent peripheral effects of pilocarpine. 30 min later, 40 mg/kg
of pilocarpine was injected i.p. Both video and EcoG data were acquired for one hour following
pilocarpine injection. Status epilepticus was then interrupted by i.p. injection of 5 mg/kg
diazepam. Animals were then sacrificed and brain were recovered and processed for

visualization of the infected area.

Rat behavior was scored according to the following modified Racine’s scale : stage 1, immobility
and chewing; stage 2, neck and body clonus; stage 3, forelimb clonus and rearing; stage 4, status
epilepticus, uninterrupted seizures. The onset of status epilepticus was assessed based on EcoG

recordings.

Statistics

All statistical tests were performed using Matlab functions (Statistics and Machine Learning
Toolbox). Data are presented as mean * sem unless stated otherwise. All tests are two-tailed
tests. Comparison of means was performed using Student’s t-test for normally distributed
variables (as tested with Shapiro-Wilk test) of equal variances (tested with Bartlett test).
Otherwise, comparison of mean was performed using the non-parametric Mann-Whitney test.
Kolmogorov-Smirnov test was used for comparison of distributions. Significance was determined

as p <0.05.

129



Acknowledgements

We are grateful to Quentin Chevy for sharing original observations related to the present work.
We also thank Richard Miles and Kai Kaila for critical reading of the manuscript. This work was
supported in part by Inserm, Sorbonne Université, as well as the Fondation pour la Recherche
Médicale (Equipe FRM DEQ20140329539 to J.C.P.), the Human Frontier Science Program
(RGP0022/2013 to L.M.P. and J.C.P.) and the Fondation Frangaise pour la Recherche sur
I'Epilepsie - Fédération pour la Recherche sur le Cerveau (research grant to J.C.P.). M.G. was the
recipient of fellowships from Sorbonne Université and Fondation pour la Recherche Médicale as
well as an IBRO-InEurope Short Stay Grant. The Poncer lab is affiliated with the Paris School of

Neuroscience (ENP) and the Bio-Psy Laboratory of excellence.

References

1. Bormann J, Hamill OP, Sakmann B. Mechanism of anion permeation through channels gated by
glycine and gamma-aminobutyric acid in mouse cultured spinal neurones. The Journal of physiology 385,
243-286 (1987).

2. Blaesse P, Airaksinen MS, Rivera C, Kaila K. Cation-chloride cotransporters and neuronal function.
Neuron 61, 820-838 (2009).

3. Rivera C, et al. The K+/Cl- co-transporter KCC2 renders GABA hyperpolarizing during neuronal
maturation. Nature 397, 251-255 (1999).

4, Chamma I, Chevy Q, Poncer JC, Levi S. Role of the neuronal K-Cl co-transporter KCC2 in inhibitory
and excitatory neurotransmission. Frontiers in cellular neuroscience 6, 5 (2012).

5. Medina |, et al. Current view on the functional regulation of the neuronal K(+)-CI(-) cotransporter
KCC2. Frontiers in cellular neuroscience 8, 27 (2014).

6. Fiumelli H, Cancedda L, Poo MM. Modulation of GABAergic transmission by activity via
postsynaptic Ca2+-dependent regulation of KCC2 function. Neuron 48, 773-786 (2005).

7. Chamma |, et al. Activity-dependent regulation of the K/Cl transporter KCC2 membrane diffusion,
clustering, and function in hippocampal neurons. The Journal of neuroscience : the official journal of the
Society for Neuroscience 33, 15488-15503 (2013).

8. Lee HH, Deeb TZ, Walker JA, Davies PA, Moss SJ. NMDA receptor activity downregulates KCC2
resulting in depolarizing GABAA receptor-mediated currents. Nature neuroscience 14, 736-743 (2011).

9. Puskarjov M, Ahmad F, Kaila K, Blaesse P. Activity-dependent cleavage of the K-Cl cotransporter
KCC2 mediated by calcium-activated protease calpain. The Journal of neuroscience : the official journal of
the Society for Neuroscience 32, 11356-11364 (2012).

10. Caraiscos VB, et al. Tonic inhibition in mouse hippocampal CA1 pyramidal neurons is mediated by
alpha5 subunit-containing gamma-aminobutyric acid type A receptors. Proceedings of the National
Academy of Sciences of the United States of America 101, 3662-3667 (2004).

11. Heubl M, et al. GABAA receptor dependent synaptic inhibition rapidly tunes KCC2 activity via the
Cl--sensitive WNK1 kinase. Nature communications 8, 1776 (2017).

12. Kahle KT, et al. Inhibition of the kinase WNK1/HSN2 ameliorates neuropathic pain by restoring
GABA inhibition. Science Signaling 9, ra32 (2016).

130



13. Mahadevan V, Woodin MA. Regulation of neuronal chloride homeostasis by neuromodulators.
The Journal of physiology 594, 2593-2605 (2016).

14. Rivera C, et al. BDNF-induced TrkB activation down-regulates the K+-Cl- cotransporter KCC2 and
impairs neuronal Cl- extrusion. The Journal of cell biology 159, 747-752 (2002).

15. Kaila K, Price TJ, Payne JA, Puskarjov M, Voipio J. Cation-chloride cotransporters in neuronal
development, plasticity and disease. Nature reviews Neuroscience 15, 637-654 (2014).

16. Kahle KT, et al. Roles of the cation-chloride cotransporters in neurological disease. Nature clinical
practice Neurology 4, 490-503 (2008).

17. Buchin A, Chizhov A, Huberfeld G, Miles R, Gutkin BS. Reduced Efficacy of the KCC2 Cotransporter
Promotes Epileptic Oscillations in a Subiculum Network Model. The Journal of neuroscience : the official
journal of the Society for Neuroscience 36, 11619-11633 (2016).

18. Huberfeld G, et al. Perturbed chloride homeostasis and GABAergic signaling in human temporal
lobe epilepsy. The Journal of neuroscience : the official journal of the Society for Neuroscience 27, 9866-
9873 (2007).

19. Kahle KT, et al. Genetically encoded impairment of neuronal KCC2 cotransporter function in
human idiopathic generalized epilepsy. EMBO reports 15, 766-774 (2014).

20. Kourdougli N, et al. Depolarizing GABA contributes to glutamatergic network rewiring in epilepsy.
Annals of neurology 81, 251-265 (2017).

21. Puskarjov M, et al. A variant of KCC2 from patients with febrile seizures impairs neuronal Cl-
extrusion and dendritic spine formation. EMBO reports 15, 723-729 (2014).

22. Saitsu H, et al. Impaired neuronal KCC2 function by biallelic SLC12A5 mutations in migrating focal
seizures and severe developmental delay. Scientific reports 6, 30072 (2016).

23. Stodberg T, et al. Mutations in SLC12A5 in epilepsy of infancy with migrating focal seizures.
Nature communications 6, 8038 (2015).

24, Coull JA, et al. Trans-synaptic shift in anion gradient in spinal lamina | neurons as a mechanism of
neuropathic pain. Nature 424, 938-942 (2003).

25. Gagnon M, et al. Chloride extrusion enhancers as novel therapeutics for neurological diseases.
Nature medicine 19, 1524-1528 (2013).

26. Boulenguez P, et al. Down-regulation of the potassium-chloride cotransporter KCC2 contributes
to spasticity after spinal cord injury. Nature medicine 16, 302-307 (2010).

27. Dargaei Z, et al. Restoring GABAergic inhibition rescues memory deficits in a Huntington's disease
mouse model. Proceedings of the National Academy of Sciences of the United States of America, (2018).

28. Hyde TM, et al. Expression of GABA signaling molecules KCC2, NKCC1, and GAD1 in cortical
development and schizophrenia. The Journal of neuroscience : the official journal of the Society for
Neuroscience 31, 11088-11095 (2011).

29. Deidda G, Parrini M, Naskar S, Bozarth IF, Contestabile A, Cancedda L. Reversing excitatory
GABAAR signaling restores synaptic plasticity and memory in a mouse model of Down syndrome. Nature
medicine 21, 318-326 (2015).

30. Banerjee A, et al. Jointly reduced inhibition and excitation underlies circuit-wide changes in
cortical processing in Rett syndrome. Proceedings of the National Academy of Sciences of the United
States of America, (2016).

31. Tang X, et al. KCC2 rescues functional deficits in human neurons derived from patients with Rett
syndrome. Proceedings of the National Academy of Sciences of the United States of America 113, 751-756
(2016).

131



32. Liabeuf S, et al. Prochlorperazine Increases KCC2 Function and Reduces Spasticity after Spinal
Cord Injury. J Neurotrauma, (2017).

33. Gauvain G, et al. The neuronal K-Cl cotransporter KCC2 influences postsynaptic AMPA receptor
content and lateral diffusion in dendritic spines. Proceedings of the National Academy of Sciences of the
United States of America 108, 15474-15479 (2011).

34, Li H, et al. KCC2 interacts with the dendritic cytoskeleton to promote spine development. Neuron
56, 1019-1033 (2007).

35. Chevy Q, et al. KCC2 Gates Activity-Driven AMPA Receptor Traffic through Cofilin
Phosphorylation. The Journal of neuroscience : the official journal of the Society for Neuroscience 35,
15772-15786 (2015).

36. Llano O, et al. KCC2 regulates actin dynamics in dendritic spines via interaction with beta-PIX. The
Journal of cell biology 209, 671-686 (2015).

37. Mahadevan V, et al. Native KCC2 interactome reveals PACSIN1 as a critical regulator of synaptic
inhibition. eLife 6, (2017).

38. Delpire E, et al. Further optimization of the K-Cl cotransporter KCC2 antagonist MLO77:
development of a highly selective and more potent in vitro probe. Bioorg Med Chem Lett 22, 4532-4535
(2012).

39. Lesage F, Lazdunski M. Molecular and functional properties of two-pore-domain potassium
channels. American journal of physiology Renal physiology 279, F793-801 (2000).

40. Ketchum KA, Joiner WJ, Sellers AJ, Kaczmarek LK, Goldstein SA. A new family of outwardly
rectifying potassium channel proteins with two pore domains in tandem. Nature 376, 690-695 (1995).

41. Aller MI, Wisden W. Changes in expression of some two-pore domain potassium channel genes
(KCNK) in selected brain regions of developing mice. Neuroscience 151, 1154-1172 (2008).

42. Marinc C, Derst C, Pruss H, Veh RW. Immunocytochemical localization of TASK-3 protein (K2P9.1)
in the rat brain. Cell Mol Neurobiol 34, 61-70 (2014).

43, Talley EM, Solorzano G, Lei Q, Kim D, Bayliss DA. Cns distribution of members of the two-pore-
domain (KCNK) potassium channel family. The Journal of neuroscience : the official journal of the Society
for Neuroscience 21, 7491-7505 (2001).

44, Mahadevan V, et al. Kainate receptors coexist in a functional complex with KCC2 and regulate
chloride homeostasis in hippocampal neurons. Cell reports 7, 1762-1770 (2014).

45, Ivakine EA, et al. Neto2 is a KCC2 interacting protein required for neuronal Cl- regulation in
hippocampal neurons. Proceedings of the National Academy of Sciences of the United States of America
110, 3561-3566 (2013).

46. Wright R, et al. Neuronal Chloride Regulation via KCC2 Is Modulated through a GABAB Receptor
Protein Complex. The Journal of neuroscience : the official journal of the Society for Neuroscience 37,
5447-5462 (2017).

47. Turrigiano GG. Homeostatic plasticity in neuronal networks: the more things change, the more
they stay the same. Trends in neurosciences 22, 221-227 (1999).

48. Witter MP. The perforant path: projections from the entorhinal cortex to the dentate gyrus. In:
The Dentate Gyrus: A Comprehensive Guide to Structure, Function, and Clinical Implications (ed”(eds)
(2007).

49, Staley KJ, Mody I. Shunting of excitatory input to dentate gyrus granule cells by a depolarizing
GABAA receptor-mediated postsynaptic conductance. Journal of neurophysiology 68, 197-212 (1992).

50. Hsu D. The dentate gyrus as a filter or gate: a look back and a look ahead. 163, 601-613 (2007).

132



51. Rolls ET. The mechanisms for pattern completion and pattern separation in the hippocampus.
Front Syst Neurosci 7, 74 (2013).

52. Heinemann U, Beck H, Dreier JP, Ficker E, Stabel J, Zhang CL. The dentate gyrus as a regulated
gate for the propagation of epileptiform activity. Epilepsy research Supplement 7, 273-280 (1992).

53. Chen L, et al. KCC2 downregulation facilitates epileptic seizures. Scientific reports 7, 156 (2017).
54. Bragin A, Engel J, Jr., Wilson CL, Vizentin E, Mathern GW. Electrophysiologic analysis of a chronic

seizure model after unilateral hippocampal KA injection. Epilepsia 40, 1210-1221 (1999).

55. Bragin A, Jando G, Nadasdy Z, van Landeghem M, Buzsaki G. Dentate EEG spikes and associated
interneuronal population bursts in the hippocampal hilar region of the rat. Journal of neurophysiology 73,
1691-1705 (1995).

56. Roth BL. DREADDs for Neuroscientists. Neuron 89, 683-694 (2016).

57. Ben-Ari Y. NKCC1 Chloride Importer Antagonists Attenuate Many Neurological and Psychiatric
Disorders. Trends in neurosciences 40, 536-554 (2017).

58. Cornell B, Toyo-Oka K. 14-3-3 Proteins in Brain Development: Neurogenesis, Neuronal Migration
and Neuromorphogenesis. Front Mol Neurosci 10, 318 (2017).

59. Zuzarte M, et al. Intracellular traffic of the K+ channels TASK-1 and TASK-3: role of N- and C-
terminal sorting signals and interaction with 14-3-3 proteins. The Journal of physiology 587, 929-952
(2009).

60. Kilisch M, Lytovchenko O, Arakel EC, Bertinetti D, Schwappach B. A dual phosphorylation switch
controls 14-3-3-dependent cell surface expression of TASK-1. J Cell Sci 129, 831-842 (2016).

61. Seja P, et al. Raising cytosolic Cl- in cerebellar granule cells affects their excitability and vestibulo-
ocular learning. The EMBO journal 31, 1217-1230 (2012).

62. Hubner CA, Stein V, Hermans-Borgmeyer |, Meyer T, Ballanyi K, Jentsch TJ. Disruption of KCC2
reveals an essential role of K-Cl cotransport already in early synaptic inhibition. Neuron 30, 515-524
(2001).

63. Pellegrino C, et al. Knocking down of the KCC2 in rat hippocampal neurons increases intracellular
chloride concentration and compromises neuronal survival. The Journal of physiology 589, 2475-2496
(2011).

64. Lee HH, Jurd R, Moss SJ. Tyrosine phosphorylation regulates the membrane trafficking of the
potassium chloride co-transporter KCC2. Molecular and cellular neurosciences 45, 173-179 (2010).

65. Ramadoss J, Lunde ER, Ouyang N, Chen WJ, Cudd TA. Acid-sensitive channel inhibition prevents
fetal alcohol spectrum disorders cerebellar Purkinje cell loss. Am J Physiol Regul Integr Comp Physiol 295,
R596-603 (2008).

66. Karschin C, et al. Expression pattern in brain of TASK-1, TASK-3, and a tandem pore domain K(+)
channel subunit, TASK-5, associated with the central auditory nervous system. Molecular and cellular
neurosciences 18, 632-648 (2001).

67. Rivera C, et al. Mechanism of activity-dependent downregulation of the neuron-specific K-Cl
cotransporter KCC2. The Journal of neuroscience : the official journal of the Society for Neuroscience 24,
4683-4691 (2004).

68. Bonislawski DP, Schwarzbach EP, Cohen AS. Brain injury impairs dentate gyrus inhibitory efficacy.
Neurobiology of disease 25, 163-169 (2007).

69. Merner ND, et al. Regulatory domain or CpG site variation in SLC12A5, encoding the chloride
transporter KCC2, in human autism and schizophrenia. Frontiers in cellular neuroscience 9, 386 (2015).

133



70. Cohen I, Navarro V, Clemenceau S, Baulac M, Miles R. On the origin of interictal activity in human
temporal lobe epilepsy in vitro. Science 298, 1418-1421 (2002).

71. Pallud J, et al. Cortical GABAergic excitation contributes to epileptic activities around human
glioma. Science translational medicine 6, 244ra289 (2014).

72. Levesque M, Salami P, Shiri Z, Avoli M. Interictal oscillations and focal epileptic disorders. The
European journal of neuroscience, (2017).

73. Menendez de la Prida L, Trevelyan AJ. Cellular mechanisms of high frequency oscillations in
epilepsy: on the diverse sources of pathological activities. Epilepsy research 97, 308-317 (2011).

74. Goldberg EM, Coulter DA. Mechanisms of epileptogenesis: a convergence on neural circuit
dysfunction. Nature reviews Neuroscience 14, 337-349 (2013).

75. Wang F, et al. NKCC1 up-regulation contributes to early post-traumatic seizures and increased
post-traumatic seizure susceptibility. Brain structure & function 222, 1543-1556 (2017).

76. Sen A, Martinian L, Nikolic M, Walker MC, Thom M, Sisodiya SM. Increased NKCC1 expression in
refractory human epilepsy. Epilepsy research 74, 220-227 (2007).

77. Headley DB, Kanta V, Pare D. Intra- and interregional cortical interactions related to sharp-wave
ripples and dentate spikes. Journal of neurophysiology 117, 556-565 (2017).

78. Nokia MS, Gureviciene |, Waselius T, Tanila H, Penttonen M. Hippocampal electrical stimulation
disrupts associative learning when targeted at dentate spikes. The Journal of physiology 595, 4961-4971
(2017).

79. Girardeau G, Benchenane K, Wiener SI, Buzsaki G, Zugaro MB. Selective suppression of
hippocampal ripples impairs spatial memory. Nature neuroscience 12, 1222-1223 (2009).

80. Loucif AJC, et al. GI-530159, a novel, selective, mechanosensitive two-pore-domain potassium
(K2P ) channel opener, reduces rat dorsal root ganglion neuron excitability. BrJ Pharmacol, (2017).

81. Ankri N, Legendre P, Faber DS, Korn H. Automatic detection of spontaneous synaptic responses in
central neurons. Journal of neuroscience methods 52, 87-100 (1994).

134



lll-  DOWNSTREAM EFFECTS OF KCC2 SUPPRESSION IN THE DENTATE
GYRUS ON HIPPOCAMPAL RHYTHMOGENESIS

| previously showed that KCC2 suppression in the dentate gyrus specifically alters dentate spikes
during sleep (manuscript Fig 5). This effect was rescued by chemogenetically hyperpolarizing
neurons with an inhibitory DREADD. This indicates that the alteration of dentate spikes relies on
increased neuronal excitability. The dentate gyrus represents the main entry point to the
hippocampus. Its activity therefore influences both CA3 and CAl activity via the classical

trisynaptic circuit.

| questioned whether the enhanced recruitment of dentate granule cells by entorhinal afferents
would have downstream effects on hippocampal rhythmogenesis in the CA1 region. | showed
that theta-band activity was unaffected during exploration and REM sleep (manuscript Fig S5).
However, the two main generators of theta activity in the hippocampus are inhibitory inputs
from the medial septum diagonal band of Broca onto CAl interneurons and excitatory inputs
from the entorhinal cortex onto distal dendrites of CA1 pyramidal neurons (see Introduction
[1.2.b). These two inputs are unaffected by the suppression of KCC2 in dentate granule cells. In
contrast, gamma rhythm emerges from local networks and is more likely to be affected by the
alteration of the dentate firing pattern. Gamma power (25-90 Hz) was not affected in the
dentate gyrus during exploration or REM sleep (Fig 26A-B). However, somewhat surprisingly,
KCC2 suppression in the dentate gyrus induced a decrease in gamma power in the stratum

radiatum of area CA1 during awake exploration (n = 6 rats for controls, 7 for KCC2 suppression).
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Figure 26 : Reduction of slow-gamma power in CA1 following KCC2 suppression in the dentate gyrus

(a) Example traces of 500 ms of LFP recordings with 16-channels silicon probes during awake exploration from rats
infected in the dentate gyrus with a non-target shRNA (black, left) or KCC2-directed shRNA (blue, right). The
localization of the stratum lacunosum molecular was defined by the highest power of theta and CA1 was identified by
the presence of action potentials and of ripples during sleep. Localization of the stratum radiatum is highlighted in
green.

(b) Gamma power in the 25-90 frequency band was measured during exploration (left) and REM sleep (right) using
multi-tapers estimates. Power is represented as a function of the electrode localization. Depth of the electrode is
expressed as the distance with the stratum lacunosum molecular (SLM). * p < 0.05

(c) Gamma power during exploration was further subdivided into slow gamma power (left, 25-55 Hz) and fast gamma
power (right, 60-90 Hz). * p < 0.05

(d) Theta-Gamma coupling during exploration was estimated using the measure of modulatory index described by
Tort et al. 2008 and represented as a function of the electrode localization

Gamma-band activity can be separated in two distinct oscillations: the slow (25-55 Hz) and fast
gamma (60-90 Hz). In CA1, whereas slow gamma is entrained by CA3, fast gamma is generated
by entorhinal afferents (Colgin et al., 2009, Introduction I1.2.d). Interestingly, the decrease in
gamma power observed in the whole gamma range could be explained solely by a decrease in
slow gamma power (Fig 26C). Finally, although slow gamma power was decreased in CAl, its
modulation by theta activity was unaffected as indicated by the absence of changes in its

modulatory index (Fig 26D).

Due to the positioning of our electrodes, | could not record from the CA3 region in our
experiments. However, my data indicate that increased excitability in the dentate gyrus may

result in decrease slow gamma power in CA3 and subsequently in CAl. This observation is
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consistent with the synaptic physiology of the hippocampal network. Indeed, activation of the
dentate gyrus mostly results in inhibition of the CA3 region due to a strong feedforward

inhibition (Acsady et al., 1998; Mori et al., 2007).

To further characterize the downstream effects of KCC2 suppression in the dentate gyrus, |
analyze in more details the sharp-wave ripples during slow-wave sleep. KCC2 suppression in the
dentate gyrus was not sufficient to promote pathological fast-ripples (see Results II- Fig S3). |

then analyzed the features of the ripples recorded in CA1 (Fig 27A).
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Figure 27 : Suppression of KCC2 in the dentate gyrus alters CA1 ripples

(a) Example traces of 200 ms of LFP recordings with 16-channels silicon probes during slow-wave sleep from rat
infected in the dentate gyrus with a non target shRNA (black, left) or KCC2-directed shRNA (blue, right). Note the
presence of the fast ripple oscillation in the CA1 pyramidal layer (highlighted in black and blue respectively) and the
associated sharp-wave in the radiatum.

(b) Cumulative distributions were performed from 185 events per rats (n = 5 and 7 rats) to compare inter-event
intervals (b), the strength of the ripples as evaluated by their envelope amplitude (c) and their duration (d).
Distributions are compared using Kolmogorov-Smirnov test. *** p < 0.001

Although the differences between the two groups are relatively small, | found that ripples

tended to be less frequent (Fig 27B), smaller (Fig 27C) and shorter (Fig 27D) following extinction
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of KCC2 expression in the dentate gyrus. My results are consistent with a recent study
demonstrating that ripples immediately following dentate spikes are smaller (Headley et al.,
2017). The authors did not propose a mechanism for their observation. However, ripples are
elicited by a strong excitatory drive from CA3 while dentate gyrus output on CA3 is mostly
inhibitory (Mori et al., 2007). The combination of these two observations could explain the

inverse relationship between dentate spikes and CA1 sharp-wave ripples.

To test whether the alterations of slow gamma and ripples indeed depend on increased
excitability of dentate gyrus neurons, | analyzed these two activity patterns in recordings from
animals co-infected with either non-target shRNA or KCC2-directed shRNA together with the
inhibitory DREADD hM4D(Gi) following saline or CNO injection (Fig 28).
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Figure 28 : Chemogenetic silencing of dentate gyrus neurons does not rescue deficits in gamma and ripples upon
KCC2 suppression

(a) Slow gamma (25-55 Hz) power was measured in the stratum radiatum, 200 um above the stratum lacunosum
molecular after saline and CNO injection. N = 3 rats per group

(b) Cumulative distributions were realized from 130 events per rats to quantify the inter-event interval and the
envelope amplitude of the ripples.

Surprisingly, CNO injection did not rescue slow gamma power in the stratum radiatum in rats
with suppressed KCC2 expression in the dentate gyrus (n = 3 rats, paired t-test, p = 0.40, Fig
28A). Gamma power in control rats was equally unaffected (n = 3 rats, paired t-test, p = 0.75).
Similarly, ripples features (frequency, envelope amplitude) were not rescued by inhibiting
granule cells via CNO injection (Fig 28B). Animals lacking KCC2 in the dentate gyrus did not
exhibit any changes in rate of ripples (n = 3 rats, 130 events per rats, Kolmogorov-Smirnov, p =
0.29) and displayed slightly smaller ripples (Kolmogorov-Smirnov, p < 0.01). Strikingly, inhibition
of the dentate gyrus by CNO injection considerably degraded ripples in control rats as evidenced
by an increased inter-event interval (n = 3 rats, 130 events per rats, Kolmogorov-Smirnov, p <

0.001) and decreased envelope amplitude (Kolmogorov-Smirnov, p < 0.001).

138



Overall, our results indicate that the modifications of dentate gyrus activity upon chronic KCC2
suppression have downstream consequences on CA1 rhythmogenesis. In particular, slow gamma
power is decreased, and ripples are smaller and shorter. However, our experiments suggest
these effects do not arise from the sole increased excitability of KCC2 knockdown neurons since

they were not rescued by their silencing with hM4D(Gi) activation.
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DISCUSSION

During my PhD, | have characterized the functional impact of a chronic KCC2 suppression in the
dentate gyrus. | discovered a previously unreported interaction between the transporter and the
leak-potassium channel Task-3 that regulates the membrane expression of Task-3. Although |
did not fully elucidate the mechanisms underlying this effect, | showed that downregulation of
KCC2 results in reduced expression and function of Task-3 channels in both heterologous cells
and hippocampal neurons. This in turn increases neuronal excitability through membrane
depolarization and increased resistance and favors the recruitment of dentate granule cells by
entorhinal afferents. In addition, | discovered that KCC2 suppression in hippocampal neurons
unexpectedly preserves steady-state GABAergic transmission. Indeed, the depolarization of the
resting membrane potential in KCC2 knockdown neurons fully compensated their depolarized
reversal potential of GABAergic currents. Overall, increased excitability of dentate granule cells
was sufficient to alter local rhythmogenesis and in particular to increase the amplitude and
frequency of occurrence of dentate spikes during sleep. Together, these observations shed light

on a novel role of KCC2 in controlling neuronal activity through regulation of Task-3 channels.

My results also raise several questions. In particular, | will discuss in this section i) the possible
mechanisms of Task-3 regulation by KCC2 and the relevance of this interaction in the pathology,
ii) the involvement of KCC2 in hippocampal rhythmopathies and iii) the impact of KCC2

suppression on epileptogenesis.

I- A NOVEL NON-CANONICAL ROLE OF KCC2 AS A REGULATOR OF
TASK-3 ACTIVITY

In my study, | demonstrated that KCC2 suppression was accompanied by a strong decrease in
the currents mediated by the leak potassium channel Task-3. Task-3 is one of the 15 members
constituting the family of two-pore domain (K2P) potassium channels (Goldstein et al., 2001). In

contrast to most voltage-gated potassium channels wich possess one pore allowing ion flow and
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6 transmembrane domains, the structure of K2P channels consists of 2 pores and 4

transmembrane domains.

Although the existence of leak-potassium conductance has been postulated for a long time

(Hodgkin and Huxley, 1947), the molecular bases of these currents were only discovered in the

1990s with the identification of the K2P family (Ketchum et al., 1995; Lesage et al., 19963,

1996b). Following studies revealed that the K2P family can be further divided in several

subfamilies with various properties in terms of expression patterns, electrophysiological

properties and regulation (see Tablel). The three main subfamilies of K2P are TWIK (Tandem

two-pore Weakly Inwardly rectifier potassium channel), TREK (Twik-related potassium channel)

and TASK (Twik-related Acid-Sensitive Potassium channel).

Family name

Members

(gene)

Electrophysiological

properties

Pharmacology
(inhibitor /

activator)

Expression

In the CNS

TWIK Tw!kl (KCNK1) y Gi—coupl?d receptor Absent from
(two-pore Weakly | Twik2 (KCNK6) Inward rectifier Acid pH; hvoothal
Inwardly rectifier) KCNK7 PKC VRl E TR

TREK Trek1 (KCNK2) Acid pH; Cortical

. Trek2 (KCNK10) Outward rectifier Mechanical stretch regions and

(Twik-related) .
Traak (KCNK4) Gq protein cerebellum
VEERL ([T Volatile anesthetics
TASK Task2 (KCNKS5) ” : o
(Twik-related Acid- Outward rectifier Gq protein Ubiquitous
Sensiti Task3 (KCNK9) .
ensitive) Acid pH,
Task5 (KCNK15)
TALK
(Twik-related P::ﬁ; (EEEE? Outward rectifier Alkaline pH, /
Alkaline-activated) a ( )
THIK hika ( ) -
(Twik-related Thik1 (KCNK13 e Arachidonic acid
Halothane- | Thik2 (KCNK12) | Outward rectifier Halothane /
inhibited)
TRESK . .
Volatil thet
(Twik-related Tresk (KCNK18) Outward rectifier ot .e Anestnetics Spinal cord
- Calicum, PKC
Spinal Cord)

Table 1 : The K2P family

The diversity of properties of K2P channels is further increased by their capacity to

heterodimerize, thus creating channels with mixed properties (Blin et al., 2016; Lengyel et al.,

2016.; Ma et al., 2012).
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Task channels are sensitive to variations in extracellular pH (Lesage, 2003). Since neighboring
neurons with intact KCC2 expression did not exhibit any modifications of their intrinsic
properties (cf. manuscript, Fig.52), | ruled out a potential role of extracellular pH variation in the
observed effect. This led us to investigate the cell-autonomous mechanisms through which KCC2

could affect Task-3 expression and function.

1. Possible mechanisms for Task-3 regulation by KCC2

The last few years have witnessed increasing interest for KCC2 interactions with protein
partners. A classical standpoint in these studies is to examine how KCC2 interactors influence its
membrane stability and function (M. Chen et al., 2017; Ivakine et al., 2013; Mahadevan et al.,
2014; Wenz et al., 2009) and thereby GABAergic signaling. However, several studies have also
revealed a critical role of KCC2 structural interaction with cytoskeleton components and
regulators for dendritic spine formation (Li et al., 2007) as well as efficacy (Gauvain et al., 2011)
and long-term potentiation (Chevy et al., 2015) of excitatory synapses. Hence, KCC2 within
protein complexes is not only regulated by its partners but can also itself influence their activity
or expression. Based on these observations, | suggest Task-3 membrane expression and function
may be directly controlled by its interaction with KCC2. Indeed, | showed that the two proteins
interact together both in brain extracts and when overexpressed in heterologous cells

(manuscript Fig 3B-C).

How could the interaction between KCC2 and Task-3 influence the expression and function of
the K2P channel ? Possible mechanisms involve regulation of Task-3 function by KCC2
interaction but also decreased membrane stability or deficit in membrane targeting. Using a
neuroblastoma cell line, | revealed that, in the absence of KCC2 expression, Task-3 accumulated
in intracellular compartments thus suggesting a default in membrane targeting (manuscript Fig
3D-E). Yeast 2-hybrid studies have revealed that K2P channels from the Task subfamily interact
with 14-3-3 proteins (Rajan et al., 2002) through their C-terminal domain. 14-3-3 proteins are a
family of chaperone proteins involved in multiple physiological processes such as apoptosis,
control of cell cycle and intracellular trafficking (Fu et al., 2000; Mrowiec and Schwappach,
2006). Membrane expression of Task channels directly correlate with their interaction with 14-3-
3 (O’Kelly et al., 2002; Rajan et al., 2002). A later study showed that Task interaction with 14-3-3

in the C-terminal domain masks the dibasic motif KRR that constitutes a retention signal in the
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endoplasmic reticulum (Zuzarte et al., 2009), thereby enabling the membrane targeting of the
channel. In the absence of 14-3-3, B coatomer protein complex | (COPI) can bind to the KRR
motif, resulting in retention of the protein in the endoplasmic reticulum. Interestingly, a recent
proteomic study of KCC2 identified 14-3-3 as a putative interactor of the transporter
(Mahadevan et al., 2017). Therefore, a seducing hypothesis would be that KCC2 interaction with
Task-3 is required for 14-3-3 binding and subsequent targeting to the plasma membrane of the
K2P channel either due to conformational changes or simply by bringing 14-3-3 and Task-3
closer to favor their interaction. Further studies are still needed to decipher more precisely the
interactions between KCC2, Task-3 and 14-3-3 in order to better understand the potential role of

KCC2 in Task-3 trafficking.

KCC2
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Membrane targeting 14-3-3

Membrane retention
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Figure 29 : Proposed mechanism of regulation of Task-3 by KCC2
In our model, KCC2 interacts with the protein 14-3-3. This interaction favors Task-3 interaction with 14-3-3 and
thereby its targeting to the plasma membrane (left). In absence of KCC2, BCOPI can bind to Task-3 retention domain
KRR, thus constraining the channel in intracellular compartments.

My data suggest that downregulation of Task-3 expression in KCC2 knockdown neurons involves
an alteration of its membrane targeting. However, other mechanisms may also contribute to this
effect, which are not mutually exclusive. They include i) stabilization through direct interaction
at the plasma membrane, ii) modification of the activity of the channel or iii) regulation of gene
expression. Interestingly, during development, expression of Task-3 is upregulated (Aller and
Wisden, 2008) with a timing that matches the developmental upregulation of KCC2. Hence, in
the rat dentate gyrus, levels of KCC2 gradually increase from the second postnatal week (Wang

et al., 2002), which corresponds to the period when Task-3 starts to be expressed in dentate
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granule cells (Aller and Wisden, 2008). Based on these observations, it is tempting to speculate
on a causal relationship between the increase of KCC2 expression and that of Task-3. Yet, the
concomitant upregulation of the two proteins may also only be coincidental. Indeed, Task-3
MRNA levels also gradually increase during development in the cerebellum (Zanzouri et al.,
2006). There, however, the effect seems to involve calcium influx through L-type voltage gated

calcium channels and subsequent calcineurin activation.

Identifying the mechanisms through which Task-3 expression and activity are modified may also
provide relevant information considering the timing of this regulation. This is important since
KCC2 membrane stability can be rapidly regulated by activity (Lee et al., 2007; Chamma et al.,
2013; Heubl et al., 2017). In my study, | only investigated the effect of chronic KCC2 suppression
on Task-3. It would therefore be interesting to determine whether such regulation could also
occur at a fast timescale and rapidly influence cell properties in conditions where KCC2 is

dynamically regulated.

2. Physiological consequences of KCC2 and Task-3 downregulation

Task-3 is widely expressed throughout the central nervous system (Karschin et al., 2001) where
it plays a major role in setting membrane potential and resistance, thereby tightly controlling
neuronal excitability. In line with this broad pattern of expression, suppression of KCC2 and
subsequent loss of Task-3 — mediated conductance considerably increases cell excitability in
dentate granule cells but also in CA1 pyramidal neuron (cf. manuscript, Fig. S3). In the
cerebellum, Task-3 is highly expressed in granule cells but not in Purkinje cells. Interestingly,
conditional KCC2 knockout led to depolarized membrane potential in cerebellar granule cells but
not in Purkinje cells (Seja et al., 2012). Although the authors of this study did not investigate the
specific mechanism of this effect, their observations perfectly fit with a regulation of Task-3

expression and function.

In addition to its role in regulating cellular excitability, Task-3 is also required to sustain high
frequency firing in cerebellar granule cells (Brickley et al., 2007). Although | did not study this
phenomenon in detail, | observed a similar effect in dentate granule cells. Indeed, suppression
of KCC2 and subsequent regulation of Task-3 conductance led to an increased excitability at first

but a decreased ability to maintain high-frequency firing upon high current injection (cf.

147



manuscript Fig 2C). In physiological conditions, this consideration is of little importance in
dentate granule cells since they are known to exhibit sparse firing and rarely fire at high
frequency in vivo (Jung and McNaughton, 1993). However, this could be critical in other cell
types. In particular, Task-3 is expressed in hippocampal parvalbumin (PV) interneurons (Torborg
et al., 2006), which also express KCC2 (Gulyas et al., 2001, unpublished data from our group). My
data thus suggest that suppression of KCC2 in PV interneurons could regulate Task-3 expression,
which would in turn affect their ability to discharge at high frequency. This hypothesis is further
supported by the observation that developmental upregulation of K2P channels, and in
particular of Task-1, in cortical fast-spiking interneurons correlates with an increase of their
maximal firing rate (Okaty et al., 2009). The ability of PV interneuron to fire at high frequency is
critical to maintain the excitation / inhibition balance in the brain but also for the emergence of
specific brain oscillations such as ripples (see Introduction 1l.2.c). Hence, KCC2 suppression in PV
interneurons may have drastic effects on their firing pattern and subsequently on network

activity.

As mentioned in my introduction (part 1.6), KCC2 is dysregulated in many neurological disorders
including epilepsy (Huberfeld et al., 2007) but also neuropathic pain and spasticity following
traumatic injury (Boulenguez et al., 2010), Huntington’s disease (Dargaei et al., 2018) or Rett
syndrome (Duarte et al., 2013). In most cases, since downregulation of KCC2 was associated
with depolarized Egasa, treatments aiming to restore chloride homeostasis such as NKCC1
antagonist have been widely tested and proved beneficial in a number of cases (Lemonnier and
Ben-Ari 2010; Banerjee et al., 2016; Dargaei et al., 2018). However, my data predict that Task-3
function and thereby neuronal excitability may also be affected and contribute to altered
neuronal activity that underlie the physiopathology of these disorders. Such defects would not
be restored by a sole action on chloride homeostasis. Hence, K2P in general and Task-3 in
particular offer novel interesting therapeutic targets that could be used in combination with an

action on neuronal chloride transport.

The interaction between KCC2 and Task-3 is particularly promising in the context of traumatic
nerve injury. Indeed, K2P have been largely studied in the context of neuropathic pain since
their downregulation in somatosensory neurons lead to increased excitability and exacerbated
pain sensation (Plant, 2012). Most studies focused on the function of Trek channels since their
expression is predominant in the dorsal root ganglia neurons (Maingret et al., 2000). However,
interestingly, downregulation of Task-3 has been observed in dorsal root ganglia neurons

following peripheral nerve injury (Pollema-Mays et al., 2013), a protocol which is also known to
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affect KCC2 expression (Gagnon et al., 2013). To the best of my knowledge, to date, no specific
Task-3 opener is available. However, the dihydroacridine analogue (ML67-33) has been found to
selectively and directly activate Trek-1, Trek-2 and TRAAK channels (Bagriantsev et al., 2013)
while a specific Trek-1 opener, Gi-530159, has recently been described (Loucif et al., 2017).
These pharmacological agents might be used to restore altered excitability following KCC2 and
Task-3 downregulation. Although both Task-3 and Trek channels are widely expressed in the
CNS, their expression patterns are not entirely redundant. Thus, Trek channels are much less
expressed in the cerebellum compared with Task channels (Talley et al., 2001). This indicates
that deficits due to Task-3 regulation may not be entirely restored by Trek activation. Thus, my
data advocate for more research on selective Task openers as new therapeutic targets in various

neuronal disorders associated with KCC2 downregulation.

- KCC2 AND HIPPOCAMPAL RHYTHMOPATHY : MECHANISMS AND
CONSEQUENCES

1. Mechanisms of hippocampal rhythmopathy following KCC2 suppression in the

dentate gyrus

Hippocampal rhythmogenesis relies on an exquisite control of GABAergic and glutamatergic
transmissions as well as neuronal intrinsic properties. | showed that KCC2 suppression in
dentate granule resulted in altered network activity, as evidenced by increased amplitude and
frequency of dentate spikes during sleep. At the cellular level, the main effect of KCC2
downregulation was an increased neuronal excitability and EPSP/spike coupling with no change
in the driving force of GABAA receptor mediated transmission. Hence, | hypothesized that
changes in network activity in vivo primarily reflected changes in neuronal excitability observed
in vitro. In support of this hypothesis, | found that chemogenetic hyperpolarization of dentate

granule cells completely rescued dentate spike properties.

The dentate gyrus represents a major entry point to the hippocampus. Due to the sparse firing

properties of dentate granule cells, the region has often been considered as a gate, acting to
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filter inputs from entorhinal afferents into the hippocampal circuit (Hsu, 2007, Introduction
I1.1.b). | therefore asked whether increased excitability of granule might have downwards effects
on the rest of the hippocampal network. Indeed, suppression of KCC2 in the dentate gyrus also
induced a decrease in slow gamma power in CA1l region along with a slight decrease in ripples
envelope amplitude (cf. Fig 26-27). Interestingly, these two rhythms directly depend on the
activity of the CA3 area. Thus, slow gamma is generated in CA3 and propagates to CA1 (Colgin et
al., 2009), while excitatory drive from CA3 is required for ripple formation in CA1 (Buzsaki et al.,
1992). Hence, the changes | observed in slow gamma and ripple activity could reflect a reduced
activity in CA3. This would be consistent with an increased excitability of dentate granule cells
since its relative output on CA3 is mostly inhibitory (Mori et al., 2007). Therefore, | expected that
deficits in slow gamma and ripple activity might also be rescued upon dentate granule cell
chemogenetic silencing. However, this was not the case. Instead, despite a complete rescue of
dentate spike activity upon CNO application in rats injected with hM4D-expressing AAV (cf.
manuscript Fig. 5H), ripple features were further degraded in both control and KCC2 knockdown

animals as evidenced by their decreased envelope amplitude and rate of occurrence.

How may such divergent observations be reconciled ? CNO injection hyperpolarizes granule cells
by its action on the inhibitory DREADD, thereby reducing neuronal excitability. However, in
doing so, it also affects the driving force of GABAA receptor-mediated currents. In the dentate
gyrus, GABAergic transmission is already depolarizing at rest (Staley and Mody, 1992) and yet
inhibitory due to shunting of the membrane resistance (see manuscript Fig 1 and 4).
Hyperpolarizing resting membrane potential of granule cells with hM4D activation will then
further increase the depolarizing driving force of GABAergic transmission, which may then
switch from shunting inhibitory to excitatory. This would then act to strengthen the output of
the dentate gyrus to CA3 despite a decreased intrinsic excitability of granule cells. This may
explain why slow gamma and ripple activity in CA1 were not rescued by chemogenetic silencing.
In contrast, dentate spike activity reflects the direct recruitment of dentate granule cells by their
entorhinal afferents. Hence, they are relatively independent of GABAergic transmission and

could be rescued by hM4D activation in granule cells.

Another possible explanation could be based on altered properties of interneurons. Indeed, in
my study, KCC2-targeted shRNA was expressed under the control of a ubiquitous promoter and

could therefore be expressed in interneurons. To date, the functional impact of KCC2
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suppression in interneurons has not been investigated. However, based on my data as well as
unpublished observations from our group, both intrinsic properties of the interneurons and their
ability to maintain transmembrane chloride gradients may be affected upon KCC2 knockdown.
Subsequent dysregulation of their activity patterns could therefore contribute to the

rhythmopathies | observed.

2. Functional consequences of these alterations

Hippocampal network activity is critical for several cognitive processes and, in particular, for
memory encoding and consolidation. Dentate gyrus is thought to be critical for its ability to
implement pattern separation thus allowing discrimination between different contexts (O’Reilly
and McClelland, 1994, see Introduction Il.1.c). In line with this idea, dentate gyrus activity has
been shown critical for memory encoding in contextual fear conditioning tasks (Bernier et al.,
2017; Kheirbek et al., 2013). Inhibiting dentate activity during recall phase also impaired
memory performance but only when animals had to distinguish between very similar contexts
(Bernier et al., 2017). The ability of the dentate gyrus to perform pattern separation is thought
to rely on its sparse firing. Indeed, sparse optogenetic activation of dentate granule cells during
recall phase specifically impairs contextual memory in a fear conditioning protocol (Cho et al.,
2017). This set of experiments highlights the importance of a strict regulation of dentate
excitability since both inhibition and additional sparse activation are sufficient to alter mnesic
performances. | showed that chronic KCC2 knockdown in the dentate gyrus increased local
activity by promoting the recruitment of granule cells by entorhinal afferents. Based on the
literature, | predict this could induce deficits in contextual memory tasks, a hypothesis which
could be tested using a contextual fear memory paradigm. However, | did not have time to set

up this experiment in our laboratory during my thesis.

The aforementioned studies mainly focused on dentate gyrus function during encoding and
recall phases. Nevertheless, | showed that enhanced excitability of dentate granule cells also
affects sleep rhythmogenesis by increasing dentate spikes amplitude and frequency. This could
also induce memory deficits since a recent study showed that electrical stimulations of the
hippocampus impair associative learning when coupled to dentate spikes (Nokia et al., 2017).

Two additional observations may however complicate the interpretation of potential memory
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deficits following KCC2 suppression in the dentate gyrus. First, | observed a slight decrease in
ripple envelope amplitude upon KCC2 knockdown. Ripples have been shown to play a
predominant role in both memory encoding and consolidation (Ego-Stengel and Wilson, 2010;
Girardeau et al., 2009; Jadhav et al., 2012). Hence their alteration could contribute to cognitive
defects. In addition, a previous study from our lab revealed that KCC2 suppression precludes
long-term potentiation at glutamatergic synapses (Chevy et al., 2015) which constitutes one of

the cellular bases of memory encoding.

Many neurological and psychiatric disorders associated with reduced KCC2 expression include
cognitive deficits. In several studies, restoring chloride homeostasis with NKCC1 antagonist
improved performance in some cognitive tasks (Deidda et al., 2016; Dargaei et al. 2018), arguing
for the importance of rescuing GABA signaling. However, as | have shown in t,his thesis, KCC2
suppression triggers a variety of cellular and synaptic alterations that likely compromise network
activity and may then contribute to cognitive deficits. A better understanding of the precise
mechanisms underlying these deficits may then permit to best compensate them in the
pathology. To this end, studies aiming to decipher the role of KCC2 in memory through
regulation of long-term potentiation of glutamatergic synapses, GABAergic transmission or

hippocampal rhythmogenesis are currently being carried in our lab.

lll-  KCC2IN EPILEPTOGENESIS

One of the original objectives of my PhD work was to examine the potential causal link between
KCC2 downregulation and epileptogenesis. As discussed in my introduction (see Introduction
I.5), in spite of years of extensive research on the subject, convincing evidence for this causality
is still lacking. In particular, it has been difficult to test whether KCC2 downregulation is a cause
or a mere consequence of epilepsy. | therefore chose an experimental paradigm based on
chronic KCC2 extinction in adult animals. This paradigm was superior to studying mutant or KO
animals as these may have profound consequences on the developing brain as well as on the

maturation of glutamatergic synapses (Li et al., 2007).
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In spite of a large longitudinal spread of infection (~ 1.5 - 2 mm, thus covering most of the dorsal
hippocampus, manuscript Fig 5B), | showed that lentiviral-based suppression of KCC2 in dentate
granule was not sufficient to trigger spontaneous seizures. Furthermore, using intrahippocampal
recordings, | did not record abnormal, epileptiform activities. Finally, susceptibility to seizures in
the pilocarpine model was not reduced upon KCC2 suppression (manuscript Fig S5). These
observations question the importance of KCC2 downregulation in the dentate gyrus in the

context of epileptogenesis.

Dentate granule cells receive considerable excitatory inputs from the entorhinal cortex with a
single cell receiving inputs from up to 5000 entorhinal neurons (Patton and McNaughton, 1995).
However, despite this intense excitatory drive, activity in the dentate gyrus is particularly sparse
with a majority of neurons exhibiting firing rate < 0.5 Hz in vivo (Jung and McNaughton, 1993).
This pattern of activity relies on specific cellular properties of dentate granule cells such as their
hyperpolarized membrane potential (see Introduction Il.1.a) and has been suggested to be
essential in the context of epilepsy (Introduction 11.3.a). Indeed, the DG can prevent the relay of
abnormal hypersynchronous activity from the entorhinal cortex to the hippocampus. This
phenomenon has been called “dentate gating” (Heinemann et al., 1992). In contrast, maximal
dentate activation triggered by electrical stimulations elicits synchronous epileptiform
discharges that propagate to CA3 and CAl (Lothman et al.,, 1992) indicating that
hyperexcitability of the DG may favor or even initiate pathological activity in the hippocampus.
In line with this hypothesis, in human organotypic slices resected from epileptic patients,
spontaneous epileptiform activity can be generated in the dentate gyrus — although less often
than in the subiculum - and propagate to other hippocampal regions (Eugene et al., 2014). The
loss of dentate gating may be particularly relevant in the context of traumatic brain injury (TBI),
a condition highly correlated with further development of temporal lobe epilepsy (Jennett et al.,
1975). Indeed, brain trauma results in increased excitability of dentate granule cells and massive
loss of hilar interneurons (Lowenstein et al., 1992). Additionally, KCC2 mRNA and protein levels
are downregulated in the dentate gyrus following fluid percussion injury leading to depolarized
reversal potential of GABAergic currents and impaired chloride extrusion capacity (Bonislawski
et al., 2007). Downregulation of KCC2 is also observed in the dentate gyrus during two weeks
following pilocarpine-induced seizures (Pathak et al., 2007; Kourdougli et al., 2017). In this latter
study, authors identified a novel mechanism through which downregulation of KCC2 and
subsequent depolarizing GABA signaling triggers mossy fibers sprouting (Kourdougli et al., 2017).

This effect depended on impaired chloride homeostasis and activation of pan neurotrophin
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receptor p75N™. Thus, blocking NKCC1 or p75N™® activation reduced mossy fiber sprouting and
seizure frequency during the chronic phase of epilepsy. Hence, a transient decrease of KCC2
function might participate in the long-term impairment of dentate gating by favoring the
establishment aberrant recurrent excitatory connections. However, in my experiments, | did not
observe mossy fiber sprouting following KCC2 suppression in dentate granule cells suggesting

that other mechanisms may also be at play to promote sprouting upon TBI.

How may my results be reconciled with this set of observations ? First, both in the TBI and in the
pilocarpine model, KCC2 suppression is massive throughout the dentate gyrus. In contrast, since
downregulation of KCC2 was only observed in about 30% of principal cells in epileptic patients
(Huberfeld et al., 2007), | chose a model of lentiviral-based knockdown of KCC2 expression
resulting in only a fraction of infected cells. Furthermore, in the pilocarpine model, the
downregulation of KCC2 was paralleled by an increase in NKCC1 protein levels (Kourdougli et al.,
2017). A similar upregulation of NKCC1 mRNA levels was described in the subiculum of epileptic
patients (Palma et al.,, 2006). This produces an even greater shift in intraneuronal chloride
concentration and may enhance the pathological consequences of dysregulated chloride
homeostasis. In my study, although | did not specifically test this point, shRNA-induced KCC2
suppression of KCC2 is not expected to modify NKCC1 expression. In contrast and somewhat
unexpectedly, | showed that steady-state GABAergic transmission was not affected by chronic
KCC2 suppression. Indeed, depolarization of Egaea Was accompanied by a depolarizing shift of
the membrane potential of similar magnitude. Nevertheless, in the absence of KCC2, neuronal
chloride extrusion capacity is drastically reduced (Pellegrino et al., 2011; Gauvain et al., 2011)
thereby impairing the ability of the neuron to cope with massive activation of GABAA receptors.
Hence, although steady state GABA signaling was unaffected, KCC2 suppression may still alter
GABA transmission during repetitive activation thereby affecting network activity. This point
should be tested experimentally in gramicidin-perforated patch recordings such as in Fig 1.
However, it is common knowledge that such recordings are extremely unstable and | was not

able to include this paradigm during my gramicidin-perforated patch recordings

My data also strongly contrast with two recent studies suggesting that dysregulation of chloride
homeostasis in a subset of principal neurons could be sufficient to favor the emergence of
pathological events (Alfonsa et al., 2015; Buchin et al., 2016). However, several parameters

differ between my study and these two publications. In the first study, the authors took
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advantage of optogenetic tools to artificially load neurons with chloride ions and examined the
subsequent effects on network activity. They observed this load was sufficient to increase
excitability of the network and generate high-frequency oscillations reminiscent of epileptic fast-
ripples. Based on further modeling studies, they suggested a simple shift in Egaga in a small
proportion of neurons could be sufficient to favor the emergence of these pathological
oscillations. However, their observations and models are only based on the effect of raised
intraneuronal chloride in absence of other concomitant changes. This is therefore quite different
from the effect of KCC2 suppression which, as | showed in my data, mainly impact neuronal
excitability while preserving GABA transmission at rest. In Buchin et al., the authors modeled a
subicular network and investigated the effect of the suppression of KCC2 in principal neurons.
They showed that suppressing KCC2 in 40% of the neurons was sufficient to trigger ictal activity.
Nevertheless, as | described in my introduction (see Introduction 1.5.d), this computational
model presents several limitations (including a lack of perisomatic inhibition and the use of high,
non-physiological extracellular potassium concentration). Furthermore, there again, the effect

of KCC2 knockdown on intrinsic properties of the neuron was not taken into account.

Aside from GABAergic transmission, | observed an increased activity of dentate granule cells
upon KCC2 knockdown. Consequently, my results could still predict an impaired dentate gating
through enhanced recruitment of granule cells. Yet, | did not observe increased susceptibility to
seizures induced by pilocarpine injection upon KCC2 suppression. It should however be noted
that systemic pilocarpine injection triggers generalized seizures (Cavalheiro et al., 1991) and may
mask the effects of a local increase of dentate excitability. Hence, in my model, testing seizure
susceptibility may be better assessed using an induction protocol targeting more specifically the
dentate gyrus, such as intra-hippocampal kainate infusion or electrical kindling of the perforant
path. Hence, it would be interesting to implement these new models in our laboratory in the

future to test this hypothesis.

Overall, my results highlighted a novel pathway through which loss of KCC2 increases network
activity. Yet, | did not observe evidence supporting a direct causal relationship between KCC2
downregulation and the emergence of epileptiform activity. Based on data from TBI and
pilocarpine models, | targeted the dorsal dentate gyrus in my study. However, data from
epileptic patients suggest that temporal hippocampus may play a major role in epileptogenesis

since seizure onset mainly occurs near the temporal pole of the hippocampus (which
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corresponds to the ventral part in rodents) (King et al., 1997). More specifically, several lines of
evidence suggest the subiculum may have a prominent role in ictogenesis in TLE. Thus, in vitro
studies showed that the subiculum gates the propagation of epileptic activity to the
hippocampus (Behr and Heinemann, 1996). In particular, in rat slices, epileptiform activity was
generated in the subiculum and back-propagated to CA1 (Harris and Stewart, 2001). This could
be partly favored by the sprouting and reorganization of the connections between CA1 and the
subiculum in epilepsy (Cavazos et al., 2004), although CA1 is most often sclerotic in the epileptic
hippocampus (Coras and Blimcke, 2015). Consistent with these observations, the earliest signs
of pre-ictal activity were recorded in the ventral hippocampus and in particular in the ventral
subiculum in a pilocarpine model of TLE in rodents (Toyoda et al., 2013). Subsequent studies
from the same group revealed that during the pre-ictal phase, firing of principal cells gradually
increased in the DG, the subiculum and to a lesser extent in CA1 but not in CA3 (Fujita et al.,
2014). Additionally, in the subiculum, about 20 % of the regular-firing cells (likely principal
neurons) switched to a bursting mode. This may then contribute to ictogenesis since bursting
cells were shown to initiate epileptiform activity in a 0 Mg?** slice model of epilepsy (Menendez
de la Prida and Gal, 2004). Finally, increased firing of subicular interneurons was identified more
than 4 minutes prior to the ictal activity (Toyoda et al., 2015). Altogether, these studies indicate
that major network changes occur before seizure onset in the ventral subiculum and to a lesser
degree in the ventral DG and CA1l but not in CA3 region. Although no precise mechanism
underlying these changes has been identified yet, these observations clearly point to a critical

role of the ventral subiculum in ictogenesis in TLE.

IV-  GENERAL CONCLUSION

During my PhD, | aimed to describe the cellular and network alterations following KCC2
downregulation in order to better understand its impact in disorders such as epilepsy. My
results shed light on a novel critical function of KCC2 in regulating neuronal excitability through
its interaction with Task-3 channels. In dentate granule cells, this effect was predominant over
all previously described synaptic modifications. Therefore, | propose that this regulation could
underlie several of the symptoms observed in disorders associated with KCC2 downregulation.
In particular, | suggest that suppression of KCC2 could result in memory deficits primarily due to

enhanced neuronal excitability and altered hippocampal rhythmogenesis. Most importantly, my
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work predicts that acting on chloride homeostasis (and GABAergic transmission) alone with
bumetanide may not fully compensate for the lack of KCC2. In contrast, it suggests leak
potassium channels as novel potential therapeutic targets to compensate for deficits induced by
KCC2 downregulation. | propose that combined use of bumetanide and potassium channels

openers may represent a promising therapeutic strategy in several neurological and psychiatric

disorders.
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KCC2 forms clusters in dendritic spines (Chamma et al., 2013; Gauvain et al., 2011; Gulyas et al.,
2001). Previous work from our team showed that KCC2 interaction with spine actin cytoskeleton
through the FERM-domain protein protein 4.1N was critical to maintain the synaptic pool of
AMPA receptors (Gauvain et al.,, 2011). Hence, KCC2 acts as a diffusion barrier for
transmembrane proteins within spine head and hinders their lateral diffusion. Suppressing KCC2
therefore leads to an escape of perisynaptic, GluAl-containing AMPARs and a subsequent
decreased efficacy of glutamatergic synapses (Gauvain et al., 2011). Since lateral diffusion of
AMPARs is critical to the expression of long-term potentiation (LTP) at most glutamatergic
synapses (e.g., Makino and Malinow, 2009), we asked whether KCC2 downregulation may also

affect LTP.

Our results show that:
e LTP is compromised upon KCC2 suppression by inhibition of activity-driven AMPAR
exocytosis downstream NMDAR and CaMKIl activation
e This effect is associated with activation of the Rac1/PAK pathway, cofilin inhibition and
enhanced F-actin in dendritic spine

e LTP can be rescued by preventing cofilin inhibition upon KCC2 suppression.

In conclusion these results reveal a novel function for KCC2 at glutamatergic synapses for
controlling both actin cytoskeleton dynamics and the expression of long-term potentiation. They
suggest that dysregulation of KCC2, as observed in many neurological conditions, could underlie
cognitive deficits due to impaired interactions with protein partners, independently of
GABAergic transmission. My contribution to this work was to provide analytical tools to study
the distribution of actin in dendritic spines and to perform stereotaxic injections for ex vivo

study of LTP.
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KCC2 Gates Activity-Driven AMPA Receptor Traffic through
Cofilin Phosphorylation
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Expression of the neuronal K/Cl transporter KCC2 is tightly regulated throughout development and by both normal and pathological
neuronal activity. Changes in KCC2 expression have often been associated with altered chloride homeostasis and GABA signaling.
However, recent evidence supports a role of KCC2 in the development and function of glutamatergic synapses through mechanisms that
remain poorly understood. Here we show that suppressing KCC2 expression in rat hippocampal neurons precludes long-term potentia-
tion of glutamatergic synapses specifically by preventing activity-driven membrane delivery of AMPA receptors. This effect is indepen-
dent of KCC2 transporter function and can be accounted for by increased Racl/PAK- and LIMK-dependent cofilin phosphorylation and
actin polymerization in dendritic spines. Our results demonstrate that KCC2 plays a critical role in the regulation of spine actin cytoskel-

eton and gates long-term plasticity at excitatory synapses in cortical neurons.

Key words: actin; AMPA receptor; KCC2; spine; STED microscopy; synaptic plasticity
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ignificance Statement

function and long term plasticity.

Changes in the expression of neuronal chloride transporters, such as KCC2, occur during postnatal development and are induced
in a variety of neurological and psychiatric conditions. Such changes are expected to primarily impact GABA signaling because
GABAA receptors are predominantly permeable to chloride ions. However, the KCC2 transporter forms clusters near glutamater-
gic synapses and interacts with several actin-related proteins. We show that KCC2 is strictly required for LTP expression at
hippocampal excitatory synapses. This effect is due to KCC2 interaction with the Rac1/PAK signaling pathway that controls actin
polymerization. Suppressing this interaction promotes actin polymerization thereby hindering AMPA receptor traffic upon KCC2
suppression. Alterations of KCC2 expression therefore impact not only GABAergic signaling but also glutamatergic synaptic

~
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Introduction
Fast synaptic inhibition in the brain relies on activation of
chloride-permeant GABAA and glycine receptor channels.
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Hence, chloride homeostasis is critical to maintain the efficacy
and polarity of signals mediated by these receptors. In mature
neurons, transmembrane Cl gradients are primarily established
by opposing actions of the NKCC1 and KCC2 cotransporters,
resulting in a net efflux of chloride (Blaesse et al., 2009). Upregu-
lation of KCC2 expression during development is associated with
a progressive hyperpolarizing shift in the reversal potential of
IPSCs (Rivera et al., 1999). KCC2 may also be rapidly downregu-
lated by neuronal activity through post-translational modifica-
tions (Chamma et al., 2012) as well as modifications at the
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transcriptional level in a variety of neurological and psychiatric
disorders (Coull et al., 2003; Cohen et al., 2002; Boulenguez et al.,
2010; Tyzio et al., 2014). Because most of these conditions are
associated with partial loss of inhibition, high expectations are
put on diuretic drugs that may act to compensate for the loss of
KCC2 function and thereby restore neuronal chloride homeosta-
sis and synaptic inhibition (Kahle et al., 2008; Gagnon et al., 2013;
Loscher et al., 2013).

KCC2, however, is not specifically enriched near GABAergic
synapses but instead shows diffuse somatodendritic distribution
with large clusters in dendritic spines near postsynaptic densities
(Gulyas et al., 2001; Chamma et al., 2013), suggestive of interac-
tions with glutamatergic signaling. Precocious expression of
recombinant KCC2 in embryonic cortical neurons leads to exu-
berant spinogenesis and excitatory synapse density (Fiumelli et
al., 2013). Conversely, genetic ablation of KCC2 precludes spine
morphogenesis and excitatory synapse formation (Li et al., 2007),
whereas chronic KCC2 suppression in mature neurons reduces
the confinement of several transmembrane proteins, including
AMPARs within dendritic spines (Gauvain et al., 2011). Interest-
ingly, these effects are independent of ion transport and instead
involve KCC2 interactions with intracellular partners. KCC2 has
been shown to be engaged in variety of protein interactions that
may impact its aggregation and function in dendritic spines
(Medina et al., 2014). These include synaptic proteins, such as
GluK2 (Mahadevan et al., 2014) and its interacting protein Neto2
(Ivakine et al., 2013), acting to enhance KCC2 membrane stabil-
ity, as well as actin-related proteins, such as 4.1N (Li et al., 2007)
and BPIX (Llano et al.,, 2015), which may influence KCC2 an-
choring to spine cytoskeleton (Chamma et al., 2013) and actin
polymerization (Saneyoshi et al., 2008), respectively. Such in-
teractions are therefore predicted to influence spine actin
cytoskeleton.

Dendritic spines exhibit various forms of activity-driven plas-
ticity leading to coordinated modulation of their structure and
synaptic function (Bosch and Hayashi, 2012). Long-term poten-
tiation (LTP) of excitatory synapses involves synaptic transloca-
tion of proteins, including AMPARs (Malinow and Malenka,
2002) and a persistent increase in spine volume (Kopec et al.,
2006; Harvey and Svoboda, 2007). The two processes are mech-
anistically correlated (Kopec et al., 2007) and rely on rapid re-
modeling of actin cytoskeleton within dendritic spines. This
remodeling may be both permissive for activity-driven AMPA
receptor membrane insertion (Gu et al., 2010) and lateral diffu-
sion (Rust et al., 2010) as well as required for spine head enlarge-
ment (Okamoto et al., 2004). Here, we therefore tested whether
the reciprocal interaction between KCC2 and spine actin cyto-
skeleton may impact LTP at excitatory synapses in hippocampal
neurons. We show that KCC2 is strictly required for LTP expres-
sion and that suppressing KCC2 expression or protein interac-
tions with its carboxy-terminal domain prevents activity-driven
membrane insertion of AMPARSs. This effect reflects remodeling
of F-actin in dendritic spines due to Racl/PAK- and LIMK-
dependent inhibition of cofilin. Our results reveal that KCC2
plays a critical role at mature cortical excitatory synapses where it
not only controls synaptic efficacy but also gates the expression of
long-term plasticity.

Materials and Methods

DNA and lentiviral constructs. Rat Slc12a5-specific and nontarget ShRNA
sequences (Gauvain et al., 2011) were inserted in a pGeneClip hMGFP
vector (Promega) for neuronal transfection in vitro. For some experi-
ments requiring massive transduction (see Figs. 1, 4E, 7A), the same
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sequences were introduced in pTRIP vector under U6 promoter and used
to produce purified lentiviral particles (titer 7-9 X 10° IU/ml, UNC
Vector Core facility). Knockdown efficiency was verified by both immu-
nohistochemistry (see Fig. 1B) and Western blotting (—70%, p = 0.04).
The pEGFP-N1 vector used in some experiments was from Clontech. The
GluA1-superecliptic pHluorin (SEP) construct in pCI vector from the Ma-
linow laboratory (Kopec et al., 2006) was obtained from Addgene. Rat
KCC2-CTD (amino acids 637-1116) was cloned into the pEGFP-IRES
vector as described previously (Gauvain et al., 2011). The LifeAct Venus
construct was obtained by replacing GFP by Venus sequence from a
pCMV LifeAct-GFP2 construct (Gauvain et al, 2011). mCherry-
tCaMKII was obtained by replacing GFP by mCherry from GFP-
tCaMKII plasmid from the Malinow laboratory. mCherry-tCaMKII was
then cloned into a pCMV-Tet3G-TRE vector (Clontech) to allow for
doxycycline-induced expression (TET-ON system). For rescue experi-
ments, recombinant KCC2 4904 -4924 nucleotide sequence AAC GAG
GTC ATC GTG AAT AAA TCC was replaced with AAT GAA GTT ATT
GTT AAC AAG TCT to preserve amino acid sequence. Rescue efficacy
was verified both by KCC2 immunocytochemistry and in electrophysio-
logical assays of chloride extrusion (data not shown).

Cell culture and transfection. Hippocampal neurons were prepared as
described previously (Gauvain et al.,, 2011) from embryonic day 19
Sprague Dawley rat pups. After dissociation, cells were plated on
polyornithine-coated glass coverslips at a density of 3.4 X 10* cells/cm ~>
and maintained in a CO, incubator set at 37°C in a culture medium
composed of Neurobasal supplemented with B27 (Invitrogen), 2 mm
glutamine, and penicillin/streptomycin. After 2 weeks, neurons were
transfected using transfectin (Bio-Rad) according to the manufacturer’s
instructions (with 1 ug DNA for 3 ul transfectin per well). Neurons were
then used for biological assays within 7-10 d. KCC2 extinction by RNA
interference was detected from 4 d after transfection (Gauvain et al.,
2011). To maintain a similar timeframe, pharmacological blockade ex-
periments were performed by applying the specific KCC2 antagonist
VU0240551 (6 um) for 3 days.

In some experiments shown in Figure 8, neurons were exposed to
LIMK or GTPase inhibitors. Ser3 peptide was synthesized by Proteoge-
nix and contained the 16 N-terminal amino-acid sequence of cofilin
(MASGVAVSDGVIKVEN) fused after 3 glycine residues to the penetra-
tin sequence (RQIKIWFQNRRMKWKK), as described previously (Gu et
al., 2010). Ser3 peptide (20 pug/ml), LIMKi (10 um in DMSO, Millipore),
and Rhosin (30 um, Millipore) were applied onto neuron cultures for
4-5 h before experiments. IPA-3 (5 um, Millipore) was applied for 24 h.
LIMKIi, IPA-3, and Rhosin were also present during recordings.

Electrophysiology. Cultured neurons were recorded at 31°C under su-
perfusion with a HEPES-buffered, artificial CSF (H-ACSF) containing
(in mm) the following: 125 NaCl, 20 p-glucose, 10 HEPES, 4 MgCl,, 2
KCl, 1 CaCl,, pH 7.4. For miniature EPSC (mEPSC) recordings, neurons
were recorded in whole-cell configuration with borosilicate glass mi-
cropipettes filled with a solution containing (in mm) the following: 110
CsMeSO,, 20 CsCl, 10 HEPES, 10 EGTA, 4 MgATP, and 0.4 Na,GTP, pH
7.4. Cells were held at —70 mV, and mEPSCs were isolated by adding
TTX (1 uMm) and bicuculline methochloride (20 um) to the extracellular
solution. Currents were recorded with a Multiclamp 700B amplifier
(Molecular Devices), filtered at 2 kHz, and digitized at 20 kHz. Access
and input resistance were regularly monitored with —5 mV voltage steps.
mEPSCs were detected and analyzed offline using Detectivent software.

Chemical LTP (cLTP) was induced as described previously (Kopec et
al., 2006) by switching extracellular solution for 16 min to a nominally
Mg-free solution containing (in mMm) the following: 125 NaCl, 20
D-glucose, 10 HEPES, 2 KCl, 5 CaCl,, pH 7.4, supplemented with 50 um
forskolin, 0.1 w™m rolipram, and 20 um bicuculline. Forskolin and rolip-
ram stock solutions were prepared in anhydrous DMSO, leading to a
final DMSO concentration of 0.2%. Hence, control experiments in-
volved a 16 min application of a solution containing an equivalent
DMSO concentration.

For ex vivo field EPSP (fEPSP) recordings, 3-week-old male Wistar rats
were anesthetized by intraperitoneal injection of ketamine/xylazine (of
75/10 mg/kg). Rats were head-fixed into a stereotaxic apparatus, and
holes were drilled bilaterally in the skull above the dorsal hippocampus
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(from bregma: —3.3 mm anteroposterior, 2.3 mm mediolateral, —3.0
mm dorsoventral); 1 ul of a concentrated lentiviral solution (diluted at
1:10 from a titer of 375—-440 ng/ml p24, as detected by ELISA) was in-
jected in each site. After 2 weeks, acute hippocampal slices were prepared.
Rats were anesthetized and perfused with ice-cold cutting solution con-
taining the following (in mm): 110 choline chloride, 25 NaHCO3, 1.25
NaH,PO,, 2.5 KCl, 0.5 CaCl,, 7 MgCl,, 25 glucose, 11.6 ascorbic acid,
and 3.1 pyruvic acid. The brain was then rapidly removed, and 450-um-
thick parasagital slices were prepared with a vibratome (Microm,
Thermo Fisher). Slices were then transferred and allowed to recover for
1 h in an interface chamber filled with bicarbonate-buffered ACSF (B-
ACSF) preheated at 37°C and oxygenated with 5% CO, in O,, containing
the following (in mm): 124 NaCl, 1 NaH,PO,, 26.2 NaHCO;, 2.5 KCl, 11
glucose, 1.6 CaCl,, 1.2 MgCl,. For recordings, slices were transferred in a
submerged recording chamber and superperfused with B-ACSF after a
cut was made between the CA3 and CA1 areas. A recording borosilicate
glass pipette (2—4 M(2) filled with B-ACSF was inserted in the molecular
layer of a densely infected dentate gyrus area, and a tungsten bipolar
electrode (0.5 M{)) was used to stimulate the perforant pathway. fEPSPs
were recorded in the presence of the GABAA receptor antagonist bicuc-
ulline methochloride (20 um), using a Multiclamp 700B amplifier (Mo-
lecular Devices) low-pass filtered at 5 kHz, and digitized at 20 kHz. fEPSP
slopes were analyzed offline using Clampfit software (Molecular De-
vices). Briefly, baseline potential was set to zero, and recordings were
low-pass filtered at 1 kHz using a Bessel filter. The initial slope of the
fEPSP was then automatically measured using a 1 ms time-window man-
ually positioned at the onset of the fEPSP. Data were acquired and ana-
lyzed blind to the experimental condition.

Immunocytochemistry and fluorescence image acquisition. Cultures
were fixed in 4% PFA and permeabilized with 0.2% Triton X-100 in PBS.
KCC2 immunostaining was performed using rat KCC2 antibody (1:400,
Sigma-Aldrich) and Cy3-coupled goat anti-rabbit (1:400); 4.1N (1:500,
BD Biosciences) immunostainings were performed after methanol fixa-
tion and permeabilization (10 min at —20°C) and revealed with Cy3-
coupled donkey anti-mouse antibodies (1:400). GFP immunostainings
were performed using GFP (1:1000, Millipore Bioscience Research Re-
agents) and Alexa-488-coupled goat anti-chicken secondary antibodies
(1:400). Racl GEF and GAP immunostaining was performed after 5 min
fixation in 4% PFA by overnight incubation at 4°C with rabbit BPIX
(1:100, Millipore) and monoclonal G protein-coupled receptor kinase-
interacting protein 1 (GIT1, 1:100, clone N39B-8, Anticorpsenligne) an-
tibodies, as in Smith et al. (2014). All secondary antibodies were from
Jackson ImmunoResearch Laboratories. Alexa-456-coupled phalloidin
(1:250, Invitrogen) was sometimes added, in the absence of serum, to
stain F-actin.

Neurons were then imaged on a Leica DM6000 upright microscope
using 40X (1.25 NA, for KCC2 immunofluorescence) or 100X (1.40 NA,
for all other experiments) objectives. Images were acquired with a 12-bit
cooled CCD camera (Micromax or Coolsnap fx, Roper Scientific) oper-
ated with MetaMorph (Molecular Devices). For quantification, cultures
were stained simultaneously and images were acquired using the same
exposure time. Mean or integrated fluorescence intensities were then
quantified using Image], blind to the experimental conditions. Normal-
ization was performed for each culture by dividing mean fluorescence
intensity from each cell by the average of the mean fluorescence intensity
of all cells of the control group.

Immunohistochemistry and fluorescence image acquisition. P40 rats
were anesthetized by intraperitoneal injection of ketamine/xylazine and
perfused transcardially with 4% PFA in PBS. Brains were then removed,
postfixed overnight, and stored at —20°C in 30% ethylene glycol and
30% glycerol in PBS. Parasagital sections (40 wm thick) were obtained
using a cryotome. Brain slices were preincubated 1 h with 0.5% Triton
and 10% goat serum in PBS and incubated overnight at 4°C with the
primary antibodies: GFP (chicken, 1:1000, Millipore Bioscience Research
Reagents), KCC2 (rabbit, 1:400, Millipore). Slices were then incubated
1 h with secondary antibodies (goat CY3-coupled and donkey FITC-
coupled directed against rabbit and chicken antibodies, respectively) and
mounted with Mowiol/Dabco (25 mg/ml). Stacks of 10—40 sections (0.2
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um apart) were acquired using an upright confocal microscope (Leica
TCS SP5, 40X/1.25 NA objective).

GluA-SEP fluorescence and spine tracking. Neurons expressing GluA1/
2-SEP and mCherry were maintained at 37°C in a thermostatted cham-
ber and superfused with H-ACSF preheated at 37°C. Time-lapse confocal
images of neurons were acquired using an inverted spinning-disc micro-
scope (Leica DMI4000, Yokogawa CS20 spinning Nipkow disk, 100X/
1.4 NA objective). At every time point, neurons were successively
illuminated by 491 nm/561 nm light from an Ar/Kr laser. Emitted light
was collected using corresponding emission filters (525-39 and 607-36
nm) and a cooled EM-CCD camera (512 X 512, 16 wm pixel size).
Importantly, laser intensity, time of illumination, and acquisition pa-
rameters of the camera remained identical to allow comparison between
experiments and bleach correction. An X, Y, Z motorized platform
(Mérzhduser) was used to perform acquisition from multiple neurons
and z-stacks (6 wm stack, 0.2 wm steps).

Confocal stacks were analyzed with Neuronstudio (Dumitriu et al.,
2011), blind to experimental conditions, to quantify changes in spine
head volume overtime using the mCherry channel. Only spines that
could be accurately followed over the entire experiments were measured.
Spine volumes from each cell were then averaged to test statistical signif-
icance. SEP fluorescence was measured on registered maximal projection
in z of confocal stacks. ROIs were automatically drawn around the entire
dendrites using thresholded mCherry signal, and mean SEP fluorescence
intensity was calculated. Fluorescence intensity values were then
background-subtracted and bleach-corrected. Normalization of SEP in-
tensity was performed for each cell by dividing the mean fluorescence
intensity by the average of fluorescence intensities of the three time
points before cLTP induction.

In experiments using NH, Cl application to collapse transmembrane
pH gradients (Ashby et al., 2006) (see Fig. 3), rapid alkalization of intra-
cellular compartments due to passive NH; diffusion through membranes
was followed by a delayed, rebound acidification, likely reflecting KCC2-
mediated ammonium transport (Tietz et al., 1999). Accordingly, this
rebound acidification was not observed in neurons with suppressed
KCC2 expression, whereas the initial alkalization was unaffected (data
not shown). We therefore always measured SEP fluorescence before the
onset of the rebound acidification (<7 min).

In experiments shown in Figure 4, «CaMKII, _,,, expression was in-
duced by 24 h application of doxycycline (2 pwg/ml). Neurons were then
maintained in H-ACSF in a thermostatted chamber for acquisition using
an upright confocal microscope (Leica TCS SP5, 40X/0.8 NA, water-
immersion objective). GluA1-SEP and mCherry were successively ex-
cited by 488 nm (Ar laser) and 561 nm (HeNe laser), and emitted
fluorescence was filtered by 500—600 nm and 570-700 nm (Leica
AOBS). Pinhole was set as fully open (600 wm, 10 wm thickness) to
collect fluorescence originating from the entire dendritic section. Laser
power and scanning parameters were maintained identical to allow
quantitative measurements and comparison of SEP fluorescence be-
tween conditions. All mCherry-positive neurons were imaged, and
GluA1-SEP-negative neurons were discarded during the analysis process.

STED microscopy. Neurons expressing LifeAct-Venus and mCherry
were fixed and mounted in mowiol. The STED microscope consisted of
an inverted Leica TCS SP5 STED CW microscope with a 100X/1.4 NA
objective, 488 nm Ar laser, 594 HeNe laser, and 561 nm 10 mW DPSS
laser for depletion, nonresonant galvanometer mirror (used at 400 Hz,
1024 X 1024, 28.7 nm pixel size), Leica AOBS for emission filters, and
GaAsP hybrid detectors (HyD). Focusing onto dendritic spines was per-
formed using the mCherry signal, and a single confocal slice was acquired
for each dendritic section. Diffraction limited- and STED-resolution im-
ages of LifeAct-Venus were successively acquired. STED images were
then deconvolved using special Leica CW-STED plugin of Huygens
(SVI) and recommended parameters from Huygens. A custom plugin on
Image] was used to outline individual spines and measure the FWHM of
LifeAct-labeled spine necks based on a Gaussian fit (accuracy of the fit
was evaluated both by eye and by r? measurements, blind to experimen-
tal conditions). Several spine head parameters were also computed: mean
and variance of LifeAct-Venus fluorescence intensity and geometric cen-
ter of the spine. Spine heads were then realigned using a line originating
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normalized to the mean of 10 min baseline. **p << 0.01.

from the attachment point of the spine neck to the head (manually de-
termined) and passing through the geometric center.

For spatial autocorrelation analysis of LifeAct-Venus signal (see Fig.
5), data from isolated spine heads were first normalized. The degree of
clustering in each dataset was assessed using Moran’s index analysis (Mo-
ran, 1948). This index ranges values from —1 (complete dispersion) to 1
(complete clustering), with 0 representing random distribution. For each
pixel 7, local Moran’s index (I;) was computed as follows:

L=z S Wz
)

where z; is the value of the pixel i and W represents the matrix of neigh-
boring weights. Equal weights were attributed to all pixels within a
2-pixel distance from pixel i, all other weights being set to 0. To compute
a statistical significance threshold for I, a bootstrap analysis was per-
formed for each spine head. Data were resampled randomly 1000 times,
and local Moran’s indexes were computed for each pixel in the random
distributions. For each pixel, Moran’s index was compared with the 1000
values derived from bootstrap analysis to compute a local p value. Statis-
tical significance of positive spatial autocorrelation was considered for
pixels with p values <0.05. The proportion of high-intensity clustered
pixels per spine was then computed as the proportion of pixels with
significant autocorrelation index and intensity above the mean, and was
used for statistical comparison between experimental groups.
Biochemical assays. Hippocampal cultures were infected at 15-17 DIV
using lentiviral vectors expressing shRNAs and eGFP using 500 ng/ml of
purified virus solution as above. One week later, cultures were processed
for cLTP (see below) or exposed to vehicle only (DMSO 0.2%) for 2-16
min. Immediately after cLTP induction, cultures were washed twice in
ice-cold PBS and lysed in lysis buffer (25 mm Tris-HCI, pH 7.4, 250 mm
NaCl, 50 mm NaF, 5 mm PPi, 5 mm EDTA, 5 mm EGTA, 1 mMm sodium
orthovanadate, 1% Triton-X, and protease inhibitor mixture; Roche).
After centrifugation at 14.000 X g for 15 min., supernatants were mixed
with Laemmli sample buffer and boiled at 95°C for 5 min. Samples were
subjected to standard SDS-PAGE and transferred to nitrocellulose
membranes. Blots were probed with primary antibodies against cofilin

60

Chronic knockdown of KCC2 precludes LTP at perforant path inputs onto dentate gyrus granule cells. 4, Maximal
intensity projection of confocal micrographs showing EGFP (green) and DAPI (blue) staining in parasagittal hippocampal slices 2
weeks after stereotaxic injection of a lentivirus-expressing nontarget (shNT) shRNA sequence and EGFP. Arrowhead indicates
mossy fibers from infected granule cells. Scale bar, 200 um. B, Maximal intensity projection of confocal micrographs of dentate
gyrus areas infected with lentiviruses expressing either nontarget (shNT) or KCC2-directed (shKCC2) shRNA, showing massive
silencing of KCC2 expression in the latter (see in particular KCC2 immunostaining in st. granulosum [st.gr.]). Scale bar, 25 um. C,
Superimposed average of 60 consecutive fEPSPs recorded within st. moleculare (st. mol.) upon extracellular stimulation of per-
forant path inputs, before (gray) and 40 min after (black) high-frequency stimulation (HFS, 4 X 1sat 100 Hz). D, Left, Time course
of changes in fEPSP slope upon HFS protocol in slices from animals infected with lentiviruses expressing shNT (n = 8) or shK(C2
(n = 10). Blue bars represent the time windows used for averages. Right, Summary data of fEPSP slope 40 min after HFS,
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(Abcam), cofilin phospho-Ser3 (Abcam),
GluAl (Millipore), GluAl phospho-Ser845
(Millipore), KCC2 (Millipore), Tujl (R&D
Systems), and detected with fluorescent sec-
ondary antibodies (DyLight 800) using Odys-
sey infrared imaging system (LI-COR
Bioscience). For quantification, all data were
normalized to internal Tujl control signals.

For coimmunoprecipitation, neurons were
homogenized in modified RIPA buffer (50 mm
Tris-HCL, pH 7.4, 150 mm NaCl, 1 mm EDTA,
1% Nonidet P-40, 0.1% SDS, 0.5% DOC, and
protease inhibitors; Roche). Lysed cells were
kept on ice for 20 min and then centrifuged at
14,000 X g for 10 min. Lysates were then incu-
bated with KCC2 (Millipore) or BPIX IgG
(Millipore, 2 pg) (Smith et al., 2014) overnight
at 4°C. The pulldown was performed using
Protein G Magnetic beads (Invitrogen) for 2 h
at 4°C. The beads were washed 3 times in RIPA
buffer and one time in RIPA buffer without
detergents. Bound proteins were eluted in SDS
sample and separated by SDS-PAGE.

Racl and RhoA activity was measured using
effector pulldown assays. Briefly, neurons in-
fected with lentiviruses expressing ShRNA se-
quences were washed with PBS, lysed with
ice-cold lysis buffer (25 mwm Tris pH 7.5, 1%
NP40, 100 mm NaCl, 10 mm MgCl,, 5% glyc-
erol, 5 mm NaF, 1 mm PMSF, 1 ul/ml protease
inhibitor mixture; Sigma) and clarified by cen-
trifugation at 1600 X g for 5 min at 4°C; 300 ug
of lysate proteins was incubated with 10 or 50
g of PAK-PBD or Rhotekin-RBD beads (Cy-
toskeleton), respectively, for 1 h at 4°C. Bead pellets were washed twice
with 25 mwm Tris, pH 7.5, 0.5% NP40, 40 mm NaCl, 30 mm MgClL,, 1 mm
DTT, 1 mm PMSF, 1 pl/ml protease inhibitor mixture (Sigma) before
addition of 5X Laemmli buffer. Fractions were analyzed by Western
blotting. Proteins were separated on a 12% SDS polyacrylamide gel and
transferred onto a nitrocellulose or PVDF membrane (GE Healthcare).
Blots were probed with mouse monoclonal anti-Rac1 (1:1000, BD Trans-
duction Laboratory) or anti-RhoA (1:200, Santa Cruz Biotechnology), as
described previously (Causeret et al., 2004; Backer et al., 2007). Band
densities were quantified by Fusion software (Vilber Lourmat). The rel-
ative densities of pulled down activated Racl and RhoA were normalized
to the maximal Rac1 or RhoA in the same samples incubated with 200 um
GTP-+S for 15 min at room temperature, according to the manufactur-
er’s instructions.

Biochemical assays were repeated at least 3—4 times on independent
cultures, and data were compared using Student’s t test, after testing
normality and equal variance of the data with SigmaPlot 12.5 (SPSS). In
all other experiments, data were compared using nonparametric paired
(Wilcoxon) or unpaired (Mann—Whitney) tests. Differences were con-
sidered significant for p values <0.05.
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norm. fEPSP slope

0.0

Results

Suppressing KCC2 expression, but not function, precludes
LTP in hippocampal neurons

We first investigated the impact of KCC2 expression on LTP in
hippocampal slices using in vivo RNA interference. Juvenile rats
(P21) were stereotaxically injected in the dorsal dentate gyrus
with lentiviruses expressing previously validated either nontarget
or KCC2-directed small hairpin RNA sequences (Gauvain et al.,
2011). Suppression of KCC2 expression in transduced neurons
was confirmed by immunohistofluorescence imaging 2 weeks
after infection (Fig. 1A,B). An fEPSP was evoked in the mo-
lecular layer of densely infected areas of the dentate gyrus by
extracellular stimulation of perforant path inputs in the pres-
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ence of the GABAA receptor antagonist bicuculline (20 um).
High-frequency stimulation (4 X 1 sat 100 Hz) induced a robust
and long-lasting (>60 min) increase in the initial slope of the
fEPSP with no detectable post-tetanic potentiation, in both un-
infected slices (data not shown) as well as slices infected with
nontarget shRNA lentiviruses (220.4 = 40.9% of control, n = 8
slices, p < 0.01; Fig. 1C). In slices infected with KCC2-directed
shRNA lentiviruses, however, this form of LTP was suppressed
(103.5 £ 12.8%, n = 10 slices, p = 1.0; Fig. 1D).

To explore the molecular mechanisms involved in LTP hin-
drance upon KCC2 suppression, we next used a classical, cLTP
paradigm in primary hippocampal neurons. This paradigm con-
sisted of a 16 min application of rolipram/forskolin/bicuculline
in the absence of external Mg (Otmakhov et al., 2004; Kopecet al.,
2006) to induce a persistent (>80 min) potentiation in the effi-
cacy of excitatory synapses (Fig. 2A,B). This potentiation was
detected as a 30% increase in mEPSC amplitude compared with
neurons exposed to vehicle only (26.8 + 1.6 vs 20.6 = 1.6 pA, p =
0.01) with no significant change in their mean frequency (34.7 =
5.5vs29.6 £ 5.6 Hz, n = 19 and n = 16 cells, respectively, p =
0.48), suggesting that its locus of expression was primarily post-
synaptic (Otmakhov et al., 2004; Kopec et al., 2006).

Suppressing KCC2 expression for 7-10 d by RNA interference
completely abolished cLTP in mature hippocampal neurons (Fig.
2A-C). Thus, mEPSC amplitude was not significantly different
after a cLTP paradigm compared with control (19.2 * 0.6 vs
18.4 + 0.5 pA, n = 13 cells each, p = 0.34). In contrast, expression
of a nontarget ShRNA sequence did not affect cLTP expression
(24.1 £1.0vs20.2 = 0.8 pA,n = 12 and n = 13 cells, respectively,
p = 0.006). This effect of KCC2 suppression was independent of
the loss of ion transport function because chronic application of
the specific antagonist VU0240551 (Delpire et al., 2009; Gauvain
etal.,2011) (6 uMm) had no effect on cLTP expression (30.0 * 2.6
vs23.0 = 1.7 pA, n = 12 cells each, p < 0.05; Fig. 2C). In contrast,
specifically preventing KCC2 interactions with intracellular part-
ners, using overexpression of a dominant-negative peptide
(KCC2-CTD) (Li et al., 2007; Gauvain et al., 2011; Puskarjov et
al., 2014), completely abolished cLTP (20.2 = 1.0 vs 21.3 £ 0.9
pA, n =11 and n = 18 cells, respectively, p = 0.44).

LTP at hippocampal synapses is associated with a concomi-
tant and persistent increase in spine volume (e.g., Kopec et al.,
2006, 2007; Harvey and Svoboda, 2007). We monitored spine
volume in cLTP experiments using time-lapse, spinning-disc
confocal imaging of mCherry-expressing neurons (Fig. 2D-F).
In neurons expressing mCherry only, cLTP was associated with a
significant increase in spine volume that persisted >30 min after
induction (to 27.8 * 3.0% of control at 30 min after induction,
n = 143 spines from 7 cells, p < 0.05; Fig. 2F ). Similarly, neurons
expressing nontarget shRNA showed a 33.4 * 8.9% increase in
spine volume 30 min after cLTP induction. In contrast, no sig-
nificant change in spine volume was detected in neurons express-
ing KCC2-directed shRNA (—9.5 = 4.7% of control, n = 9 cells,
p = 0.1; Fig. 2D—F), similar to shNT-expressing neurons exposed
to vehicle only (DMSO 0.2%, —12.6 = 3.7% of control, n = 6
cells, p = 0.06; Fig. 2E). Again, this effect did not involve KCC2
function because a 72 h exposure to the specific antagonist
VU0240551 did not prevent a cLTP-induced increase in spine
volume (to 19.7 = 5.1% of control, n = 576 spines from 20 cells,
p < 0.005 Fig. 2F) to a similar extent as in neurons exposed to
vehicle only (n = 20 and n = 15 cells, respectively, p = 0.6). Our
results show that KCC2 is strictly required for both synaptic and
structural LTP at hippocampal excitatory synapses, through a
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mechanism likely requiring intracellular protein interactions but
independent of ion transport.

KCC2 is required for activity-driven GluA1 exocytosis

LTP in hippocampal pyramidal neurons relies in part on activity-
driven membrane insertion of AMPARs (Malinow and Malenka,
2002; Poncer, 2003; Huganir and Nicoll, 2013). We therefore
asked whether activity-driven AMPAR exocytosis might be com-
promised in the absence of KCC2. We used SEP-tagged GluA1 to
specifically monitor the membrane-inserted pool of GluAl-
containing AMPARSs (Ashby et al., 2006; Kopec et al., 2006; Lin et
al., 2009; Makino and Malinow, 2011) (Fig. 3A). Application of a
pH 5.5 external solution led to complete quenching of SEP-
GluAl (to 12.7 % 3.1% of control, n = 11 cells, p < 0.001),
whereas a collapse of transmembrane proton gradients by am-
monium increased SEP-GluAl fluorescence (to 125.0 * 13.3% of
control, n = 26 cells, p < 0.001), likely revealing intracellular
receptor pools (Fig. 3A). SEP-GluAl fluorescence was rapidly
and persistently increased upon cLTP induction in hippocampal
neurons, indicating membrane insertion of new SEP-GluAl-
containing AMPARs (23.0 = 5.1% of control after 35 min, n = 19
cells, p < 0.001; Fig. 3B,C). This effect was not observed upon
application of vehicle only (DMSO, —2.1 = 3.7% of control, n =
5 cells, p = 0.3) and was specific to SEP-GluA1l but not SEP-
GluA2-containing receptors (2.3 = 3.2% of control, n = 18 cells,
p=0.33).

Using this assay, we then examined how SEP-GluA1 traffick-
ing may be affected by altering KCC2 expression or function.
Chronic suppression of KCC2 expression by RNA interference
prevented cLTP-induced membrane insertion of SEP-GluAl
containing receptors (3.2 = 1.7% of control, n = 21 cells, p =
0.44; Fig. 3 B, C). This effect was specific to KCC2 suppression as
it could be rescued by overexpressing an shRNA-proof recombi-
nant KCC2 (17.4 = 4.5% of control, n = 20 cells, p < 0.001; Fig.
3C; see Materials and Methods). However, it was not mimicked
by chronically blocking KCC2 function using the specific antag-
onist VU0240551 (Fig. 3C), again suggesting that KCC2 expres-
sion, but not function, is required for cLTP-induced AMPAR
membrane traffic. Importantly, SEP-GluA1l steady-state fluores-
cence was reduced in neurons expressing KCC2-specific com-
pared with nontarget sShRNA (—24.8 = 9.5%, n = 28 and n = 23
cells, respectively, p < 0.01). However, its relative increase upon
application of NH,CI was similar in both conditions (20.6 *
2.2%, n = 28 cells, p < 0.001 and 22.1 * 4.0%, n = 23 cells, p <
0.001, respectively; Fig. 3D). These results suggest that altered
GluA1l membrane insertion in the absence of KCC2 may not
reflect a loss of intracellular GluAl, but rather a specific disrup-
tion of its activity-driven exocytosis.

During LTP in hippocampal neurons, aCaMKII activation
induces membrane insertion of GluAl-containing AMPARs
(Hayashi et al., 2000; Esteban et al., 2003), which requires PKA
phosphorylation of GluA1 Ser845 (Esteban et al., 2003). A defect
in either aCaMKII activation or GluAl phosphorylation on
Ser845 in neurons lacking KCC2 may then preclude activity-
dependent AMPAR traffic. To bypass aCaMKII activation, we
overexpressed a constitutively active «CaMKII to directly pro-
mote GluAl exocytosis. The catalytic domain of aCaMKII
(CaMKII,_,q,) (Hayashi et al., 2000; Poncer et al., 2002; Esteban
etal.,2003) fused to mCherry was expressed under a doxycycline-
inducible promoter to allow for a precise control over the timing
of its expression (Fig. 4A). We first verified that mCherry-
CaMKII,_,,, transgene expression was strictly restricted to neurons
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Figure2. KCC2 suppression precludes cLTP expression through an ion transport-independent mechanism. A, Left, Wide-field fluorescence micrographs showing GFP fluorescence and
KCC2 immunolabeling in hippocampal neurons transfected with nontarget (shNT, top) or KCC2-specific (shKCC2, bottom) shRNA. Stars and arrows represent the soma and primary
dendrite of transfected cells, respectively. Scale bar, 20 wm. Right, 12 s recordings of mEPSCs from neurons either after cLTP protocol (see Materials and Methods, cLTP) or vehicle
application only (DMS0 0.6 wl/ml, Control). B, Summary data from 16 (Ctrl) and 19 (cLTP) untransfected neurons showing that cLTP specifically increases mEPSC amplitude (p << 0.01)
but not frequency (p = 0.5). €, Summary data showing change in mEPSCamplitude (proportion of control) upon cLTP in untransfected neurons (p << 0.01), or neurons expressing either
nontarget (p << 0.01) or KCC2-specific ShRNA (p = 0.2), eGFP alone (p << 0.05), or eGFP with KCC2 carboxy-terminal domain (KCC2-CTD, p = 0.4), and neurons exposed to the KCC2
antagonist VU0240551 (6 um, p << 0.05) or vehicle only (DMSO, p < 0.05). n = 11-18 in each condition. D, Spinning disc confocal fluorescence micrographs of dendritic sections of
neurons expressing mCherry and either shNT or shKCC2, or exposed for 72 h to VU0240551 or vehicle only. Images represent maximal projections of confocal stacks acquired 15 min before
and 35 min after cLTP induction. Filled arrowheads indicate spines that increased in volume during cLTP. Open arrowheads indicate spines that decreased in volume or remained
unchanged. Scale bar, 2 wm. E, Time course of changes in spine volume upon cLTP in neurons expressing shNT (n = 11), shKCC2 (n = 9), and neurons expressing mCherry only and
exposed for 16 min to vehicle only (vehicle, n = 6). F, Summary graph of average spine volume (normalized to control before cLTP induction) measured 30 min after cLTP induction in
neurons expressing mCherry alone (n = 7), or together with ShNT (n = 11), shKCC2 (n = 9), or after 72 h exposure to VU0240551 (n = 14) or vehicle only (n = 20). *p < 0.05. **p <
0.01. ***p < 0.005. n.s., Nonsignificant difference.
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Figure 3.

Suppression of activity-driven, membrane insertion of AMPARSs in neurons lacking KCC2. A, Neurons were transfected with GluA1-SEP. Left, Summary graph of mean SEP fluorescence

(normalized to control) at pH 5.5 (n = 11) and upon NH,(l application (n = 26 cells). ***p < 0.005. SEP fluorescence was detected in neurons imaged at pH 7.4 (Aa) but was near-completely
quenched at pH 5.5 (Ab). Upon collapse of pH gradients using 50 mm NH,Cl at pH 7.4 (Ac), additional fluorescence was detected reflecting an intracellular pool of SEP-GIuAT1. Right, Spinning disc
confocal fluorescence micrographs of SEP-GluA1-expressing hippocampal neurons at time points a— c. Scale bar, 2 um. B, Overlay of mCherry (red) and SEP (pseudocolors) fluorescence micrographs
of dendritic sections of neurons before (Control) and 35 min after cLTP induction. Filled arrowheads indicate cLTP-induced SEP fluorescence spots. Open arrowheads indicate spines with unchanged
SEP fluorescence. KCC2 suppression by RNA interference, but not blockade by the antagonist VU0240551 (6 um), abolished cLTP-induced increase in SEP fluorescence. Scale bar, 2 wm. C, SEP
fluorescence 35 min after cLTP induction normalized to control in neurons expressing SEP-GluA1 or SEP-GluA2 and either nontarget (shNT) or KCC2-directed (shKCC2) shRNA, KCC2 shRNA together
with shRNA-proof recombinant KCC2 (rescue) or neurons exposed to KCC2 antagonist VU02405571 (6 wum) or vehicle only. **p << 0.01. ***p << 0.005.n = 18 —29 neurons in each condition. D, Left,
SEP fluorescence before cLTP induction in neurons expressing SEP-GIuA1 and either nontarget (n = 47) or KCC2-directed (n = 56) shRNA, normalized to the mean SEP fluorescence in shNT-
expressing neurons. *p << 0.05. Right, Change in SEP fluorescence (p of control) upon 5 min perfusion of NH,Cl solution, pH 7.4, to reveal intracellular SEP-GIuAT pool (shNT, n = 23; shKCC2,n =

28).***p < 0.005.

exposed to doxycycline, as shown by the lack of mCherry expression
in neurons transfected with this construct for 8—10 d (Fig. 4B).
Doxycycline-induced overexpression of CaMKII,_,q, for 24 h
led to a significant increase in SEP-GluAl fluorescence in neu-
rons expressing nontarget shRNA (28.3 = 8.8% of control,
n = 105 and n = 121 cells, respectively, p = 0.006; Fig. 4C,D).
However, this effect was abolished in neurons in which KCC2
expression was suppressed (9.3 = 12.1% of control, n = 84 and
n = 90 cells, respectively, p = 0.8; Fig. 4C,D). In contrast, in
hippocampal neurons transduced with shRNA-expressing lenti-
viruses, we observed no difference in GluA1 Ser845 phosphory-
lation in neurons expressing KCC2-specific compared with
nontarget shRNA, either at rest (1.7 = 4.5%, n = 3 experiments,

p = 0.9) or upon cLTP (758 = 131% vs 687 = 246% of control,
respectively, p = 1.0; Fig. 4E, F). These results demonstrate that
KCC2 is required for activity-dependent GluA1 membrane deliv-
ery in hippocampal neurons and acts via mechanisms down-
stream of aCaMKII activation and pKA-dependent GluAl
phosphorylation on Ser845.

Altered spine actin polymerization upon KCC2 suppression

How may KCC2 gate activity-driven AMPAR membrane inser-
tion? KCC2 has been shown to interact with spine cytoskeleton
through the FERM-domain protein 4.1N (Li et al., 2007) and
GluAl binding to 4.1N is required for its activity-dependent
membrane insertion (Lin et al.,, 2009). We therefore tested
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Figure 4.

Defect in activity-dependent GluAT membrane delivery downstream «CaMKIl activation and GluA1 S845 phosphorylation. A, Schematic representation of construct used for

doxycycline-inducible, truncated (constitutively active) ccCaMKII expression in hippocampal neurons. B, Confocal fluorescence micrographs of mCherry (red) and SEP-GIuAT (pseudocolors) in
dendritic sections of neurons expressing mCherry, SEP-GluA1, and inducible truncated c.CaMKIl, in the absence (Control) or after 24 h exposure to 2 pg/ml doxycycline. No mCherry expression was
detected in the absence of doxycycline. Scale bar, 2 wm. €, Overlay of confocal fluorescence micrographs of mCherry and SEP-GluA1 in neurons expressing mCherry, SEP-GIuA1, and inducible
truncated ceCaMKIl and either nontarget (shNT) or KCC2-directed (shKCC2) shRNA, in the absence or 24 h presence of doxycycline. Scale bar, 2 m. D, Quantification of SEP fluorescence in neurons
not exposed to doxycycline (Ctrl) or exposed to doxycycline for 24 h (+Dox), normalized to the mean SEP fluorescence in the absence of doxycycline (shNT: Ctrl, n = 105; +Dox, n = 121 shKCC2:
Ctrl, n = 84; +Dox, n = 90). *p < 0.05. **p < 0.01. n.s., Nonsignificant. E, Representative immunoblots of total or Ser845-phosphorylated GluAT and Tuj1 from hippocampal cultures infected
with lentiviruses expressing either nontarget (shNT) or KCC2-directed (shKCC2) shRNA, before (Ctrl) or at different times of cLTP induction. F, Quantification from 3 or 4 independent experiments of
pS845/total GluA1 ratios from immunoblots as in D, normalized to that in shNT-expressing neurons before cLTP induction. No significant difference in GluA1 5845 phosphorylation was observed

between shNT- and shKCC2-expressing neurons, either in control or upon cLTP induction.

whether the loss of KCC2 may affect 4.1N expression in hip-
pocampal neurons. However, suppressing KCC2 or overexpress-
ing KCC2-CTD had no apparent effect on 4.1N expression as
detected by immunofluorescence, as measured either in the den-
dritic spines and shafts together (97.2 £ 3.4% and 104.3 * 5.3%
of control intensity, p = 0.7 and p = 0.6, respectively) or specif-
ically in dendritic spines (97.7 £ 4.0% and 110.7 % 5.2% of
control, n = 37 (41 control) and n = 43 (54 control) cells, p = 0.6
and p = 0.1, respectively; Figure 5A, B). Therefore, altered 4.1N
expression and/or clustering seem unlikely to be responsible for
the defect in GluA1 membrane traffic upon KCC2 suppression.
Both activity-driven AMPAR trafficking and spine enlarge-
ment rely on remodeling of actin cytoskeleton. Whereas transient
actin depolymerization by cofilin may be permissive for AMPAR
membrane insertion (Gu et al., 2010), delayed increase in F-actin
spine content may be required for spine enlargement (Okamoto
etal., 2004). We previously reported increased lateral diffusion of
several transmembrane actin-binding proteins in dendritic

spines upon KCC2 suppression (Gauvain et al., 2011), suggestive
of submembrane cytoskeleton alterations. This hypothesis was
tested by using phalloidin staining of F-actin in dendritic spines,
revealing a 40% increase of fluorescence in neurons with sup-
pressed KCC2 expression (1.42 £ 0.12 of control,n =29 and n =
36 cells, respectively, p < 0.005; Fig. 5C,D). This effect was even
more pronounced in neurons expressing KCC2-CTD (1.84 *
0.22 of control, n = 18 and n = 15 cells, respectively, p < 0.001)
and was likely independent of changes in spine volume because
no significant correlation was detected between phalloidin stain-
ing and spine size (Fig. 5E). To examine the subspine spatial
distribution of actin, we next used STED microscopy of the syn-
thetic, actin-binding peptide LifeAct-Venus (Riedl et al., 2008;
Urban et al., 2011). Using this approach, we could resolve indi-
vidual actin bundles within spine necks and heads (Fig. 6A). The
FWHM of LifeAct-labeled spine necks in neurons transfected
with nontarget sShRNA was 93.7 = 1.9 nm, (n = 128 spines from
19 neurons, Fig. 6B), consistent with previous data in hippocam-
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pal pyramidal neurons (Urban et al, A
2011). In neurons with suppressed KCC2
expression, however, the FWHM of
LifeAct-labeled spine necks was signifi-
cantly increased by 20.3% (112.8 = 5.6
nm, n = 60 spines from 18 neurons, p =
0.001; Fig. 6C), suggestive of an increased
recruitment of actin bundles in spine
necks. We next asked whether suppres-
sion of KCC2 might lead to a redistribu-
tion of F-actin within spines or a global
increase in F-actin content. LifeAct-
Venus fluorescence was heterogeneously
distributed within individual spines with
some spines showing intense, calyx-
shaped bundles and others more widely
distributed signal (Fig. 6 D,E). Overall,
however, we could not detect a significant
difference in the coefficient of variation of
LifeAct-Venus fluorescence between neu-
rons expressing nontarget or KCC2-
directed shRNA (0.57 = 0.02 vs 0.60 = 0.02,
n = 149 and 85 spines, from 19 and 20 neu-
rons, respectively, p = 0.13; Fig. 6E-G). To
compare the spatial distribution of
F-actin within spines, we performed spa-
tial autocorrelation analysis of LifeAct-
Venus signal using Moran’s index (Moran,
1948) (see Materials and Methods; Fig. 6F).
Again, we found no significant difference in
the proportion of high-intensity clustered
pixels (Moran’s index p value <0.05) be-
tween neurons expressing nontarget or
KCC2-directed shRNA (23.0 = 0.3% vs
23.1 = 0.4%, same dataset as above, p = 1.0;
Fig. 6F-H). Together, our results show that suppression of KCC2
results in a net increase in F-actin accumulation within dendritic
spines with no substantial subspine redistribution.

phalloidin  GFP (@]

merge

Figure 5.

Racl- and LIMK-mediated reduction of cofilin activity
accounts for the lack of activity-driven GluA1l traffic and LTP
upon KCC2 suppression

We asked whether increased actin polymerization upon KCC2
suppression might be responsible for the defect in LTP expression
in hippocampal neurons. Transient actin depolymerization has
been shown to be required for activity-driven AMPAR mem-
brane traffic and spine enlargement (Ouyang et al., 2005; Gu et
al., 2010). This reflects a transient activation (i.e., dephosphory-
lation) of the actin-severing enzyme cofilin upon LTP induction.
We therefore compared cofilin phosphorylation in hippocampal
neurons transduced with lentiviruses expressing nontarget or
KCC2-specific shRNA and observed a nearly twofold increase in
phospho-cofilin/total cofilin ratio upon KCC2 suppression un-
der basal conditions (85.8 * 14.3%, n = 3 independent experi-
ments, p < 0.02; Fig. 7A, B). However, the lack of KCC2 did not
prevent cLTP-induced decrease in cofilin phosphorylation
(—79.7 £ 9.4% of control after 16 min of cLTP induction, p <
0.001), to a similar extent as in neurons expressing nontarget
shRNA (p = 0.4).

Two major signaling pathways involving the Rho GTPases
RhoA and Racl converge on LIM kinase to control cofilin
phosphorylation and actin dynamics (Cingolani and Goda,
2008) (Fig. 8D). We tested whether enhanced cofilin phosphor-
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representative dendritic sections of neurons expressing plasma-membrane (4) or cytosolic (€) EGFP and either nontarget (shNT) or
KCC2-directed shRNA (shKCC2). Neurons were immunostained for GFP (green) and 4.1N (red, in A) or stained with Alexa-546-
phalloidin (red, in €). Scale bar, 1 wm. B, Quantification of immunostainings as in 4 showing 4.TN mean immunofluorescence
intensity per pixel either from dendritic spines only (left) or from entire dendritic sections (right), normalized to internal controls
(gray bars) for each experimental condition (black bars). n = 41 (shNT), n = 37 (shKCC2), n = 54 (GFP), and n = 43 (KC(2-CTD)
cells, respectively. n.s., Nonsignificant difference. D, Normalized fluorescence intensity of phalloidin staining in dendritic spines
from neurons expressing shNT (1022 spines from 36 cells), shKCC2 (861 spines, from 29 cells), EGFP (538 spines from 15 cells), or
KCC2-CTD (591 spines from 18 cells) from two independent experiments. ***p << 0.005. £, Normalized fluorescence intensity of
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ylation may result from activation of either GTPase. Pulldown
experiments revealed a specific increase in active (GTP-
bound) Racl in neurons with suppressed KCC2 expression.
Thus, we observed a near fivefold increase in activated/total Racl
ratio in neurons transduced with KCC2-directed compared with
with nontarget ShRNA (471 = 131% of shNT ratio, n = 4 inde-
pendent experiments, p < 0.01; Figure 7C,D) with no significant
change in RhoA activity (92 = 19% of shNT ratio, n = 3 inde-
pendent experiments, p = 0.5).

KCC2 was recently reported to interact with the Racl-specific
guanine nucleotide exchange factor BPIX, both in adult mouse
brain extracts and in heterologous cells, and to inhibit BPIX-
induced Racl activation (Llano et al., 2015). BPIX is also known
to interact with GIT1, and their recruitment to specific subcellu-
lar compartments together with downstream effectors may serve
to locally regulate actin dynamics (Zhang et al., 2003). We con-
firmed KCC2 interaction with BPIX in primary hippocampal
neurons using coimmunoprecipitation assays using antibodies
against either protein (Fig. 7E). Suppressing KCC2 expression
resulted in changes in both BPIX and GIT1 clustering, as detected in
immunostaining experiments (Fig. 7F, G). Thus, the integrated in-
tensity of BPIX and GIT1 clusters was increased by 55.0 = 9.4% and
30.6 = 7.2%, respectively, in the dendrites of neurons expressing
KCC2-specific compared with with nontarget shRNA (p < 0.001 for
both). Suppression of KCC2 also resulted in a 27.3 * 5.0% increase
in the density of BPIX clusters (p < 0.001,n = 110 and n = 104 cells,
respectively). Together, our results suggest that KCC2 suppression
may enhance actin polymerization through Racl- and LIMK-
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Figure 6.

Subspine distribution of F-actin is unchanged upon KCC2 suppression. A, Representative fluorescence micrographs of a dendritic section of a neuron expressing mCherry and

LifeAct-Venus (pseudocolors), imaged in confocal (left) and CW-STED microscopy with or without deconvolution (right). B, Gaussian fit of the pixel intensity profile across spine neck following the
blue line shown in A. ¢, Summary graph showing FWHM of Gaussian fit of LifeAct-Venus signals across spine necks of neurons expressing nontarget or KCC2-directed shRNA (n = 128 and n = 60
spines from 19 and 18 neurons, respectively). ***p << 0.001. D, Representative, pseudocolored fluorescence STED micrographs of 6 individual spines from 12 different neurons expressing either
nontarget or KCC2-directed shRNA. Scale bar, 500 nm. E, Pseudocolored averages of 149 and 85 individual spine images from 19 and 20 neurons, respectively, asin D, aligned as described in Materials
and Methods to show the mean distribution of LifeAct-Venus fluorescence within spine heads. Scale bar, 500 nm. F, Schematic representation of spine heads (yellow) isolated from the micrographs
shown in D with high-intensity clustered pixels (orange), as derived from spatial autocorrelation analysis using Moran’s index (for details, see Materials and Methods). G, H, Summary graphs of the
mean coefficient of variation (CV) of LifeAct-Venus fluorescence () and the mean percentage of high-intensity clustered pixels (H) in spine heads of neurons expressing nontarget or KCC2-directed

shRNA (same dataset as in E). n.s., Nonsignificant difference.

mediated inhibition of cofilin, likely due to subcellular recruitment
of BPIX-GIT1 complexes.

Enhanced cofilin phosphorylation at the time of cLTP in-
duction may then occlude activity-driven AMPAR membrane
insertion (Gu et al., 2010). Inhibiting steady-state cofilin phos-
phorylation in neurons lacking KCC2 might then be sufficient to
rescue LTP expression. We tested this hypothesis by monitoring
cLTP-induced SEP-GluA1 exocytosis in neurons pretreated with ei-
ther LIMK or Racl-PAK inhibitors. A peptide containing the first
16-amino acid sequence of cofilin (Ser3) fused to penetratin for cell
internalization was first used to inhibit endogenous LIMK activity
(Gu et al., 2010). A 4 h application of Ser3 peptide had no effect on
cLTP-induced SEP-GluAl membrane insertion in neurons trans-
fected with nontarget sShRNA (11.2 = 1.8% vs 9.6 = 1.9% of control,
n=13and n = 17 cells, respectively, p = 0.6; Fig. 8 A, B) but rescued
it in neurons with suppressed KCC2 expression (8.6 * 1.4% vs
—1.6 = 2.0% of control, n = 24 and n = 21 cells, respectively, p <
0.001). A similar rescue was obtained in experiments using the LIMK

inhibitor LIMKi (Ross-Macdonald et al., 2008) (15.7 = 2.9% of
control, n = 20 cells, p < 0.001) or the PAK inhibitor IPA-3 (13.3 =
3.3% of control, n = 29 and n = 22 cells, respectively, p < 0.001). In
contrast, prior incubation with the RhoA-specific inhibitor Rho-
sin failed to rescue cLTP-induced SEP-GluA1l membrane inser-
tion in neurons transfected with KCC2-specific sShRNA (—0.2 =
1.5% of control, n = 14 and n = 13 cells, respectively, p = 0.98;
Fig. 8A,B).

Finally, because activity-induced GluAl traffic gates spine en-
largement during LTP (Kopec et al., 2007), we asked whether
rescuing activity-driven AMPAR insertion by inhibiting LIMK or
PAK upon KCC2 suppression may be sufficient to also restore
structural LTP. In neurons treated with either Ser3 peptide or
LIMKIi, cLTP led to a similar increase in spine volume in neu-
rons expressing KCC2-specific (17.3 = 5.5% of control, n =
355 spines from 21 cells) and nontarget shRNA (19.2 * 4.7%
of control, n = 208 spines from 9 cells, p = 0.8; Fig. 8C).
Similar results were obtained upon pretreatment with the PAK
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Figure 7.  Phosphorylation of cofilin and recruitment of Rac1 signaling in neurons lacking KCC2. A, Representative immunoblots of total (Tot.) or Ser3-phosphorylated (P-) cofilin from
hippocampal cultures transduced with lentiviruses expressing either nontarget (shNT) or KCC2-directed (shKCC2) shRNA, before (Ctrl) or at different times of cLTP induction. B, Quantification from
threeindependent experiments of pSer3/total cofilin ratios from immunoblots asin A, normalized to that in ShNT-expressing neurons before cLTP induction. Note the twofold increase in pSer3/total
cofilin ratio in shKCC2-expressing neurons before cLTP induction. **p << 0.01. White bars represent data from uninfected neurons, showing a transient, ~75% decrease in pSer3/total cofilin ratio
during cLTP induction with complete recovery within 10 min. C, Western blots from cultures transduced with lentiviruses expressing shNT or shKCC2, probed with Rac1 (left) or RhoA (right) antisera
after pull-down assays using GST-PAK (Rac1) or GST-Rhotekin (RhoA) in the absence (IP) or presence (GTP-yS) of 200 M GTP-yS. D, Quantification from 4 (RacT) and 3 (RhoA) experiments asin C,
expressed as the ratio of activated Rho GTPase signal normalized to maximal activity in GTP-yS, in protein extracts from neurons expressing shKCC2 over neurons expressing shNT. **p < 0.01. E,
Coimmunoprecipitation (IP) experiment from uninfected neuron cultures at 21 DIV. Western blots (WB) show enrichment and detection of 3PIX after KCC2 pull-down (middle) and reciprocally (left).
F, Wide-field fluorescent micrographs of representative dendritic sections of neurons expressing EGFP and either nontarget (shNT) or KCC2-directed shRNA (shKCC2). Neurons were immunostained
for GFP, BPIX (red), and GIT1 (green). Filled arrowheads indicate dendritic spines immunopositive for both BPIX and GIT1. Open arrowheads indicate spines with no colocalization. Scale bar, 2 pm.
G, Quantification of BPIX (left) and GIT1 (right) cluster integrated intensity and density, normalized to that in shNT-expressing neurons. Data are from two independent experiments asin F, and 104
(shNT) and 110 (shKCC2) cells, respectively. ***p << 0.001.

inhibitor IPA-3 (13.3 * 2.3 vs 14.7 = 2.9% of control spine
volume; n = 29 and n = 23 cells, respectively, p = 0.9; Fig. 8C).
Together, these data demonstrate that the loss of KCC2 ex-

Discussion

Our results reveal an unexpected role of KCC2 in the regulation
of glutamatergic signaling in hippocampal neurons. We show

pression affects actin polymerization through enhanced cofi-
lin phosphorylation and thereby precludes both synaptic and
structural LTP expression.

that KCC2 membrane expression, but not function, is required
for activity-driven AMPAR membrane insertion and thereby
gates the expression of LTP at glutamatergic synapses. This effect
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Figure 8.  KCC2 controls actin depolymerization through a Rac1-PAK-LIMK pathway. A, Overlay of mCherry (red) and SEP (pseudocolors) spinning-disc fluorescence micrographs of dendritic
sections of shNT or shKCC2-expressing neurons before (Control) and 35 min after cLTP induction. Neuron cultures were exposed either for 4 h to cofilin N-ter hexadeca-peptide fused to penetratin
(Ser3 pept., 20 pg/ml) or the LIMK inhibitor LIMKi (10 wm), or for 24 h to the PAK inhibitor IPA-3 (5 ). Filled arrowheads indicate cLTP-induced SEP fluorescence spots. Open arrowheads indicate
spines with unchanged or reduced SEP fluorescence. Scale bar, 2 um. B, Summary graph of SEP fluorescence as in A measured 35 min after cLTP induction and normalized to control, in neurons
expressing SEP-GIuAT and either shNT or shKCC2 exposed to Ser3 peptide, LIMKi, IPA-3, or the RhoA inhibitor Rhosin (30 rum). ***p <<'0.005. n = 7-29 neurons from the same cultures in each
condition. ¢, Summary graph of average spine volume (normalized to control before cLTP induction) measured 30 min after cLTP induction, from the same experiments as above, either in control
neurons (shKCC2; black symbols) or after 4 h exposure to LIMK inhibitors (Ser 3 peptide or LIMKi; green symbols) or 24 h exposure to IPA-3 (red symbols). *p << 0.05. **p << 0.01. ***p << 0.005. D,
Scheme representing how cofilin plays a central role in regulating actin dynamics as it catalyzes depolymerization of F-actin into G-actin. Cofilin activity is inhibited by phosphorylation of its Ser3
residue by LIMK. Several signaling cascades converge to activate LIMK in neurons. These include the RhoA/ROCK as well as the Rac1/PAK pathways. BPIX, a guanine nucleotide exchange factor (GEF)
involved in Rac1 activation, has been shown to interact with KCC2 (Fig. 7D, £) (Llano et al., 2015). We propose that this interaction may hinder recruitment of BPIX and its scaffolding molecule GIT1
and, consequently, activation of Rac1/PAK at rest. Disrupting this interaction may then favor Rac1/PAK activation, increase LIMK activity, and thereby inactivate cofilin through Ser3 phosphorylation,
resulting in enhanced actin polymerization. This in turn prevents LTP-induced membrane traffic of GluA1-containing AMPA receptors and increase in spine volume. The LIMK inhibitor LIMKi as well
as the dominant-negative peptide Ser 3 pept. (gray) both favor actin depolymerization by antagonizing LIMK-mediated cofilin phosphorylation. The PAK inhibitor IPA-3 acts upstream to inhibit
Rac1-mediated activation of LIMK. Rhosin specifically inhibits RhoA. In this scheme: orange represents kinases; blue represents Rho GTPases; purple represents GEF. Adapted from Cingolani and Goda

(2008).

involves enhanced Rac-1- and LIMK-mediated cofilin phosphor-
ylation resulting in increased F-actin mobilization in dendritic
spines. Thus, preventing Racl/PAK activation or cofilin phos-
phorylation upon KCC2 suppression rescues activity-driven
AMPAR membrane insertion as well as structural LTP. KCC2-
mediated control of actin polymerization may then represent a
new modality of metaplasticity at hippocampal glutamatergic
synapses.

LTP of excitatory synapses involves a cascade of biochemical
events (Poncer, 2003), each of which could in principle be per-
turbed by KCC2 suppression. Our results, however, suggest that
synaptic and structural LTP was primarily compromised due to
altered actin dynamics. Direct activation of CaMKII failed to
induce AMPAR membrane insertion, suggesting that LTP was
likely not compromised due to a defect in induction mechanisms.
In addition, cLTP-induced GluA1l Ser845 phosphorylation was
unaffected in neurons lacking KCC2, suggesting that only the
ultimate steps of activity-driven AMPAR traffic were affected.
The reduced density of extrasynaptic, GluA1-containing AMPARs
upon KCC2 suppression (Fig. 3D) may in principle contribute to
hinder LTP expression by limiting their activity-dependent re-
cruitment at synapses. However, our data are based on total
GluA1-SEP fluorescence in dendritic sections and therefore sug-
gest instead a defect in activity-dependent membrane insertion in
neurons lacking KCC2. Phalloidin staining showed that sup-
pressing KCC2 expression or overexpressing its C-terminal do-
main increases F-actin content in spines (Fig. 5). This may reflect
increased aggregation of F-actin bundles within spines or in-
creased actin polymerization. KCC2 interaction with the
spectrin/actin-binding protein 4.1N (Li et al., 2007) suggests that
KCC2 may be part of a complex anchoring submembrane actin
cytoskeleton to plasma membrane. A similar role has been as-

cribed to other ion-transport proteins in various cell types
(Baines et al., 2014). Accordingly, we previously observed that
suppressing KCC2 increased membrane diffusion of GluAl-
containing AMPARs and NCAM180 (Gauvain et al., 2011), both
of which interact with actin. Conversely, suppressing 4.1N ex-
pression increased membrane diffusion of KCC2 (Chammaetal.,
2013). However, we could not detect changes in 4.1N expression
in spines upon KCC2 suppression, suggesting that KCC2 is not
strictly required for 4.1N aggregation in spines. In addition, phal-
loidin staining of endogenous F-actin and STED imaging of Life-
Act, respectively, reveal an increased F-actin content in dendritic
spines with no significant difference in its intraspine distribution
(Fig. 6). Although more subtle changes in F-actin interactions
with plasma membrane may occur upon KCC2 suppression, our
observations are consistent with increased actin polymerization
rather than a major reorganization of actin cytoskeleton within
dendritic spines.

Consistent with this conclusion, we observed a reduction in
active cofilin in neurons lacking KCC2 (Fig. 7). Cofilin plays a
major role in actin signaling (Cingolani and Goda, 2008; Bosch
and Hayashi, 2012). Its active, dephosphorylated form promotes
actin depolymerization. Our results show a near-complete recov-
ery of AMPAR traffic and structural LTP by LIMK inhibitors.
This strongly suggests that LIMK is hyperactivated in the absence
of KCC2, resulting in enhanced actin polymerization. Impor-
tantly, we observed a twofold increase in cofilin phosphorylation
upon suppression of KCC2 expression at rest. However, phos-
phorylation was still reduced during cLTP (Fig. 7A, B), suggest-
ing that steady-state, but not activity-driven, regulation of cofilin
was specifically affected by KCC2 suppression. How may KCC2
influence LIMK activity? Among the numerous molecular inter-
actions KCC2 may be engaged in, a recent report shows that
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KCC2 directly interacts with the Racl GEF BPIX, thereby inhib-
iting B-PIX-induced Racl activation (Llano et al., 2015). In ad-
dition, KCC2 interaction with B-PIX prevented Racl activation
in heterologous cells. Our data support direct interaction be-
tween KCC2 and BPIX and further demonstrate (1) subcellular
redistribution of both BPIX and its partner GIT1 in dendrites and
(2) enhanced Racl, but not RhoA, activity upon KCC2 suppres-
sion. Subcellular recruitment of BPIX and GIT1 with their down-
stream effectors mediates local Racl activation in neurons
(Zhangetal., 2003). Because F-actin content in dendritic spines is
similarly increased in neurons lacking KCC2 or overexpressing
its C-terminal domain, it seems unlikely that KCC2 may solely
compete with BPIX binding to other proteins. Instead, because
membrane-inserted KCC2 usually surrounds but is excluded
from the PSD (Gulyés et al., 2001; Chamma et al., 2013), it may
act to trap BPIX at distance from PSD partners (Park et al., 2003),
such as GIT1 and downstream effectors (Zhang et al., 2003),
thereby spatially restricting BPIX-driven Racl/PAK activation.
Together, our results therefore strongly support that loss of
KCC2 interaction with BPIX results in Racl activation, leading to
LIMK activation and inhibition of cofilin. Finally, pharmacolog-
ical blockade of the Rac1-PAK pathway, but not RhoA, fully re-
stored activity-driven GluAl membrane traffic and increased
spine volume during cLTP. These observations demonstrate that
LTP hindrance upon KCC2 suppression primarily relies on the
loss of KCC2-BPIX interaction and subsequent hyperactivation
of the Racl/PAK/LIMK pathway.

How may reduced cofilin activity prevent activity-driven
AMPAR exocytosis and spine enlargement? Although LTP is as-
sociated with F-actin accumulation in dendritic spines (Bosch
and Hayashi, 2012), a transient increase in both cofilin activity
and density of actin barbed ends has been reported during cLTP
induction (Gu et al., 2010). Preventing cofilin activation by de-
phosphorylation or stabilizing F-actin pharmacologically com-
promised AMPAR membrane insertion during cLTP. Therefore,
transient, cofilin-mediated, actin depolymerization represents a
permissive step for activity-driven AMPAR membrane insertion.
The underlying mechanisms remain unclear but may involve
hindering of vesicle fusion to plasma membrane by cortical actin,
as described in non-neuronal cells (Gasman et al., 1999), or cy-
toskeleton entrapping of secretory vesicles preventing their traffic
toward the membrane. Suppressing KCC2 expression also abol-
ished cLTP-induced spine enlargement. This effect is unlikely to
be due to the increase in spine volume induced by the loss of
KCC2 function (Gauvain et al., 2011) because the KCC2 antago-
nist VU0241550 produced the same increase in volume as KCC2
suppression but did not prevent cLTP-induced spine enlarge-
ment (Fig. 2F). In neurons lacking KCC2, inhibiting PAK or
LIMK rescued both activity-driven AMPAR insertion and spine
enlargement (Fig. 8). This suggests the two processes may either
be linked together or both independently linked to actin dynam-
ics. Although not sufficient on its own, synaptic translocation of
GluAl-containing AMPARs is permissive to cLTP-induced spine
enlargement (Kopec et al., 2007). However, GluAl synaptic
translocation in the absence of actin polymerization fails to in-
duce spine enlargement. These observations suggest spine en-
largement during LTP requires both activity-driven GluAl
translocation and actin polymerization. Therefore, Racl/PAK-
and LIMK-mediated cofilin inactivation in neurons lacking
KCC2 islikely to prevent spine enlargement during cLTP primar-
ily by hindering GluA1 traffic.

KCC2 membrane expression and stability are tightly regulated
by neuronal activity (Chamma et al., 2012; Kahle et al., 2013). In
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particular, Ca*" influx through postsynaptic NMDARs rapidly
reduces KCC2 function at least in part through calcium-
dependent Ser940 dephosphorylation (Lee et al., 2011; Chamma
et al.,, 2013) and calpain-mediated cleavage (Puskarjov et al.,
2012; Chamma et al., 2013), leading to reduced membrane sta-
bility of the transporter. Phosphorylation of Tyr903 and Tyr1087
by Src-family tyrosine kinases on the other hand was suggested to
enhance (Wake et al., 2007; Watanabe et al., 2009) or reduce (Lee
etal.,, 2010) KCC2 membrane stability. Activation of muscarinic
acetylcholine receptors enhances KCC2 tyrosine phosphoryla-
tion while promoting its endocytosis and degradation (Lee et al.,
2010). Thus, both Ca** influx and tyrosine kinase activation may
rapidly affect the membrane pool of KCC2. Our results predict
that this may in turn influence the ability of excitatory synapses to
undergo LTP. This raises the possibility that activity-dependent
regulation of KCC2 membrane stability may not only tune GABA
signaling to ongoing neuronal activity (Woodin et al., 2003; Fiu-
melli et al., 2005) but also act as a metaplastic switch at glutama-
tergic synapses. In this context, it is interesting to note that
NMDA receptor activation before induction was shown to sup-
press LTP at hippocampal synapses (Huang et al., 1992). Al-
though the underlying mechanisms were not fully identified, they
may involve recruitment of protein phosphatase 1 (Kato et al.,
1999), which mediates KCC2 membrane destabilization (Lee et
al., 2011), consistent with a contribution of activity-dependent
KCC2 internalization in gating LTP expression at excitatory syn-
apses. More experiments are clearly needed to fully explore how
activity-driven downregulation of KCC2 membrane stability
may affect plasticity rules at glutamatergic synapses.

In addition to activity-induced changes at the post-
translational level, KCC2 expression is also down-regulated in a
variety of pathological conditions ranging from epilepsy (Rivera
et al., 2004; Jin et al., 2005; Miles et al., 2012; Pallud et al., 2014),
stroke (Jaenisch et al., 2010), to schizophrenia (Hyde et al., 2011)
and autism (Tyzio et al., 2014). These conditions are associated
with increased neuronal activity, which is often assumed to reflect
reduced GABAergic signaling due to altered chloride extrusion.
Therefore, agents acting to compensate for the loss of KCC2
function represent promising therapeutic options. For instance,
antagonists of the NKCC1 chloride importer, such as bumet-
anide, effectively suppress interictal discharges in human epilep-
tic cortex in vitro (Pallud et al., 2014). These strategies, however,
are predicted not to compensate altered glutamatergic signaling
induced by KCC2 suppression. Although the net impact of a
reduced excitatory synaptic function (Gauvain et al., 2011) and
long-term plasticity (this study) on network activity is somewhat
difficult to predict, rhythmogenesis and mnesic performances are
likely to be affected. In this respect, therapeutic strategies acting
to restore KCC2 expression or membrane stability (Bos et al.,
2013; Gagnon et al., 2013) rather than just chloride homeostasis
may be more effective in fully compensating the effects of its
suppression in neurological and psychiatric disorders.
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