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Abstract

KCC2 is the main neuronal K-Cl cotransporter, which lowers the intracellular Cl-

concentration and thus maintains GABAA receptor-mediated inhibition during
network activity in mature neurons. Independently of its function as an ion
transporter, KCC2 was shown to be necessary for the formation of excitatory
synapses, where it regulates the development of dendritic spines via modulation of
the actin cytoskeleton, notably cofilin phosphorylation. KCC2 expression undergoes
developmental up-regulation, which parallels the rostro-caudal CNS maturation in
rodents, and underlies the robust negative shift in EGABA away from the depolarizing
responses characteristic of immature neurons, as well as functionally regulates the
intense spino- and synaptogenesis of cortical principal neurons. These findings posit
KCC2 as a key molecule for coordinating the maturation and balance of excitatory
and inhibitory neurotransmission during the brain growth spurt.

While the role of KCC2 has been extensively studied during the first month of
postnatal development in rodents, its functions in the perinatal cortex are only
beginning to emerge. KCC2 knockout mice have altered hippocampal network
activity already at embryonic day 18.5 when KCC2 is considered to be expressed at
physiologically non-significant levels. Moreover, KCC2 has been found to regulate the
migration of cortical interneurons by acting as a migratory stop signal in an ion
transport-dependent way. On the other hand, in pyramidal neurons, KCC2-mediated
ion-cotransport seems to be under kinetic suppression until around birth. Finally, the
time window of the transition period of GABAergic signaling from depolarizing to
hyperpolarizing, and the underlying upregulation of KCC2, coincides with the time
when GABAAR modulators, notably general anesthetics, have been shown to induce
lasting adverse effects on cognition and behavior in rodents. Thus far, it is not known
why there is this defined time window of increased vulnerability to anesthetics, and
the underlying molecular and cellular mechanisms warrant investigation.

In this Thesis, the primary goal was to study the functional significance of early KCC2
expression in the developing neocortex and hippocampus of mice and rats and to
assess the effects of genetic and pharmacological modulation of KCC2 expression on
the formation of cortical networks. Particular focus was put on differentiating
between the ion transport-dependent and -independent roles of KCC2. This work
describes a novel ion transport-independent role of KCC2 in developmental
neuroapoptosis, as well as ion transport-dependent functions of KCC2 in the
regulation of hippocampal network events and developmental-stage dependent
vulnerability to general anesthetics.
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Introduction

The brain undergoes profound anatomical and functional changes during development. Starting
from a single sheet of the neuroepithelium, the many diverse cellular elements needed for the
assembly of the cortical formation develop in a bit over three weeks in the mouse and rat. Though
the cortex is divided into functionally diverse areas, many display similar features during
development, and some general rules can be derived. The basic mechanisms sculpting the
developing cortical networks are neurogenesis, neuronal migration, apoptosis, and differentiation.

Apoptosis is a crucial process for establishing the final number of neurons in the cortex. During the
two waves of developmental apoptosis, 20-40% of cortical neurons are eliminated (Blanquie et al.,
2017b; Wong and Marín, 2019). Initially, midway through neurogenesis, apoptotic death is observed
in neuronal progenitors and neuroblasts, and it is believed to select for the appropriate neuronal
clones before differentiation (Blaschke et al., 1996; de la Rosa and de Pablo, 2000; Roth et al., 2000).
At the time of the first apoptotic wave, the synaptic coupling of cortical neurons is relatively weak
(Allene et al., 2008; Komuro and Rakic, 1996; Owens and Kriegstein, 1998), and selection of neurons
at this early stage is likely to be independent of neuronal activity. The second apoptotic surge peaks
postnatally, and it is activity-dependent (Blanquie et al., 2017a; Denaxa et al., 2018; Duan et al.,
2019; Priya et al., 2018; Wong et al., 2018).

As neurons start to develop synaptic contacts, prior to the maturation of most sensory systems,
unique synchronous activity patterns begin to emerge (Feller, 1999; Griguoli and Cherubini, 2017;
Luhmann and Khazipov, 2018; Penn and Shatz, 1999; Yuste, 1997). These early network events are
guided by intrinsically generated mechanisms and are thought to regulate initial network
organization (Griguoli and Cherubini, 2017). In the developing hippocampus of mice and rats in vitro,
these early network events are called giant depolarizing potentials [(GDPs) (Ben-Ari et al., 1989;
Sipila et al., 2005)]. GDPs are limited to a transient period of brain development and disappear by
the end of the second postnatal week, and are thought to set the foundation for more synchronized
types of activity needed for the functions of the mature brain (Ben-Ari et al., 2007; Blankenship and
Feller, 2010)].

Interestingly, the brain does not merely increase in size at a steady pace. The developmental time
window during which the brain increases its volume and connectivity dramatically is known as the
“brain growth spurt”, and its timing is different in mammalian species. For example, in highly
precocial species such as sheep and guinea pigs, the intense period of brain growth happens
prenatally (Dobbing and Sands, 1979). In humans, it begins prenatally in the third trimester, while
in rodent models like rats and mice, its most prominent phase happens during the first postnatal
week (Dobbing and Sands, 1979; Erecinska et al., 2004). The brain growth spurt is also a period of
increased vulnerability to a plethora of agents that suppress neuronal activity and potentiate
GABAergic signaling like ethanol, antiepileptic drugs, and general anesthetics (Blanquie et al., 2016;
Lotfullina and Khazipov, 2018; Olney, 2014; Vutskits and Xie, 2016).

A hallmark event in brain development is a shift from excitatory to inhibitory GABAA receptor
signaling. It is mediated by an ontogenetic up-regulation of the main neuronal chloride extruder,
KCC2, which progressively lowers the intraneuronal Cl- concentration. The expression and function
of KCC2 during postnatal up-regulation have been well-characterized (Awad et al., 2018; Blaesse et
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al., 2009; Kaila et al., 2014; Rivera et al., 1999; Uvarov et al., 2007, 2009; Wang et al., 2002;
Watanabe and Fukuda, 2015). On the other hand, KCC2 is widely assumed to be expressed at a non-
significant level in the perinatal mouse and rat cortex. However, early disruptions of KCC2 result in
perturbed neuronal development and migration, and can cause epileptiform activity at a
developmental stage before the ontogenetic shift in GABAA receptor signaling (Bortone and Polleux,
2009; Horn et al., 2010; Khalilov et al., 2011).

The study of KCC2 expression and function during corticogenesis may have important implications
in the discovery of the underlying mechanisms whereby changes in KCC2 expression/function from
perinatal insults or genetic variation may promote neurodevelopmental disorders. The importance
of studying the early roles of KCC2 is highlighted by the fact that KCC2 variants have been found in
patients with neurological disorders that originate during brain development (Fukuda and
Watanabe, 2019; Kahle et al., 2014; Merner et al., 2015; Moore et al., 2017; Puskarjov et al., 2014;
Tao et al., 2012).
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1. Review of the literature

1.1. Cation-chloride cotransporters

Cation-chloride cotransporter (CCCs) are plasma membrane proteins and a part of the solute carrier
12 (SLC12) gene family. CCCs are secondary active cotransporters, meaning they use the energy of
Na+ and K+ gradients generated by the Na+/K+-ATPase, and they mediate electroneutral cation
(K+ and/or Na+)-chloride transport through the plasma membrane (Gamba, 2005; Kaila et al., 2014).
The mammalian CCCs include four K+-Cl- cotransporters (KCC1-4), two Na+-K+-Cl- cotransporters
(NKCC1, NKCC2), and one Na+-Cl- cotransporter (NCC) (Gagnon and Delpire, 2013; Kaila et al., 2014).
CCC9 and the CCC interacting protein 1 (CIP1) are also members of the CCCs, and their physiological
function is only beginning to emerge (Gagnon and Delpire, 2013; Kaila et al., 2014). CCC9 was initially
found to facilitate the transport of amino acids (Daigle et al., 2009), and was recently described as
a nicotinamide mononucleotide (NMN) transporter in the small intestine where it confers Na+-
mediated NMN transport (Grozio et al., 2019). The physiological role of CIP1 is presently unclear.
CIP1 mRNA was found in the muscle, placenta, brain, and kidney (Caron et al., 2000), and Slc12a8,
the gene encoding CIP1, was enriched in a genome-wide association study of aggressive behaviors
of laying hens (Lutz et al., 2017). Of the CCCs, KCC2 is the only member that is almost exclusively
expressed in neurons (Karadsheh and Delpire, 2001; Uvarov et al., 2005). Together with NKCC1 and
KCC3, KCC2 has been shown to play a critical role in regulating the intraneuronal Cl- concentration
(Boettger et al., 2003; Rivera et al., 1999; Yamada et al., 2004).

Besides NCC and NKCC2, which are primarily expressed in the kidney (Gamba et al., 1994), all other
CCCs are expressed at some stage in mammalian CNS development (Arroyo et al., 2013; Blaesse et
al., 2009; Li et al., 2002). NKCC1 was shown to be expressed early during cortical development, and
it is involved in the regulation of intraneuronal Cl- concentration ([Cl-]i), where it transports Cl- into
the cell and keeps [Cl-]i high (Achilles et al., 2007; Li et al., 2002; Yamada et al., 2004). This function
of NKCC1 underlies the depolarizing and even excitatory actions of -aminobutyric acid (GABA)
during development that have important trophic effects (Ben-Ari et al., 2007). KCC1 and KCC4 were
found to be expressed during early cortical development. KCC1 was only found in the choroid plexus,
while relatively high KCC4 mRNA was reported in both the choroid plexus and neuronal progenitors
(Li et al., 2002). Neither KCC1 nor KCC4 have a clearly described role in corticogenesis, but KCC4 was
recently found in a family with congenital familial hydrocephalus [together with KCC3, (Jin et al.,
2019)], pointing to a possible role for this protein in regulating K-Cl cotransport in the generation of
cerebrospinal fluid.

The expression of both KCC2 and KCC3 is up-regulated during rodent CNS development (Kaila et al.,
2014; Pearson et al., 2001; Rivera et al., 1999) and it coincides with the emergence of
hyperpolarizing GABA-mediated responses (Ben-Ari et al., 2007; Kaila et al., 2014). Hitherto, KCC3
has been shown to have little contribution to the total neuronal extrusion capacity in comparison
to KCC2, as seen in cerebellar Purkinje and granule cells (Seja et al., 2012). The role of KCC3 during
brain development is still unclear (Delpire and Kahle, 2017), but it potentially involves K-Cl
cotransport at the brain ventricles (Jin et al., 2019). Moreover, mutations in Slc12a6 that encodes
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KCC3 were found in peripheral neuropathy associated with agenesis of the corpus callosum (Howard
et al., 2002) pointing to a role of KCC3 in the development of both CNS and PNS.

CCCs are glycoproteins of molecular weight of ~120-200 kDa and have a predicted topology of 12
transmembrane domains flanked by intracellular N- and C-termini (Payne et al., 1996). Structure-
function studies showed that both the C-terminal cytoplasmic domain (CTD) and N-terminal
cytoplasmic domain (NTD) of KCC1 are required for transport function in Xenopus leavis oocytes
(Casula et al., 2001). Moreover, N-terminal truncation of KCCs (Casula et al., 2001), including the
neuron-specific isoform KCC2 (Li et al., 2007; Puskarjov et al., 2014), results in complete loss of K-Cl
cotransport activity mediated by these proteins. In parallel with mediating ion transport, CCCs have
been shown to have ion transport-independent functions. Indeed, both KCC2 (Awad et al., 2018;
Fiumelli et al., 2013; Horn et al., 2010; Li et al., 2007; Puskarjov et al., 2014) and NKCC1 (Walters et
al., 2009) CTDs seem to have structural roles.

Single proteins that are involved in two or more completely different biological action, and whose
multiple functions are very dissimilar to one another, have been termed “extreme multifunctional
proteins” or “moonlighting proteins.” There is often no segregation of these biological functions to
different domains of the protein (Chapple and Brun, 2015; Huberts and van der Klei, 2010; Jeffery,
1999). There is increasing evidence for many noncanonical properties of well-described proteins,
including receptors, membrane trafficking proteins, and ion channels (Royle, 2013). As outlined
below, the dual role of the KCC2 CTD in conferring ion cotransport as well as ion transport-
independent roles makes KCC2 a multifunctional protein essential for neurophysiological processes.

1.2. KCC2: a neuron-specific multifunctional protein

There are two main types of neuronal synaptic communication in the CNS – the excitatory and
inhibitory systems, mediated by neurotransmitters, which precisely control the propagation of brain
signaling. Fast synaptic transmission relies on ion fluxes through ligand-gated ion channels, and the
primary ligands in the mature brain are glutamate, the primary excitatory neurotransmitter, and
GABA and glycine, which mediate inhibitory transmission. In the adult mammalian brain, GABA
exerts fast inhibitory responses by binding to GABAA receptors (GABAARs), ionotropic receptors that
selectively conduct anions (Cl- and to lesser extent HCO3-) (Kaila, 1994). GABAAR-mediated
postsynaptic responses depend critically on the direction of Cl- net flux dictated by the
electrochemical gradient for this anion across the membrane. In mature neurons, Cl- flows inward
due to a lower concentration of Cl- inside ([Cl-]i) than what is dictated by passive distribution due to
the up-regulation of the main neuronal chloride extruder KCC2. This decrease in [Cl-]i enables
hyperpolarization of the membrane potential and generation of inhibitory postsynaptic potentials
(IPSPs) by GABAAR activation (Kaila, 1994).

Due to relatively higher [Cl-]i maintained notably by the Na-K-Cl cotransporter NKCC1, during early
brain development, GABA evokes depolarizing responses (the regulation of intracellular Cl- in
neurons is shown in Figure 1). These responses promote the depolarization-dependent opening of
voltage-gated Ca2+ channels and removal of the Mg2+ block needed to activate NMDA receptors,
resulting in a rise in intracellular Ca2+ (Cherubini et al., 1991). This cascade has been suggested to
act as a trophic signal, involved in regulation of neuronal proliferation and differentiation (LoTurco
et al., 1995; Owens and Kriegstein, 2002), initiation and modulation of migration (Behar, 2000, 2001;
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Behar et al., 1996; Bortone and Polleux, 2009; Heck et al., 2006; Inada et al., 2011; Manent, 2005),
as well as dendritic arborization (Young et al., 2012) and synaptogenesis (Owens and Kriegstein,
2002). An entirely different biological role of KCC2 began to emerge when it was found to be
abundantly expressed in and near dendritic spines, membrane protrusions characteristic of
glutamatergic synapses (Gulyás et al., 2001). It was later discovered that KCC2 regulates cytoskeletal
dynamics during synaptogenesis independently of its ion transport function (Li et al., 2007).

In the original study that pinpointed KCC2 as the main Cl- extruding mechanism of CNS neurons,
antisense oligonucleotides were targeted to downregulate KCC2 mRNA in organotypic hippocampal
slices at a time-point when GABA-mediated signaling was already hyperpolarizing. After KCC2
downregulation, the positive shift in the GABA reversal potential re-emerged, causally linking KCC2
expression to hyperpolarizing GABAergic responses (Rivera et al., 1999). The generation of Kcc2–/–

mice solidified the role of KCC2 in the shift in GABAergic signaling, and showed that KCC2 is
necessary for postnatal survival, as postnatal day (P) 0 pups died shortly after birth due to severe
motor deficits (Hübner et al., 2001). KCC2 was later found to be the underlying mechanism of the
developmental shift in GABAergic signaling in several neuronal populations, including cortical
projection neurons (PNs) (Khirug et al., 2008; Lee et al., 2005), and cerebellar Purkinje and granule
cells (Seja et al., 2012). Recently, the gradual developmental decrease in the intracellular Cl-
concentration and the concomitant hyperpolarizing shift in the reversal potential of GABAA currents
(EGABA) have been described for the first time in vivo in mouse neocortical neurons using a
fluorescent Cl- sensor (Sulis Sato et al., 2017).

Figure 1. NKCC1 and KCC2 control
the intracellular Cl- concentration in
CNS neurons. The active regulation
of [Cl-]i in central neurons is
managed by NKCC1 and KCC2, which
use the energy of Na+ and K+

transmembrane gradients
generated by the Na+/K+ ATPase. In
immature neurons (up), NKCC1-
mediated Cl- uptake results in a
relatively high [Cl-]i. KCC2 expression
is low. This, in turn, results in
depolarizing GABAAR-mediated Cl-
currents in immature neurons.
During neuronal maturation (low),
KCC2 is upregulated and mediates Cl-

extrusion, decreasing [Cl-]i and
rendering GABAAR-mediated Cl-
currents hyperpolarizing. In most
mature neurons [Cl-]i is low, and
GABAAR activation hyperpolarizes
the cell.
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KCC2 is thus positioned to synchronize both inhibitory and excitatory signaling, so it is no
surprise that loss-of-function mutations in SLC12A5, the gene that encodes KCC2, have been
implicated in a variety of neurodevelopmental disorders (Kahle et al., 2014; Merner et al., 2015;
Puskarjov et al., 2014; Saito et al., 2017; Saitsu et al., 2016; Stödberg et al., 2015; Tang et al., 2016;
Tao et al., 2012). The first KCC2 loss-of-function mutation was described in an Australian family with
familial febrile seizures (FSs), resulting in an arginine to histidine substitution at position 952 in
KCC2 (KCC2 R952H) (Puskarjov et al., 2014). The mutation was located in the highly conserved C-
terminus of KCC2, which confers the ion cotransport as well as the ion transport-independent,
structural role of KCC2 in dendritic spines. The KCC2-R952H mutation resulted in decreased KCC2
ion cotransport ability (due to decreased membrane stability), as well as compromised the capacity
of KCC2 to form de novo dendritic spines (Puskarjov et al., 2014).

Another group associated the same KCC2 missense mutation, KCC2-R952H, with idiopathic
generalized epilepsy (IGE) (Kahle et al., 2014). The same authors identified a new KCC2 loss-of-
function mutation, KCC2-R1049C, in a Canadian IGE cohort (Kahle et al., 2014). Both KCC2-R952H
and KCC2-R1049C were found to confer reduced ion cotransport. Consistent with (Puskarjov et al.,
2014), KCC2-R952H exhibited decreased membrane stability. Also, both mutations displayed
compromised phosphorylation of the S940 residue (Kahle et al., 2014), an important regulatoy site
that, when phosphorylated, reduces endocytosis of KCC2 (Lee et al., 2007). This finding readily
explains the decreased membrane expression of KCC2-R952H observed by (Puskarjov et al., 2014).
The identification of missense KCC2 variants in patients with FSs and IGE indicates that genetic
variations in KCC2 may underlie the pathogenesis of seizure disorders (SDs). However, one has to
keep in mind that both KCC2-R952H and KCC2-R1049C were also found in controls and in patients
who had unaffected parents (Kahle et al., 2014; Puskarjov et al., 2014). Notably, SDs are often
caused by variants in multiple genes, and the individual risk of developing such a disorder is complex
(Klassen et al., 2011).

The first monogenic loss-of-function KCC2 variant was described in epilepsy of infancy with
migrating focal seizures (EIMFS) (Stödberg et al., 2015). After that, a number of additional KCC2
variants have been associated with EIMFS (Saito et al., 2017; Saitsu et al., 2016). Finally, KCC2-R952H
and KCC2-R1049C variants have been linked to schizophrenia and autism spectrum disorders (ASDs).
There, rare KCC2 variants that target CpG sites have been associated with ASDs, prompting the
authors to propose that epigenetic dysregulation of KCC2 may increase the risk of ASD and
schizophrenia (Merner et al., 2015).

These findings together suggest that KCC2 variants may be a risk factor for SDs, schizophrenia, and
ASDs. Importantly, KCC2 variants found in patients with neurodevelopmental disorders (Kahle et al.,
2014; Merner et al., 2015; Puskarjov et al., 2014; Saito et al., 2017; Saitsu et al., 2016; Stödberg et
al., 2015) may disrupt both ion transport-dependent and transport-independent functions of KCC2,
suggesting that alterations in KCC2 expression unrelated to chloride regulation may have significant
consequences on neuronal development (Puskarjov et al., 2014).

1.2.1. Ion transport-independent functions of KCC2
Work by Gulyás et al. (2001) showed for the first time KCC2 expression in the vicinity of dendritic
spines, membrane protrusions characteristic of excitatory synaptic inputs. As inhibitory synapses
are preferentially formed on the dendritic shaft, and the vast majority of glutamatergic excitatory
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synapses are found in dendritic spines, the authors initially proposed that KCC2 expression may limit
dendritic swelling upon intense glutamatergic signaling (Gulyás et al., 2001). KCC2 was also found
to be most abundantly expressed in the thorny excrescences of the CA3 pyramidal cells, a
specialized type of dendritic spines that only receive excitatory synaptic input (Gulyás et al., 2001).
These findings suggested a putative role for KCC2 in the development and maintenance of excitatory
synapses, possibly not directly related to inhibitory signaling. Li et al.(2007) were the first ones to
show that KCC2 was not only found in, but it was necessary for the formation of dendritic spines
(Figure 2). Moreover, they showed that this structural role of KCC2 is independent of its ion
cotransport function (Li et al., 2007). This finding spurred an interest in the potential role of KCC2 in
excitatory synapse development, and currently, the bulk of research regarding the ion transport-
independent roles of KCC2 regards spinogenesis.

KCC2 was also found in cervical cancer cells, where its overexpression enhanced cell migration (Wei
et al., 2011). The increase in KCC2 expression had no effect on the growth of the cells, but it altered
their morphology. The described phenomenon was ion transport-independent, since an ion
transport-dead KCC2 variant, KCC2-Y1087D (Akerman and Cline, 2006; Strange et al., 2000), had the
same effects on the cells as a full-length variant (KCC2-FL). Increased levels of KCC2 resulted in
rounder cells with fewer focal adhesions while lowering KCC2 levels had the opposite effect and
resulted in cell flattening with an increase in focal adhesions. In cancer cells, invasiveness and
motility are a vital step in metastatic activity, and expressing high levels of KCC2 (and consequently
decreasing the number of focal adhesions) supports their migratory behavior (Wei et al., 2011).

1.2.1.1. Spinogenesis
The ion transport-independent function of KCC2 has been most intensively studied in the context of
synaptogenesis and maintenance of glutamatergic dendritic spines. Initially, cultured neocortical
neurons from Kcc2–/– mice were found to exhibit long, filopodia-like dendritic spines, a sign of
morphological and functional immaturity of excitatory synapses (Li et al., 2007). The dendritic spines
of Kcc2–/– mice expressed fewer excitatory synapses, seen as a reduction in the number of synaptic
clusters as well as a reduction in the frequency of miniature excitatory postsynaptic potential
(mEPSP) (Li et al., 2007). Thus, glutamatergic synaptic connectivity was found to be impaired in
Kcc2–/– neurons. Support for the involvement of KCC2 in regulating dendritic spine morphology in
vivo was obtained using organotypic slice cultures from hypomorphic KCC2 (Kcc2hy/null) mice
(Tornberg et al., 2005) whose neurons express ~20% of KCC2 protein. The spine morphology of
Kcc2hy/null neurons was similar to Kcc2–/–, albeit not as pronounced (Li et al., 2007). The authors then
transfected Kcc2–/– neurons with KCC2-FL or an N-terminally truncated, ion transport-dead variant
of KCC2 (KCC2- NTD), and surprisingly both restored the spine morphology and the number of
functional excitatory synapses to that observed in Kcc2+/+ neurons (Li et al., 2007). This morphogenic
effect of KCC2 on spines was found to be mediated by the interaction between the C-terminal
domain of KCC2 and the FERM domain of 4.1N, a spectrin/actin-binding protein that links
transmembrane proteins to the actin cytoskeleton. Importantly, since both KCC2-FL and KCC2- NTD
were shown to interact with the dendritic cytoskeleton via the 4.1N protein, the authors
demonstrated the effect of KCC2 loss on spinogenesis was unrelated to cation-chloride cotransport
(Li et al., 2007). Though KCC2 binds the 4.1N protein with its C-terminal domain (CTD),
overexpressing the sole C-terminal domain of KCC2 (KCC2-CTD) had a dominant-negative effect on
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length of dendritic protrusions of Kcc2+/+ neurons. KCC2-CTD overexpression resulted in a
phenotype similar to Kcc2–/– neurons with elongated dendritic spines. However, no rescue
experiments with KCC2-CTD overexpression in Kcc2– /– neurons were performed (Li et al., 2007).

While ontogenic lack of KCC2 resulted in a decreased number of excitatory synapses and filopodia-
like dendritic spines, shRNA mediated knockdown of KCC2 in mature cultured hippocampal neurons
[>14 days in vitro (DIV)] resulted in no change in the length or density of dendritic spines of those
neurons (Gauvain et al., 2011). The authors observed a qualitatively different effect of KCC2
downregulation depending on the maturity of the neurons. Upon KCC2 knockdown at DIV14, there
was an increase in mushroom-type mature spines ten days later (DIV24), but when KCC2 was
knocked-down at DIV4, before cultured hippocampal start to express dendritic spines, the dendritic
protrusions observed at DIV14 had a filopodia-like appearance (Gauvain et al., 2011).

Several KCC2 variants were used to investigate the morphogenic role of KCC2 in the dendritic
spinogenesis in vivo (Fiumelli et al., 2013). The authors employed in utero electroporation (IUE) to
target the PNs of the somatosensory cortex (SSC). Overexpression of KCC2-FL in utero had no effect
on the dendritic arborization at P10, P15, and P90, contrary to previous reports (Cancedda et al.,
2007). Instead, it was found to induce a permanent and robust increase in dendritic spines of SSC
layer (L) II/III PNs. Furthermore, the KCC2-induced increase in dendritic spines correlated with an
increase in mEPSC frequency, but not amplitude, pointing to an enhanced number of functional
excitatory synapses. Importantly, the authors found increased spine density by overexpressing
KCC2- NTD and KCC2-CTD (Li et al., 2007), but not by overexpressing a KCC2 variant incapable of
both ion transport (Reynolds et al., 2008) and interaction with 4.1N [KCC2-C568A, (Horn et al.,

Figure 2. KCC2 regulates the development and morphology of dendritic spines through structural
interactions with the actin cytoskeleton. Dendritic spines are small membrane protrusions from the
neuron’s dendrite that typically receive excitatory synaptic input. During synaptogenesis, dendrites rapidly
sprout thin spines (“filopodia”) which have weak synaptic coupling. With maturation, the spines form
synapses containing AMPA and NMDA receptors. Upregulation of KCC2 facilitates the structural and
functional development of cortical dendritic spines in an ion-transport-independent manner. KCC2 regulates
the development of spines through effects on the actin cytoskeleton via scaffolding proteins and/or on the
proteins that regulate actin polymerization. In Kcc2–/– cultures neurons display filopodia-like spines.
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2010)]. This study confirmed a morphogenic role of KCC2 in vivo independent of its ion transport-
related functions (Fiumelli et al., 2013). More recent studies confirmed the findings by (Fiumelli et
al., 2013): KCC2 overexpression via IUE resulted in an increase in dendritic spine density of the SSC
L II/III PNs in vivo and in vitro (Awad et al., 2018; Puskarjov et al., 2014). Previously, KCC2
overexpression in utero was reported to result in a dramatic impairment in dendritic arborization of
SSC L II/III PNs (Cancedda et al., 2007). Conversely, (Fiumelli et al., 2013) found no changes in the
dendritic arborization. This discrepancy could have come from the way the authors visualized the
dendritic arbor: (Fiumelli et al., 2013) used intracellular Lucifer Yellow filling, while (Cancedda et al.,
2007) used EGFP expressed from bicistronic plasmids. The expression levels of EGFP, and thus the
precision of detection of the dendritic tree, can vary depending on the position of EGFP with regard
to the internal ribosomal entry site (IRES). In the case of the (Cancedda et al., 2007) study, EGFP was
positioned downstream of the IRES, which can decrease its expression, and reduced EGFP
expression could account for biases in the visualization of the whole dendritic arbor.

Changes in KCC2 expression were found to have different effects on different neuronal populations:
(i) increased density of dendritic spines in the PNs of the L II/III SSC after KCC2 overexpression (Awad
et al., 2018; Fiumelli et al., 2013; Puskarjov et al., 2014); (ii) a reduction in dendritic spine density of
the hippocampal CA1 pyramidal neurons after KCC2 overexpression (Awad et al., 2016, 2018); (iii)
no change in the synapse density during postnatal development in cerebellar Purkinje and granule
cells upon KCC2 knockdown (Seja et al., 2012); (iv) an increase in synapse density in the mitral and
tufted cells of the olfactory bulb upon KCC2 knockdown (Gödde et al., 2016); and (v) no change in
the length or density of dendritic spines in mature cultured hippocampal neurons upon KCC2
downregulation (Gauvain et al., 2011). These studies point to the importance of distinct temporal
(before or after the initial formation of dendritic spines/synapses) and spatial (in the neocortex,
hippocampus, cerebellum, or the olfactory bulb) effects of changes in KCC2 expression.

Of note, all thus far described ion-transport independent interactions of KCC2 involve interactions
with the C-terminal domain of KCC2 (Chamma et al., 2013; Chevy et al., 2015; Fiumelli et al., 2013;
Gauvain et al., 2011; Li et al., 2007; Llano et al., 2015; Puskarjov et al., 2014). KCC2-CTD
overexpression has been used as dominant-negative in vitro, but its overexpression in vivo does not
appear to yield the same results. KCC2-CTD overexpression in vivo increased the number of cortical
dendritic spines, as did overexpression of KCC2-FL (Fiumelli et al., 2013). On the other hand, KCC2-
CTD overexpression in vitro resulted in (i) elongated dendritic spines, similar to Kcc2–/– neurons, and
decreased number of active synapses (Li et al., 2007); (ii) unchanged morphology of dendritic spines,
but decreased mEPSC amplitude (Gauvain et al., 2011); or (iii) increased diffusion of KCC2 without
affecting its clustering at the plasma membrane (Chamma et al., 2013). The mechanism whereby
KCC2-CTD would exert its dominant-negative effect in vitro is still unclear, and it has so far been
hypothesized that the CTD blocks the interaction of native KCC2 with its intracellular cytoskeletal
partners (Chamma et al., 2013; Gauvain et al., 2011; Li et al., 2007). Nevertheless, KCC2-CTD
overexpression does not appear to have a dominant-negative effect on the KCC2 ion cotransport
and membrane stability (Chamma et al., 2013; Gauvain et al., 2011). This is surprising since sites
that regulate KCC2 membrane insertion and turnover via phosphorylation (Chamma et al., 2013;
Lee et al., 2011) and calpain-mediated cleavage (Puskarjov et al., 2012) are also located in the C-
terminal part of KCC2, and so is the ISO domain needed for ion cotransport (Acton et al., 2012;
Mercado et al., 2006). It is unclear why would KCC2-CTD overexpression selectively perturb
interaction with the cytoskeleton and further research is needed to consolidate these discrepancies.
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Recently, KCC2-NTD was described as critical for the surface delivery of KCC2 in vitro (Friedel et al.,
2017) and, it has also been reported to have a role in neuroprotection (Winkelmann et al., 2015). A
well-defined KCC2 functional variant with a deleted NTD that retains the KCC2-mediated
cytoskeletal interaction but cannot mediate ion transport, KCC2- NTD (Fiumelli et al., 2013; Horn
et al., 2010; Li et al., 2007; Puskarjov et al., 2014), was suggested to confer decreased delivery to
the plasma membrane in vitro (Friedel et al., 2017). However, data obtained in vivo illustrate that
plasmalemmal expression of KCC2 may not be relevant for the ion transport-independent roles of
KCC2 mediated via the CTD during spinogenesis (Awad et al., 2018; Fiumelli et al., 2013).

Expression of KCC2 at the plasmalemma may not presently be relevant for the ion transport-
independent roles of KCC2 during cortical development. As surface KCC2 protein levels are low in
the neonatal neocortex and hippocampus (Gulyás et al., 2001; Kovács et al., 2014; Awad et al.,
2018), surface expression might not be a prerequisite for the interaction with the cytoskeleton or
any other possible ion transport-independent KCC2 effects during development. While KCC2 is
associated with the cell membrane in mature neocortical neurons, its expression during
development is confined preferentially to the cytosol (see “Subcellular expression of KCC2” chapter
of this thesis).

1.2.1.2. Embryonic cortical development
The importance of the ion-transport independent function of KCC2 has been underscored in vivo
during early embryonic development, where KCC2 expression perturbed neuronal migration and
differentiation. KCC2 was found in the neuronal progenitors and in postmitotic Tuj1-positive
neurons of the posterior part of the neural tube (Chambers et al., 2009; Horn et al., 2010).
Precocious overexpression of KCC2-FL in neural progenitors starting at around embryonic day (E) 7
perturbed the development of the neural tube and disrupted the migration of neural tube and
neural crest cells. More specifically, KCC2 overexpression reduced neuronal differentiation, with no
changes observed in proliferation or cell death (Horn et al., 2010). The transgenic embryos had
smaller brain structures and a prominent cleft palate and died in utero by the age of E15. Strikingly,
similar effects were observed by overexpressing the N-terminally truncated ion transport-dead
KCC2- NTD, while the KCC2-C568A variant incapable of both ion transport and interaction with the
actin cytoskeleton did not affect the transgenic embryo phenotype (Horn et al., 2010). The
morphogenetic effects of KCC2 during early embryogenesis are thus thought to be ion transport-
independent and mediated through direct structural interactions with the actin cytoskeleton.

The hippocampi of Kcc2–/– mice were found to exhibit increased levels of spontaneous network
activity at E18.5 (Khalilov et al., 2011), prior to the developmental shift in GABAergic signaling. KCC2
expression was found predominantly in the cytoplasm of the hippocampal CA3 pyramids (using
confocal microscopy in slices), with only a few neurons expressing KCC2 at the cell membrane. As
the authors could not detect any difference in the reversal potential of GABAAR currents (EGABA), it
was concluded that these early changes in hippocampal network activities are likely to stem from
the loss of ion transport-independent actions of KCC2 in Kcc2– /– embryos (Khalilov et al., 2011).
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1.3. KCC2 in the cortex of perinatal rodents

The expression of the gene-encoding KCC2 (Slc12a5) follows a specific temporal pattern, and it is
restricted to CNS neurons. First studies examining the distribution of KCC2 transcript in various rat
tissues found that KCC2 was present in different parts of the CNS (cortex, hippocampus, cerebellum,
brain stem, and spinal cord) but absent from tissues outside of the CNS (PNS, notably dorsal root
ganglion neurons, skeletal muscle, heart, lung, liver, kidney, and testis) (Payne et al., 1996; Rivera
et al., 1999; Williams et al., 1999). Furthermore, multiple transcriptional mechanisms ensure that
KCC2 is neuron-specific. The first mechanism behind the strictly neuronal presence of KCC2 was
proposed in 2001 after a neuron-restrictive silencing element (NRSE) sequence was found in the
KCC2 promoter region (Karadsheh and Delpire, 2001). Then, the transcription factor Egr4 was shown
to regulate KCC2 levels in N2a cells and neuronal cell cultures (Uvarov et al., 2006). More recently,
binding of ubiquitously present upstream stimulating factors 1 and 2 to the KCC2 promoter region
has been shown to upregulate KCC2 (Markkanen et al., 2008), and a novel repressor element-1 site
upstream of the previously described NRSE site on the KCC2 gene has been described (Yeo et al.,
2009). Although KCC2 is almost ubiquitously found in neurons, some mature neuronal populations
lack KCC2 (Barthó et al., 2004; Ikeda et al., 2003; Kanaka et al., 2001; Leupen et al., 2003; Schmidt
et al., 2018; Vardi et al., 2000).

The N-terminal part of mammalian KCC2 is subjective to alternative splicing and produces two
neuron-specific isoforms, KCC2a, and KCC2b (Uvarov et al., 2007). Both isoforms have similar co-
transport properties when transfected in human embryonic kidney (HEK) cells (Uvarov et al., 2007)
and cultured hippocampal and cortical neurons (Markkanen et al., 2017). Postnatally, KCC2b
expression  undergoes marked upregulation while KCC2a decreases, making KCC2b the most
abundant isoform in mature neurons (Uvarov et al., 2009). Besides the difference in temporal
sequence, KCC2a and KCC2b show different distribution patterns in vivo and in vitro, suggesting
possible different functional roles for these isoforms (Markkanen et al., 2014). Recently, KCC2a has
been shown to be necessary for the regulation of the brain stem-dependent breathing patterns
(Dubois et al., 2018). Though KCC2a and KCC2b differ in their N-termini, their CTD appears to be
identical, and the ion transport-independent actions of KCC2 could be achieved by either isoform.

Animal models of reduced KCC2 function underscore its importance during nervous system
development. Mice that lack KCC2 entirely (both isoforms) die shortly after birth due to impaired
GABAergic inhibition and respiratory failure (Hübner et al., 2001). Mice that specifically lack KCC2b
can survive up to 2 postnatal weeks, but they show generalized seizures (Woo et al., 2002), while
KCC2a knock-out mice show a lower breathing rate (Dubois et al., 2018). Moreover, Kcc2hy/null mice
that express only 15-20% of the usual KCC2 protein show increased susceptibility for induced
seizures and impaired cognitive abilities (Tornberg et al., 2005). Similar effects can be observed in
Drosophila, where disruption in the Kcc2 orthologue Kazachoc leads to increased seizure
susceptibility and lethality (Hekmat-Scafe et al., 2006).

1.3.1. Developmental expression patterns of KCC2 in cortical neurons
KCC2 is upregulated during embryonic and early postnatal development, and the majority of mature
neocortical and hippocampal neurons express KCC2. The timing of KCC2 upregulation is brain area-
and neuron type-specific (Rivera et al., 1999, 2005; Stein et al., 2004). KCC2 mRNA first appears in
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the rhombomeres of the developing neural tube at E9 in the mouse embryo (Chambers et al., 2009).
KCC2 immunoreactivity (KCC2-ir) was detected in the neural tube of the developing mouse embryo
at E10 (Horn et al., 2010). These findings predate the upregulation of KCC2 in the cortex, as cortical
development begins at ~E11.5 in the mouse.

No KCC2 mRNA has so far been described in the proliferative areas of the telencephalon, such as
the ventricular (VZ) and subventricular zones (SVZ), which in the mouse develop around E12 and
comprise of progenitor and radial glial cells (Li et al., 2002). Low levels of KCC2 mRNA transcripts
have been observed in the basal telencephalon (e.g. in the piriform cortex) at E12.5, but the
developing hemispheres do not show any KCC2 mRNA at this time point (Stein et al., 2004). By E15.5,
KCC2 mRNA can be detected in the cortical plate (Stein et al., 2004). Studies using Western blotting
(WB) show that by E15 KCC2 protein is weakly expressed in the neocortex without specifying in
which cell type (Stein et al., 2004). One type of neurons where KCC2 mRNA was found early during
cortical development, at E15.5, are the cortical interneurons (INs) deriving from the medial
ganglionic eminence (MGE) (Batista-Brito 2008). Analysis of KCC2 staining in MGE-INs in vitro
showed no immunostaining before the INs entered the cortical plate, but found faint KCC2-ir at
E16.5 (Bortone and Polleux, 2009). The expression of KCC2 in cortical PNs has not been a subject of
many studies, but it was shown to occur later in PNs compared to INs in cortical explants (Bortone
and Polleux, 2009). By birth/P0, KCC2 mRNA levels are gradually increasing in the telencephalon
(Shimizu-Okabe et al., 2002; Uvarov et al., 2009; Wang et al., 2002). At P0, KCC2 was detectable in
the deeper part of the cortical plate (CP) – in the layers V and VI. The immunosignal gradually
increased in all layers of the CP by P7 (Shimizu-Okabe et al., 2002; Takayama and Inoue, 2010; Wang
et al., 2014). The mRNA levels of the two KCC2 splice variants, KCC2a and KCC2b, were not
significantly different in the perinatal mouse brain (Uvarov et al., 2007). After birth, KCC2
upregulation is steep and reaches near-adult levels during the second postnatal week (Awad et al.,
2018; Gulyás et al., 2001; Kovács et al., 2014; Rivera et al., 1999; Stein et al., 2004; Takayama and
Inoue, 2010; Wang et al., 2002). Looking at KCC2 immunostaining in the postnatal neocortex, the
majority of neurons in the uppermost layers, layers II/III, showed KCC2-ir by P10. The intensity of
the staining increased until P14 (Takayama and Inoue, 2010). A detailed study of cellular KCC2
localization in the cortex during postnatal development showed weak and diffuse KCC2 staining at
P3 that intensified by P7. The staining signal at P6 was as strong as that of an adolescent (P15) animal
(Kovács et al., 2014).

In the developing hippocampus, KCC2 mRNA has been detected already at E15.5 (Stein et al., 2004),
and KCC2 protein at E18 (Khalilov et al., 2011). KCC2 mRNA and protein were upregulated from
P0-P5 (Gulyás et al., 2001; Rivera et al., 1999), and their increase was shown to take place in an
input-specific manner during hippocampal development (Gulyás et al., 2001; Rivera et al., 1999).
Entorhinal projections initially innervate the dorsal blade of the dentate gyrus (DG), which comprises
of the nascent strata radiatum and lacunosum-moleculare (Tamamaki, 1999). Accordingly, KCC2
mRNA and immunosignal were initially detected at the border of str. radiatum and pyramidale, and
in str. lacunosum-moleculare of the CA1-CA3 region (Gulyás et al., 2001; Rivera et al., 1999). By P2,
strata oriens and lacunosum-moleculare showed high immunoreactivity, in agreement with the
input-specific expression of KCC2. At P4, KCC2 immunostaining is detectable in the nascent
molecular layer and the DG. Strata radiatum and lacunosum-moleculare showed high
immunoreactivity (Gulyás et al., 2001). KCC2 mRNA and protein expression further increased from
P5 to P15 (Pfeffer et al., 2009; Rivera et al., 1999), with a ~3-fold increase in KCC2 protein expression
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in the hippocampus observed between P6/7 and P20 with WB (Sipilä et al., 2009). Immunostaining
revealed an increase of KCC2 protein levels in the hippocampus from P4 – P12 (Gulyás et al., 2001;
Blaesse et al., 2006).

When looking at studies in laboratory rodents, one must take note that the stage of brain
development at birth shows drastic variation among species (Clancy et al., 2001; Dobbing and Sands,
1979; Erecinska et al., 2004), and rats and mice are born at a very immature stage of cortical
developments, corresponding to human post-conception weeks (PCW) 25-27 (Clancy et al., 2001).
In contrast to rodents, primates and the guinea pig have high levels of KCC2 in the cortex before
birth (Rivera et al., 1999; Sedmak et al., 2016; Spoljaric et al., 2017). In the human brain, KCC2 mRNA
and protein are robustly upregulated in utero (Sedmak et al., 2016; Vanhatalo et al., 2005), with
quantitative estimates for mRNA up-regulation to take place between the beginning of the third
trimester of pregnancy and the sixth postnatal month (Sedmak et al., 2016). In the developing
human neocortex, KCC2 is initially expressed in the subplate at 16-18 PCW (Bayatti et al., 2008;
Sedmak et al., 2016; Wang et al., 2010). In the cortical plate, KCC2 is found at 20 PCW (Hyde et al.,
2011; Robinson et al., 2010; Sedmak et al., 2016), and at PCW 25 most human cortical neurons
express KCC2 protein (Sedmak et al., 2016). Interestingly, the subplate serves as a waiting
compartment for growing cortical afferents between PCW 15-24 (Allendoerfer and Shatz, 1994;
Kostovi  et al., 2002; Kostovi  and Jovanov-Milosevi , 2006; Kostovic and Rakic, 1990), and it is the
site of the earliest functional circuits of the neocortex (Allendoerfer and Shatz, 1994; Hoerder-
Suabedissen and Molnár, 2015; Kanold and Luhmann, 2010). After PCW 24 afferent fibers begin to
invade the cortical plate, which coincides with the onset of intense synaptogenesis (Kostovic and
Rakic, 1990; Molliver et al., 1973). KCC2 expression in the subplate follows the pattern of neuronal
differentiation and synaptogenesis during human brain development.

1.3.2. Subcellular expression of KCC2
At the subcellular level, KCC2 is found at the plasma membrane of the neuronal soma and dendrites
in a punctate fashion (Williams et al., 1999; Gulyás et al., 2001; Khirug et al., 2008; Báldi, Varga and
Tamás, 2010; Gauvain et al., 2011; Kovács et al., 2014), with a high expression in the dendritic spines
(Gulyás et al., 2001; Báldi, Varga and Tamás, 2010; Gauvain et al., 2011; Kovács et al., 2014). KCC2
is not found in the axon, with the axon initial segment being the region of lowest KCC2 expression
in the neuron (Báldi et al., 2010; Szabadics et al., 2006). During development, KCC2 appears to
initially be located preferentially in the cytosol of hippocampal and neocortical neurons, and during
development shift towards membrane-associated. Electron-microscopy analysis of KCC2 expression
in the neonatal hippocampus found KCC2 immunogold particles in association with the plasma
membrane and transport vesicles (in the cytosol) of the distal dendrites of CA3 pyramidal neurons
at P2 (Gulyás et al., 2001). By P4, the number of KCC2 particles in the plasma membrane increased
paralleled by a decrease in the transport vesicles. By P12 KCC2 was found to be primarily expressed
in the dendritic spine heads, with lower expression in the dendritic shaft and the soma (Gulyás et
al., 2001). Along the dendrite, the highest KCC2 expression was observed in the proximal part of the
str. lucidum in the thorny excrescences of CA3 pyramidal neurons (Gulyás et al., 2001) and in the
str. lacunosum-moleculare (Báldi et al., 2010).

Interestingly, while an increase in membrane-associated KCC2 was found during early postnatal
development in the rat entorhinal and somatosensory cortices, it was not accompanied by a
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decrease in the cytosol (Kovács et al., 2014). Using immunogold labeling and electron microscopy,
KCC2 was found both in the somatic and dendritic plasma membrane as well as associated with
transport vesicles in the cytosol. KCC2 expression in the dendrites increased from P2 to P12 in
superficial cortical layers, while it decreased in the soma (Kovács et al., 2014). In the rat hippocampal
pyramidal neurons, KCC2 was strongly associated with the heads of dendritic spines (Gulyás et al.,
2001; Gauvain et al., 2011). The same does not seem to hold for neocortical neurons, where KCC2
was not localized in spine heads, and no preferential association with excitatory or inhibitory
synapses was observed. KCC2 was, however, expressed in the neck of dendritic spines and the spine
apparatus (Kovács et al., 2014).

Plasmalemmal localization of KCC2 is low in the developing cortex and hippocampus (Gulyás et al.,
2001; Kovács et al., 2014; Awad et al., 2018). However, KCC2 expression at the plasmalemma may
not be a prerequisite for its CTD-mediated, ion transport-independent actions. As shown in dendritic
spinogenesis in vivo (Fiumelli et al., 2013), overexpression of a KCC2 construct encoding the cytosolic
CTD but lacking transmembrane domains was sufficient to induce a permanent increase in dendritic
spines. During development, a substantial pool of KCC2 is confined to the cytosol (Gulyás et al.,
2001; Khalilov et al., 2011; Kovács et al., 2014), where the CTD is free to interact with its targets.

1.3.3. Post-translational regulation of KCC2 during the perinatal period
Though up-regulation of KCC2 expression parallels the decrease in intraneuronal Cl- concentration
and the appearance of hyperpolarizing GABAergic inhibition, KCC2 protein can be expressed in
neurons apparently lacking efficient Cl- extrusion [see e.g. (Blaesse et al., 2006)]. The K-Cl
cotransport capacity of KCC2 does not depend only on its expression, but also on its kinetic activity
as the KCC2-mediated ion cotransport can be fine-tuned by post-translational modifications of the
KCC2-CTD. Phosphorylation and dephosphorylation define the transport functionality of KCC2 by
controlling membrane insertion/stability (Friedel et al., 2015; Khirug et al., 2005; Mahadevan et al.,
2014; Medina et al., 2014; Puskarjov et al., 2012; Uvarov et al., 2009). Phosphorylation of various C-
terminal residues was found to be crucial in post-translational KCC2 regulation, directing
developmental (Friedel et al., 2015) as well as short-term ion transport activity (Kahle et al., 2013;
Medina et al., 2014).

In the CA1 neurons of the developing hippocampus, as seen at P5-P7, KCC2 was shown to be located
primarily in the cytosol (Gulyás et al., 2001), and those neurons were found to have weak Cl-
extrusion capacity (Khirug et al., 2010). When assessing transport functionality, measurements of
Cl- extrusion at 50 μm from the soma under a somatically-imposed Cl- load were found to not differ
from the levels of passive Cl- distribution (Khirug et al., 2010). Remarkably, adult-levels of Cl-
extrusion were possible to achieve quickly, within tens of minutes, with a single kainate-induced
seizure (Khirug et al., 2010). This transient and fast increase in KCC2 co-transport functionality was
likely mediated by post-translational modifications rather than changes in transcription, as the
plasmalemmal fraction of KCC2 in WB (seen as the ratio of plasmalemmal to cytosolic KCC2 using
cod-trypsin-mediated cleavage of surface proteins) increased without changing the expression level
of total KCC2 protein (Khirug et al., 2010).

Interestingly, the deletion of KCC2 can cause increases in network excitability and even seizure-like
events already in the embryonic hippocampus (Khalilov et al., 2011), but it is unclear whether the
observed effect is due to the lack of the KCC2 ion transport or structural function. KCC2 was found



Review of the literature

15

to be expressed primarily in the cytoplasm in the majority of hippocampal pyramidal neurons in the
embryo, and only a small percentage of cells showed KCC2 immunostaining at the plasma
membrane (Khalilov et al., 2011). In the cytosol, the observed KCC2 molecules may be residing in a
kinetically inactive state (Khirug et al., 2010; Rinehart et al., 2009), or, as (Khalilov et al., 2011)
proposed, have ion transport-independent functions (Kaila et al., 2014).

In the developing neocortex, KCC2 has been proposed to be predominantly transport-inactive via
signaling pathways downstream of with-no-lysine protein kinases (WNKs) (Friedel et al., 2015; Kahle
et al., 2013; de los Heros et al., 2014; Rinehart et al., 2009). Notably, changes in phosphorylation of
the two threonine residues located in the C-terminus of KCC2 (T906 and T1007) via the WNK
signaling pathway have been described during the developmental shift in GABA signaling.
Phosphorylation of KCC2 at T906 was gradually reduced from P0 to P21 (>90% reduction) in whole-
brain lysates (Rinehart et al., 2009). Experiments where the threonine residues were replaced by
alanine (T906A and T1007A), mimicking dephosphorylation and increasing KCC2 activity levels,
showed facilitation of K-Cl cotransport in HEK cells (Rinehart et al., 2009) and rat E18.5 cortical PNs
(Inoue et al., 2012). In rats, WNK1 activity was downregulated during perinatal development in the
neocortex and decreases from E18.5 to P7 in vivo (Inoue et al., 2012), and from DIV1 to DIV14 in
vitro (Friedel et al., 2015), reciprocally to KCC2 functional upregulation. In the human neocortex and
hippocampus, the developmental profile of mRNA encoding WNK3 has been shown to inversely
follow that of KCC2, while WNK1 is found at a monotonically high level throughout development
(Kahle et al., 2013). Phosphorylation cascades downstream of WNKs have been found to kinetically
inactivate KCC2 as an ion transporter in immature neocortical PNs during development (Inoue et al.,
2012; Friedel et al., 2015). Silencing of WNK1 using IUE of shWNK1 facilitated KCC2-mediated Cl-

extrusion and caused a premature hyperpolarizing shift in EGABA (Friedel et al., 2015). These findings
suggest that KCC2 may be expressed but ion transport-inactive in the embryonic and early perinatal
neocortical development. However, it is good to note that WNK1 has not been shown to interact
directly with KCC2, but rather to direct its activity via the Ste20p-related proline/Alanine-rich kinase
(SPAK) and oxidative stress-responsive kinase-1 (OSR1) (Inoue et al., 2012; de los Heros et al., 2014).
Of the two KCC2 isoforms, only KCC2a has a confirmed SPAK/OSR1 binding site, and SPAK
overexpression decreased KCC2a but not KCC2b activity in HE293 cells (Markkanen et al., 2017;
Uvarov et al., 2007).

1.4. Cation-chloride cotransporters in CNS development

The developing brain goes through an intense growth period characterized by a marked increase in
volume and connectivity known as the brain growth spurt (Dobbing and Sands, 1979; Erecinska
et al., 2004). The brain growth spurt is also a period of increased vulnerability to many agents that
suppress neuronal activity and potentiate GABAergic signaling like ethanol, antiepileptic drugs, and
general anesthetics (GAs) (Lotfullina and Khazipov, 2018; Vutskits and Xie, 2016). GABAAR
modulators have been shown to induce lasting adverse effects on cognition and behavior in rodents
during the brain growth spurt. One group of GABAAR modulators, GAs, that have been widely used
due to their apparent low neurotoxicity in adult humans, have been shown to be particularly
deleterious to the developing brain in rodent models and non-human primates [reviewed in
(Vutskits and Xie, 2016)]. Interpretation of the research of effects of GAs on human neonates
warrants caution, since it is hard to distinguish between the effects if the GA per se and other
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possible cofounding effects of surgery (Vutskits and Xie, 2016). Recent findings point to the safety
of GAs use in human infants (Vutskits and Culley, 2019). On the other hand, exposing neonatal rats
to clinically relevant doses of anesthesia has been shown to result in long-lasting learning and
memory deficits. It has been hypothesized that these deleterious effects result from an increase in
apoptosis [(Jevtovic-Todorovic et al., 2003); for similar effects of ethanol see (Ikonomidou et al.,
2000; Lebedeva et al., 2017)]. Although this may be true, as an increase in cell death in PNs, INs, and
astrocytes was observed after a prolonged exposure to isoflurane (Istaphanous et al., 2013), overall,
cell death after GA-exposure seems to be quite low and does not impact the final number of cortical
neurons (Istaphanous et al., 2013). The connection between GA-induced apoptosis and the
observed behavioral changes is still missing. More likely, GA-induced cognitive impairments are
linked to long-term morphological and functional alterations of synaptogenesis. When administered
to neonatal rodents, GAs induce a marked permanent decrease in the number of dendritic spines
and synapse volume (Lunardi et al., 2010). A single dose of propofol anesthesia in P5 or P10 rat pups
was sufficient to decrease spine density of PNs in the medial prefrontal cortex (Briner et al., 2011),
and sevoflurane exposure at P7 decreased dendritic spine density in the prefrontal as well as
somatosensory cortices (Qiu et al., 2016). In contrast, when applied at later developmental stages,
(P15, P20, and P30) propofol increased the density of dendritic spines in prefrontal and
somatosensory cortices, as well as in the pyramidal neurons of the CA1 (Briner et al., 2011; Qiu
et al., 2016).

Neurotrophin signaling has been proposed to mediate the developmental stage-dependent effects
of GAs on the developing brain, whereby GAs induce brain region-dependent changes in the
expression of the brain-derived neurotrophic factor (BDNF) (Head et al., 2009; Lemkuil et al., 2011;
Lu et al., 2006; Pearn et al., 2012). GAs have been shown to curb the cleavage of pro-BDNF to BDNF
via preventing the presynaptic release of tissue plasminogen activator (tPA), which cleaves plasmin,
which in turn cleaves pro-BDNF (Head et al., 2009). In contrast to BDNF, which binds to tropomyosin-
related kinase B receptors (TrkB) and promotes cell survival and synaptic plasticity, pro-BDNF binds
to the low-affinity neurotrophin receptor p75 (p75NTR) which, via its downstream effectors leads to
synapse loss and cell death (Blanquie et al., 2016; Lu et al., 2005). Without tPA, pro-BDNF remains
uncleaved and binds to p75NTR, leading to neurotoxicity (Head et al., 2009). Interestingly, an increase
in pro-BDNF was recently shown to decrease the expression of KCC2 and to prevent the
developmental shift in GABAergic signaling in neocortical layer V/VI PNs (Riffault et al., 2018). BDNF-
TrkB signaling has been shown to modulate KCC2 mRNA and protein expression in developing
neurons (Aguado et al., 2003; Ludwig et al., 2011). However, BDNF itself was found to not be
necessary for KCC2 developmental upregulation or for neuronal Cl- extrusion, as seen in the Bdnf–/–

mice (Puskarjov et al., 2015). Thus far, it is not known how the efficacy and polarity of GABAergic
transmission, and the underlying expression of KCC2, might affect the developmental stage-
dependent effects of GAs. The study of the expression and function of KCC2 and other CCCs during
corticogenesis (the developmental milestones of corticogenesis are shown in Figure 3) may have
important implications in the discovery of the underlying mechanisms of perinatal insults.
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1.4.1.  Proliferation and neurogenesis

GABA has been shown to evoke depolarizing responses in progenitors as well as immature
postmitotic migrating neurons, which increase proliferation by shortening the cell cycle in the VZ
(LoTurco et al., 1995), and decrease proliferation in the SVZ (Haydar et al., 2000). Depolarization of
the proliferative zones triggers Ca2+ waves that propagate via connexin hemichannels within
progenitors (LoTurco and Kriegstein, 1991; Weissman et al., 2004), as well as radially along radial
glial (RG) fibers, coupling proliferation with migration (Rash et al., 2016). Besides GABA, one other
GABAAR agonist was found in the perinatal cortex – taurine. Taurine can be released in the immature
CNS [(Behar, 2001), reviewed in (Kilb et al., 2013)], and it likely compensates for the lack of GABA in
GAD65/67 deficient mice (Ji et al., 1999). The depolarizing responses to GABA and taurine are
caused by Cl- efflux due to high intracellular Cl- in developing neurons [reviewed in (Kaila et al.,
2014)], maintained by NKCC1. Of the CCCs, NKCC1 (Hübner et al., 2001; Li et al., 2002; Magalhães
and Rivera, 2016), KCC3, and KCC4 (Li et al., 2002) expression was confirmed for both rat and mouse
telencephalon progenitors. KCC2 expression was not found in the neural progenitor cells in the
embryonic VZ/SVZ (Li et al., 2002), but can be found in young postmitotic INs already at E15.5
(Batista-Brito et al., 2008). NKCC1 was shown to be necessary for progenitor proliferation in the
lateral ganglionic eminence (LGE). Using Nkcc1–/– mouse embryos, NKCC1 was found to be

Figure 3. Developmental milestones during corticogenesis. Timeline of the development of the neocortex
and hippocampus in the mouse. The main events have been highlighted in corresponding temporal
periods: neurogenesis (red), neuronal migration (orange, radial and tangential), 1st apoptotic wave
(yellow, it involves neuronal progenitors and neuroblasts), spontaneous network activity (green, the most
prominent activity are the giant depolarizing potentials in the hippocampus, and the cortical early network
oscillations in the neocortex), 2nd apoptotic wave (blue, it targets immature projection neurons and
interneurons) and circuit refinement (purple). The high plasticity of the developing brain makes it
particularly vulnerable to insults.
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expressed both in proliferating and non-proliferating cells, and knockout of NKCC1 resulted in a
reduction in LGE size (Magalhães and Rivera, 2016). The decrease in size was noted both in the
nestin+ proliferative regions and in the TuJ1+ area labeling neurons (Magalhães and Rivera, 2016).
When analyzing cell cycle characteristics of the nestin+ progenitors, (Magalhães and Rivera, 2016)
found no differences in cell cycle length, but noted a decrease in cell cycle re-entry. Also, the density
of proliferating neuronal precursors was reduced in Nkcc1–/– embryos at E13.5 (Magalhães and
Rivera, 2016). The mechanism whereby NKCC1 controls the cell cycle may involve regulation of cell
volume, and exciting perspectives come from research on the proliferation of epithelial cells. NKCC1
was shown to regulate cell proliferation in the epithelial cells of the colon by inhibiting the activity
of the mammalian target of rapamycin complex 1 (mTORC1) (Demian et al., 2019). mTORC1 is a
protein complex that, among other things, controls protein synthesis needed for proliferation (Kim
et al., 2002). NKCC1 depletion, using shNKCC1-mediated knockdown in HeLa cells and Nkcc1–/– colon
epithelium, inhibited mTORC1 activity, resulting in reduced cell size and enhanced proliferation. The
effect was sensitive to bumetanide and thus dependent on the ion cotransport-function of NKCC1
(Demian et al., 2019).

Nkcc1–/– mice show no structural changes at the gross morphological scale in cortical layering and
density of neurons in the somatosensory cortex (Pfeffer et al., 2009), though a detailed analysis of
the correct neuronal positioning within the neocortex using layer-specific transcription factors has
not been done. One must remember, however, that Nkcc1–/– mice have been shown to display high
intrinsic compensatory excitability (observed in the neonatal hippocampus) (Sipilä et al., 2009).
These compensatory mechanisms are widespread in germline knockout models. A conditional
knockout model would likely have less compensation and possibly display a detectable phenotype
of perturbed corticogenesis (El-Brolosy and Stainier, 2017).

KCC3 and KCC4 have been found in cortical progenitors (Li et al., 2002), and mutations in the genes
that encode KCC3 and KCC4 have been recently reported to result in sporadic hydrocephalus and
congenital familial hydrocephalus with aqueductal stenosis (Jin et al., 2019). Hydrocephalus is a
highly morbid disease that results from impaired cerebrospinal fluid homeostasis and can cause
enlarged brain ventricles. Its underlying molecular mechanisms are not well understood, but
possibly involve the K-Cl cotransport in the generation of cerebrospinal fluid during development.
Hydrocephalus can lead to or result from the disruption of the VZ (Rodríguez and Guerra, 2017),
which then results in the loss of neural stem cells and further disruptions in brain development.

KCC2 is not found in neural progenitors (Li et al., 2002). Precocious expression of KCC2 in rat PNs
using IUE at E17 resulted in no changes in the number of transfected cells at E19 nor at P6, and their
laminar fate was unchanged at P14 (Cancedda et al., 2007). The lack of effect of KCC2
overexpression in cortical progenitors and neuroblasts may be due to suppressive phosphorylation
of KCC2 by WNK/SPAK signaling in the rat embryo, which appears to kinetically inactivate KCC2 in
immature neocortical PNs during development [(Inoue et al., 2012; Friedel et al., 2015); see also the
above chapter “Post-translational regulation of KCC2 during the perinatal period” in this thesis].
Thus, KCC2 overexpression by in utero electroporation may not result in immediate
hyperpolarization of neuronal precursors upon GABAAR activation, as KCC2 could be ion transport-
inactive in the embryonic and early perinatal cortical development. Kcc2–/– embryos had no gross
CNS defects compared to their WT littermates (Hübner et al., 2001). Similar to Nkcc1–/–, no detailed
analysis of changes in neuronal number nor their laminar fate within the neocortex has been
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performed. It remains unclear to which extent the observed lack of effect of KCC2 and NKCC1 KOs
resulted because of some global compensation versus the actual cell-autonomous mechanisms.

1.4.2. Neuronal migration
Once their terminal division is finished, newborn PNs migrate away from the VZ/SVZ using RG fibers
as a scaffold. The neurons then pause in the intermediate zone (IZ), just before invading the cortical
plate, where they switch from multipolar to bipolar morphology and migrate to their final position
in the cortex (Kriegstein and Noctor, 2004). INs use a different strategy, where they migrate
tangentially and rely on chemical cues and guidance factors (Marín, 2013). While both ionotropic
GABAA and metabotropic GABAB receptors can regulate neuronal migration [reviewed in (Luhmann
et al., 2015)], the role of CCCs in neuronal migration is less clear. INs have been a source of
information on the role of KCC2 in migration. INs deriving from the MGE were found to be one of
the neuronal populations that express KCC2 mRNA early in the neocortical development (Batista-
Brito 2008). MGE-INs showed no KCC2-immunostaining before they entered the cortical plate, but
found faint KCC2 staining very early during cortical development – at E16.5 (Bortone and Polleux,
2009). Furthermore, MGE-INs were found to progressively increase their KCC2 expression during
migration, which in turn resulted in hyperpolarizing responses to ambient GABA and acted as a
migration stop signal (Bortone and Polleux, 2009). This effect was likely mediated in a non-synaptic
way since the deletion of the vesicular inhibitory amino acid transporter, a protein needed for
vesicular storage of GABA for synaptic release, was found to not perturb the migration of MGE-INs
(Duan et al., 2019). In agreement with the notion that KCC2 expression stops the migration of INs,
MGE-INs showed increased cortical plate invasion and radial dispersion by E16.5 in Kcc2–/– mouse
embryos (Zechel et al., 2016). Migrating INs were found to rely on glutamate released from
thalamocortical axons, which, in turn, activated NMDARs, resulting in an influx of Ca2+ and activating
calpain. Calpain was then shown to cleave KCC2 and, in doing so, to restrict its levels in migrating
INs, allowing for normal radial dispersion (Zechel et al., 2016).

Calpain cleaves KCC2 in its C-terminal region (Puskarjov et al., 2012), removing a distal fragment of
the KCC2 C-terminal domain of approximately 20 kDa, rendering KCC2 unable to transport ions
(Puskarjov et al., 2012; Zhou et al., 2012). The plasmalemmal expression of KCC2 was shown to not
be necessary for ion transport-independent roles of KCC2, for which the C-terminal domain may be
sufficient. Indeed, the overexpression of the KCC2 CTD was shown to be sufficient to induce a KCC2-
dependent increase in cortical spinogenesis in vivo (Fiumelli et al., 2013). Calpain mediated cleavage
of KCC2 might restrain its cotransport activity, but it could also generate a C-terminal fragment that
could, in turn, act as a signaling factor on its own. It should be noted that the resulting C-terminal
fragment after calpain cleavage is much smaller (Puskarjov et al., 2012) than the KCC2-CTD
expression construct used in (Fiumelli et al., 2013). The effect of calpain activity on KCC2 has not
been demonstrated for migrating PNs, but recent findings point to mechanisms that could be the
source of Ca2+ influx and calpain activation. RG cells have been shown to generate Ca2+ transients,
which can travel alongside their fibers, allowing the migrating neurons to communicate with their
scaffold. Ca2+ transients in RG fibers elicited Ca2+ spikes in the adjacent migrating neurons, and
blocking Ca2+ activity in RG cells prevented radial migration (Rash et al., 2016). Migrating projection
neurons were found to make transient glutamatergic synapses with subplate neurons, which were
found to be necessary for the multipolar-to-bipolar switch in migration and neocortical invasion.
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Ca2+ entry through NMDARs (or AMPARs) facilitated cortical plate invasion (Ohtaka-Maruyama
et al., 2018). Both of these studies were done during peak corticogenesis, at E15-E16, a time period
when KCC2 is weakly expressed in the cortical plate (Stein et al., 2004), and as such is available as a
calpain substrate.

The role of KCC2 in the migration of cortical PNs has thus far been studied using overexpression of
KCC2, under the assumptions that KCC2 is not expressed in young postmitotic neurons and that
increasing KCC2 expression will induce an immediate appearance of hyperpolarizing responses to
GABA. KCC2 overexpression had no effect on the radial migration of L II/III PNs (Cancedda et al.,
2007). However, subsequent research showed that ectopically overexpressed KCC2 might be
functionally inactivated by the WNK/SPAK signaling pathway (Inoue et al., 2012). While the
hyperpolarizing effects of ectopic KCC2 expression were confirmed in (Cancedda et al., 2007), it was
done postnatally in P0-P1 slices, when the WNK-mediated KCC2 suppression is already significantly
decreased compared to embryonic stages (Friedel et al., 2015; Inoue et al., 2012). In utero KCC2
overexpression in migrating projection neurons did not increase the transport activity of KCC2 in
the embryo, but only postnatally from P1-P7, while silencing WNK1 caused a premature
hyperpolarizing shift in EGABA (Friedel et al., 2015). When the threonine residues in the C-terminus
of KCC2, which were shown to be phosphorylated by WNK during perinatal development, were
replaced by alanine (T906A and T1007A) mimicking dephosphorylation, KCC2 co-transport was
active already in rat E18.5 cortical projection neurons (Inoue et al., 2012). Importantly, when KCC2
was prematurely dephosphorylated at its C-terminal threonine residues, radial migration was halted
just below the cortical plate, at the subplate (Inoue et al., 2012). These studies have found that KCC2
could be ion transport-inactive in migrating PNs, and that overexpression of KCC2 has not resulted
in different responses to GABA mediated by these neurons.

Interestingly, replacing the threonine residues in the C-terminus of KCC2 with glutamic acid (T906E
and T1007E, the resulting mouse model is termed Kcc2E/E), thus mimicking phosphorylation and
preventing endogenous developmental dephosphorylation, resulted in disturbed neuronal
distribution by E18.5 (Watanabe et al., 2019). Using EdU labeling at E14.5, the authors noted a
decreased density of labeled neurons in the upper layers of the neocortex and in the hippocampus,
pointing to the importance of the endogenous time sequence of KCC2 phosphorylation-
dephosphorylation (Watanabe et al., 2019). A change in the KCC2 phosphorylation pattern may have
affected neuronal differentiation, apoptosis, or migration. As KCC2 was found to be absent from
neuronal progenitors, the altered distribution of the EdU+ neurons probably resulted from changes
in apoptosis or migration. The authors did not discriminate between INs and PNs in their assessment
of neuronal distribution. As mentioned above, KCC2 expression has different effects on the
migration of PNs and INs. Downregulation of KCC2 using shKCC2 increased the number of migrating
neurons in vitro (Bortone and Polleux, 2009), whereas an increase in KCC2 cotransporter activity
and the accompanying hyperpolarizing shift in EGABA acted as a migratory stop signal for INs. Since
the hyperpolarizing shift in EGABA was delayed by continuous phosphorylation of KCC2 even in the
novel heterozygous Kcc2E/+ mouse model (Pisella et al., 2019), the expected outcome in the Kcc2E/E

mouse would be an over-migration of cortical INs. Nevertheless, the authors noted a decrease in
cell density in both the hippocampus and neocortex. Another possibility is an increase in apoptosis.
Downregulation of KCC2 had no effect on the apoptosis of INs in the embryo [see below the chapter
“Developmental apoptosis” of this thesis; (Bortone and Polleux, 2009)]. No role of KCC2 in the
developmental apoptosis of PNs has thus far been described.
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NKCC1 is the predominantly expressed CCC in the developing cortex (Li et al., 2002; Sipilä et al.,
2006; Wang et al., 2002; Yamada et al., 2004), yet there are not that many studies that looked at
the effects of NKCC1 per se on neuronal migration during corticogenesis. Pharmacological blockade
of NKCC1 using bumetanide reduced the migration rate of INs in the marginal zone in vivo (Inada
et al., 2011). No change in migration was noted upon the downregulation of NKCC1 using IUE (Wang
and Kriegstein, 2008). Furthermore, as mentioned previously, Nkcc1–/– mice show no structural
changes at the gross morphological level in the somatosensory cortex (Pfeffer et al., 2009), but the
lack of effect could be readily explained by compensatory mechanisms in the germline knockout
(Sipilä et al., 2009). In adult mice, NKCC1 activity was found to be required for maintaining the
migration speed of neuroblasts in the rostral migratory stream (RSM). Both pharmacological
inactivation with bumetanide and downregulation using shNKCC1 reduced the speed of RSM
neuroblasts (Mejia-Gervacio et al., 2011).

1.4.3. Developmental apoptosis
During typical nervous system development, neurons are generated in excess and partially removed
later by apoptotic cell death. In tissues outside of the CNS apoptosis takes place throughout life, and
it is a fundamental adaptive event of cell turn-over (Buss et al., 2006) In contrast, the developing
cortex has two distinct waves of apoptosis [for review see (Wong and Marín, 2019)]. The first
apoptotic wave affects neuronal precursors and young postmitotic neurons and peaks around E14.5
in the mouse (Blaschke et al., 1996, 1998; Kuan et al., 2000). The second apoptotic peak appears
during the first postnatal week, this time targeting differentiating neurons (Nikoli  et al., 2013;
Southwell et al., 2012; Verney et al., 2000). The second wave of apoptosis is dependent on neuronal
activity. Increasing spontaneous activity in perinatal cortical neurons decreases their rate of cell
death, while reducing activity exacerbates cell death (Blanquie et al., 2017a; Heck et al., 2008;
Ikonomidou, 1999; Kirischuk et al., 2017; Murase et al., 2011).

Intriguingly, some neuronal populations, like the Cajal-Retzius neurons (CRNs), disappear almost
entirely within the first two postnatal weeks of cortical development (Chowdhury et al., 2010;
Ledonne et al., 2016). Moreover, in contrast to the pro-survival effect of synchronized neuronal
activity on the overall population cortical neurons (Blanquie et al., 2016, 2017a; Heck et al., 2008;
Wagner-Golbs and Luhmann, 2012), silencing neurons using TTX (a blocker of voltage-gated Na
channels) decreases the apoptosis rate of CRNs (Blanquie et al., 2016; Del R o et al., 1996), while
increasing apoptosis in remaining cortical PNs (Blanquie et al., 2016). Also in contrast to most other
cortical neurons, CRNs do not undergo a developmental shift in GABAergic signaling from excitatory
to inhibitory (Kirischuk et al., 2014). CRNs do not show developmental up-regulation of KCC2, but
persistently express NKCC1, resulting in excitation of CRNs by GABAAR activation (Achilles et al.,
2007; Pozas et al., 2008). Furthermore, the reduction of intracellular Cl- by genetic deletion of NKCC1
or its pharmacological blockade with bumetanide exerts a pro-survival effect on CRNs (Blanquie et
al., 2016).

The depolarizing-to-hyperpolarizing shift in GABAergic signaling, and the underlying upregulation of
KCC2, has a potentially significant effect on the second wave of cortical apoptosis. Decreasing the
GABA content by VGAT deletion in MGE-INs increased their survival by P8 (Duan et al., 2019). The
authors also showed that PNs and INs form functional assemblies during early postnatal
development (Duan et al., 2019; Modol et al., 2019). As the activity of PNs has been found to
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regulate the survival of INs, and reducing PN excitation increased apoptosis of INs (Wong et al.,
2018), the authors tested the effects of reduced inhibitory GABAergic signaling postnatally in PNs
on PN activity-mediated IN survival. To this end, they reduced the formation of synaptic GABAARs in
PNs by deleting the 2 subunit. This increased the network participation of PNs (by decreasing
GABA-mediated inhibitory signaling). The increase in excitatory signaling by PNs, in turn, increased
the survival of INs (Duan et al., 2019). On the other hand, the survival of MGE-INs did not seem to
depend on their KCC2 expression. Knocking down KCC2 in vitro with an shRNA approach did not
alter the expression of cleaved caspase-3 (a cysteine protease whose activity leads to cell death),
and no decrease in the number of neurons was noted (Bortone and Polleux, 2009).

No mouse models of KCC2 deletion or deficiency have been analyzed for developmental cell death.
Both the Kcc2–/– mice (Hübner et al., 2001; Vilen et al., 2001), and the hypomorphic KCC2 mice that
express 15-20% of total KCC2 protein (Tornberg et al., 2005) have not shown any gross changes in
cortical histology. A decrease in parvalbumin INs was found in the hippocampus of KCC2b knockout
mice during the first two postnatal weeks (Woo et al., 2002). The authors have attributed this
decrease in the number of INs to seizure-induced injury, as this mouse model has pronounced
seizures, and not increased developmental apoptosis (Woo et al., 2002). KCC2 is not expressed in
the neural progenitor cells in the VZ/SVZ (Li et al., 2002), but NKCC1 expression was confirmed for
both rat and mouse ventral telencephalon progenitors (Li et al., 2002; Magalhães and Rivera, 2016).
NKCC1 was shown to be necessary for cell proliferation, as the density of proliferating neuronal
precursors was reduced in Nkcc1–/– embryos. No change in the number of apoptotic precursors at
E13.5 was noted (Magalhães and Rivera, 2016).

Premature lowering of the intracellular Cl- concentration by KCC2 overexpression was reported to
result in developmental abnormalities attributed to the premature end of the trophic depolarizing
GABA-mediated signaling in the developing zebrafish embryo and Xenopus oocytes. Overexpression
of KCC2 in oocytes resulted in reduced AMPA-mediated glutamatergic transmission in the tectum
(Akerman and Cline, 2006), while ectopic global overexpression of KCC2 disrupted typical zebrafish
embryo development, resulting in a reduction in brain size and neuronal numbers (Reynolds et al.,
2008). Though the authors found a decreased number of INs and motor neurons, they did not
observe any difference in the number of apoptotic cells, nor any difference in the number of
progenitors (Reynolds et al., 2008).

The N-terminus of KCC2 was reported to be sufficient for neuroprotection from chronic silencing
and excitotoxicity in hippocampal cultures by preventing neurodegeneration and cell death
(Winkelmann et al., 2015). The chronic silencing treatment (via RNA editing of glycine receptors that
results in reduced spontaneous neuronal activity) and NMDA-induced excitotoxicity resulted in cell
death, which was preventable with both KCC2 splice variants. The ion transport activity of KCC2 was
deemed not necessary for neuroprotection. Two KCC2 ion transport-dead constructs that mediate
interactions with the dendritic cytoskeleton, KCC2- NTD and KCC2-CTD, did not prevent cell death,
while a C-terminally truncated construct (KCC2- CTD) and the sole NTD were successful in
neuroprotection (Winkelmann et al., 2015).

Recent work highlighted the importance of KCC2 on the survival of adult CA1 pyramidal neurons,
suggesting that genetic suppression of KCC2 in mature neurons reduces cell viability and causes
neuronal loss (Kelley et al., 2018). The authors injected adeno-associated viruses expressing the Cre
recombinase (AAV-Cre) into the CA1 and DG in Kcc2lox/lox mice to delete KCC2, which resulted in
increased gliosis and the decreased number of pyramidal neurons in the CA1 (Kelley et al., 2018).
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The observed increase in cell death upon Kcc2 deletion was attributed to reduced Cl- extrusion
activity (Kelley et al., 2018). Cre-lox recombination was used to carry out site-specific deletions
targeted via the position of the loxP sites. The loxP mouse typically carries two loxP sites that flank
the genomic segment of interest (also called “floxed” region). (Kelley et al., 2018) used a Kcc2lox/lox

mouse model where the floxed region is located in the C-terminal part of KCC2, and in doing so
precluded the differentiation between the ion transport-dependent, and -independent functions of
KCC2 since deleting the CTD of KCC2 abolishes both of its functions (Li et al., 2007; Mercado et al.,
2006). In addition, Cre-mediated recombination resulted in the deletion of the C-terminus of KCC2,
but a large part of the Kcc2 gene could still have been transcribed, and its RNA translated, resulting
in an incomplete KCC2 protein. Thus, we cannot exclude that some residual KCC2, truncated at its
CTD, might still be present in the targeted CA1 and DG neurons. Unfortunately, the WB showing the
proportion of the remaining protein stained with the N-terminal antibody is shown only at 150 kD,
precluding the possibility to observe a smaller, truncated protein resulting from Cre-lox
recombination. The C-terminal antibody targets the epitope that lays within the region excised by
Cre, and thus cannot tell us much about any remaining KCC2 peptide, but confirms successful
recombination. It is also interesting to note that the sole KCC2-NTD that was possibly still present in
the study by (Kelley et al., 2018) has been shown to provide neuroprotection from neurotoxicity in
vitro (Winkelmann et al., 2015).

Downregulation of KCC2 expression using shKCC2 decreased Cl- transport and reduced neuronal
survival in mature hippocampal cultures (Pellegrino et al., 2011). No markers of increased apoptosis
(changes in chromatin condensation, propidium iodide incorporation, or cleaved caspase 3
activation) were observed upon KCC2 downregulation (Pellegrino et al., 2011). Furthermore,
overexpression of a transport-dead KCC2 construct, KCC2-C568A (Horn et al., 2010; Reynolds et al.,
2008) increased intracellular Cl- concentration and decreased neuronal viability, similar to shRNA-
mediated KCC2 downregulation, which led to the conclusion that KCC2-C568A elicits a dominant-
negative effect on the survival of neurons. Overexpression of another transport-dead KCC2
construct, KCC2-Y1087D (Akerman and Cline, 2006; Strange et al., 2000), had no effect on the
intracellular Cl- concentration nor on neuronal viability (Pellegrino et al., 2011). Finally,
overexpression of KCC3, a CCC which was shown to able to extrude Cl- but, unlike KCC2, does not
interact with the cytoskeletal protein 4.1N (Li et al., 2007), was able to increase neuronal survival
after NMDA-induced excitotoxicity. This prompted the authors to conclude that Cl- transport is
necessary for KCC2-dependent neuronal resistance to excitotoxicity (Pellegrino et al., 2011).
Although KCC2-C568A was shown to have dominant-negative effects on neuronal survival in vitro
(Pellegrino et al., 2011), its overexpression in vivo had no such effects (Horn et al., 2010). When
ectopically expressed in neural crest cells starting from E7, KCC2-C568A showed no increase in cell
death (Horn et al., 2010). Endogenous KCC2 expression is very low at E7-E11, offering one possibility
as to why no dominant-negative effects of the ectopic expression were observed. Looking at Cl-
extrusion and spinogenesis in vivo, KCC2-C568A was found to reduce the Cl- extrusion capacity of
L II/III SSC PNs at P15 (Martin Puskarjov, unpublished observation), and lead to an increase in the
length and size of dendritic spines in hippocampal CA1 pyramidal neurons (Awad et al., 2018)
without affecting the dendritic spines of the PNs in the L II/III of the SSC (all after in utero
electroporation) (Awad et al., 2018; Fiumelli et al., 2013).

Interestingly, both KCC2-C568A and KCC2-Y1087D have recently been shown to have an ion
transport-independent function in vitro (Llano et al., 2015). Both variants were found to regulate
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the actin cytoskeleton dynamics in dendritic spines via interactions with cofilin (Chevy et al., 2015;
Llano et al., 2015). Complete loss of KCC2, as seen in Kcc2–/– cultures, results in cofilin
hyperphosphorylation (Llano et al., 2015). Here it is of particular significance that cofilin is not only
crucial for actin dynamics, but it has also been shown to be involved in apoptotic cascades (Bernstein
and Bamburg, 2010). Cofilin was found to translocate to the mitochondria in neuroblastoma cells,
where it mediated the release of cytochrome c, a key step in the apoptotic cascade [(Chua et al.,
2003) but see also (Rehklau et al., 2012)]. In neurons, cofilin phosphoregulation has been implicated
in apoptotic processes in adult mice (Woo et al., 2012; Liu et al., 2017). There, cofilin has been shown
to form complexes with the p53 protein, a known cell cycle regulator, whose increased expression
in Alzheimer’s disease (AD) has been linked to neurodegeneration and apoptosis. Cofilin-p53
complexes have been shown to promote apoptosis, while the reduction of endogenous cofilin
reduced p53-dependent cell death (Liu et al., 2017). Cofilin has also been shown to mediate
apoptosis of hippocampal neurons in AD. There, the increase in the expression of the scaffolding
protein RanBP9, which can modulate cofilin phosphorylation, potentiated cofilin-mediated
apoptosis via its translocation to the mitochondria (Woo et al., 2012).

During cortical development, cofilin has been shown to regulate neuronal differentiation and
migration (Bellenchi et al., 2007; Flynn et al., 2012), as well as synapto- and spinogenesis (Hotulainen
et al., 2009). Deletion of cofilin in nestin+ cortical progenitors (using cofilinlox/lox mice mated with
nestinCre mice) resulted in increased cell cycle exit and led to the depletion of the progenitor pool
(Bellenchi et al., 2007). The resulting cofilinlox/lox, nestin-Cre mice had a markedly thinner cortex and
enlarged ventricles. A closer examination of the cortical layering revealed that layer II/III, layer IV,
and the majority of the layer V neurons were missing (Bellenchi et al., 2007). Additionally, radial
migration was impaired, as cells labeled by bromodeoxyuridine at E16 were still present at the
ventricular surface two days later (Bellenchi et al., 2007). Neuritogenesis has also been shown to
depend on cofilin expression, and conditional deletion of cofilin via IUE resulted in neurons
completely lacking neurites in the SVZ (Flynn et al., 2012). Though cofilin has been shown to be
important for apoptosis in neurodegeneration models and for normal corticogenesis, no role of
cofilin in developmental apoptosis has thus far been described. Furthermore, no role of cofilin as a
potential molecular actor downstream of KCC2 has been studied in the context of apoptosis.
Notably, cofilin is hyperphosphorylated in Kcc2–/– cortical neurons in vitro (Llano et al., 2015), and
cofilin phosphoregulaton has been implicated in apoptotic processes in cortical neurons of aged
animals [in the context of neurodegeneration in AD; (Liu et al., 2017)].

1.4.4. Network formation
Developing neural networks start to generate spontaneous, synchronous activity patterns before
the maturation of most sensory systems. In the absence of external stimuli, these early network
events are triggered by pacemaker-like neurons (Blankenship and Feller, 2010). In the in vitro
hippocampus of mice and rats, these early network events are called giant depolarizing potentials
[(GDPs) (Ben-Ari et al., 1989)]. GDPs appear perinatally (Khazipov et al., 2004; Spoljaric et al., 2017),
driven by excitatory actions of GABA and glutamate, and disappear towards the end of the second
postnatal week (Ben-Ari et al., 2007). Depolarizing and even excitatory responses to GABA in young
neurons result from the high levels of the Cl- inside the cells mediated by the Cl- importer NKCC1
(Kaila 2014, Rivera 1999, Payne 2003). Consequently, Nkcc1–/– mice have been shown to lack the



Review of the literature

25

excitatory input from INs on CA3 pyramidal neurons needed to initiate GDPs (Sipilä et al., 2009).
Even though the generation of GDPs relies on depolarizing actions of GABA based on Cl- uptake by
NKCC1, GDP-like spontaneous network events were present in neonatal Nkcc1–/– hippocampi (Sipilä
et al., 2009). Isoguvacine, a GABAAR agonist, did not affect the GDP-like network events in Nkcc1–/– ,
but increased the frequency of GDPs in wildtype littermates. The authors concluded that this ability
of Nkcc1–/– hippocampi to generate spontaneous network events possibly results from an intrinsic
increase in excitability (Sipilä et al., 2009). A similar compensatory mechanism was observed in
Nkcc1+/+ hippocampal slices after prolonged exposure to the NKCC1 blocker bumetanide. After
initially blocking GDPs, bumetanide elicited an increase in spontaneous spiking (Sipilä et al., 2009).
GDPs in a different strain of Nkcc1–/– mice had decreased frequency and amplitude, but were not
entirely missing (Pfeffer et al., 2009). These findings point to the importance of depolarizing GABA
during the development of the hippocampal network, and also show the plasticity of developing
networks as endogenous mechanisms allowed for the continuation of network signaling despite
significant genetic disturbances.

KCC2 expression is relatively low in the developing cortical regions, and it is commonly assumed that
KCC2 has no significant effect on the generation and regulation of spontaneous network events.
Surprisingly, the Kcc2–/– embryonic hippocampus exhibits increased levels of spontaneous network
activity and seizure-like events at E18.5 (Khalilov et al., 2011). Deleting KCC2 enhanced spontaneous
network activity and resulted in an increase in synaptic density as well as the number of sEPSCs and
sIPCSs, suggesting KCC2 is important for synapse and network formation already at the embryonic
stage. Regardless of the relatively low levels of KCC2 expression described in the embryonic
hippocampus (Li et al., 2002; Stein et al., 2004), KCC2 immunostaining was observed and was found
to be predominantly cytoplasmic in hippocampal CA3 pyramidal neurons (Khalilov et al., 2011).
Since lack of KCC2 did not seem to affect the intracellular Cl- concentration nor EGABA, the authors
suggested that its early roles could be mediated by an ion transport-independent mechanism
[(Khalilov et al., 2011); see also (Horn et al., 2010)] or, influenced by a small population of regulatory,
early-maturing INs (Khalilov et al., 2011). While indeed even single, strongly interconnected INs,
termed hub neurons, have been shown to coordinate hippocampal network events (Bonifazi et al.,
2009; Picardo et al., 2011), and KCC2 has been shown already at E16 in some MGE-INs (Batista-Brito
et al., 2008), KCC2-dependent restraint of early hippocampal networks via hub neurons seems
unlikely because they do not appear to express KCC2 in the perinatal period (Villette et al., 2016).

The underlying mechanisms of spontaneous network activity are still not completely understood,
but have been shown to rely on the depolarizing and even excitatory actions of GABA in young
neurons mediated by the Cl- importer NKCC1. Nevertheless, GABAergic signaling has been shown to
exert dual, enhancing and suppressing, effects on hippocampal network events perinatally (Khalilov
et al., 1999; Lamsa et al., 2000), pointing to a possibility of GABAergic shunting inhibition (Khalilov
et al., 2015). For efficient shunting, there has to be a mechanism of active Cl- extrusion (Kaila et al.,
2014). The main Cl- extruder, KCC2, has been shown to modulate hippocampal network activity
already in the embryo, but it is thought to be transport-inactive (Khalilov et al., 2011). The
mechanism whereby KCC2 regulates GDPs perinatally remains poorly understood.
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2. Aims

The role of KCC2 as the major mechanism of Cl- extrusion in most neurons of the mature central
nervous system is well established. The progressive increase in its expression levels is responsible
for the canonical hyperpolarizing shift in GABAA receptor-mediated membrane potential responses
during the first two postnatal weeks in rodents. KCC2 has turned out to be a multifunctional protein
with cytoskeletal regulatory roles, which are independent of its function as an ion transporter,
notably in the generation of dendritic spines. Knockout studies suggest critical roles for KCC2 in
cortical network formation already during embryonic development, when levels of KCC2 are still
very low, and GABAA receptor-mediated responses are strongly depolarizing in hippocampal and
neocortical neurons.

The primary aim of this Thesis was to study the role of the multifunctional neuron-specific protein
KCC2 in perinatal cortical development of rats and mice, differentiating between its ion transport-
dependent and -independent roles. Specific aims were to investigate:

(I) The impact of global and projection-neurons specific KCC2 deletion on corticogenesis in
utero.

(II) The differences in KCC2 expression in principal neurons and interneurons and its effects
on the regulation of perinatal hippocampal spontaneous network activity patterns.

(III) The effect of developmental up-regulation of KCC2 on activity-dependent plasticity of
neocortical dendritic spines.
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3. Experimental procedures

For a detailed description of the experimental procedures used in this Thesis, the reader is referred
to the original articles (I-III). The methodology employed by the candidate is summarized below. All
experiments were conducted according to the guidelines and with the approval of the National
Animal Ethics Committee of Finland (Helsinki, Finland) and the local Animal Ethics Committee of the
University of Helsinki (Helsinki, Finland). All animal procedures regarding the generation of Kcc2lox/lox

mice followed the National Institute of Health guidelines on the use of animals (Bethesda, Maryland,
USA) and were approved by the Vanderbilt University Institutional Animal Care and Use Committee
(Nashville, Tennessee, USA).

3.1. In utero electroporation (Studies I, III)

The IUE of timed-pregnant mice with E14.5 embryos timed-pregnant rats with E17.5 embryos was
done as before (Fiumelli et al., 2013; Puskarjov et al., 2014). Timed-pregnant mice/rats were
anesthetized with isoflurane (4% induction in narcosis box, 2% during surgery at operation platform
for mouse; 3.5% induction for rats). The uterine horns were exposed, and the embryos were injected
intraventricularly with the plasmid DNA solution. The embryos were then electroporated with
tweezer-style circular electrodes (CUY650P5, 5mm diameter, Sonidel Limited for mice; CUY650P7,
7 mm diameter, Harvard Apparatus for rats). The uterine horns were returned into the abdominal
cavity, the abdomen was sutured, and the embryos were allowed to resume normal development.
IUE was carried out using the 0° electrode paddle orientation, which enables selective targeting of
PN versus interneuronal progenitors located in the ganglionic eminences (Borrell et al., 2005;
Quiquempoix et al., 2018). IUE was used to transfect/label PNs sparsely. This is generally considered
as an advantage of the method since it allows to follow the migration, survival, and later
identification of individual PNs with relative ease. Moreover, the embryos were transfected during
peak corticogenesis, leaving their earlier development unperturbed. Notably, using IUE also allowed
us to circumvent the potential compensatory mechanisms that occur in full-KO models and to look
at the cell-autonomous nature of the observed phenotype.

3.1.1. Expression vectors for in utero electroporation (Studies I, III)
All of the plasmid constructs bear a modified chicken -actin promoter with a cytomegalovirus
immediate early enhancer (CAG). All the presently used plasmids have been described and used
previously for in utero electroporation and transfection (Fiumelli et al., 2013; Li et al., 2007; Manent
et al., 2009; Matsuda and Cepko, 2004, 2007; Puskarjov et al., 2014). The cofilin variant with a
serine-to-arginine substitution at position 3 (cofilin-S3A) was a kind gift from Prof. Michael Frotscher
(Chai et al., 2016). pCAG-EGFP or pCAG-mRFP were used to label the electroporated neurons. For
the experiments in Kcc2lox/lox animals, the total DNA concentration used was 3 μg/μl, whereas for
experiments done in Kcc2+/+ and Kcc2–/– embryos it was 2 μg/μl (Study I). Of that, EGFP or mRFP
were used at 0.3 μg/μl, and KCC2 constructs at 0.7μg/μl. In Study III, the amount of EGFP was kept
at 0.8μg/μl and that of KCC2 constructs at 2.2μg/μl.
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3.1.2.  Validation of Cre-mediated deletion of KCC2 in the novel Kcc2lox/lox

mouse model (Study I)
IUE of the Cre recombinase together with a fluorescent marker (EGFP or mRFP) in Kcc2lox/lox embryos
at E14.5 was used to delete KCC2 from a sub-population of L II-IV PNs. The efficacy of the
Cre-mediated deletion of KCC2 was verified at E18.5 using KCC2 and Cre immunostaining. Initially,
KCC2 staining revealed that ~15% of the neurons targeted by IUE at E14.5 express KCC2 at E18.5.
When Cre was electroporated, the number of KCC2+ neurons was decreased dramatically (to ~0.3%).
Moreover, analysis of Cre immunostaining showed co-expression of Cre in the vast majority of EGFP+

neurons, similar to our previous results on the high level of co-expression of plasmid constructs
following co-electroporation in utero (Fiumelli et al., 2013).

3.2. Tissue preparation and immunohistochemistry (Studies I, II, III)

Mouse embryos from timed-pregnant dams were delivered by C-section, decapitated, and the
brains were quickly dissected and fixed by immersion in ice cold 4% PFA in PBS for four hours at
+4 °C (two hours for E16.5). Postnatal animals (P0 and older) were sacrificed by a lethal dose of
pentobarbital (200 mg/kg i.p.) and transcardially perfused with ice-cold PBS followed with ice-cold
PFA (4% in PBS). The brains were carefully dissected and post-fixed in PFA (4% in PBS) overnight at
+4°C. For KCC2 staining in the embryonic hippocampus, the brains were fixed for two nights at +4°C.
The brains were then cryoprotected overnight in 30% sucrose, frozen in Tissue-Tek O.C.T.
Compound (Sakura FineTek), and cut into 40 μm coronal free-floating slices (16 μm mounted on
glass slides for E16.5) on a Leica CM1900 cryostat. Brain sections were washed three times for 10
min in PBS (pH 7.4) and blocked in 3% BSA, 0.3% Triton-X, and 10% goat serum in PBS for two hours
at room temperature. Primary antibodies (listed in Table 1.) were incubated overnight at +4°C;
sections were then washed and incubated in secondary antibodies in a modified blocker solution
(1% BSA, 0.3% Triton-X, 10% goat serum in PBS) for 2 hours at room temperature. The sections were
then washed in PBS; the nuclei were stained with 4, 6-diamidino-2-phenylindole (DAPI, 2.5μg/μl in
PBS) for 10 min. The sections were mounted on glass slides with FluoroMountG (Thermo Fisher) and
stored at +4°C until imaging. To better visualize neuronal somata for detection of KCC2 expression,
individual neurons were filled with biocytin. Slices with neurons were filled with biocytin were
post-fixed in 4% PFA in PBS overnight at +4°C. Biocytin was visualized by adding streptavidin-
conjugated Alexa Fluor 488 (Thermo Fisher, 1:500) during the incubation with secondary antibodies.

3.3. Labeling of apoptotic neurons (Study I)

The percentage of the EGFP+ neuronal population undergoing apoptosis was quantified using
cleaved caspase 3 immunostaining (protocol described above) and TUNEL staining of DNA
fragmentation, which typically occurs in the late stages of apoptosis. To assess the number of
apoptotic neurons, the ApopTag Red In Situ Apoptosis Detection Kit from Millipore was used
following the manufacturer’s instructions for tissue cryosections. The staining was performed at
E16.5.
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Primary antibody Host animal Source Dilution

KCC2 rabbit 07-432, Millipore 1:1000

Cux1 rabbit sc-13024, Santa Cruz 1:100

Ctip2 rat ab18465, Abcam 1:250

Tbr1 rabbit AB10554, Millipore 1:1000

Cre mouse MB3127, Millipore 1:1000

Cleaved Caspase 3 rabbit 9661, Cell Signalling 1:400

Table 1. List of primary antibodies used in this Thesis

3.4. Image acquisition and analysis (Studies I, II, III)

The images used for analysis were collected with the following equipment: Zeiss LSM confocal
microscope equipped with LD LCI Plan-Apochromat 25x/0.8 IMM Corr objective, Zeiss Axio Imager
2 light microscope equipped with ApoTome with 20X air and 40X oil immersion objectives, and Zeiss
Axio Imager M1 with 10X objective. All images were analyzed using FIJI (Schindelin et al., 2012).

Analysis of cortical layering (Study I)
To investigate cortical lamination in Kcc2–/– embryos, the nascent cortical plate was analyzed at
E18.5 using Cux1 to mark the superficial, late-born neurons in layers II-VI (Nieto et al., 2004); Ctip2
to mark the layer V neurons (Hand and Polleux, 2011), and Tbr1 to mark layer VI neurons (Hevner
et al., 2001). Cortical layer thickness and the number of neuronal was assessed in a common boxed
region of 600*400 μm and analyzed in FIJI (Schindelin et al., 2012).

Quantification of neuronal numbers (Study I)
Given that genetic ablation of KCC2 in mature hippocampal pyramidal neurons has been reported
to decrease their survival (Kelley et al., 2018; Pellegrino et al., 2011), the number of EGFP+ neurons
post in utero electroporation was compared at E18.5 in slices prepared from embryos
co-electroporated with EGFP+Cre to the controls electroporated with EGFP alone at E14.5. The cell
counting was performed in a common boxed region of 850*650 μm in a semi-automated way using
FIJI (Schindelin et al., 2012).
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4. Results and Discussion

4.1. Loss of non-canonical KCC2 functions promotes developmental
apoptosis of cortical projection neurons. (Study I)

KCC2 is thought to be expressed at non-significant levels in embryonic neocortical projection
neurons (PNs). In Study I, it was shown that KCC2 mRNA and protein are expressed during
corticogenesis. The Developing Cortical Neuron Transcriptome RNA-seq resource (Molyneaux et al.,
2015) was used to show that mRNA encoding KCC2 (Slc12a5) was expressed at a detectable level
(FPKM  2) at E15.5, E16.5 and E18.5 in all major types of PNs, including upper cortical-layer PNs.
For comparison, the expression of mRNA encoding for the kidney-specific CCC members NKCC2
(Slc12a1) and NCC (Slc12a3) was way below the detection threshold (FPKM  0.1) [see also (Kaila et
al., 2014)]. These results are in line with previous studies reporting KCC2 mRNA in the cortical plate
at E15 (Stein et al., 2004). In utero electroporation of EGFP at E14.5 was used to label the late-born
upper cortical-layer (layer II-IV) PNs, which were stained against KCC2 at E18.5. The fraction of
observed neurons with a somatic plasmalemmal-like immunosignal at E18.5 among the upper
cortical PNs labeled with IUE of EGFP at 14.5 was close to the 13-30% reported for hippocampal CA3
pyramidal neurons at this age (Khalilov et al., 2011). As described in the “Subcellular expression of
KCC2” chapter of this thesis, these numbers are likely to be underestimates as a substantial part of
the total KCC2 pool may be contained in transport vesicles (Gulyás et al., 2001; Khalilov et al., 2011;
Kovács et al., 2014), where the C-terminal domain of KCC2 is facing the cytosol and free to interact
with its targets.

KCC2 overexpression via IUE in layer II-IV PN progenitors was previously found to have no effect on
the distribution (reflecting both proliferation and migration) of the derived PNs in the embryonic
cortex (Cancedda et al., 2007; Inoue et al., 2012). On the other hand, genetic ablation of KCC2 in
mature hippocampal pyramidal neurons has been reported to decrease their survival (Kelley et al.,
2018; Pellegrino et al., 2011). Thus, KCC2 was deleted using IUE of Cre at E14.5 in the Kcc2lox/lox

mouse, a novel mouse model generated in this study, and the number of Cre+EGFP and EGFP-only
electroporated neurons was compared at E18.5. A significantly fewer number of neurons lacking
KCC2 was found at E18.5. IUE of Cre together with KCC2-FL, which re-introduces KCC2 after deletion,
confirmed that the observed loss of neurons was KCC2-specific.

A decrease in the number of neurons can result from decreased proliferation or increased apoptosis.
Conditional deletion of KCC2 using Cre electroporation at E14.5 into Kcc2lox/lox embryos increased
the fraction of apoptotic neurons at E16.5, seen with cleaved caspase 3 and TUNEL staining.
Importantly, the number of neurons at E16.5 did not change depending on KCC2 expression,
indicating that the decrease in the number of neurons observed later is indeed due to enhanced cell
death and not a reduction in proliferation.

KCC2 is a multifunctional protein, which, besides its ion transport-dependent role, regulates
cytoskeleton dynamics independently of ion transport. To investigate whether the ability of KCC2-FL
to prevent the observed decrease in the number of neurons is due to the ion transport-independent
role of KCC2, the effects of two ion transport-dead KCC2 constructs were examined, KCC2- NTD and
KCC2-CTD (Fiumelli et al., 2013; Li et al., 2007; Puskarjov et al., 2014). KCC2- NTD+Cre or
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KCC2-CTD+Cre were expressed in neurons using IUE in E14.5 Kcc2lox/lox embryos, and no significant
difference in the number of electroporated neurons was observed between Cre+KCC2- NTD or
Cre+KCC2-CTD when compared to Cre+KCC2-FL. On the other hand, a KCC2 disease variant carrying
a point mutation in its distal C-terminus (KCC2-R952H) found in patients with seizures and
neurodevelopmental disorders (Kahle et al., 2014; Puskarjov et al., 2014; Merner et al., 2015) was
not able to rescue the decreased number of neurons caused by deletion of endogenous KCC2. KCC2-
R952H was previously found to confer reduced Cl- extrusion and completely lacks the ion transport-
independent capacity to promote dendritic spinogenesis upon overexpression in neocortical PNs
(Puskarjov et al., 2014), indicating that this missense point mutation disrupts cytoskeletal
interactions mediated by KCC2 CTD in vivo.

KCC2 has previously been shown to control actin dynamics in dendritic spines by regulating cofilin
phosphorylation (Chevy et al., 2015; Llano et al., 2015). Possible cellular mechanisms downstream
of the KCC2 CTD were therefore studied by probing cofilin phosphorylation, since cofilin has been
shown to be hyperphosphorylated in Kcc2–/– neurons (Llano et al., 2015). IUE of a plasmid encoding
a non-phosphorylatable cofilin mutant, cofilin-S3A (Chai et al., 2016), was as efficient as co-
electroporation of Cre+KCC2-FL in preventing the loss of PNs. While neuronal activity has been
found to prevent apoptosis postnatally, (Blanquie et al., 2017a, 2017b; Heck et al., 2008;
Ikonomidou, 1999; Stankovski et al., 2007), at the time of the first apoptotic wave in the embryonic
cortex, synaptic coupling of cortical neurons is relatively weak (Allene et al., 2008; Komuro and
Rakic, 1996; Owens and Kriegstein, 1998). Thus, selection of neurons at this early stage is likely to
be independent of neuronal activity. This is in line with our findings, showing that the ion transport-
function of KCC2 appears to be dispensable for its role in apoptosis of upper cortical-layer PNs.

IUE at E14.5 will result in labeling of upper cortical PNs belonging to both layers II/III and IV (Ferrere
et al., 2006; Langevin et al., 2007), and the PNs born at E14.5 are still migrating at E18.5 (Langevin
et al., 2007). In light of this, the number of the neurons that survived by E18.5 was analyzed with
respect to their distribution within and outside their migratory target-region, layers II-IV, and
divided into two groups according to their position. Surprisingly, the deletion of KCC2 did not affect
the migrating neurons uniformly. Instead, there was a selective loss of those neurons still migrating
below the layers II-IV, i.e., in the lower CP and below the CP. No significant difference in the number
of neurons that had already migrated into the upper CP by E18.5 was observed. Given that IUE at
E14.5 targets progenitors that give rise to both layer IV and II/III PNs (Langevin et al., 2007), these
neurons that are still migrating in the lower CP are highly likely to represent the neocortical layer
II/III PNs (Ferrere et al., 2006; Langevin et al., 2007) which are born and migrate later than L IV PNs.

The number of upper cortical layer PNs still migrating in the lower CP was rescued by KCC2-FL and
KCC2-CTD, but not by KCC2-R952H. Interestingly, KCC2-R952H electroporation resulted in a
decrease of neurons that had already migrated to the upper CP by E18.5. This indicates that KCC2-
R952H exacerbated the loss of neurons beyond that observed with KCC2 deletion, and promoted
excessive neuroapoptosis throughout the upper cortical plate PNs.

Finally, Kcc2–/– embryos were used to investigate whether the constitutive genetic ablation of KCC2
expression perturbs the lamination of the somatosensory cortex by E18.5. No change in the number
of neurons expressing layer-specific markers within the layers formed by this time in development
was noted. To verify whether the selective decrease in the number of migrating PNs in also observed
in the constitutive KCC2 KO model, IUE of EGFP at E14.5 was employed in Kcc2–/– embryos and their
Kcc2+/– and Kcc2+/+ littermates. Again, a significant decrease in the number of neurons that were still
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migrating was observed in the Kcc2–/– compared to the pooled data from their Kcc2+/– and Kcc2+/+

littermate controls. These data show that deletion of KCC2 preferentially targets the neurons that
are still migrating, and as such, do not contribute to the analyzed cortical layers at E18.5. The data
from the constitutive KCC2 knockout line consolidate the observations made in the conditional
knockout, indicating that loss of KCC2 does not decrease the number of cortical PNs within their
target layers formed by E18.5. One possibility as to why no change in cortical lamination was
observed, in particular in the L II-IV neurons marked with the layer marker Cux1+, comes from the
fact that the migration of L II-IV neurons is still ongoing. The target layer would only grow to its full
thickness postnatally.

Importantly, layer thickness is not necessarily representative of apoptosis in perinatal mice, as seen
in the example of constitutive deactivation of the anti-apoptotic gene Bcl-XL from postmitotic
neocortical PNs by using Bcl-XLlox/lox mice crossed with Bcl-XLEmx1-Cre (Nakamura et al., 2016).
Constitutive deletion of Bcl-XL is lethal, with most KOs dying at E13.5. The conditional deletion of
Bcl-XL increased the apoptosis of neocortical PNs, but it did not change the thickness of the cortical
plate at P1. The reduction in cortical thickness only became apparent at later developmental time-
points (P7, P30) (Nakamura et al., 2016). Similarly, a decrease in cortical thickness could have, in
theory, been observed in our constitutive KCC2 KO model postnatally. Alas, the Kcc2–/– pups die
shortly after birth, and the latest time point when these animals are amenable to analysis is E18.5.

4.2. KCC2-mediated Cl- extrusion modulates spontaneous hippocampal
network events in perinatal rats and mice. (Study II)

GABAergic signaling has been shown to exert dual, enhancing and suppressing, effects on
hippocampal network events perinatally (Khalilov et al., 1999; Lamsa et al., 2000), pointing to a
possibility of GABAergic shunting of glutamatergic currents during early network events (Khalilov et
al., 2015). For efficient shunting, there has to be a mechanism of active Cl- extrusion (Kaila et al.,
2014). The main neuronal Cl- extruder, KCC2, is thought to be expressed at non-significant levels in
perinatal hippocampal neurons (Li et al., 2002; Rivera et al., 1999), but deletion of KCC2 has been
shown to increase network excitability and even lead to seizure-like events already in the embryonic
hippocampus (Khalilov et al., 2011). The mechanisms whereby KCC2 could contribute to
spontaneous network events are poorly understood.

In Study II, the role of KCC2 was studied in the generation of giant depolarizing potentials (GDPs),
endogenous network events generated by the depolarizing actions of GABA and glutamate, and
mediated by Cl- uptake via NKCC1, in the perinatal mouse and rat hippocampus. Here the selective
KCC2 inhibitor VU0463271 was used in in toto hippocampal preparations from Kcc2–/– and WT
mouse embryos and P0-P2 rat pups. VU0463271 increased the frequency and amplitude of GDPs in
the E18.5 WT mouse embryos and P0-P2 rat pups, but not in Kcc2–/– embryos, pointing to the
dependence of these network events on KCC2 already in the embryo. Furthermore, immunostaining
against KCC2 confirmed its expression [as in (Khalilov et al., 2011)]. GDPs recorded in the presence
of VU0463271 were blocked by the NKCC1 inhibitor bumetanide, demonstrating the dependence of
the recorded network events on depolarizing GABA.

As both pyramidal neurons and INs are recruited in GDPs, KCC2 immunostaining was used in E18.5
GAD67-GFP mice and P0-P2 rats to confirm KCC2 expression in either neuronal-type. Notably, the
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majority of cells with distinct KCC2 plasmalemmal expression were non-GABAergic, and intense
KCC2 signal was also observed in the stratum radiatum, where the distal dendrites of pyramidal
neurons reside. Here it is important to note that when analyzing data of this kind, the KCC2
expression in the dendritic region of the neurons nor its functional state are taken into account.
Indeed, KCC2 has been shown to be expressed mainly in the distal dendrites of hippocampal
pyramidal neurons at early postnatal stages (Gulyás et al., 2001).

Then, the effect of VU0463271 was examined on CA3 pyramidal neurons and INs that are
synaptically coupled to them. Whole-cell recordings of spontaneous inhibitory postsynaptic
currents (sIPSCs) from P0-P2 rat CA3 pyramidal neurons showed no change in sIPSC frequency in
the presence of VU0463271, pointing to no effect of VU0463271 on the output of INs synapsing
onto PNs. Loose cell-attached recordings of CA3 spiking showed an increased firing rate following
VU0463271 application. One neuronal population that was found to express KCC2 early during
development are the MGE-derived INs (Batista-Brito et al., 2008; Bortone and Polleux, 2009).
MGE-INs were shown to express KCC2 earlier than PNs in cortical explants (Bortone and Polleux,
2009), and early network activity can be influenced by a small population strongly interconnected
INs, termed hub neurons (Bonifazi et al., 2009; Picardo et al., 2011). However, the KCC2-dependent
restraint of early hippocampal networks via hub neurons seems unlikely because they do not
express KCC2 in the perinatal period (Villette et al., 2016). The presently described
immunohistochemical and electrophysiological data show that in the perinatal hippocampus, KCC2
expression is more prominent in pyramids compared to INs.

As shown previously in the pyramidal neurons of the early postnatal hippocampus (Khirug et al.,
2005, 2010), under conditions of a known somatic Cl- load imposed by the whole-cell patch pipette,
the reversal potential of GABAA currents (EGABA) elicited by photolysis of caged GABA at a dendritic
spot 50 μm away from the soma were very similar to the theoretical EGABA value that would be
expected from the Goldman-Hodgkin-Katz voltage equation. Shifts in EGABA and EGABA can be
attribute to changes in efficacy of Cl- extrusion. Improving the resolution of the technique by eliciting
dendritic GABAA currents further away from the soma (at 200 μm) revealed the presence of
transport-active KCC2. VU0463271 application caused a positive shift in EGABA, indicating the
presence of KCC2-mediated Cl- extrusion in perinatal CA3 pyramidal neurons. These findings were
also confirmed under conditions of unperturbed Cl- homeostasis using gramicidin-perforated patch
recordings of miniature inhibitory postsynaptic currents (mIPSCs). There, VU0463271 application
resulted in an increase in the depolarizing driving force of these GABAAR-mediated events. The
above results demonstrate the enhancement of the GABAergic depolarizing drive after
pharmacological KCC2 block.

Finally, as GDPs synchronize the firing of CA3 pyramidal neurons, it was tested how the inhibition of
KCC2 affects GDPs at network level synchronization. The hypothesis was that inhibition of KCC2, and
the consequent increase in GABAergic depolarizing drive, would increase the synchronization of
pyramidal neurons. The overall number of spikes observed from single CA3 neurons was similar
between control and VU0463271. Looking at the temporal distribution of the spikes, there was an
increase of spikes during the rising phase of the GDP in the presence of VU0463271, pointing to an
increased level of synchronicity of pyramidal neuron spiking.

In mice and rats, GDPs disappear by the end of the second postnatal week, in parallel with the shift
GABAergic in signaling (Ben-Ari et al., 2007). GDPs are confined to a defined window of hippocampal
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development, and they are thought to set the foundation for more synchronized types of activity
found in the mature brain (Blankenship and Feller, 2010). Thus, impairments in the circuits driving
GDPs may result in neurodevelopmental disorders, and their consequences could become apparent
after the disappearance of GDPs (Colonnese and Phillips, 2018). Indeed, mice carrying a human
mutation in the GABAAR 2 subunit, which have been shown to have increased seizure susceptibility
during development (Chiu et al., 2008), demonstrate reduced GDP frequency perinatally (Vargas et
al., 2013). While no such links have, thus far, been made, it is possible that the development of
seizure disorders that result from mutated or reduced KCC2 function (Kahle et al., 2014; Puskarjov
et al., 2014; Saito et al., 2017; Saitsu et al., 2016; Stödberg et al., 2015) could in part originate from
changes in GDP activity, as seen in Kcc2–/– mice (Khalilov et al., 2011).

4.3. K-Cl cotransporter 2-mediated Cl- extrusion determines
developmental stage-dependent impact of propofol anesthesia on
dendritic spines. (Study III)

Potentiators of GABAAR-mediated signaling such as ethanol, antiepileptic drugs, and general
anesthetics (GAs) have been shown to induce long-lasting adverse effects on cognition and behavior
in rodents and non-human primates when applied during the developmental time window of
dramatic increase in brain size, volume, and connectivity, known as the “brain growth spurt” (Briner
et al., 2011; Creeley et al., 2013; Jevtovic-Todorovic et al., 2003; Lunardi et al., 2010; Qiu et al., 2016;
Raper et al., 2015; Vutskits and Xie, 2016). GA-induced negative effects are linked to long-term
morphological and functional alterations of synaptogenesis (Briner et al., 2011; Head et al., 2009;
Lunardi et al., 2010, 2015). This defined time window of increased vulnerability to GAs, which in
rodents occurs in the first two postnatal weeks, parallels the shift from excitatory to inhibitory
GABAAR signaling mediated by the up-regulation of KCC2.

In Study III, the putative developmental stage-dependent negative effects of the GA propofol on
dendritic spine density were analyzed in the layer (L) II/III PNs of the somatosensory cortex (SSC).
Propofol is one of the most widely used intravenous GAs, and it has been shown to enhance
GABAAR-mediated signaling with negligible inhibition of glutamate receptors at clinically relevant
concentrations (Rudolph and Antkowiak, 2004). Propofol has been previously described to have
developmental stage-dependent effects on dendritic spinogenesis in the L V PNs of the medial
prefrontal cortex (mPFC) (Briner et al., 2011). A single dose of propofol had similar effects to a 6-h-
long exposure to anesthesia and induced a decrease in dendritic spines of the mPFC when applied
at P5 and P10. Application of propofol at P15, P20, and P30 resulted in an increased number of
dendritic spines in the mPFC (all effects were evaluated 6 h after exposure to anesthesia) (Briner et
al., 2011). In the L II/III PNs of the somatosensory cortex (SSC), which were analyzed in Study III, the
6-h-long exposure to propofol anesthesia had comparable effects to those observed in the mPFC: a
decrease in the number of spines when the anesthetic was applied at P10 and an increase in the
number of spines when applied at P15.

KCC2 upregulation during the first two postnatal weeks underlies the hyperpolarizing shift in
GABAAR mediated responses (Rivera et al., 1999; Gulyás et al., 2001; Wang et al., 2002; Stein et al.,
2004; Takayama and Inoue, 2010; Kovács et al., 2014; Awad et al., 2018). In this study, KCC2 protein
expression was analyzed, taking note of its total and plasmalemmal fractions. The Cl- extrusion
capacity of KCC2 was assessed in parallel, during the first two weeks of development. A robust
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increase in total and surface KCC2 protein was found from P10-P15. Importantly, the increase in
surface protein levels was followed by an increase in the Cl- extrusion capacity of KCC2. In addition,
KCC2 functional upregulation seemed to parallel the effects of propofol on dendritic spine density.

If the appearance of KCC2-mediate ion cotransport and the shift in GABAergic signaling have a role
in the impact of propofol anesthesia then, by analogy, premature expression of KCC2 could prevent
the propofol-induced spine loss observed at P10. To test this hypothesis, in utero electroporation
(IUE) of plasmids encoding KCC2-FL and EGFP was performed in rat E17.5 neural progenitors, which
give rise to L II/III SSC projection neurons. This approach significantly increased plasmalemmal KCC2
levels and enhanced Cl- extrusion capacity of transfected neurons at P10, up to the level equivalent
to that observed at P15. It should be pointed out that the presently used anesthesia protocol had
no effects on the cortical KCC2 expression (Lacoh et al., 2013). Exposure to propofol anesthesia did
not affect the number of dendritic spines of EGFP+ KCC2 overexpressing neurons, but still decreased
the number of dendritic spines on the neighboring, non-transfected neurons at P10. Premature
expression of KCC2 and the underlying decrease in intracellular Cl- concentration was sufficient to
protect the neurons against propofol-induced dendritic spine loss.

Here it is important to note that KCC2 has a known role in dendritic spinogenesis in vivo, where
KCC2 was shown to increase the number of dendritic spines in an ion transport-independent manner
(Fiumelli et al., 2013). Indeed, an increase in the number of dendritic spines upon IUE of KCC2-FL
was observed at P10 both in control conditions and with propofol (compared to IUE with only EGFP).
To distinguish between the ion transport-dependent and -independent roles of KCC2 and their
involvement in the effects of propofol anesthesia, IUE of KCC2- NTD, the N-terminally truncated
ion transport-dead variant of KCC2 (Fiumelli et al., 2013; Horn et al., 2010; Li et al., 2007) was
performed. After IUE at E17.5, propofol anesthesia at P10 induced a significant decrease in the
number of dendritic spines in neurons transfected with KCC2- NTD, demonstrating that the ion
transport function of KCC2 is necessary for rescuing the propofol-induced loss in dendritic spines.
IUE of KCC2- NTD increased the number of dendritic spines at P10 when propofol was not
administered, similar to KCC2-FL, but no increase with propofol application was noted.

Finally, to mimic the KCC2-FL-induced hyperpolarization of the membrane potential upon GABAAR
activation, IUE of the inward-rectifying potassium channel Kir2.1 was used. Kir2.1 persistently
hyperpolarizes the membrane potential. IUE of Kir2.1 precluded the reduction in spine number by
propofol anesthesia at P10, similar to the effects of KCC2-FL, but it did not have the same results on
the density of dendritic spines as KCC2 in control PNs. Indeed, IUE of Kir2.1 failed to increase the
“basal” (without propofol application) number of dendritic spines. This comes as no surprise since
the increase in the number of spines was explicitly ascribed to the ion transport-independent role
of KCC2 (Awad et al., 2018; Fiumelli et al., 2013).

Together, these data indicate that the ion transport function of KCC2 is required for protecting the
L II/III projection neurons of the SSC against propofol anesthesia. While the role of KCC2 in
spinogenesis per se does not require K-Cl cotransport, the KCC2-dependent GABAAR–mediated
inhibition, and the consequent reduction in neuronal excitability, determines the effects of propofol
anesthesia on cortical dendritic spines.
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5. Conclusions

The main findings of Study I are that (i) KCC2 expression in the late-born projection neurons of the
neocortex begins already in the embryo, and that (ii) Cre-lox-mediated deletion of KCC2 using in
utero electroporation promotes the apoptosis of late-born projection neurons during the first wave
of developmental apoptosis in an ion transport-independent fashion. In utero electroporation of a
disease variant of KCC2 with a missense mutation in the C-terminal domain, found in
neuropsychiatric disorders, was unable to rescue survival of projection neurons. An important
implication of this study is that mutations in SLC12A5 or KCC2 downregulation may result in
increased cell death and thus promote neurodevelopmental disorders.

In Study II we found that (i) the low levels of KCC2 expression in the perinatal hippocampus of mice
and rats do not limit its functionality as an ion transporter, and that (ii) KCC2 modulates early
hippocampal network events, the GDPs, from their developmental onset. The results obtained in
this study using pharmacological and immunohistochemical approaches pinpointed pyramidal
neurons of the hippocampal CA3 as the main neuronal type whose KCC2 expression regulates GDPs.
Taken together, our data show that KCC2 is expressed at physiologically significant levels in the
rodent perinatal CA3 pyramidal neurons, and that KCC2 modulates GDPs from their developmental
onset.

In Study III we show that (i) the KCC2-dependent qualitative shift in GABAergic signaling determines
the effects of propofol anesthesia on cortical dendritic spines, and that (ii) this effect of KCC2 relies
solely on KCC2-mediated inhibition and the consequent change in membrane excitability, contrary
to the ion transport-independent effects of KCC2 per se on dendritic spinogenesis. Our results
provide a novel mechanistic view into how changes in neuronal excitability shape synaptogenesis in
response to exposure to anesthetics during the brain growth spurt.

.
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