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Abstract
KCC2 is an important K+-Cl- cotransporter that along with Na+-K+-2Clcotransporter, NKCC1 is largely responsible for the regulation of intracellular chloride
concentration in neurons which determines whether the ionotropic GABAergic/glycinergic
responses are depolarizing or hyperpolarizing. There are spatiotemporal differences in the
intracellular chloride concentration in individual neurons which are attributable to a
differential temporal and spatial activation of cation chloride cotransport mediated by KCC2
and NKCC1. Post-translational modulation is a fundamental cellular mechanism for such
spatiotemporal regulation of protein activity. This thesis deals with the work that has been
ongoing in our laboratory to understand the mechanisms of post-translational regulation of
KCC2 cotransport function.
In Study I, we have demonstrated a fast post-translational increase in KCC2
cotransport function in neonatal rat hippocampus after a single seizure episode. This increase
of functional KCC2 was caused by an increment in the surface expression of KCC2. Study II
deals with the establishment of a modified protease cleavage method for quantitative analysis
of surface expression of proteins using a cold-adapted trypsin. This can serve as a fast and
reliable procedure and can be easily applied to brain slice preparations as well as cell culture
systems. In study II, we have also shown that KCC2 has a low surface expression in the rat
hippocampus but a very fast turn-over rate of the plasmalemmal pool. Not surprisingly,
modifications in the turn-over rate of the surface pool can be employed as a mechanism to
regulate the surface expression of KCC2 and consequently its function. Study III deals with
another post-translational strategy to regulate KCC2 function in the rat hippocampus under
pathophysiological conditions. While the KCC2 protein is quite stable in the rat hippocampus
and has a slow turn-over rate under basal conditions, epileptiform activity and excitotoxicity
can induce a rapid calpain-mediated cleavage of KCC2 with a consequent loss of its
cotransport function.
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1.

Review of the literature

1.1

Introduction
Establishment and maintenance of intra- and extracellular ionic homeostasis is

essential for normal physiological function of the cell and its appropriate responses to
intracellular and extracellular perturbations. Cellular ionic regulation in neurons relies on
maintenance of gradients of ionic concentrations across the cell membrane through a properly
concerted and coordinated activity of a large number of membrane proteins and receptors
(ion transporters and channels) that mediate selective ion fluxes across the membrane.
Regulation of chloride homeostasis is critical for several cellular processes like cell volume
regulation, cell cycle control, trans-epithelial salt transport, fluid secretion, pH maintenance
and inter-neuronal communication (Blaesse et al. 2009, Friauf et al. 2011, Russell 2000).
Although Na+-dependent and Na+-independent Cl-/HCO3- exchangers (Galanopoulou 2008b,
Kaila 1994, Payne et al. 2003) and Cl- channels like ClC2 (Ben-Ari et al. 2007, Ratte and
Prescott 2011, Smith et al. 1995) have also been suggested to contribute to chloride
homeostasis in neurons, cation chloride cotransporters (CCCs) (particularly K+-Clcotransporter isoform 2 (KCC2) and Na+-K+-2Cl- cotransporter isoform 1 (NKCC1) are
generally considered major players controlling electrochemical chloride gradient in neurons
(Blaesse et al. 2009, Friauf et al. 2011, Mercado et al. 2004, Payne et al. 2003).
CCCs are secondary active transporters (i.e., they use energy from ATP
indirectly in the form of K+ and Na+ gradients generated by Na+-K+ ATPase) that mediate the
coupled transport of chloride and cations (K+ and/or Na+) down a combined chemical
potential difference (see section 1.2.2 and Fig.1). Nine genes in the CCC gene family (solute
carrier family 12; SLC12) have been identified: one Na+-Cl- cotransporter (NCC), two Na+K+-2Cl- cotransporters (NKCC1 and 2), four K+-Cl- cotransporters (KCC1-4) (Mount and
Gamba 2001), a cation chloride cotransporter isoform 9 (CCC9) that transports polyamines
and amino acids (Daigle et al. 2009) and a structurally related protein, cation chloride
cotransporter interacting protein (CIP) that can modulate the cotransport activity of KCCs
and NKCCs (Caron et al. 2000, Wenz et al. 2009). The predicted protein structure of the CCC
proteins reveals a membrane topology with a central hydrophobic core containing 12

-

helical transmembrane domains (TM), a hydrophilic amino (N-) and a larger carboxy (C-)
terminal domain, both of which are cytoplasmic (Mercado et al. 2004, 2006, Williams et al.
1999).
One of the CCCs, the neuron-specific K+-Cl- cotransporter, KCC2, encoded by
the SLC12A5 gene, was identified as an essential protein for maintaining a low intracellular
10

chloride concentration ([Cl-]i) in adult neurons because of its ability to extrude Cl- against its
electrochemical gradient using the outward K+ concentration gradient created by the Na+-K+
ATP pump (DeFazio et al. 2000, Rivera et al. 1999). Hence, it plays a crucial role in
controlling the strength of synaptic inhibition mediated by -amino-butyric acid type-A
(GABAAR) and glycine (GlyR) receptors, both of which are ligand-gated Cl- channels (see
section 1.2.2.1). Several studies have been targeted to elucidate the molecular and cellular
mechanisms controlling KCC2 function. Moreover, recent studies affirming a structural role
of KCC2 in spine formation and maintenance (see section 1.2.2.4), only add to the relevance
of studies on functional regulation of this key molecule in the brain. Similar to all proteins,
gene transcription and protein translation set the first level of regulation of KCC2 function.
However, the role of post-translational regulation of KCC2 function has also become an
interesting area of research in recent years. These post-translational mechanisms which
include

protein

maturation

and

intracellular

protein

trafficking,

phosphorylation/dephosphorylation, protein complex assembly and protein degradation,
provide a basis for reversible regulation of KCC2 function that allows fast plasticity of interneuronal communication.

1.2

Physiology of KCC2
As previously stated, the CCC family includes four KCC isoforms, namely

KCC1-4. KCC2 has certain unique features that aids its physiological role as a Cl- efflux
pathway in mature neurons allowing the maintenance of a low [Cl-]i required for efficient
inhibitory neurotransmission in neural circuits. KCC2 is unique among the KCCs in its
exclusive expression in central neurons (see sections 1.2.1 and 1.3.1). Importantly, while
KCC2 unlike other KCCs exhibits little or no swelling-induced activation, it is constitutively
active under isotonic conditions (see section 1.4.3). This has been attributed to presence of a
unique 15-amino acid fragment (called the isotonic domain) within the C-terminus of KCC2
(Mercado et al. 2006), although Bergeron et al. (2006) have proposed that the mere presence
of this fragment is not sufficient but rather depends on the context in the whole C-terminal
sequence. Unlike other KCCs, KCC2 operates near equilibrium close to the physiological
levels of [Cl-]i and [K+]o and hence has been suggested to be capable of mediating both exit
and entry pathways for Cl- (see section 1.2.2.3). A recent study has also outlined differences
in the requirement of cysteine residues in the large extracellular loop for the cotransport
function of KCC2 and KCC4 (Hartmann et al. 2010). However, the exact role of the cysteine
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residues in modulating KCC2 function or its surface expression and contribution to its unique
physiological role in neurons is yet to be identified.

1.2.1

Expression
KCC2 is abundantly expressed in most neurons in the mature central nervous

system (CNS), but shows negligible expression in non-neuronal cells like glia and astrocytes,
undifferentiated neuronal progenitors and peripheral neurons (Hubner et al. 2001, Li H. et al.
2002, Payne et al. 1996, Rivera et al. 1999, Song et al. 2002, Williams et al. 1999).
Interestingly, SLC12A5 gene that encodes KCC2 has been shown to transcribe into two
mRNA transcripts by usage of an alternative promoter and the first exon, resulting in the
expression of two different isoforms, KCC2a and KCC2b (Uvarov et al. 2007, 2009).
Although both isoforms are capable of comparable furosemide-sensitive cotransport activity
in heterologous expression systems, expression of KCC2a isoform shows only a modest
change during postnatal development, while KCC2b expression increases during
development and dominates that of KCC2a in the mature neuronal systems.
In the adult CNS, KCC2 protein is expressed in the spinal cord, brainstem,
cerebellum, cortex, and hippocampus (Payne et al. 1996). In the embryonic CNS, KCC2
expression increases differentially in different regions in the brain with time in a more or less
caudal-rostral direction which corresponds to the neuronal maturation pattern in the brain
(Ikeda M. et al. 2003, Li H. et al. 2002, Rivera et al. 1999, Stein et al. 2004, Wang C. et al.
2002). Hence, KCC2 expression is only detectable in differentiated neurons and not in
neuronal precursors (Li H. et al. 2002). Also, there are reports of differences in the expression
levels of KCC2 in neurons of the same anatomical regions depending upon their maturation
level (Li H. et al. 2002, Rivera et al. 1999, Takayama and Inoue 2010). Animals that are
prenatally more developed than rodents have a higher level of KCC2 already at birth (Hyde et
al. 2011, Rivera et al. 1999, Vanhatalo et al. 2005). Not surprisingly then, KCC2 has come to
be regarded as a marker for neuronal maturation (Li H. et al. 2002, Mikawa et al. 2002,
Rivera et al. 1999, 2005, Shimizu-Okabe et al. 2002, Stein et al. 2004).
At the cellular level, KCC2 protein shows a punctate expression at the plasma
membrane of both the soma and dendrites of hippocampal and cortical neurons but not in the
axon terminals (Bartho et al. 2004, Gulacsi et al. 2003, Gulyas et al. 2001, Hubner et al.
2001, Szabadics et al. 2006, Takayama and Inoue 2006, Zhu L. et al. 2005). KCC2 is also
highly expressed in the dendritic spines (Gulyas et al. 2001, Zhu L. et al. 2005) where it is
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known to play a structural role in establishment and maintenance of spines (see section
1.2.2.4).

1.2.2

Function
The main physiological role of CCCs is regulation of [Cl-]i. However, under

normal physiological conditions, the direction of net chloride transport is different for the
NKCCs and the KCCs in most cells. This is based upon the requirement of CCCs (as
secondary active transporters) for the electrochemical gradient of the principle ion (Na+ or
K+) as the energy source for chloride transport (see Fig.1). While NCCs and NKCCs typically
transport chloride into the cell, KCCs typically extrude chloride (Kaila 1994). As transport of
chloride into and out of the cell is obligatorily accompanied by the influx and efflux of water,
respectively, the CCCs can aid in the regulation of cell volume (MacAulay et al. 2004).
Since KCC2 cotransport is electroneutral i.e. carries K+ and Cl- in a
stoichiometric ratio of 1:1 in the same direction (Kaila 1994, Payne 1997, Williams and
Payne 2004), it has no direct effect on the membrane potential (Farrant and Kaila 2007,
Mercado et al. 2004). In absence of any voltage-dependence of its cotransporter activity,
KCC2 function is also independent of membrane potential but depends only on the sum of
chemical potential differences for K+ and Cl- which is set by the outwardly directed K+
chemical potential maintained by Na+-K+ ATPase (Farrant and Kaila 2007, Kaila 1994,
Payne 1997). Under normal physiological conditions, KCC2 is near its point of
thermodynamic flux reversal point (for equilibrium conditions, see Fig.1), hence it can
mediate either net ion efflux or net ion influx depending on small changes in [Cl-]i and [K+]o,
(see section 1.2.2.3). In addition to K+, cations like Rb+, NH4+ and Cs+ can all serve as
substrates for KCC2 cotransport and while kinetics of transport of Rb+ and NH4+ are similar
to K+, Cs+ transport rate is excessively reduced (Williams and Payne 2004). This can serve as
a basis for measurement of KCC2 cotransport function by measuring radioactive Rb+ fluxes
(Payne 1997).
In neurons, regulation of [Cl-]i by CCCs is essential for determining the
properties of inhibitory neurotransmission which is mediated by Cl- permeant ion channels
GABAAR and GlyR, although both of these channels are also known to be permeable to
HCO3- (see sections 1.2.2.1 and 1.2.2.3). KCC2 and NKCC1 are the main CCCs involved in
controlling the equilibrium potential of chloride ions (ECl-) in neurons (Blaesse et al. 2009,
Delpire 2000, Payne et al. 2003). In other words, maintenance of ECl- and induction of
changes in it are thought to be dependent on opposing actions of chloride extrusion by KCC2
13

and chloride accumulation by NKCC1. Therefore, these two Cl- cotransporters directly
influence the balance of [Cl-]i and depending on their relative activities, set ECl- either to
hyperpolarizing or depolarizing in a spatio-temporal manner (Fig.1).
In addition to its role in maintaining a low [Cl-]i for GABAergic
hyperpolarizing responses, KCC2 has also been implicated in the regulation of neuronal
migration, dendrite outgrowth and formation of excitatory and inhibitory synaptic
connections. These functions might dependent on Cl- efflux activity of KCC2 as well as its
ability to interact with cytoskeletal elements (see section 1.2.2.4).

Fig.1. Ion-transport mechanisms underlying GABAAR-mediated responses.
(Left) The dominant cation chloride cotransporter NKCC1 mediates Cl- uptake in immature
neurons, creating a depolarizing ECl-. Ionotropic GABAAR mediates outward directed Clcurrents. (Right) In mature neurons, KCC2 acts as the principle cation chloride cotransporter
and extrudes Cl-, setting a hyperpolarizing ECl-. GABAAR now allows passage of Cl- into the
cell. Transport by both NKCC1 and KCC2 is fuelled by Na+ and K+ gradients generated by
the Na+-K+ ATPase.

1.2.2.1

KCC2 and GABAAR hyperpolarizing inhibition
As stated, in the adult mammalian CNS, fast inhibitory neurotransmission is

mediated predominantly by GABAAR and GlyR, which conduct Cl- down its electrochemical
gradient. For hyperpolarizing currents through GABAAR and GlyR, maintenance of a low
[Cl-]i (i.e. setting ECl- at more negative values than the resting membrane potential) is
required so that inward Cl- flux through these channels can stabilize the membrane potential
14

at or near the ECl-. If ECl- is set above the resting membrane potential, currents through
GABAAR and GlyR can be depolarizing and even excitatory as activated GABAAR and GlyR
would allow Cl- to flow out of the cell (see Fig.1). In developing neurons, GABA is
depolarizing (Ben-Ari 2002, Ben-Ari et al. 1989, Cherubini et al. 1991) which is due to a low
expression/function of KCC2 and an under-developed chloride extrusion pathway. ECl- is set
above the resting membrane potential mainly by the predominating chloride influx activity of
NKCC1 (Achilles et al. 2007, Brumback and Staley 2008, Kakazu et al. 1999, Sipila et al.
2006, Spitzer 2010, Yamada et al. 2004). As there is a developmental increase in KCC2
expression/function, the relative contribution of chloride extrusion activity of KCC2 in
setting the [Cl-]i is increased so much so that in mature neurons, ECl- is set below the resting
membrane potential (Bray and Mynlieff 2009, DeFazio et al. 2000, Hubner et al. 2001, Li H.
et al. 2002, Rivera et al. 1999, 2005, Stein et al. 2004, Zhu L. et al. 2008, but see Delpy et al.
2008), causing a shift in GABAergic (and glycinergic) responses from depolarizing to
hyperpolarizing (see Fig.1). This shift in GABAergic signaling occurs during early
development (first two postnatal weeks in rats). Several studies using different approaches
have established a key role of KCC2 in this developmental shift. Consistently, knocking out
KCC2 expression (Hubner et al. 2001, Zhu L. et al. 2005), or knocking out KCC2b
expression alone (Balakrishnan et al. 2003, Stil et al. 2011, Woo et al. 2002) or knock down
of KCC2 expression (Pellegrino et al. 2011, Rivera et al. 1999) prevents or attenuates the
shift of EGABA-A from depolarizing to hyperpolarizing. Along similar lines, pharmacological
blockade of KCC2 leads to increased [Cl-]i levels that can revert the equilibrium potential of
GABAAR (EGABA-A) from hyperpolarizing to depolarizing (DeFazio et al. 2000, Jarolimek et
al. 1999, Martina et al. 2001). On the other hand, over-expression of KCC2 in immature
neurons leads to decreased [Cl-]i levels and a premature shift in EGABA-A from depolarizing to
hyperpolarizing (Akerman and Cline 2006, Cancedda et al. 2007, Chudotvorova et al. 2005,
Fiumelli et al. 2005, Lee H. et al. 2005, Reynolds et al. 2008). Moreover, mature neurons that
have preserved the depolarizing GABA responses or have reduced efficiency of GABA
mediated inhibition have been shown to have high levels of [Cl-]i in association with low
levels of KCC2 expression/function (Banke and McBain 2006, Bartho et al. 2004, Gulacsi et
al. 2003, Ikeda M. et al. 2003, Kanaka et al. 2001, Pozas et al. 2008, Toyoda et al. 2005,
Ueno et al. 2002, Wang C. et al. 2002, 2005, Vu et al. 2000). In conclusion, it seems like
developmental up-regulation of KCC2 expression/function contributes largely to the shift in
depolarizing GABA actions to hyperpolarizing. Moreover, changes in KCC2 function in
mature neurons is an effective strategy employed by many neuronal systems in inducing
15

plasticity of inhibitory GABAergic signaling by changes in the [Cl-]i (see sections 1.2.2.2 and
1.5).
While the contribution of up-regulation of KCC2 expression/function in the
shift of GABA and glycine signaling is well-established, a concomitant down-regulation of
NKCC1 function has also been proposed as a contributing factor but has however not been
consistently observed (Blaesse et al. 2009). It is relevant to explain the depolarizing and
hyperpolarizing actions of GABA based on relative activities of NKCC1 and KCC2
expressed in the plasma membrane in a spatio-temporal manner rather than relying on the
absolute expressions of NKCC1 and KCC2 proteins in a neuron (Deisz et al. 2011, Delpy et
al. 2008, Gilbert et al. 2007, Marty S. et al. 2002, Vardi et al. 2000, Zhang L. L. et al. 2006).
Consistently, distinct sub-cellular localization of KCC2 in soma and dendrites and NKCC1 in
axons has been proposed to result in generation of intraneuronal Cl- gradients and differential
GABAergic responses (Banke and McBain 2006, Gavrikov et al. 2006, Jarolimek et al. 1999,
Khirug et al. 2008, Szabadics et al. 2006, Vardi et al. 2000, Vu et al. 2000).
Interestingly, both GABAAR and GlyR can also contribute to inhibitory
transmission by shunting mechanism which is independent of the direction of the Cl- currents
(Banke and McBain 2006, Ben-Ari 2002, Farrant and Kaila 2007, Owens and Kriegstein
2002). Indeed, while the depolarization induced by postsynaptic GABAAR currents can lead
to excitation of the neuron, it can also cause shunting inhibition of glutamatergic currents
(Lamsa et al. 2000, Palva et al. 2000). Moreover, GABAAR (and GlyR) is also permeable to
HCO3- and these HCO3- currents can significantly contribute to postsynaptic responses of
GABAAR under certain physiological (Kaila et al. 1987, Kaila 1993, Viitanen et al, 2010)
and pathophysiological (Asiedu et al. 2010) conditions in neurons with a reduced Clextrusion capacity. In spite of EGABA-A not being identical to ECl- but showing a deviation to
more positive values due to permeability to HCO3-, EGABA-A is nevertheless mainly set by Clgradient across the neuronal membrane (Blaesse et al. 2009, Farrant and Kaila 2007, Kaila
1994).

1.2.2.2

Neuronal pathologies and KCC2
Synaptic modification in physiological and pathophysiological conditions is

critical for both proper functioning of the nervous system and its response to stress and
trauma. A decrease in the strength of inhibitory GABAergic transmission has been observed
after neuronal trauma and other neuronal pathologies and stresses. An altered intracellular Clhomeostasis has been shown to contribute to this decrease in inhibitory GABA signaling (and
16

even an increase in its depolarizing actions) in several studies (De Koninck 2007, Payne et al.
2003, van den Pol et al. 1996). There are reports of decreased KCC2 expression/function in
various nervous system pathologies and diseases like neuronal injury and trauma
(Bonislawski et al. 2007, Jin et al. 2005, Nabekura et al. 2002, Toyoda et al. 2003); in vivo
(Barmashenko et al. 2011, de Guzman et al. 2006, Lee H. H. et al. 2010, Li X. et al. 2008,
Pathak et al. 2007, Rivera et al. 2002, Robinson et al. 2010, Shimizu-Okabe et al. 2007,
Shulga et al. 2008, but see Mao et al. 2011, Shin et al. 2011, Zhu X. et al. 2012) and in vitro
(Nardou et al. 2011, Rivera et al. 2004, Wake et al. 2007, Study III) seizure models, and
human epileptic tissue (Aronica et al. 2007, Deisz et al. 2011, Huberfeld et al. 2007,
Munakata et al. 2007, Munoz et al. 2007, Palma et al. 2006, Shimizu-Okabe et al. 2011);
glutamate excitotoxicity (Lee H. H. et al. 2011, Study III); oxidative stress (Wake et al.
2007); ischemic brain injury/oxygen-glucose deprivation (Galeffi et al. 2004, Hershfinkel et
al. 2009, Jaenisch et al. 2010, Papp et al. 2008, but see Reid et al. 2000, 2001); Alzheimerlike neurodegenerative pathology (Lagostena et al. 2010); a rodent model of schizophrenia
(Liu Y. et al. 2009) and brain tissue from human schizophrenic patients (Hyde et al. 2011); a
mouse model of amytrophic lateral sclerosis (ALS) (Fuchs et al. 2010); deafness (Vale et al.
2003); stress (Hewitt et al. 2009, Matrisciano et al. 2010, Sarkar et al. 2011, Tornberg et al.
2005, but see Galanopoulou 2008c); and spinal cord injury-induced neuropathic (Boulenguez
et al. 2010, Coull et al. 2003, 2005, Cramer et al. 2008, Hasbargen et al. 2010, Janssen et al.
2011, 2012, Jean-Xavier et al. 2006, Jolivalt et al. 2008, Lu Y. et al. 2008, Miletic and
Miletic 2008, Price et al. 2009, but see Tornberg et al. 2005) and peripheral inflammatory
pain (Nomura et al. 2006, Zhang W. et al. 2008).
The depolarizing nature of GABA signaling in models of neuronal trauma and
pathologies is associated with an increase in intracellular Ca 2+ ([Ca2+]i) mainly through Ca2+
influx via the voltage gated calcium channels (VGCCs) (Nabekura et al. 2002, Shulga et al.
2008, Toyoda et al. 2003, van den Pol et al. 1996). During development, depolarizing GABA
responses promote Ca2+ influx through voltage and glutamate gated calcium channels
(NMDAR) which contribute to different aspects of neural circuit maturation and refinement
including neuronal proliferation and migration, morphological development, and neurite
growth and synaptogenesis (Akerman and Cline 2007, Ben-Ari 2002, Ben-Ari et al. 2007,
Farrant and Kaila 2007, Fiumelli and Woodin 2007, Galanopoulou 2008b, Ge et al. 2007,
Owens and Kriegstein 2002, Represa and Ben-Ari 2005, Wang D. D. and Kriegstein 2009).
Depolarizing GABA in immature neurons is also known to induce BDNF expression and
release in Ca2+-dependent manner (Berninger et al. 1995, Porcher et al. 2011) which might
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also augment the trophic effects of GABA on developing neuronal networks (Owens and
Kriegstein 2002, Porcher et al. 2011). Interestingly, hyperpolarizing GABAergic responses in
mature neurons do not elicit an increased BDNF secretion but actually depress the latter’s
expression levels consistent with the hyperpolarizing action of the GABAergic signaling in
reducing [Ca2+]i via inactivation of the L-type VGCCs (Berninger et al. 1995, Porcher et al.
2011).
Along similar lines, premature over-expression of KCC2 and consequent
absence of depolarizing glycinergic actions in zebrafish embryos is thought to impair
neurogenesis and neuronal differentiation (Reynolds et al. 2008). An up-regulation of
functional KCC2 has been found to be necessary to reduce neuronal motility since it acts as a
switch in transforming GABA from a motogenic to a stop signal in migrating neurons
(Bortone and Polleux 2009). Even in adult neurogenic niches, a similar pattern of GABA
signaling is observed (Ge et al. 2006, Reali et al. 2011, Reynolds et al. 2008). In addition,
since migrating cells have a higher [Cl-]i than settled cells (Bortone and Polleux 2009,
Shimizu-Okabe et al. 2002, 2007), a decreased KCC2 function might be involved in
migration of neurons in the injured area. A hyperpolarizing to depolarizing shift of GABA
signaling and a consequent shift in GABA-mediated BDNF regulation after neuronal trauma
and pathology might propel back the surviving neurons into a state of immaturity with greater
potential for reformation, re-growth and refinement of neuronal networks after traumatic
insults to the mature neuronal networks. Consistently, a number of groups have suggested
that a functional decrease in KCC2 and the concomitant shift in GABA responses to
depolarizing (or a decrease in its inhibitory hyperpolarizing responses) as well as a change in
composition of GABAAR subunit-composition resembling the development-like state in
models of neuronal trauma may be associated with neuronal survival, regeneration and reestablishment of functional connectivity (Cohen et al. 2003, Kahle et al. 2008, Nabekura et
al. 2002, Payne et al. 2003, Shulga et al. 2008, 2009, Toyoda et al. 2003, van den Pol et al.
1996). On the other hand, uncontrolled increase in Ca2+ influx mediated by depolarizing
GABAergic actions in pathophysiological conditions can facilitate activation of neuronal
degradation and death; an increased risk of excitotoxicity-induced neuronal degradation;
secondary neuronal injury; and pathogenesis of seizure and neuropathic pain (Aronica et al.
2007, Austin and Delpire 2011, Briggs and Galanopoulou 2011, Cohen et al. 2002, 2003,
Coull et al. 2005, Fuchs et al. 2010, Galeffi et al. 2000, Jaenisch et al. 2010, Jin et al. 2005,
Jolivalt et al. 2008, Kahle et al. 2008, Khalilov et al. 2005, Lee H. H. et al. 2011, Malek et al.
2003, Mao et al. 2011, 2012, Molinaro et al. 2008, Munakata et al. 2007, Nardou et al. 2011,
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Pathak et al. 2007, Pellegrino et al. 2011, Pond et al. 2004, Schwartz-Bloom and Sah 2001,
Shin et al. 2011, van den Pol et al. 1996).
However there are certain key aspects of GABAergic signaling that have to be
considered before ascertaining the physiological relevance of KCC2 down-regulation and a
decreased GABAergic inhibition in pathological conditions. GABAergic synapses of mature
neuronal circuits operate very close to their switch point. The consequences of GABAergic
signaling in a neuronal network is quite complicated and context-dependent in relation to the
resting membrane potential, temporal and spatial aspects of excitatory inputs, the
heterogeneity of GABAergic neurons and the inter- and intra-neuronal differences in
intracellular Cl- concentration as well as activity-mediated fast changes in the chloride
homeostasis and an increase in the physiological significance of its HCO3- conductance (BenAri and Holmes 2005, Cossart et al. 2005, De Koninck 2007, Farrant and Kaila 2007, Ikeda
M. et al. 2003, Martina et al. 2001, Marty A. and Llano 2005, Owens and Kriegstein 2002,
Prescott et al. 2006, Rivera et al. 2005, Staley and Mody 1992, Staley et al. 1995, Tyagarajan
and Fritschy 2010, Viitanen et al. 2010, Wright et al. 2011). In addition, the ability of KCC2
to reverse its direction of cotransport under conditions of high extracellular K+ (see section
1.2.2.3) that accompany increased neuronal excitability in models of neuronal pathologies,
makes it difficult to predict whether a functional down-regulation of KCC2 is beneficial or
detrimental with certainty. Moreover, the effect of structural interaction of KCC2 with the
dendritic cytoskeletal proteins (see section 1.2.2.4) might add an increased facet in the
pathological consequences of KCC2 degradation in neuronal trauma and excitotoxicity.
Nevertheless, there are both reports that suggest that a down-regulated KCC2
function and a depolarizing GABAergic signaling might aid the survival and regeneration of
neurons as well as those that suggest that KCC2 down-regulation might contribute to a
decreased survival and susceptibility of neurons after trauma and other pathologies. Wake et
al. (2007) found a decreased viability of cells over-expressing KCC2 in a model of H2O2induced neuronal oxidative stress. While co-application of GABAAR agonists during H2O2
incubation was shown to exacerbate neuronal death, GABA antagonists increased the cell
viability (Wake et al. 2007). Maintenance of an increased [Cl-]i by an up-regulation of
NKCC1 in the injured sensory neurons (which lack KCC2) has been shown to contribute to
neuronal regeneration of these injured neurons (Pieraut et al. 2007, 2011). Recently,
Pellegrino et al. (2011) have demonstrated that suppression of KCC2 expression and function
increased the susceptibility of neurons to oxidative stress and excitotoxicity, while overexpression of functional KCC2 could rescue the neuronal resistance, suggesting that
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maintenance of functional KCC2 is essential for neuronal survival after excitotoxic insults. In
a model of excitotoxic insult, reduced expression of KCC2 by BDNF-pretreatment rendered
GABAAR agonists neurotoxic which otherwise were neuroprotective in control neurons
(Molinaro et al. 2008). An increase in the extracellular Cl- concentration abolished the
neurotoxic effect of the GABAAR agonists in the BDNF-pretreated neurons, while downregulation of KCC2 expression prevented the neuroprotective action in controls neurons
imposed on with an excitotoxic insult (Molinaro et al. 2008). Neuroprotective action of
topiramate against neuronal death in a cerebral ischemia model of brain injury was associated
with increased GABAergic inhibitory transmission including an increased expression of
KCC2 (Mao et al. 2012). Interestingly, post-traumatic hippocampal neurons become
dependent on BDNF trophic support for their survival and this dependence is attributed to
depolarizing GABAergic actions that induce intracellular Ca2+ increase and cause an
upregulation of pan-neurotrophin receptor p75(NTR) (Shulga et al. 2008, 2009, 2012). While
recovery from neuronal injury coincides with the recovery of KCC2 expression and function
and at this stage the trophic support of BDNF for neuronal survival is no longer required
(Shulga et al. 2008), a functional block of NKCC1 can be neuroprotective and abolishes the
dependency of the injured neurons for BDNF (Shulga et al. 2012). Probably, KCC2 downregulation and a decrease in the inhibitory GABAergic signaling have multifaceted
consequences on the neuronal system that depend on the type, severity and stage of the
trauma as well as on the neuronal type involved.

1.2.2.3

Reversibility of KCC2 cotransport
In addition to the activity-dependent decrease of hyperpolarizing GABAergic

signaling by functional down-regulation of KCC2 and a consequent increase in [Cl-]i, KCC2
has also been proposed to result in substantial decrease in the strength of inhibitory
GABAergic signaling by acting as a chloride uptake mechanism in event of increased
extracellular K+ associated with heightened neuronal activity (Kaila 1994, Vinay and JeanXavier 2008). This property of KCC2 derives from operation of its cotransport function near
equilibrium close to the physiological levels of [Cl-]i and [K+]o (Farrant and Kaila 2007,
Payne 1997, Payne et al. 2003, Rivera et al. 2005). Hence, during periods of high neuronal
activity, KCC2 can function as a net K+-Cl- influx pathway, thereby reducing the
extracellular K+ levels while at the same time increasing intracellular Cl- levels leading to a
positive shift in EGABA-A and a compromised inhibition (Cordero-Erausquin et al. 2005,
Kakazu et al. 2000, Payne et al. 2003). The reversibility of KCC2 cotransport has been
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verified experimentally (DeFazio et al. 2000, Hershfinkel et al. 2009, Jarolimek et al. 1999,
Kakazu et al. 2000, Viitanen et al. 2010), and may explain activity-dependent decline of
inhibitory signaling (Ling and Benardo 1995, Thompson and Gahwiler 1989), whereby
repetitive GABAergic transmission results in a biphasic response of GABAAR to GABA
(hyperpolarization followed by a prolonged depolarization). In addition, due to a reduced Cldriving force in response to high frequency stimulation, depolarizing HCO3 - currents through
GABAAR and associated K+ transients will also aid in this kind of diminishment of inhibitory
signaling (Cordero-Erausquin et al. 2005, Kaila et al. 1993, 1997, Viitanen et al. 2010).

1.2.2.4

Structural roles of KCC2
Presence of KCC2 in dendrites and soma which are the main targets of

inhibitory inputs (Chattopadhyaya et al. 2004, Szabadics et al. 2006) are explainable by the
chloride extrusion function of KCC2 necessary for maturation of inhibitory GABAergic
synapses (see section 1.2.2.1). What was intriguing however, was a high KCC2 expression in
dendritic spines (Gulyas et al. 2001) which are major postsynaptic targets of glutamatergic
inputs (Freund and Buzsaki 1996). Only recently however a cotransport independent
structural role for KCC2 in spine formation and development of excitatory synapses, based
upon its interaction with protein 4.1N that acts as a scaffold for cytoskeletal interaction with
trans-membrane proteins, has been proposed (Li H. et al. 2007). Hence, spine maturation was
altered (observable as long, irregularly branched and highly motile dendritic protrusions) and
functional excitatory synapses were reduced in KCC2-deficient mice and these abnormalities
could be rescued by expression of transport inactive KCC2 mutant (Li H. et al. 2007). On the
other hand, suppression of KCC2 expression in mature neurons reduced the efficiency of
excitatory neurotransmission by changes in AMPA receptor (AMPAR) membrane
distribution in a cotransport independent manner (Gauvain et al. 2011). Premature expression
of KCC2 has been shown to cause alterations in dendritic growth and branching, reduced
synaptogenesis and impaired neuronal differentiation and maturation (Akerman and Cline
2006, Cancedda et al. 2007, Lee H. et al. 2005, Reynolds et al. 2008) which has been
attributed to a premature decrease in [Cl-]i and a consequent reduction in GABA
depolarization. However, Horn et al. (2010) have implicated a structural role of KCC2 in
inducing changes in the cytoskeletal arrangements in the morphological alterations observed
upon premature KCC2 expression. They concluded that previous studies based their
inferences on involvement of cotransport activity of KCC2 using a transport-inactive mutant
(C568A) of KCC2 (Cancedda et al. 2007, Reynolds et al. 2008) which also had a reduced
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affinity for 4.1N (Horn et al. 2010). Along similar lines, pre-mature over-expression of KCC2
resulted in a permanent increase in spine density in cortical neurons (Fiumelli et al. 2012).
Since the effect could be replicated by over-expression of both the transport inactive Nterminal deleted KCC2 as well as the C-terminal domain of KCC2 but not the C568A KCC2
mutant, the authors proposed an ion-transport independent structural role of KCC2 in
excitatory synaptogensis (Fiumelli et al. 2012). However, the structural role of KCC2 cannot
alone explain the alterations in neuronal differentiation and maturation in systems with
prematurely over-expressed KCC2 based on studies that implicate depolarizing GABA
effects which in turn depend on a reduced KCC2 cotransport function (Akerman and Cline
2006, Bortone and Polleux 2009) and studies showing that a reduced excitation in immature
neurons by over-expression of inward-rectifier K+ channel Kir2.1 can mimic the effects of
premature KCC2 over-expression (Cancedda et al. 2007). Hence, the effects observed in the
studies with premature KCC2 over-expression on excitatory signaling seem to involve both
its transport-dependent function and its ability to physically interact with 4.1N to change the
cytoskeletal elements (Medina and Chudotvorova 2006). Interestingly, a functional blockade
of NKCC1 cotransport and hence a lack of depolarizing GABAergic signaling during a
critical period has recently been shown to induce changes in the morphology, density and
branching of dendrites (Wang D. D. and Kriegstein 2008, 2011) which might also be
explained by a proposed transport independent role of NKCC1 in embryo morphogenesis
(Walters et al. 2009).
Recently, endogenous KCC2 has been proposed to regulate synaptogenesis
even during embryonic stage when its expression is very low. Indeed, deletion of SLC12A5
causes an increased GABAergic and glutamatergic synaptogenesis and increased
postsynaptic currents (Khalilov et al. 2011). Although the mechanism by which KCC2 can
regulate synaptogenesis in the embryonic stage when it is thought to be incapable of K+-Clcotransport in most neurons was not studied, the authors proposed that either the structural
role of KCC2 or the cotransport function of KCC2 in a sub-population of neurons could be
important (Khalilov et al. 2011).
A physical interaction of KCC2 and 4.1N may actually have a more farreaching corollary than glutamatergic synaptogenesis alone. As shown for several plasma
membrane proteins that interact with cytoskeletal elements (Bennett and Baines 2001, Denker
and Barber 2002), such an interaction can serve as a functional and/or organizational proteinprotein interaction-mediated regulatory mechanism for KCC2 itself and hence may contribute
to GABAergic synaptogenesis (Akerman and Cline 2006, Chudotvorova et al. 2005) both
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structurally and functionally. Importantly, presence of a K+-Cl- cotransport inactive KCC2
early in the development (Balakrishnan et al. 2003, Blaesse et al. 2006, Lohrke et al. 2005,
Milenkovic et al. 2007, Vale et al. 2005) may be explained by the morphogenic and structural
role played by KCC2 in synapse formation and refinement. Thus, premature expression of
KCC2 facilitates formation of functional GABAergic synapses by increasing the density of
GABAARs (Akerman and Cline 2006, Chudotvorova et al. 2005). Although a decreased [Cl-]i
level mediated by KCC2 chloride extrusion has been proposed to be the basis of this
developmental maturation of GABAergic synapses (Akerman and Cline 2006, Chudotvorova
et al. 2005), a structural role of KCC2 as an interacting partner with cytoskeletal elements
and GABAAR (Huang Y. et al. 2012) might be interesting to examine. Interestingly, a
cotransport independent structural role of KCC2 modulation of the cytoskeletal elements has
been found to promote migration and metastasis of cancerous cells (Wei et al. 2011).
In conclusion, KCC2 seems to affect excitatory synaptogenesis directly and
independent of the depolarizing GABA-mediated effects (Andang and Lendahl 2008,
Gauvain et al. 2011, Horn et al. 2010, Li H. et al. 2007). Hence, because of its involvement in
maturation of both inhibitory and excitatory neurotransmission, KCC2 might act as a
synchronizing

factor

for

functional

development

of

excitatory

and

inhibitory

neurotransmission (Akerman and Cline 2006, 2007, Ben-Ari 2002, Kanold and Shatz 2006,
Li H. et al. 2007).

1.3

Regulation of KCC2 protein synthesis
Since KCC2 is a key molecule involved in the developmental shift of GABA

signaling in the CNS (see section 1.2.2.1), it is under tight translational regulation during
early development and indeed, a number of factors have been implicated in regulation of
KCC2 protein synthesis during development. Developmental up-regulation of KCC2 function
in rodent cortical and hippocampal neurons is mainly under transcriptional control. However,
there is strong evidence for post-translational regulation of KCC2 function in triggering the
GABA shift as well. This and the next sections outline the factors that regulate KCC2
function by translational and post-translational mechanisms.

1.3.1

Regulation of KCC2 expression by transcription factors
A number of transcriptional regulatory sites have been identified in the KCC2

encoding SLC12A5 gene that are thought to be critical for the control of KCC2 expression.
These include an E-box element, a dual repressor element-1 (RE-1) site and an early growth
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response 4 (Egr4) element. As discussed above, KCC2 has a neuron-specific expression (see
section 1.2.1) which was initially attributed to a neuron-restrictive silencer element (NRSE)
or repressor element-1 (RE-1) in intron 1 of the SLC125A gene that binds to a silencing
factor restrictive to neurons (neuronal restrictive silencing factor, NRSF; also known as
repressor element-1 transcription factor, REST complex) and hence does not allow the
transcription of genes in non-neuronal cells (Karadsheh and Delpire 2001). Other studies
have confirmed a REST-mediated transcription inhibition of the SLC12A5 gene via the RE-1
(Uvarov et al. 2005, Yeo et al. 2009), however the absolute dependence of a RE-1 and REST
interaction for the neuron-specific expression of KCC2 is uncertain (Uvarov et al. 2005).
Instead of the RE-1 site, a 1.4-kb promoter region upstream of the NRSE-containing intron 1
has been argued to be sufficient in driving the neuron-specific expression pattern of KCC2
(Uvarov et al. 2005). A transcription factor, early growth response protein 4 (Erg4) that binds
to SLC12A5 regulatory sequences and positively regulates KCC2 expression, may serve as a
contributing factor in specifying the neuron-restricted expression of KCC2, since Egr4 is
highly enriched in neurons (Uvarov et al. 2006). Based upon a similar temporal expression
pattern of Egr4 and KCC2, the former might also regulate the developmental increase in
KCC2 protein (Uvarov et al. 2006). The dual RE-1 REST complex interactions have also
been implicated in the up-regulation of KCC2 during postnatal development (Yeo et al.
2009). Lastly, the E-box in the SLC12A5 promoter has also been demonstrated to influence
its transcription by interactions with the upstream stimulating factors (USF proteins)
(Markkanen et al. 2008).
In addition to the transcription factors that can regulate production of KCC2
mRNAs, the stability of KCC2 mRNAs itself has also been recently shown to be modulated
by microRNAs which are non-coding RNA molecules that can regulate gene expression
(Bartel 2004). MicroRNA-92 was found to physically interact with KCC2 mRNA and reduce
its translation (Barbato et al. 2010). Since microRNA-92 is developmentally down-regulated,
it might constitute another cellular mechanism employed in a tight regulation of KCC2
protein expression during development (Barbato et al. 2010).
Lastly, steroid hormones that can act as transcription factors have been shown
to regulate the expression of KCC2. Male sex hormone testosterone was found to increase
KCC2 expression during development in both sexes while 17 -estradiol decreased KCC2
expression only in neurons with a depolarizing GABAergic signaling in a Ca2+-dependent
manner (Galanopoulou 2006, 2008a, Galanopoulou and Moshe 2003). The mechanisms
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however, have not been deduced for these hormonal regulations of KCC2 translational
changes, although transcription factor cAMP response element-binding protein (CREB) has
been implicated (Galanopoulou 2006). Another hormone triiodothyronine (physiologically
active form of thyroid hormone thyroxin) which is an amino acid derivative can up-regulate
KCC2 functionally during development most probably by post-translational modifications
(Friauf et al. 2008), as well as in injured mature neurons (Shulga et al. 2009). Interesting, in
adult neurons, thyroxin has been shown to down-regulate KCC2 expression (Shulga et al.
2009).

1.3.2

Regulation of KCC2 expression by neurotrophic factors
Neurotrophic factors play crucial roles in the development of the CNS. They

have widespread effects on factors governing CNS development such as neuronal survival,
neuronal precursor cell differentiation, neurite outgrowth, synaptogenesis and maturation of
neuronal function (Huang E. J. and Reichardt 2003). Hence, the role of neurotrophic factors
in regulating KCC2 expression during development is but expected, considering the essential
role KCC2 plays in maturation of inhibitory signaling and in structural organization of
synapses.
The contribution of brain-derived neurotrophic factor (BDNF) in regulating the
expression of KCC2 has been well documented both in the developing and mature neurons.
The involvement of BDNF in the developmental up-regulation of KCC2 protein has been
proposed by a number of studies (Aguado et al. 2003, Carmona et al. 2006, Ludwig et al.
2011a, 2011b, Rivera et al. 2004, Yeo et al. 2009). Both BDNF and neurturin contribute to an
expressional increase in KCC2 transcription through the action on transcription factor Erg4
(Ludwig et al. 2011a, 2011b). BDNF has also been shown to remove the inhibition of REST
complex on the dual RE-1 site present in the SLC12A5 gene (Yeo et al. 2009). In addition to
BDNF, other trophic factors that act via tyrosine kinase receptors, such as insulin like growth
factor-1 (Kelsch et al. 2001) and nerve growth factor (NGF) (Lagostena et al. 2010) have also
been implicated in functional and expressional regulation of KCC2 during development.
Interestingly, trophic actions of depolarizing GABA that can cause a Ca2+ influx through
VGCCs in immature neurons have been implicated in the developmental up-regulation of
KCC2 expression (Ganguly et al. 2001, Kriegstein and Owens 2001, Leitch et al. 2005).
However, this view has been refuted by others (Ludwig et al. 2003, Pfeffer et al. 2009, Sipila
et al. 2009, Titz et al. 2003, Wojcik et al. 2006).
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As opposed to up-regulatory action of BDNF on KCC2 expression in immature
neurons, in the adult brain, BDNF was shown to have an opposite effect of rapid downregulation of KCC2 function (Huang Y. et al. 2012, Wardle and Poo 2003) and a more
sustained down-regulation of its mRNA and protein (Molinaro et al. 2008, 2009, Rivera et al.
2002, 2004). Interesting, both positive and negative regulation of KCC2 expression by BDNF
have been shown to be dependent on tropomyosin receptor kinase B (TrkB) signaling (Huang
Y. et al. 2012, Rivera et al. 2004, Wardle and Poo 2003). Rivera et al. (2004) have proposed
that the opposing effects of BDNF in the developing vs. the mature brain are due to activation
of different downstream signaling cascades by TrkB receptors. Interestingly, like its role in
up-regulation of KCC2 during development, BDNF can cause an expressional and functional
up-regulation of KCC2 in injured mature neurons (Boulenguez et al. 2010, Shulga et al.
2008).

1.4

Post-translational regulation of KCC2 function
Recent studies are just beginning to elucidate the role of post-translational

regulation in controlling KCC2 function both in its developmental up-regulation
(Balakrishnan et al. 2003, Blaesse et al. 2006, Friauf et al. 2008, Hartmann et al. 2009,
Kelsch et al. 2001, Khirug et al. 2005, Lohrke et al. 2005, Milenkovic et al. 2007, Rinehart et
al. 2009, Vale et al. 2005) and its down-regulation in neuropathological conditions (Fiumelli
et al. 2005, Hewitt et al. 2009, Jin et al. 2005, Lee H. H. et al. 2010, 2011, Sarkar et al. 2011,
Vale et al. 2003, Study III). Like most other proteins, functional regulation of KCC2 at the
post-translational level can be attributed to modifications in its interaction with self/other
proteins, sub-cellular targeting, changes in phosphorylation states and protein degradation.
These categories have been discussed separately. However, the division is purely aesthetic
and there is no reason to assume them to be independent of each other. Actually, there are
examples where two or more strategies may be inter-related (see below).
For KCC2, the large intracellular C-terminal domain harbors the major sites of
regulation and conformational stability determinants, the latter not being independent of
regulatory protein-protein interactions (Adragna et al. 2004, Bergeron et al. 2006, Strange et
al. 2000). Consistently, cotransport function of KCC2 is lost on modifications in the Cterminal domain (Casula et al. 2001, Strange et al. 2000). Although KCC2 cotransport is also
abolished upon deletion of its N-terminus (Li H. et al. 2007), relatively little is known how
the N-terminal domain of KCC2 affects its cotransport function. Some important proposed
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post-translational mechanisms that are thought to regulate KCC2 cotransport have been
summarized at the end of section 1.4.4.1 (See Fig. 2).

1.4.1

Regulation of KCC2 activity by protein-protein interaction
Regulation of function of a protein by modulation in its interaction with other

proteins is a common phenomenon in cellular biology. The protein-protein interactions can
affect the function of a protein in several ways. They can modulate the sub-cellular
distribution of the protein by acting as a scaffolding and/or stabilizing factor in relation to its
accessibility to accessory proteins, substrates and cofactors and aid in formation of physical
complexes or functionally-coupled protein units for the proper functioning in a cellular
micro-environment. Protein-protein interactions can also act as a means of allosteric
modulation of the protein function. Even though the large intracellular C-terminal domain of
KCC2, based upon conservation of its sequence across species, is thought to play a key role
in maintaining the functional conformation of KCC2 and in mediating protein-protein
interactions that can regulate KCC2 cotransport function, very little is known about how
other proteins interact with it to modulate its function.
KCC2 was found to co-localize with GABAAR receptors (Belenky et al. 2008,
Gulacsi et al. 2003, Williams et al. 1999, Vu et al. 2000) and gephyrin, which clusters
GABAAR and GlyR (Gulyas et al. 2001, Tyagarajan and Fritschy 2010), however evidence
for a physical interaction between KCC2 and GABAAR was provided only recently by coimmunoprecipitation (Huang Y. et al. 2012). Brain-type creatine kinase (CKB) has been
shown to physically interact with KCC2 and to enhance its chloride extrusion activity (Inoue
et al. 2004, 2006). Although there is no evidence that CKB directly phosphorylates KCC2 or
influences its total protein or surface expression, it might regulate KCC2 indirectly by its
proposed role in regeneration of ATP necessary for ion-driving force of KCC2 for K+-Clcotransport (see section 1.2.2.1). Moreover, since CKB does not seem to change the global
ATP levels in the cells, its indirect ‘thermodynamic action’ on KCC2 function (Payne et al.
2003) might represent its ability to change local ATP levels (Inoue et al. 2004, 2006). Indeed,
the formation of functionally coupled units operating in small micro-environments in the cell
membrane seems quite a successful cellular mechanism for maximal utilization of resources,
as has also been shown in a study dealing with physical interactions between KCC2 and Na+K+ ATPase 2 subunit and its consequences (Ikeda K. et al. 2004). The 2 isoform was found
to play a crucial role in Cl- homeostasis, not compensated for by the 1 and 3 isoforms.
Moreover, like the KCC2-CKB interaction discussed above, the functional interaction of
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Na+-K+ ATPase 2 with KCC2 did not depend on changes in the latter’s protein levels but
might have affected KCC2 function thermodynamically by changes in the local K+ gradient
(Ikeda K. et al. 2004). Although it is the 3 isoform that has a characteristic neuron-specific
expression (Cameron et al. 1994), the 2 isoform is known to be expressed in embryonic
neurons and speculated to be an important modulator of neuronal activity in the neonatal
brain (Moseley et al. 2003). Moreover, young hippocampal neurons have been shown to
express all three Na+-K+ ATPase

subunit isoforms (Cameron et al. 1994). Another note-

worthy point is that local K+ gradients are short-lived and would be expected to affect KCC2
cotransport only slightly. Nevertheless, in view of the similarities between interaction of
KCC2 with CKB and Na+-K+ ATPase 2, formation of a physically linked and functionally
coupled unit comprising KCC2, GABAAR/GlyR, CKB and Na+-K+ ATPase 2 subunit might
be speculated for a tight regulation of Cl- homeostasis that is required for the efficient
inhibitory GABA/glycine signaling. A developmental regulatory mechanism might then
replace the role played by Na+-K+ ATPase 2 subunit by that of 3 subunit whose expression
dominates over that of

2 isoform in adult neurons. Such a developmentally regulated

transition in 2 and 3 mRNA expression has been observed in rat heart muscles between
postnatal days, P7 and P14 (Orlowski and Lingrel 1988).
Not surprisingly then, functional tyrosine-phosphorylated KCC2 has been found
to exist in lipid rafts, functional micro-domains on the plasma membrane (Watanabe et al.
2009). This is in consistent with studies that demonstrate localization of two key components
of inhibitory signaling, GABAAR and Na+-K+ ATPase in lipid rafts micro-domains (Dalskov
et al. 2005) and the role of these micro-domains in maintenance of inhibitory synapses as
well as dendritic spines (Hering et al. 2003). However, another study has proposed that
functional KCC2 is located in the non-raft fraction of the membrane and that the state of
membrane-distribution is a key factor for up-regulation of KCC2 function during
development (Hartmann et al. 2009).
CCCs have been shown to form homo- and hetero-dimers (Blaesse et al. 2006,
Casula et al. 2001, Gerelsaikhan and Turner 2000, Parvin et al. 2007, Pedersen et al. 2008,
Simard et al. 2007), although the functional relevance of their oligomerization is obscure.
Direct evidence supporting the existence of oligomeric KCC2 in native tissues came from the
observations in rat brainstem tissue (Blaesse et al. 2006). While immature neurons harbored
monomeric inactive KCC2, in more mature neurons, active KCC2 was shown to exist as a
mixture of dimers, trimers, and tetramers (Blaesse et al. 2006, but see Uvarov et al. 2009).
Although no direct evidence was provided regarding the contribution of the oligomeric state
28

of KCC2 to its physiological function, the synchronicity between the increase in the
proportion of oligomeric KCC2 and the activation of KCC2 function suggested changes in
KCC2 oligomerization state might serve as a mechanism regulating maturation of
GABAergic neurotransmission in lateral superior olive (LSO) neurons (Blaesse et al. 2006).
Tyrosine phosphorylation of KCC2 that activated KCC2 by changing its localization to lipid
raft domains has also been suggested to increase the oligomerized state of KCC2 (Watanabe
et al. 2009). Recently, CIP1 (see section 1.1) was found to physically interact with KCC2 and
activate it by heteromer formation in a heterologous expression system (Wenz et al. 2009).
However, the mechanism of activation was not studied.
Regulator of chromatin condensation (RCC1) domain of protein associated with
Myc (PAM) has been demonstrated to physically interact with the C-terminal domain of
KCC2 and increase the latter’s cotransport activity (Garbarini and Delpire 2008). The
interaction of PAM with KCC2 was speculated to activate KCC2 by changes in KCC2 subcellular localization, as a scaffolding factor for mediating interaction with other
proteins/kinases or membrane trafficking (Garbarini and Delpire 2008). Along similar lines, a
di-leucine motif in the C-terminus of KCC2 has been implicated in a physical interaction with
clathrin-binding adaptor protein-2 (AP-2) that allocates the functional pool of KCC2 for a
constitutive endocytotic recycling pathway (Zhao et al. 2008). As discussed below (section
1.4.2), changes in the rate of insertion and/or retrieval of surface expressed KCC2 can serve
as an important regulatory format for modulating the cotransport function of KCC2. Absence
of an analogous di-leucine endocytotic motif in NKCC1 might serve as a useful cellular
contrivance for differential regulation of chloride extrusion and influx mechanisms in the
neurons (Zhao et al. 2008).
Finally, although interaction of KCC2 and cytoskeletal associated protein 4.1N
has been proposed to be relevant for structural development of glutamatergic synapses in
spines (see section 1.2.2.4), it might serve a role for cytoskeletal docking of functional KCC2
itself at inhibitory synapses on appropriate domains of the plasma membrane and/or
regulation of its cotransport activity by direct mechanical effects of cytoskeletal elements.
Such functional/organizational regulations are not uncommon for other ion channels and
transporters (Bennett and Baines 2001, Denker and Barber 2002).
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1.4.2

Regulation of KCC2 activity by changes in surface expression, trafficking
and recycling
Changes in activity of plasmalemmal proteins by regulation of their plasma

membrane expression can be thought of as a strategy analogous to the regulation of cytosolic
proteins by modulating the latter’s sub-cellular distribution and their accessibility to
substrates. However, as in the latter case, the mere presence of a protein at the cell surface
does not necessarily imply activity of the protein. Nevertheless, surface trafficking is clearly
one of the initial steps of the cellular mechanism associated with functional activation of
membrane proteins. While there is no conclusive data regarding a direct implicit kinetic
modulation of KCC2 cotransport function and most studies on regulation of KCC2 activity
have not distinguished between the contribution of changes in the expression of KCC2 in the
plasma membrane and contribution of its kinetic regulation (Blaesse et al. 2009), some of the
reports on KCC2 functional modulation have shown an apparent association of plasma
membrane expression with its K+-Cl- cotransport function (Boulenguez et al. 2010, Lee H. H.
et al. 2007, Rivera et al. 2004, Sarkar et al. 2011, Wake et al. 2007, Zhang L. L. et al. 2006,
Study I).
Developmental up-regulation of KCC2 protein causes a shift from depolarizing
to hyperpolarizing EGABA-A in the rat hippocampus in the second week after birth (see section
1.2.2.1). However, in many studies, the expression of total KCC2 protein has been found to
be higher than what would be expected based upon the KCC2 functional up-regulation during
development (Balakrishnan et al. 2003, Blaesse et al. 2006, Friauf et al. 2008, Kelsch et al.
2001, Khirug et al. 2005, Vale et al. 2005, Zhang L. L. et al. 2006). Hence, it has been
proposed that there is a presence of inactive KCC2 in developing neurons that requires posttranslation activation. However, these studies, by no means, belittle the essential role of
transcriptional effects on KCC2 in mediating a developmental increase in KCC2 function, but
indicate that there is probably enough non-functional KCC2 protein in developing neurons
that can be activated in an allostatic manner (Sterling 2003).
Even in juvenile (postnatal day, P19-22) rats, only a small fraction of total
KCC2 protein (20%) is expressed in the plasma membrane of hippocampal neurons (Study
II) at a developmental stage when hippocampal neurons have a hyperpolarizing EGABA-A
(Khirug et al. 2005), and KCC2 mRNA (Rivera et al. 1999, Wang C. et al. 2002) and protein
(Stein et al. 2004, Zhu L. et al. 2008, but see Dzhala et al. 2005) expression comparable to
adult rats. In heterologous over-expression systems up to 50% of total KCC2 can be
membrane expressed (Lee H. H. et al. 2007). The observation of presence of a small fraction
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of surface expressed KCC2, combined with the observation that at basal levels, the
membrane pool of KCC2 is highly dynamic (Lee H. H. et al. 2007, Rivera et al. 2004, Zhao
et al. 2008), suggest that KCC2 function can be dynamically regulated by changes in its
surface expression pattern by alterations in the rate of insertion and/or removal from the
plasma membrane (Zhao et al. 2008, Lee H. H. et al. 2007, 2010). Regulation of membrane
protein activity by retrieval and insertion into the plasma membrane seems to be a general
cellular physiological scheme and has been implicated in synaptic plasticity both at inhibitory
(Collingridge et al. 2004, Jacob et al. 2008, Vithlani et al. 2011) and excitatory (Collingridge
et al. 2004, Greger and Esteban 2007, Groc and Choquet 2006) synapses.
For KCC2, most studies have unfortunately concentrated on the changes in
surface expression without attending to the actual mechanisms (changes in rates of insertion
or endocytosis of surface KCC2) responsible (Blaesse et al. 2009, Chorin et al. 2011).
However, Lee H. H. et al. (2007) did try to address the mechanism of increased surface
expression of KCC2 mediated by protein kinase C (PKC) and showed it to be a consequence
of a decreased rate of internalization of surface expressed KCC2 (for a similar study that has
recently been carried out on the effects of BDNF on GABAAR in developing neurons; see
Porcher et al. 2011). Zhao et al. (2008) have identified the critical role of a di-leucine motif in
the C-terminus of KCC2, capable of interacting with clathrin-dependent endocytosis
machinery via clathrin-binding adaptor protein-2 (AP-2), in the constitutive endocytosis of
surface expressed KCC2. In contrast to Rivera et al. (2004) and Lee H. H. et al. (2010), they
showed that the endocytosed KCC2 is not degraded by lysosomal pathway but rather is
recycled back to the plasma membrane via a constitutive endosomal endocytotic-recylcing
pathway (Zhao et al. 2008). However, to date, no study has addressed the relevance of
changes in the insertion rate of KCC2 in the membrane which would be expected to have an
inverse effect to the changes in the rate of endocytosis (see also Ortiz 2006 for NKCC2).
Unfortunately, there are biochemical methods to quantify the re-insertion of previously
endocytosed membrane proteins (Ehlers 2000, Porcher et al. 2011, Zhao et al. 2008) but no
biochemical method to analyze the de novo insertion of new membrane proteins. We have
recently developed a biochemical assay for determining the total rate of insertion of
membrane proteins (unpublished data).
Lastly, studies that have indicated the presence of non-functional KCC2 in
immature neurons requiring post-translational stimulation (Balakrishnan et al. 2003, Blaesse
et al. 2006, Kelsch et al. 2001, Khirug et al. 2005, Milenkovic et al. 2007, Zhang L. L. et al.
2006), might point to an activation step that allows KCC2 to enter a dynamic functional pool
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positioned in close proximity with the plasma membrane that is capable of constant recycling
in and out of the plasma membrane. Alternatively, the activation step might allow KCC2
already positioned near the plasma membrane to enter the dynamic recycling functional pool.
Presence of such a low expression in the plasma membrane and a functional pool of
membrane proteins docked in vesicles near the plasma membrane and undergoing continuous
recycling have been observed for NKCC2 (Ortiz 2006). Hence, immunohistochemical
techniques used to affirm surface expression of KCC2 should be used with caution since the
resolution between actual membrane proteins and proteins in transport vesicles near the
membrane is not optimal (see discussion in Vale et al. 2005). This also suggests requirement
of a biochemical technique for reliable quantification of surface expressed proteins that can
be distinguished from proteins that are not expressed on the membrane but are in close
proximity or physically linked to the membrane components (see section 1.7 and Study II).

1.4.3

Regulation of KCC2 activity by kinases and phosphatases
There are several predicted putative phosphorylation sites for Ca2+/calmodulin-

dependent protein kinase II (CaMKII), protein kinase A (PKA), protein kinase C (PKC) and
tyrosine kinases in the KCC2 molecule and most are located in the large intracellular Cterminal domain (Adragna et al. 2004, Song et al. 2002). Like other intracellular
phosphorylation/dephosphorylation cascades that take part in rapid regulation of protein
function, phosphorylation/dephosphorylation of KCC2 acts at the protein level in absence of
changes

in

its

expression

pattern.

Evidently,

coordination

of

these

cellular

phosphorylation/dephosphorylation events which are critically linked to short-term regulation
of KCC2 activity would be expected to ensure that neurons respond to different physiological
and pathological conditions rapidly and precisely, given the critical role KCC2 plays in
establishing and maintaining the inhibitory signaling of GABA and glycine in the CNS (see
sections 1.2.2.1, 1.2.2.2 and 1.5). Recent studies have been directed to identify the protein
kinases/phosphatases that are directly involved in regulation of KCC2 function. So far there
is data confirming a direct role of tyrosine kinases/phosphatases, PKC and protein
phosphatase 1-protein phosphatase 2A (PP1-PP2A) in regulation of KCC2 function
(discussed below).
Studies on regulation of KCC2 function by tyrosine kinases and particularly at
Y1087 residue of KCC2 have produced conflicting data. Exogenous activation of a
cytoplasmic tyrosine src kinase had been previously shown to activate KCC2 in cultured
neurons, although no evidence for a direct KCC2 phosphorylation was provided (Kelsch et al,
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2001). In line with this study, Y1087 has been suggested to be indispensable for surface
expression and function of KCC2 in a heterologous system (Strange et al. 2000). Regulation
of the tyrosine phosphorylation state of KCC2 has also been observed in models of neuronal
stress. For instance, exposure of neurons to oxidative stress and induction of epileptic activity
by exposure to an extracellular solution lacking Mg2+ or BDNF rapidly increased the net rate
of tyrosine dephosphorylation of KCC2 in a Ca2+-dependent manner, which preceded a later
phase of a reduction in the total levels of KCC2 mRNA and protein. This fast decrease in
tyrosine phosphorylation was observed concomitantly with a rapid decrease in the chloride
extrusion capacity of KCC2 which was ascribed to a decreased surface expression of KCC2
(Wake et al. 2007). However, the exact site of phosphorylation in the KCC2 molecule was
not identified. Recently, phosphorylation of Y1087 has been reported to change the
localization of plasmalemmal KCC2 in the membrane and cluster them in lipid rafts on the
cell membrane and this change was shown to be associated with an increased KCC2 function
(Watanabe et al. 2009). In contradiction however, Lee H. H. et al. (2010) have shown that
phosphorylation of tyrosines at 903 and 1087 mediated by src family of tyrosine kinases
decreases the cell surface stability of KCC2 by enhancing their lysosomal degradation in a
pilocarpine-induced seizure model. Along similar lines, tyrosine phosphorylation has been
implicated in neuronal injury-induced degradation of KCC2 (Shulga et al. 2012). The
contradictory results of tyrosine kinase-mediated regulation might be explained by
employment of different heterologous systems for KCC2 expression and/or the indirect
modification by the kinases at different steps of cellular cascades.
A serine at position 940 in KCC2 was proposed to be important in interaction
with 4 -phorbol 12-myristate 13-acetate (PMA)-induced effectors, most likely, PKC and
PKC-mediated actions were found to decrease KCC2 function (Bergeron et al. 2006).
Henceforth, S940 was indeed shown to be a target of a dynamic phosphorylationdephosphorylation cycle mediated by PKC and PP1 activity, critical for functional regulation
of KCC2 (Lee H. H. et al. 2007, 2011, Sarkar et al. 2011). However, in contradiction to
Bergeron et al. (2006), PKC was shown to cause a functional increase of KCC2 by a direct
phosphorylation at S940 in KCC2. The functional increase coincided with an increase in the
surface expression of KCC2 which in turn, depended on an increased stability of KCC2
expressed in the plasma membrane caused by a decreased internalization of surface expressed
KCC2 (Lee H. H. et al. 2007, see also Study II). Accordingly, in an NMDA-induced model of
neuronal trauma, phosphorylation of KCC2 at S940 was decreased by activation of PP1
mediated by Ca2+ influx through NMDAR (Lee H. H. et al. 2011). This fast decrease in S940
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phosphorylated KCC2 was concomitantly paralleled by a fast reduction in both total and
surface protein levels of KCC2. Stress-induced decrease in KCC2 function has also been
demonstrated to be mediated by a dephosphorylation step of S940 (Sarkar et al. 2011). In
agreement with role of PKC phosphorylation of S940 of KCC2 in its functional upregulation, activation of group I metabotropic glutamate receptors (mGluR1s) has been
shown to rapidly increase KCC2 chloride extrusion activity in a PKC-dependent manner
(Banke and Gegelashvili 2008).
However, consistent with the studies of Bergeron et al. (2006), another study
has proposed a PKC-mediated rapid down-regulation of KCC2 function (Fiumelli et al.
2005). Neither of these studies has specified a direct role of PKC in KCC2 phosphorylation.
Hence, it may be possible that the PKC mediated down-regulation of KCC2 function in these
cases were not due to a direct phosphorylation on KCC2. There are similar contradictory
reports of PKC-mediated activation and inhibition of NKCC1 activity which have been
proposed to be a result of indirect multistep regulation by PKC (Russell 2000). Interestingly,
Brumback and Staley (2008) suggested that changes in Na+-K+ ATPase activity are
responsible for activity-induced changes in EGABA-A that were observed by Fiumelli et al.
(2005) and attributed to KCC2 (Woodin et al. 2003). Since PKC-mediated increase in KCC2
function has been shown to involve a direct phosphorylation of KCC2 (Lee H. H. et al. 2007,
2011, Sarkar et al. 2011), it is the most conceivable scheme concerning the direct modulation
of KCC2 activity by PKC.
Only one study has shown a PKA-mediated functional modulation of KCC2
(Ouardouz and Sastry 2005). However, it fell short of describing any direct phosphorylation
of KCC2. Surprisingly, inhibitors against both PKA and protein phosphatase could prevent
the observed functional modulation of KCC2 (Ouardouz and Sastry 2005).
With no lysine (WNK) kinases and their downstream Ste20-related prolinealanine-rich-kinase/oxidative stress response kinase 1 (SPAK/OSR1) are thought to play an
important role in controlling electrolyte homeostasis by regulation of the activity of a number
of ion transporters, particularly the CCCs which are important regulators of cell volume
(Delpire and Gagnon 2008, Kahle et al. 2005, 2006, MacAulay et al. 2004). There have been
many studies on cell volume-dependent regulation of KCC2 function by WNKs but none of
them have provided evidence for a direct phosphorylation of KCC2. Also, most of the studies
have utilized heterologous non-neuronal systems. It is important to realize that while
stimulation of NKCC1 activity after cell shrinkage in neurons has been documented
(Schomberg et al. 2003), no such cell volume-mediated regulation of KCC2 activity has been
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observed. Moreover, KCC2 expression is restricted to neurons and is thought to have a
specific physiological function of maintaining a low [Cl-]i in isotonic conditions in neurons
(see section 1.2.2.1). An absent (Payne et al. 1996) and modest (Song et al. 2002, Strange et
al. 2000) activation of KCC2 cotransport function in hypotonic conditions in heterologous
systems indicates an obscure physiological role of swelling-induced KCC2 activity in
neurons (Williams et al. 1999, also see discussion in Song et al. 2002). While neurons are
relatively resistant to swelling in response to osmotic changes due to absence of aquaporin
expression, the mechanisms of cell swelling induced by hypotonia and neuronal swelling
induced by intense activity are different (Blaesse et al. 2009, Payne et al. 2003) and hence
data from cell volume mediated-regulation of heterologously expressed KCC2 under
conditions of hypotonia cannot be extrapolated to physiological regulation of KCC2 function
in situations of activity-induced neuronal swelling. Although KCC2 was proposed to limit
dendritic swelling in response to glutamatergic excitation based upon its expression near the
excitatory synapses (Gulyas et al. 2001), it was later shown to be structurally important for
spine formation (see section 1.2.2.4). Indeed, while hypotonicity-induced activity of KCCs
depends upon serine-threonine phosphatses, the constitutive isotonic activity of KCC2 was
found to be independent of them (Mercado et al. 2006, Song et al. 2002). Hence, cell volumedependent modulation of KCC2 in heterologous systems may not be as relevant in the
physiological regulation of KCC2 in the neuronal micro-environment as for other
hypotonicity-activated KCC isoforms (Kahle et al. 2008, Mercado et al. 2004), particularly
KCC3, which has been shown to be involved in neuronal volume regulation based upon
knock-out studies (Boettger et al. 2003, Byun and Delpire 2007) and KCC1, based upon its
expression in nervous system and its ability for housekeeping cell-volume regulatory function
(Gillen et al. 1996, Kanaka et al. 2001). Interestingly, the presence of a SPAK binding motif
and several potential threonine and serine phosphorylation sites in KCC2a but not in KCC2b
(Uvarov et al. 2007) might indicate differential cell-volume based regulation of the two
KCC2 isoforms.
Nevertheless, in the context of cell volume-dependent regulation, serinethreonine phosphorylation is thought to reciprocally increase the cotransport function of NCC
and NKCC1-2 and decrease the transport function of KCCs (Gagnon et al. 2006, Kahle et al.
2006, Rinehart et al. 2009, 2011). Thus, WNK3 reciprocally regulates the chloride efflux (by
inhibition of KCC1 or KCC2) and influx (by activation of NKCC1) in neurons (Kahle et al.
2005) and may be important in the physiology of circadian variations of GABA signaling in
the CNS (Belenky et al. 2010, Kahle et al. 2006). WNK4 and its binding partner SPAK can
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also inhibit chloride extrusion activity of KCC2, while reciprocally acting as a positive
regulator of NKCC1 function (Gagnon et al. 2006, Garzon-Muvdi et al. 2007). Recently,
WNK2-mediated phosphorylation has been implicated in decreasing KCC2 function and
increasing NKCC1 function (Rinehart et al. 2011). Although the authors showed an abundant
WNK2 expression in the brain, the indirect evidence for KCC2 modulation relies on studies
in Xenopus heterologous expression system. Interesting, while WNK2 phosphorylation
caused an increased surface expression of NKCC1, changes in KCC2 surface expression
were not addressed (Rinehart et al. 2011). Rinehart et al. (2009) have identified two
phosphorylation sites which are conserved among all KCC isoforms and can be modulated
during development and by physiological perturbations and contribute to functional
regulation of KCCs. Thus, KCC3 was found to be dephosphorylated at T991 and T1048 in
response to hypotonicity and this caused a cooperative activation of KCC3. The homologous
threonine phosphorylation sites in KCC2, T906 and T1006, were shown to be
developmentally regulated i.e. neonatal brain had phosphorylated KCC2 while the adult brain
lacked it. Based upon the finding that phosphorylation states of in KCC3 is sensitive to
WNK1 and PP1 and PP2A and leads to modulation of the intrinsic transport function of
KCC3 without affecting the surface expression, cotransport function of KCC2 was proposed
to be regulated in an analogous manner. However, direct involvement of any kinase or
phosphatase in regulation of the phosphorylation status of T906 and T1006 in KCC2 was not
addressed (Rinehart et al. 2009).
There is some indirect evidence that KCC2 function is positively regulated by
PP1-PP2A under hypotonic conditions. This is based upon data that inhibition of PP1-PP2A
abolishes swelling-induced chloride extrusion activity of KCC2 but does not seem to have
any effect on the constitutive chloride extrusion function of KCC2 (Mercado et al. 2006). But
other reports suggest that protein phosphatases can induce changes in KCC2 function in
isotonic conditions. Hence, unhindered activity of PP1-PP2B by expression of inactive forms
of WNK4 kinase was suggested to increase KCC2 activity in isotonic conditions (GarzonMuvdi et al. 2007). Recently, NMDA and Ca2+ induced activation of PP1 was shown to
dephosphorylate S940 residue in KCC2 in the glutamate excitotoxicty model of trauma (Lee
H. H. et al. 2011). Thus while PKC mediated phosphorylation increased the surface stability
of KCC2 (Lee H. H. et al. 2007), PP1-mediated dephosphorylation decreases surface stability
of KCC2 which is ultimately degraded (Lee H. H. et al. 2011). However, the how
dephosphorylation of S940 leads to degradation of KCC2 protein was not demonstrated.
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In conclusion, it seems likely that KCC2 function is dynamically regulated by a
differential activation of specific protein kinases and phophatases in distinct neuron types and
under distinct conditions.

1.4.4

Regulation of KCC2 activity by protein degradation
As previously described, KCC2 expression levels show an activity-dependent

decrease in various pathological and physiological conditions (see section 1.2.2.2). Although
there are observations of degradation of KCC2 at both mRNA and/or protein levels in these
studies, the relative contributions of transcriptional, post-transcriptional and post-translational
regulations of KCC2 function have remained obscure. Recent studies have advocated for
post-translational regulation of KCC2 function (including protein degradation) that could
account for the fast decrease in many of these models (Fiumelli et al. 2005, Lee H. H. et al.
2011, Wake et al. 2007, Study III), suggesting that regulation of KCC2 at the level of
translation takes effect only at a later stage. Moreover, there seem to be two phases of
functional decrease of KCC2 at the protein level – an initial rapid phase that might involve
reduced surface expression of KCC2 followed by a delayed and sustained phase that most
probably involves protein degradation (Kitamura et al. 2008, Lee H. H. et al. 2011, Wake et
al. 2007, Wardle and Poo 2003) that might consolidate the initial effect.
Some studies suggested a fast degradation of surface expressed and total KCC2
under basal conditions (Lee H. H. et al. 2010, Rivera et al. 2004). Hence, it was thought that
the decrease in KCC2 protein amount was an indirect effect of KCC2 mRNA degradation.
However, using experimental blockade of both protein synthesis as well as protein
degradation, we show that in brain slice preparations, KCC2 protein is much more stable than
previously thought (Study III). This seems a bit surprising since unlike other KCCs, KCC2 Cterminal domain harbors two predicted PEST (proline/glutamate/serine/threonine) sequences
(Mercado et al. 2006) which are thought to signal degradation of a protein. However, as
opposed to an active PEST domain, PEST domains that are latent can serve as signals for
regulated degradation of proteins (Rechsteiner and Rogers 1996, Rogers et al. 1986). This
suggests that PEST sequences in KCC2 might be latent and activated in pathophysiological
conditions by post-translational modifications like phosphorylation/dephosphorylation for its
lysosomal degradation (Lee H. H. et al. 2010).
Interestingly, a number of studies have implicated Ca2+ influx through activated
NMDAR in activity-dependent decrease of KCC2 expression/function (Kitamura et al. 2008,
Lee H. H. et al. 2011, Liu Y. et al. 2009, Wang W. et al. 2006). In Study III, we have shown
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that KCC2 can indeed be down-regulated by calpain-mediated proteolysis (see next section).
In summary, proteolysis/degradation of KCC2 protein by calpain or lysosomal activity might
function as a fast mechanism of changing neuronal chloride homeostasis in various
physiological and pathophysiological states.

1.4.4.1

Calpain and KCC2
Calpains are calcium-activated cysteine endoproteases that act at neutral pH

(Croall and DeMartino 1991, Goll et al. 2003, Saido et al. 1994). Out of a dozen, two calpain
isoforms – calpain-1 ( -calpain) and calpain-2 (m-calpain) are abundantly expressed in
neurons and localize in both soma and synaptic terminals (Liu J. et al. 2008a, Zadran et al.
2010a). While calpain-1 requires 1-20 M Ca2+ for activation, calpain-2 needs Ca2+ in mM
concentration ranges for activation in vitro (Goll et al. 2003, Liu J. et al. 2008a, Zadran et al.
2010a). Since an increase of [Ca2+]i concentration to M ranges is associated with conditions
of hyperexcitability because of opening of glutamate and voltage gated calcium channels,
calpain-1 has been shown to be activated in response to excessive exposure to glutamate or
agonists of glutamatergic receptors. Interestingly, interaction of both calpains with
phospholipids in sub-membrane cellular regions can decrease the calcium requirement for
activation (Chakrabarti et al. 1996, Saido et al. 1994, Shao et al. 2006) and might result in
their localized and short activation. Indeed, controlled activation of calpain-1 and 2 by
interaction with phospholipids in a sub-membrane microenvironment near the source of
calcium influx might explain why many calpain substrates are membrane expressed or
associated proteins and might be critical for calpain-mediated regulation of synaptic signaling
of neuronal networks (Liu J. et al. 2008a). Recently, calpain-2 has been shown to be activated
by BDNF-TrkB-MAPK signaling independent of [Ca2+]i (Zadran et al. 2010b).
Calpains have been implicated in regulation of widespread neuronal functions
like neural development and gene transcription; synaptic plasticity and structural stability of
synapses; neurotransmitter release and vesicular trafficking (Goll et al. 2003, Liu J. et al.
2008a, 2008b, Lynch G. and Baudry 1984, Shiosaka 2004, Tomimatsu et al. 2002,
Vanderklish et al. 1995, Wu H. Y. and Lynch 2006, Zadran et al. 2010a, 2010b).
Interestingly, calcium overload-induced unregulated and hyperactive calpain-mediated
proteolysis has been proposed to contribute to the mechanisms of neuronal death (Liu J. et al.
2008a, Wu H. Y. and Lynch 2006) observed in models of excitotoxicity (Bano et al. 2005,
Liu J. et al. 2008b, Siman and Noszek 1988, Siman et al. 1989, Xu et al. 2007), and
pathogenesis of excitotoxicity-related pathologies like ischemic (Bartus et al. 1994, 1995,
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Bevers and Neumar 2008, Lee K. S. et al. 1991, Schafer et al. 2009) and traumatic brain
injuries (Kampfl et al. 1997, Pike et al. 2001, Posmantur et al. 1997), seizures (Araujo et al.
2008, Bi et al. 1996a, 1997, Feng et al. 2011, Holopainen 2008, Xu et al. 2007) and
neurodegenerative diseases like Alzheimer’s disease (Lee M. S. et al. 2000, Liu F. et al. 2005,
Raynaud and Marcilhac 2006, Saito et al. 1993). However, several reports suggest that
calpain might have complex roles aiding both toxic and protective aspects of pathophysiology
of neurodegeneration, probably depending on the kind, severity and stage of insult (Faddis et
al. 1997, Lynch D. R. and Gleichman 2007, Neumar et al. 2003, Pike et al. 1998, Wang K. K.
2000, Wu H. Y. and Lynch 2006).
As a regulatory protease, not surprisingly, only a relatively small number of
proteins have been identified as substrates for calpain. These include cytoskeletal proteins,
transcription factors, membrane receptors, ion channels, and transporters (Goll et al. 2003,
Liu J. et al. 2008a, Lynch D. R. and Gleichman 2007). Moreover, calpain-cleavage results in
limited fragmentation of proteins even under in vitro conditions (Goll et al. 2003, Saido et al.
1994). Calpain-mediated fragmentation can either modulate, activate or abolish the substrate
protein’s original function (Kishimoto et al. 1989, Saido et al. 1994) or the fragments
generated might acquire novel functions such as regulation of gene transcription (Lynch D.
R. and Gleichman 2007).
Of the various physiological processes regulated by calpain, particularly
interesting are those involved in maintenance and plasticity of synaptic signaling. Calpain
proteolyzes and regulates the function of proteins involved in structural, functional and
regulatory aspects of glutamatergic synaptic signaling. Hence, cytoskeletal and associated
proteins like spectrin (Seubert et al. 1989, Siman et al. 1984), ankyrin-rich membrane
spanning protein (ARMS) (Wu S. H. et al. 2010), microtubule associated protein (MAP)
(Sandoval and Weber 1978, Siman and Noszek 1988) as well as proteins that function as ion
channels and as mediators of intracellular signaling in response to extracellular cues like
NMDAR (Bi et al. 1998b, Guttmann et al. 2001), AMPAR (Bi et al. 1998a, 1996b) and
mGluR subunits (Xu et al. 2007), and their anchoring proteins like glutamate receptorinteracting protein (GRIP) (Lu X. et al. 2001) and postsynaptic density protein-95 (PSD-95)
(Lu X. et al. 2000) have been shown to be calpain targets. In addition, kinases and
phosphatses like PKC (Kishimoto et al. 1989), calmodulin-dependent protein kinase II
(CamKII) (Hajimohammadreza et al. 1997) and calcineurin (Liu F. et al. 2005) that can
modify glutamatergic signaling are also cleaved by calpain. Evidently, previous studies have
concentrated on the effects of calpain activation on excitatory glutamatergic synaptic
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signaling. Only recently have studies shown that calpain can also regulate synaptic signaling
at GABAergic synapses by modulation of the presynaptic (Gomes J. R. et al. 2011) as well as
postsynaptic (Kawasaki et al. 1997) machineries. Hence, a vesicular GABA transporter
(VGAT) was shown to be a calpain substrate in models of ischemic injury, glutamateexcitotoxicity and seizure-like activity (Gomes J. R. et al. 2011). Similarly, glycine
transporter 2 (GlyT2) has also been shown to be a calpain substrate (Baliova et al. 2004).
Gephyrin, a critical scaffolding protein for the postsynaptic GABAAR clustering (Jacob et al.
2005, Tyagarajan and Fritschy 2010) was shown to be regulated by calpain-mediated
cleavage (Kawasaki et al. 1997). In Study III, we have shown that KCC2 is a target of calpain
proteolysis in vitro as well as in models of excitotoxicity and seizure-like activity.
Interestingly, calpain cleavage of KCC2 in vitro does not seem to require the presence of its
PEST domains (unpublished data). This is not surprising since the absolute requirement of
PEST domains in calpain-mediated degradation of PEST-containing proteins is obscure
(Carillo et al. 1996, Rechsteiner and Rogers 1996, Tompa et al. 2004). Indeed, calpainrecognition seems to require disordered secondary and tertiary structural determinants rather
than the primary structure of proteins alone (Stabach et al. 1997, Tompa et al. 2004).
Alternatively, the latent PEST domains in KCC2 might be activated by phosphorylation/dephosphorylation of nearby residues (Lee H. H. et al. 2011) for recognition by calpain.
Since KCC2 is a protein that has an important functional role in GABAergic
signaling as well as a structural role in glutamatergic signaling (see sections 1.2.2.1 and
1.2.2.4), the observation that KCC2 is a calpain target (Study III) has physiological
consequences for both inhibitory and excitatory signaling in the neuronal networks.
Importantly, calpain cleaves KCC2 in the C-terminal region (unpublished data) that has been
shown to interact with protein 4.1N which is critically important in cytoskeletal organization
at synapses (see section 1.2.2.4). Moreover, as stated above, calpain-2 can be activated by
BDNF-TrkB-MAPK signaling in neurons and rearrangements in the actin cytoskeletal at
synapses by BDNF-calpain signaling (Bramham 2008, Glading et al. 2004, Zadran et al.
2010b) might employ proteolysis of KCC2 and modulation of its structural role as one of the
strategies. The link between calpain and KCC2 might also be speculated to serve as one of
the mechanisms employed by BDNF in regulation of KCC2 function and hence regulation of
synaptic signaling at inhibitory synapses under pathophysiological conditions (see sections
1.2.2.2, 1.3.2 and 1.5).
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Fig.2. Known post-translational mechanisms affecting KCC2 cotransport.
A number of mechanisms can regulate KCC2 function including protein-protein interactions,
phosphorylation as well as protein degradation. The mechanisms have been described in
detail in the text. The key for the various molecules used is shown on the left. Open arrow
denotes a reduced rate of retrieval from the membrane. The numbers in the figure represent
the citations from which the data is derived from. These are as follows-1: Ikeda K. et al.
2004, 2: Blaesse et al. 2006, 3: Huang Y. et al. 2012, 4: Gulyas et al. 2001, 5: Inoue et al.
2006, 6: Zhao et al. 2008, 7: Lee H. H. et al. 2007, 8: Study II, 9: Study III, 10: Lee H. H. et
al. 2010.

1.5

Activity-dependent

regulation

of

KCC2

in

developmental

and

pathophysiological regulation of ClSome parts of this section have been discussed elsewhere in this thesis, but have
been included here to summarize the topic. Several studies have shown an activity-dependent
modulation of KCC2 function/expression and the consequent changes in inhibitory
neurotransmission mediated by GABAAR signaling which may have a profound effect on the
overall synaptic homeostasis (Fiumelli and Woodin 2007). Interestingly, the changes in
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KCC2 function mediated by activity seem to be dependent on the developmental status of the
neurons (Wright et al. 2011).
Depolarizing actions of GABA (and glycine) in immature neurons have been
proposed to induce KCC2 expression in a Ca2+-dependent manner and accelerate the
developmental shift in GABA signaling from depolarizing to hyperpolarizing (Bray and
Mynlieff 2009, Galanopoulou and Moshe 2003, Galanopoulou et al. 2003, Ganguly et al.
2001, Leitch et al. 2005, Shibata et al. 2004). Interestingly, the shift in GABAergic signaling
paralleled by an up-regulated KCC2 expression was accelerated by maternal separation as
well as recurrent seizures in immature male rats and was GABAAR-dependent (Galanopoulou
2008c). Even a single episode of status epilepticus can rapidly increase the functional
expression of KCC2 in the plasma membrane without changing its protein levels (Study I).
However, other studies have demonstrated a lack of effect of GABA mediated depolarizing
synaptic transmission on KCC2 developmental up-regulation (Ludwig et al. 2003, Pfeffer et
al. 2009, Titz et al. 2003, Wojcik et al. 2006). The importance of compensatory changes in
maintaining synaptic homeostasis (Kilman et al. 2002, Liu G. 2004, Marty S. et al. 2002,
Mody 2005, Turrigiano and Nelson 2004, Tyagarajan and Fritschy 2010, Wang D. D. and
Kriegstein 2008, 2011) should not be ignored after disallowing GABA-mediated
depolarization and subsequent Ca2+ transients in immature neurons. Indeed, knocking out or
pharmacological block of NKCC1 that causes a block of GABAergic depolarization, leads to
an increased excitability of glutamatergic signaling and has little effect on KCC2
developmental up-regulation (Sipila et al. 2009). KCC2 up-regulation may require only subthreshold membrane depolarization that is sufficient to open low-threshold L-type VGCCs
and cause an increase in [Ca2+]i (Bray and Mynlieff 2009, Fiumelli and Woodin 2007).
There are reports that have implicated excitatory glutamatergic inputs in the
developmental up-regulation of KCC2 in immature neurons (Kanold and Shatz 2006, Liu Y.
et al. 2009, Shibata et al. 2004, but see Ganguly et al. 2001, Ludwig et al. 2003, Titz et al.
2003). In addition to synaptic activation of glutamatergic ionotropic receptors and the
consequent depolarization ensued by it, activation of group I metabotropic glutamatergic
receptors (mGluR1s) have also been shown to rapidly up-regulate KCC2 function in a PKCdependent manner (Banke and Gegelashvili 2008). Recently, vesicular Zn2+ which is released
along with glutamate has been demonstrated to increase the surface expression and activity of
KCC2 via metabotropic zinc-sensing receptor (mZnR) in a Ca2+-dependent manner in
hippocampus of juvenile (P12-15) mice (Chorin et al. 2011). Spontaneous nicotinic
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cholinergic activity has also been suggested to up-regulate KCC2 during development and
contribute to the shift in GABA signaling (Liu Z. et al. 2006).
Another approach to test whether neuronal activation promotes maturation of
inhibitory GABAergic transmission via an up-regulation in KCC2 function/expression is by
studying the effects of sensory deprivation on the GABAergic shift. Cochlear ablations prior
to onset of hearing (Shibata et al. 2004), rearing of turtles in dark (Sernagor et al. 2003) and
removal of synaptic inputs from the brainstem by spinal cord-transection (Jean-Xavier et al.
2006) have all been shown to prevent the developmental GABA switch in the respective
sensory centers.
Whether or not GABA is required for its own depolarizing to hyperpolarizing
shift and whether direct effects of depolarizing GABA or a consequent downstream action of
neurotrophins (see below) is the actual trigger is debatable, especially considering that
blocking GABA depolarization in immature neurons only delays the GABAergic switch and
does not abolish it. However, what is certain is that sources of depolarization in the immature
neurons do play an important role in maturation of inhibitory neurotransmission (Gaiarsa
2004, Gubellini et al. 2001), in part by postsynaptic mechanisms of an increase in KCC2
expression/function (Fiumelli and Woodin 2007, Shibata et al. 2004). However, since
depolarization-induced Ca2+ transients (Katz and Shatz 1996) as well as neurotrophic factors
(Gottmann et al. 2009) affect almost all developmental programs in neurons, it is difficult to
examine whether their effect on the up-regulation of KCC2 function/expression is direct and
specific.
Nevertheless, neurotrophic factors, in particular, BDNF have been suggested to
play a critical role in developmental KCC2 up-regulation (see section 1.3.2). BDNF shows an
increased activity-dependent synthesis and release by GABA mediated depolarization in a
Ca2+-dependent manner in developing neurons (Berninger et al. 1995, Marty S. et al. 1996,
Porcher et al. 2011) but a reduced release by hyperpolarizing GABA transmission in more
mature neurons (Berninger et al. 1995, Obrietan et al. 2002, Porcher et al. 2011). Since
kainate-induced seizures have been shown to increase the expression of BDNF in developing
rats (Kornblum et al. 1997, Yokoi et al. 2007), the kainate-induced increase in the total
(Galanopoulou 2008c) and plasma membrane expressed (Study I) protein levels of KCC2
might be mediated by BDNF-TrkB signaling (unpublished data). However in mature neurons,
BDNF depresses KCC2 expression/function (see above). This is somewhat similar to the
proposed age-specific effects of GABA on KCC2 expression. While GABAAR agonists
increase the expression of KCC2 in immature (male) neurons of substantia nigra that exhibit
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depolarizing GABA currents, they decrease KCC2 expression in (female) substantia nigra
neurons that already have hyperpolarizing GABA responses at a similar age (Galanopoulou
2007, 2008c, Galanopoulou and Moshe 2003, Galanopoulou et al. 2003).
In

mature

neuronal

networks,

activity-dependent

mechanisms

reduce

GABAergic inhibitory responses in physiological and pathophysiological states by
depressing KCC2 function/expression (see section 1.2.2.2). Periods of high frequency activity
like postsynaptic spiking alone (Fiumelli et al. 2005) or coupled with GABAergic
transmission (Balena et al. 2010, Ormond and Woodin 2011, Woodin et al. 2003) can lead to
fast reduction in KCC2 function in Ca2+-dependent manner, most likely by changes in its
surface expression which is manifested as a decrease in inhibitory GABA signaling (Fiumelli
et al. 2005, Woodin et al. 2003).
In addition to spiking activity, glutamatergic activity regulates [Cl-]i by changes
in expression/function of KCC2 and thus contributes to efficiency of inhibitory GABAergic
signaling. Hence, induction of long term potentiation (LTP) in hippocampal neurons (Liu Y.
et al. 2009) and application of glutamate or repetitive activation of glutamatergic neurons
(Kitamura et al. 2008) have been shown to induce a decrease in KCC2 expression and
function in an NMDA-dependent Ca2+-mediated manner. In pathological glutamate
excitotoxicity (Lee H. H. et al. 2011, Study III) and during seizures (see section 1.2.2.2),
KCC2 function undergoes a fast decrease.
As stated above, neurotrophins like BDNF have also been proposed to decrease
KCC2 expression and function in mature neuronal networks in an activity-dependent manner
in physiological and pathophysiological conditions (Boulenguez et al. 2010, Coull et al. 2005,
Huang Y. et al. 2012, Mao et al. 2011, Miletic and Miletic 2008, Molinaro et al. 2008, Rivera
et al. 2002, 2004, Wake et al. 2007, Wardle and Poo 2003, Zhang W. et al. 2008). Since
BDNF in mature neurons has been shown to be released in an depolarization-dependent Ca2+mediated manner (Binder and Scharfman 2004, Gottmann et al. 2009, Kovalchuk et al. 2004,
Kuczewski et al. 2009), pathophysiological neuronal hyperactivity might decrease KCC2
expression/function indirectly via BDNF activation of TrkB (Mao et al. 2011, Rivera et al.
2004, Wake et al. 2007, Wardle and Poo 2003). Similar to its age-dependent action on KCC2
expression/function, BDNF potentiates depolarizing GABAergic signaling in immature
neuronal networks but suppresses hyperpolarizing signaling in mature ones (Brunig et al.
2001, Mizoguchi et al. 2003, Porcher et al. 2011). Recently, it has been proposed that BDNF
can potentiate the inhibitory GABAergic responses only in the absence of KCC2 and in
conditions of high [Cl-]i (Huang Y. et al. 2012). Interestingly, the reappearance of KCC2 after
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neuronal trauma has also been shown to depend on BDNF-TrkB-mediated signaling,
reminiscent of the developmental up-regulation of KCC2 (Boulenguez et al. 2010, Shulga et
al. 2008, 2012). Hence, BDNF signaling may be a common regulatory mechanism for a
functional decrease of KCC2 during aberrant neural activity (Wright et al. 2011).

1.6

Neonatal seizures and KCC2
Various lines of evidence have correlated epilepsy with an altered chloride

homeostasis. KCC2 down-regulation and the associated decrease of GABAergic inhibition
(or increase of GABAergic excitation) has been implicated in the pathogenesis of seizures
(Kahle et al. 2008, Payne et al. 2003). In addition, deficiency of KCC2 leads to increased
propensity to hyperexcitability and seizure-like activity (Hekmat-Scafe et al. 2006, Hubner et
al. 2001, Khalilov et al. 2011, Riekki et al. 2008, Stil et al. 2011, Tornberg et al. 2005, 2007,
Woo et al. 2002, Zhu L. et al. 2008). Both in vitro and in vivo epilepsy models in rodents and
human epileptic tissue have a reduced KCC2 expression associated with an impaired
GABAergic inhibition (see section 1.2.2.2). However, it is not really clear if this downregulation is actually a consequence or a cause of epilepsy i.e. whether it is the primary event
contributing to seizure pathogenesis or a secondary event that is a seizure-suppressive
mechanism (Kahle et al. 2008, Miles et al. 2012).
Depolarizing GABA responses in immature neurons are due to a higher [Cl-]i in
presence of a robust NKCC1-mediated chloride influx and absence of KCC2-mediated
chloride extrusion (see section 1.2.2.1). Since GABA acts as the major inhibitory drive in the
nervous system, depolarizing actions of GABA result in a suppressed inhibition of neuronal
circuits and at the same time can cause their excessive excitation via membrane
depolarization. Consequently, pathogenesis of neonatal seizures is different from seizures in
the adult animals and depolarizing GABAergic signaling is thought to aid the generation of
seizures in the developing brain (Ben-Ari 2006, Ben-Ari and Holmes 2005, 2006, Briggs and
Galanopoulou 2011, Dzhala and Staley 2003, Dzhala et al. 2010, Galanopoulou 2008b,
Galanopoulou and Moshe 2009, Glykys et al. 2009, Kahle and Staley 2008, Khalilov et al.
2005, Khazipov et al. 2004, Nardou et al. 2011).
However, as previously stated, both depolarizing and hyperpolarizing GABAAR
currents can act as inhibitory signals by shunting membrane conductance, GABAAR
activation that mediates depolarizing currents can either be excitatory or inhibitory in
developing neurons (see section 1.2.2.1). Moreover, immature hippocampal neurons have a
wide variation in [Cl-]i depending on cell type and size and hence differential responses to
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GABA signaling are possible depending on whether GABAAR Cl- fluxes are directed
inwardly or outwardly (Dzhala et al. 2010, Tyzio et al. 2007). Hence, there are several
contradictory reports of pro-convulsant and anti-convulsant effects of GABAergic signaling
in developing animals (Ben-Ari et al. 2007, see also Table 1 in Dzhala et al. 2010) . An
analogous effect of GABAAR agonists in protective vs aggravating effect for immature vs.
mature neurons on ischemia- and excitotoxicity-induced neuronal injury has also been
underlined (Schwartz-Bloom and Sah 2001).
Pharmacological enhancement of GABAAR currents that has been used as a
strategy to subdue seizures in adults have often been found to be ineffective to a large extent
in controlling seizures in neonates and can even potentiate them especially recurrent seizures
that progressively increase [Cl-]i in absence of a robust Cl- extrusion mechanism in the
immature neurons (Briggs and Galanopoulou 2011, Dzhala et al. 2005, 2008, 2010, Glykys et
al. 2009, Kahle and Staley 2008). Consequently, antagonists against NKCC1-mediated
chloride influx that ultimately reduce the depolarizing drive of GABAAR activation have
been shown to reduce neonatal seizures both alone and in conjugation with GABA AR
agonists (Briggs and Galanopoulou 2011, Dzhala et al. 2005, 2008, 2010, Glykys et al. 2009,
Kahle and Staley 2008, Mazarati et al. 2009, Nardou et al. 2009, 2011). However, other
studies have suggested that cotransport function of NKCC1 prevents hyperexcitability of
immature neuronal circuits and pharmacological blockade of NKCC1 function results in
hyperexcitability and increased risk of seizure pathogenesis (Kilb et al. 2007, Zhu L. et al.
2008).
Little is known how KCC2 cotransport function is modulated during seizure
episodes in developing neurons and what consequences this has on its pathogenesis.
Recurrent seizures shift the GABA signaling from hyperpolarizing to depolarizing in
developing (female) neurons, which attain hyperpolarizing GABAergic signaling much
before male pups (Galanopoulou 2008c). Interestingly, recurrent seizure episodes in
immature (male) neurons with depolarizing GABAergic responses of identical age resulted in
an up-regulated KCC2 expression and a shift in GABAergic signaling to hyperpolarization
(Galanopoulou 2008c). Thus, translational effects of recurrent seizures on KCC2 function are
different in neurons with hyperpolarizing and in those with depolarizing GABAergic
responses (Galanopoulou 2007). In addition to this expressional increase of KCC2 that causes
a depolarizing shift in GABA signaling in immature (male) neurons after triple seizure
episodes, we have shown that a short episode of seizure is sufficient to rapidly increase the
activity of KCC2 by inducing changes in its plasma membrane expression levels without
46

changing its total expression levels in immature (male) neurons (Study I). This fast and
transient post-translational effect on KCC2 function is abolished by kinase inhibitor K252a
(Study I) and is mediated by BDNF-TrkB signaling (unpublished data). Such an increase in
KCC2 function by post-translational mechanisms in developing neurons has also been
proposed to explain the regulation of KCC2 function by thyroid hormones (Friauf et al.
2008). Since, depolarizing GABAAR have been implicated in generation of seizures in the
neonatal rat hippocampus, a fast increase in KCC2 plasma membrane expression and K+-Clcotransport can act as a protective mechanism against ictogenesis in neonatal hippocampus
and may explain the resistance of developing animals to seizure-induced cell loss and
subsequent seizures (Ben-Ari and Holmes 2006, Galanopoulou 2007, Galanopoulou and
Moshe 2009, Galanopoulou et al. 2002, Holopainen 2008, Scantlebury et al. 2007).
Although Study I deals with regulation of KCC2 function in a model of
neonatal seizure, the observations made throw some light on activity-mediated posttranslational regulation of KCC2 function in general. A number of studies have proposed the
existence of non-functional KCC2 protein in immature neurons, the activation of which being
dependent on diverse signals like changes in phosphorylation states and/or indirect effects
mediated by protein kinases (Balakrishnan et al. 2003, Fiumelli et al. 2005, Kelsch et al.
2001, Khirug et al. 2005, Vale et al. 2005, Woodin et al. 2003, but see Stein et al. 2004),
oligomerization (Blaesse et al. 2006), plasma membrane expression (Gulyas et al. 2001,
Zhang L. L. et al. 2006) and localization in non-raft domains (Hartmann et al. 2009). Since
exogenous over-expression of KCC2 in immature neurons has been shown to result in
hyperpolarizing GABA responses (Chudotvorova et al. 2005, Lee H. et al. 2005), the
mechanisms of KCC2 post-translational modification and trafficking thought to activate
KCC2 function during maturation would be expected to be present in the developing neurons
before the endogenous up-regulation of KCC2 function. This is consistent with the finding
that kinetics of developmental KCC2 up-regulation are different in slices and cultures and
KCC2 can be rapidly activated by a global kinase inhibition in immature cultures but not in
immature slices (Khirug et al. 2005), implying that in vivo KCC2 molecules are already
phosphorylated (for comparison of tyrosine phosphorylation status of KCC2 during
development in cultures and in vivo, refer to Kelsch et al. 2001 and Stein et al. 2004). Hence,
it seems likely that even when only a small fraction of KCC2 is actually surface expressed
(Study II), the immature neurons have enough KCC2 that can be activated via posttranslational mechanisms for a rapid increase in the chloride extrusion capacity comparable to
mature neurons (Study I).
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1.7

Biochemical techniques to quantitate surface expressed protein
As discussed previously, for most cell-surface active proteins including

transporters like KCC2, regulation of their surface expression serves as an important
modulator of their function (see section 1.4.2). Hence, biochemical analysis of absolute and
relative surface expressed proteins is a relevant area of interest for membrane protein
biochemists. The traditional method of quantifying proteins expressed on the plasma
membrane has been centrifugation-based sub-cellular fractionation (Heynen et al. 2000, Jones
and Matus 1974, Nielsen et al. 2005, Wolfe et al. 1971). It has however, lost much of its
significance since it results in preparations of crude plasma membrane fractions that are
almost always cross-contaminated with intracellular membranes (Huber et al. 2003, Lund et
al. 2009).
For long, biotinylation has served as the method of choice for quantitative
analysis of surface expressed proteins for cells in suspension (Elia 2008, Luna 2001,
Wisniewski 2011) and also for brain slice preparations (Gutlerner et al. 2002, Heynen et al.
2003, Thomas-Crusells et al. 2003). The technique relies on covalent labeling of proteins in
the plasma membrane by membrane-impermeant chemically-modified biotin (vitamin H)
derivatives. Although depending upon the conjugated functional group, biotin derivatives can
also be covalently linked to carbohydrate moieties and thiol groups in a protein (Elia 2008,
Luna 2001), the most commonly used derivatives of biotin for surface labeling are Nhydroxysucciniimide (NHS) esters that label surface expressed proteins at the primary amino
groups of lysyl residues on accessible extracellular sites at physiological pH in solutions
lacking primary amines (Luna 2001). Subsequently, biotin-labeled proteins that represent the
surface expressed proteins can be purified by utilizing the extremely sturdy non-covalent
interaction between biotin and avidin/streptavidin (Green 1975, Wilchek and Bayer 1990).
However, there are several drawbacks of this technique. The purification step for biotinlabeled proteins can be both time consuming as well as error-prone. Absolute quantification
of the ratio of the plasma membrane pool of the protein of interest by Western blotting
requires loading the biotinylated and internal proteins on different lanes (Boudreau and Wolf
2005) and is complicated because of an absence of a single protein that can serve as a loading
control for both the biotinylated and the internal protein fractions (Study II). Another
potentially problematic complication is the contamination of labeled surface expressed
protein fraction after biotinylation of intact cells with cytoplasmic proteins; mainly those
involved in cell signaling, cytoskeletal organization and vesicular trafficking (Scheurer et al.
2005, Yu et al. 2006), probably because of their strong association with membrane proteins
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which persists even in presence of strong detergents used in solubilizing membrane proteins.
The problem of contamination might also be aggravated by non-existence of an idealized
membrane-impermeable characteristic of common commercial biotin reagents even at low
temperatures (Peirce et al. 2004, Yu et al. 2006) which may be due to presence of a plasma
membrane receptor for biotin (Vesely et al. 1987). In addition, presence of an endogenous
biotinidase that can catalyse both removal of attached biotin and its transfer to another
molecule, is another potentially detrimental factor in using biotin to characterize the surface
expression of proteins (Hymes and Wolf 2000).
Another method that employs covalent modification of surface expressed
proteins utilizes a membrane-impermeant reactive molecule bis(sulfosuccinimidyl) suberate
(BS3) (Mattson et al. 1993, Staros 1982). BS3 is a primary amine reactive homo-bifunctional
cross-linker that can form covalent amides with lysyl residues of proteins at physiological pH
and in aqueous solutions lacking primary amines (Staros 1982). It has been used for
quantification of surface expressed proteins both in cell cultures (Archibald et al. 1998, Hall
and Soderling 1997a, 1997b, Hall et al. 1997) and in brain slices (Boudreau and Wolf 2005,
Boudreau et al. 2007, Grosshans et al. 2002a, 2002b). However, BS3 cross-linking of surface
proteins can lead to formation of excessively high molecular weight covalent complexes
which do not reliably enter polyacrylamide gels and resolve properly and hence are difficult
to quantitate (Grosshans et al. 2002b, Liang et al. 2007). Hall and Soderling (1997b) have
suggested a shortened reaction time for BS3 cross-linking as a solution to limit the excessive
covalent cross-linking, but this could lead to a reduced efficiency of the reaction.
Finally, molecular shaving of cell surface by use of proteases like trypsin and
chymotrypsin has also been employed for quantitative analysis of the surface pool of
membrane proteins in cell cultures (Hall and Soderling 1997a, 1997b, Olsen et al. 2006) and
in brain slice preparations (Grosshans et al. 2002a, 2002b). Like the biotin derivatives and
BS3, the proteases are membrane-impermeant and inaccessible to the cytoplasmic proteins
(Grosshans et al. 2002b), and can be used in physiological solutions and at physiological pH.
However, unlike with biotinylation and BS3 cross-linking, the physiological temperature
requirement for progression of the proteolytic cleavage has been a significant drawback in its
utilization in quantitative analysis of surface expressed proteins since the trafficking of
membrane proteins is not blocked during the entire incubation time (Boudreau and Wolf
2005, Grosshans et al. 2002b). Hence, surface expression of proteins like KCC2 with a highly
dynamic endocytotic-recycling trafficking rate (Lee H. H. et al. 2007, Rivera et al. 2004,
Zhao et al. 2008) can be over-approximated leading to misinterpretations (Grosshans et al.
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2002b,

Study II).

Importantly,

several

other

membrane

proteins

important

in

neurotransmission have been shown to undergo a constitutive, dynamic endocytosisreinsertion cycles at basal conditions, including GABAAR (Kittler and Moss 2003, Porcher et
al. 2011), AMPAR subunits glutamate receptors 2/3 (GluR2/3) (Malinow and Malenka 2002,
Malinow et al. 2000), dopamine transporter (DAT) (Holton et al. 2005, Loder and Melikian
2003) and GABA transporter (GAT) (Deken et al. 2003). Taking advantage of previous
reports of utilization of homologous enzymatic proteins from species thriving at extreme
temperatures for biotechnologically relevant themes (e.g., see Vosberg 1989 for the use of
DNA polymerase from Thermus aquaticus in the polymerase chain reaction or PCR), we
utilized a cold-adapted trypsin from cod fish (Jonsdottir et al. 2004) to address this issue and
successfully quantified the absolute surface expression of both AMPAR subunit GluR4 and
KCC2 at low temperatures when trafficking of membrane proteins is inhibited (Study II).
Unlike GluR2 and GluR3 which have a shorter intracellular C-terminal chain
and whose surface expression is dynamically regulated by a constitutive endocytoticrecycling pathway, the surface pools of GluR1 and GluR4 are more stable and do not show a
similar constitutive recycling under basal conditions which is thought to be because of
differential interaction with binding partners for their longer carboxy tails of GluR1 and 4
(Bredt and Nicoll 2003, Gomes A. R. et al. 2003, Greger and Esteban 2007, Groc and
Choquet 2006, but see Ehlers 2000). Using the property of a reduced membrane recycling
rate of GluR4, we showed that while quantification of surface expression of proteins like
GluR4 is not compromised when the proteolysis is carried out at mammalian physiological
temperatures, it can indeed be misleading for proteins like KCC2.
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2.

Aims of the study
The hypothesis tested in this study was whether the stability of total and

plasmalemmal KCC2 protein levels in the rat hippocampus is regulated by post-translational
mechanism.
The specific aims were as follows:
1) To analyze the effects of a seizure episode on KCC2 function in neonatal rat
hippocampus and the underlying mechanism.
2) To design a reliable method for quantitative analysis of surface expressed proteins.
3) To assess the stability of the total and surface expressed KCC2 protein levels and to
understand the mechanism involved in the fast down-regulation of KCC2 function in
pathophysiological states of excitotoxicity and hyperexcitability.
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3.

Experimental procedures

3.1

Preparation and maintenance of slices
Hippocampal slices from P5-7 and P15-22 rats (Wistar) were used. The animals

were anesthetized with halothane (Sigma), decapitated and the brains were removed and
immersed in ice-cold sucrose-based cutting solution containing (in mM): 87 NaCl, 2.5 KCl,
0.5 CaCl2, 25 NaHCO3, 1.25 NaH2PO4, 7 MgCl2, 50 sucrose and 25 D-glucose, equilibrated
with 95% O2 and 5% CO2. 600 µm horizontal or 400 µm coronal acute brain slices were cut
using a Vibratome 3000 (Vibratome). The slices were allowed to recover at 34 C in standard
physiological solution containing the following (in mM): 124 NaCl, 3 KCl, 2 CaCl2, 25
NaHCO3, 1.1 NaH2PO4, 2 MgSO4, and 10 D-glucose, equilibrated with 95% O2 and 5% CO2,
pH 7.4 for 1 hour.

3.2

Induction of neonatal seizures
Seizures were induced in male P5-7 rat pups with a single intraperitoneal

injection of kainate (2 mg/kg body weight; Tocris Bioscience). An identical volume of 100 µl
saline was injected in control rats. Rats were injected in pairs, with a 1 hour interval between
the littermates and a randomized order of saline and kainate injections. Behavioral seizures
progressed from an initial stage of immobility, followed by bouts of scratching behavior,
hyperactivity, ataxia, and isolated myoclonic jerks, into tonic or tonic-clonic seizures.
Continuous behavioral monitoring was performed by video recording to define the onset of
seizures (the initial stage of immobility). Slices containing the hippocampus were prepared
after a 1 hour seizure period. Slices from saline-injected rats were prepared 1.5 hours after the
injection.

3.3

Induction of seizure-like activity in vitro
Seizure-like activity was induced by a 10 minutes incubation of horizontal

hippocampal slices (600µm) in 300 nM kainate in physiological solution (in mM): 124 NaCl,
4 KCl, 1.3 CaCl2, 25 NaHCO3, 1.1 NaH2PO4, 1.3 MgSO4, and 10 D-glucose, equilibrated
with 95% O2 and 5% CO2, pH 7.4 at the experimental temperature of 34°C. After 10 min, the
slices were transferred to physiological solution with 1 µM TTX (Tocris Bioscience) added to
block neuronal activity and 10 µM bumetanide to block NKCC1. In biochemical
experiments, a 5 minutes kainate application followed by a 5 minutes washout with
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physiological solution was repeated up to six times. Some slices were pre-exposed to 200 nM
K252a for 30 min before exposure to kainate plus K252a.

3.4

Western blot analysis
Hippocampal slices or CA1 regions isolated from them were homogenized in

RIPA buffer (150 mM NaCl, 1% Triton-X, 0.5% deoxycholic acid, 0.1% SDS and 50 mM
Tris-Cl, pH 8.0) with a protease inhibitor mixture (Roche). Proteins were separated by SDSPAGE. Gel loading was performed in Laemmli buffer containing 80mM Tris-HCl, 2% SDS,
10% glycerol, 5.3%

-mercaptoethanol and 2% bromophenol blue. Proteins were then

transferred onto nitrocellulose membranes (PerkinElmer) electrophoretically in transfer
buffer containing 25 mM Tris, 192 mM glycine and 10% methanol, pH 8.3. Membranes were
blocked in TBST/milk (20 mM Tris, 150 mM NaCl, 0.1% Tween-20 and 5% nonfat dry milk,
pH 7.5) for 1 hour at room temperature. Incubation with the respective antiserum diluted in
TBST/milk was performed overnight at 4 C with agitation. The primary and secondary
antibodies used for quantitative analysis of the blots have been described in the respective
original publications included in this thesis. After washing the blots in TBST to remove
unbound primary and secondary antibodies, the immunoreactive signals were detected using
an enhanced chemiluminescence kit (Pierce) and an LAS-3000 documentation system
(Fujifilm). Quantification of the chemoluminescent signals was performed by Advanced
Image Data Analysis imaging software (Raytest). All measurements were within the linear
range of the sensitivity of the camera. After quantification, the representative images included
in the figures were optimized for brightness and contrast using Paint Shop Pro X (Corel) and
Microsoft Powerpoint.

3.5

Surface biotinylation
Test and control hippocampal slices were labeled with 100 µM biotin

(Biotinamidohexanoyl-6-aminohexanoic acid N-hydroxysuccinimide ester; Sigma) in
standard physiological solution on ice for 1 hour with continuous equilibration with 95% O2
and 5% CO2. The reaction was quenched by washing the slices with 1 M glycine or 100 mM
lysine in standard physiological solution for 10 minutes on ice. Hippocampal slices or
isolated CA1 regions were homogenized and the biotinylated proteins were purified on
immobilized streptavidin agarose (Sigma) and eluted in SDS-PAGE sample buffer at 75°C
for 10 minutes. The eluent from the streptavidin column (biotinylated proteins) and the
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supernatant (unlabeled internal proteins) were separated on SDS-PAGE and the immunoblot
analysis was performed as described above.

3.6

Trypsin cleavage of surface proteins
Hippocampal slices (400 µm) were treated with cod trypsin (2 U/ml in standard

physiological solution with continuous oxygenation) on ice for 1 hour. After a wash step (10
minutes in standard physiological solution on ice), the hippocampal slices were homogenized
and the immunoblot analysis for the proteins in the homogenate was performed as described
above.
Human embryonic (HEK) cells over-expressing the protein of interest were
washed with ice cold phosphate buffered saline (PBS) on ice. The incubation with 2 U/ml cod
trypsin was carried out on ice in PBS for 1 hour. The reaction was stopped by the addition of
protease inhibitor cocktail (Roche). Cells were then homogenized in RIPA buffer and the
immunoblot analysis was performed as described above.

3.7

In vitro calpain cleavage assay
Rat brain homogenate was diluted to about 1-2 mg/ml of protein in a final

volume of 500 l (as assessed by a BioRad DC protein assay kit; BioRad). Rat calpain-2 (mcalpain) (CalBiochem) was added at a concentration of 20 mg/ml in calpain assay buffer (100
mM HEPES, 50 mM NaCl, 0.1% Triton-X, 20 mM CaCl2 and 20 mM dithiothreitol, pH 7.4).
The cleavage reaction was stopped after 10, 20, or 30 minutes by adding 0.1 M EDTA and
protease inhibitors (Complete Mini EDTA free protease inhibitor mixture; Roche). In some
experiments, calpain-2 was pre-incubated with 100 mM MDL 28170 for 5 minutes.
3.8

Ionomycin assay of calpain activation
To directly raise [Ca2+]i, coronal rat brain slices bathed in standard

physiological solution were treated with 50 M ionomycin (Ascent), a Ca2+ ionophore, at
34°C for 4 hours. Slices treated with 30 M MDL 28170 in addition to ionomycin were preincubated with MDL 28170 for 30 min.
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4.

Results and Inferences

4.1

Study I

The results and inferences obtained from data collected during Study I are as follows:
1) In spite of a low protein expression of KCC2 in P5-7 rats which have depolarizing
GABAergic responses, a single seizure event induced by kainic acid that has been
used as a model for temporal lobe epilepsy (cf. Ben-Ari and Cossart 2000) culminated
into an increased surface expression and chloride extrusion function of KCC2 both in
vivo and in vitro. This was observed as a shift in ECl- to hyperpolarizied levels, similar
to what is seen in hippocampal neurons from mature rats. This indicates that KCC2
has a low plasma membrane expression under basal conditions (see Study II) and that
the total protein levels in developing rats are sufficiently high to set off
hyperpolarizing GABAergic responses and a somato-dendritic Cl- gradient
comparable to adults. Hence, blocking of endocytosis of KCC2 which has a fast
endocytosis-recycling rate (cf. Lee H. H. et al. 2007, Study II) by dynamin inhibitory
peptide (DIP) caused a similar effect on the chloride driving force of GABAAR.
2) Since the above shift in depolarizing to hyperpolarizing GABAergic responses were
observed in absence of any increase in KCC2 expression but rather depended on an
increased surface expression, it implies that post-translational regulation of KCC2
may also play a role in the developmental shift in the GABA switch. However, the
part played by a developmental increase in KCC2 protein levels cannot be overlooked
since the protein levels in P16 rat hippocampus are not similar to those in P5-7 rats,
although an increase in spine density during development might also be reflected in
the amount of KCC2. On the other hand, translational up-regulation of KCC2 can
consolidate the effects of an increased KCC2 plasma membrane expression/function
by post-translational mechanisms during development in an activity-dependent
manner.
3) Interestingly, analogous to the signaling mediated by neurotrophic factors implicated
in the developmental increase of KCC2 protein expression (see section 1.3.2), the fast
post-translational increase in the KCC2 surface expression and function could be
blocked by the kinase inhibitor K252a and was dependent on BDNF-TrkB signaling
(unpublished data).
4) Although Na+-K+ ATPase

2 subunit has a predominantly glial expression, it is

known to be expressed in embryonic neurons (cf. Moseley et al. 2003) as well as in
young hippocampal neurons (cf. Cameron et al. 1994) and might function as a
55

thermodynamic energy source for the KCC2-mediated cotransport in the neonatal
brain (see section 1.2.2.1). The increased KCC2 plasma membrane expression and Clextrusion function, paralleled by an increased surface expression of Na+-K+ ATPase
2 subunit might contribute to an intrinsic anti-epileptogenic mechanism responsible
for a high resistance of immature neuronal circuits to seizures by increasing
GABAergic hyperpolarizing inhibition. In neonatal brain, KCC2a and KCC2b show
similar expression patterns and levels, largely co-localize, form heteromers and have
comparable cotransport activity (cf. Uvarov et al. 2007, 2009). Not surprisingly then,
surface expression of both KCC2 isoforms in neonatal rat CA1 neurons was affected
in a similar manner after the single seizure episode.

4.2

Study II

The results and inferences obtained from data collected during Study II are as follows:
1) The problems encountered during quantitative analysis of plasma membrane
expression of proteins by established methods like sub-cellular fractionation, biotinlabeling and BS3-mediated cross-linking are highly suggestive of using at least two
different biochemical procedures for the same (see section 1.7). Hence, an existing
protocol of molecular shaving of surface expressed proteins to quantitate their
expression was modified to be operational at low temperatures so that it could be
conveniently used for membrane proteins that have a short plasmalemmal half life and
a high recycling rate. Using a mammalian protease, we showed that molecular
shaving of surface expressed proteins at mammalian physiological temperatures can
lead to erroneous results for plasmalemmal proteins like KCC2 which have a fast
recycling rate. On the other hand, surface analysis of plasmalemmal proteins like
AMPAR subunit GluR4 that have stable surface expression can be carried out at
mammalian physiological temperatures.
2) We established the cod-trypsin catalyzed proteolysis for quantitative analysis of
surface expression of proteins at low temperatures. As a proof of principle, we studied
the kinetics of cod-trypsin-mediated cleavage of surface expressed proteins for both
KCC2 and GluR4. Further, we demonstrated that the technique can be used for both
qualitative (using a mutant of GluR4, R507K that is incapable of being targeted to the
membrane (cf. Coleman et al. 2009)) and quantitative (plasma membrane expression
of KCC2 in control slices and slices treated with a PKC activator (cf. Lee H. H. et al.
2007)) analysis of surface expressed proteins.
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3) Finally, we showed that expression of KCC2 in the plasma membrane is indeed very
low (15-20% of total KCC2 protein) and that it has a fast recycling rate under basal
conditions that can be regulated by post-translational mechanisms (cf. Lee H. H. et al.
2007, Study I) to eventually alter the surface expression and the function of the
cotransporter.

4.3

Study III

The results and inferences obtained from data collected during Study III are as follows:
1) The major surprising conclusion from these data was that under basal conditions
KCC2 protein exhibits a high stability and a low turn-over rate. Previous studies
indicated that KCC2 protein has a very high turn-over rate (cf. Rivera et al. 2004, Lee
H. H. et al. 2010). However, our experimental data based upon selective blockade of
both protein synthesis and protein degradation via the lysosomal pathway supported a
stable KCC2 protein expression in P15-21 rat hippocampus. Interestingly, Zhao et al.
(2008) also showed that even when the stability of plasmalemmal KCC2 was low
under basal conditions, the endocytosed proteins was not degraded but rather recycled
back to the membrane.
2) KCC2 harbors PEST sequences that have been implicated in constitutive as well as
conditional protein degradation (see section 1.4.4). Indeed, while we showed that
KCC2 protein and function levels are quite stable under basal conditions, we also
demonstrate that KCC2 protein and function can be down-regulated by proteasesmediated cleavage/degradation. Hence, we demonstrated that KCC2 can be cleaved
by calpain both in vitro and under pathophysiological conditions of excitotoxicity as
well as epileptiform activity. The latent PEST domains in KCC2 might be speculated
to be activated for regulated proteolysis by phosphorylation/dephosphorylation
mechanisms (cf. Lee H. H. et al. 2010, 2011).
3) Establishment of KCC2 as a target of calpain-catalyzed cleavage is particularly
interesting as KCC2 function and hence GABAergic signaling can consequently be
altered by calpain. Along similar lines, although we did not show this, structural
aspects of KCC2 in both GABAergic and glutamatergic synaptic signaling might be
expected to experience amendments in a calpain-dependent manner.

In summary, the studies included in this thesis underline the importance of post-translational
regulation of KCC2 function mediated by changes in the plasmalemmal expression levels as
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well as protein proteolysis in the rat hippocampus. In addition, an improved method for
quantitative analysis of surface expressed proteins at low temperatures when protein
trafficking is halted, was also designed. Future studies would be targeted at the cellular
mechanisms responsible for changes in the surface pool of KCC2 and to develop a
methodology to quantify the insertion of highly mobile membrane proteins like KCC2 into
the plasma membrane.

58

5.

Acknowledgements
Foremost all thanks and gratitude to the ultimate guide and helper who has

always been with me in the highs and lows of my personal and academic life.
I am grateful for the support and guidance of my supervisors Prof. Kai Kaila
and Dr. Peter Blaesse and the opportunity to work with them. I profusely thank all the past
and present members of the lab with whom working has been fun and learning at the same
time.
I thank Dr. Jamie Maguire for accepting the invitation to be my opponent and
Prof. Juha Voipio in agreeing to be the custos at my defence. I also thank Dr. Nanna
MacAulay and Prof. John A. Payne for reviewing my thesis and for their insightful comments
and suggestions for the improvement of the thesis.
I would also like to thank all my teachers back in India who have been very
enduring and supportive throughout my academic and personal life.
Finally I would like to dedicate this thesis to my mother who has always been
an unending source of inspiration for me. I would be content if I can develop even a small
part of patience and composure that she has shown all her life. I am forever indebted for the
spiritual and moral support that I have received from my sister and brother and their families.

59

6.

References
Achilles K, Okabe A, Ikeda M, Shimizu-Okabe C, Yamada J, Fukuda A,

Luhmann HJ, Kilb W. 2007. Kinetic properties of Cl uptake mediated by Na+-dependent K+2Cl cotransport in immature rat neocortical neurons. J Neurosci 27: 8616-8627.
Adragna NC, Di Fulvio M, Lauf PK. 2004. Regulation of K-Cl cotransport:
from function to genes. J Membr Biol 201: 109-137.
Aguado F, Carmona MA, Pozas E, Aguilo A, Martinez-Guijarro FJ, Alcantara
S, Borrell V, Yuste R, Ibanez CF, Soriano E. 2003. BDNF regulates spontaneous correlated
activity at early developmental stages by increasing synaptogenesis and expression of the
K+/Cl- co-transporter KCC2. Development 130: 1267-1280.
Akerman CJ, Cline HT. 2006. Depolarizing GABAergic conductances regulate
the balance of excitation to inhibition in the developing retinotectal circuit in vivo. J Neurosci
26: 5117-5130.
Akerman CJ, Cline HT. 2007. Refining the roles of GABAergic signaling
during neural circuit formation. Trends Neurosci 30: 382-389.
Andang M, Lendahl U. 2008. Ion fluxes and neurotransmitters signaling in
neural development. Curr Opin Neurobiol 18: 232-236.
Araujo IM, Gil JM, Carreira BP, Mohapel P, Petersen A, Pinheiro PS, Soulet D,
Bahr BA, Brundin P, Carvalho CM. 2008. Calpain activation is involved in early caspaseindependent neurodegeneration in the hippocampus following status epilepticus. J
Neurochem 105: 666-676.
Archibald K, Perry MJ, Molnar E, Henley JM. 1998. Surface expression and
metabolic half-life of AMPA receptors in cultured rat cerebellar granule cells.
Neuropharmacology 37: 1345-1353.
Aronica E, Boer K, Redeker S, Spliet WG, van Rijen PC, Troost D, Gorter JA.
2007. Differential expression patterns of chloride transporters, Na+-K+-2Cl--cotransporter
and K+-Cl--cotransporter, in epilepsy-associated malformations of cortical development.
Neuroscience 145: 185-196.
Asiedu M, Ossipov MH, Kaila K, Price TJ. 2010. Acetazolamide and
midazolam act synergistically to inhibit neuropathic pain. Pain 148: 302-308.
Austin TM, Delpire E. 2011. Inhibition of KCC2 in mouse spinal cord neurons
leads to hypersensitivity to thermal stimulation. Anesth Analg 113: 1509-1515.

60

Balakrishnan V, Becker M, Lohrke S, Nothwang HG, Guresir E, Friauf E. 2003.
Expression and function of chloride transporters during development of inhibitory
neurotransmission in the auditory brainstem. J Neurosci 23: 4134-4145.
Balena T, Acton BA, Woodin MA. 2010. GABAergic synaptic transmission
regulates calcium influx during spike-timing dependent plasticity. Front Synaptic Neurosci 2:
16.
Baliova M, Betz H, Jursky F. 2004. Calpain-mediated proteolytic cleavage of
the neuronal glycine transporter, GlyT2. J Neurochem 88: 227-232.
Banke TG, McBain CJ. 2006. GABAergic input onto CA3 hippocampal
interneurons remains shunting throughout development. J Neurosci 26: 11720-11725.
Banke TG, Gegelashvili G. 2008. Tonic activation of group I mGluRs
modulates inhibitory synaptic strength by regulating KCC2 activity. J Physiol 586: 49254934.
Bano D, Young KW, Guerin CJ, Lefeuvre R, Rothwell NJ, Naldini L, Rizzuto
R, Carafoli E, Nicotera P. 2005. Cleavage of the plasma membrane Na+/Ca2+ exchanger in
excitotoxicity. Cell 120: 275-285.
Barbato C, Ruberti F, Pieri M, Vilardo E, Costanzo M, Ciotti MT, Zona C,
Cogoni C. 2010. MicroRNA-92 modulates K(+) Cl(-) co-transporter KCC2 expression in
cerebellar granule neurons. J Neurochem 113: 591-600.
Barmashenko G, Hefft S, Aertsen A, Kirschstein T, Kohling R. 2011. Positive
shifts of the GABAA receptor reversal potential due to altered chloride homeostasis is
widespread after status epilepticus. Epilepsia 52: 1570-1578.
Bartel DP. 2004. MicroRNAs: genomics, biogenesis, mechanism, and function.
Cell 116: 281-297.
Bartho P, Payne JA, Freund TF, Acsady L. 2004. Differential distribution of the
KCl cotransporter KCC2 in thalamic relay and reticular nuclei. Eur J Neurosci 20: 965-975.
Bartus RT, Dean RL, Cavanaugh K, Eveleth D, Carriero DL, Lynch G. 1995.
Time-related neuronal changes following middle cerebral artery occlusion: implications for
therapeutic intervention and the role of calpain. J Cereb Blood Flow Metab 15: 969-979.
Bartus RT, et al. 1994. Calpain inhibitor AK295 protects neurons from focal
brain ischemia. Effects of postocclusion intra-arterial administration. Stroke 25: 2265-2270.
Belenky MA, Yarom Y, Pickard GE. 2008. Heterogeneous expression of
gamma-aminobutyric

acid

and

gamma-aminobutyric

acid-associated

receptors

and

transporters in the rat suprachiasmatic nucleus. J Comp Neurol 506: 708-732.
61

Belenky MA, Sollars PJ, Mount DB, Alper SL, Yarom Y, Pickard GE. 2010.
Cell-type specific distribution of chloride transporters in the rat suprachiasmatic nucleus.
Neuroscience 165: 1519-1537.
Ben-Ari Y. 2002. Excitatory actions of gaba during development: the nature of
the nurture. Nat Rev Neurosci 3: 728-739.
Ben-Ari Y. 2006. Seizures beget seizures: the quest for GABA as a key player.
Crit Rev Neurobiol 18: 135-144.
Ben-Ari Y, Cossart R. 2000. Kainate, a double agent that generates seizures:
two decades of progress. Trends Neurosci 23: 580-587.
Ben-Ari Y, Holmes GL. 2005. The multiple facets of gamma-aminobutyric acid
dysfunction in epilepsy. Curr Opin Neurol 18: 141-145.
Ben-Ari Y, Holmes GL. 2006. Effects of seizures on developmental processes
in the immature brain. Lancet Neurol 5: 1055-1063.
Ben-Ari Y, Cherubini E, Corradetti R, Gaiarsa JL. 1989. Giant synaptic
potentials in immature rat CA3 hippocampal neurones. J Physiol 416: 303-325.
Ben-Ari Y, Gaiarsa JL, Tyzio R, Khazipov R. 2007. GABA: a pioneer
transmitter that excites immature neurons and generates primitive oscillations. Physiol Rev
87: 1215-1284.
Bennett V, Baines AJ. 2001. Spectrin and ankyrin-based pathways: metazoan
inventions for integrating cells into tissues. Physiol Rev 81: 1353-1392.
Bergeron MJ, Gagnon E, Caron L, Isenring P. 2006. Identification of key
functional domains in the C terminus of the K+-Cl- cotransporters. J Biol Chem 281: 1595915969.
Berninger B, Marty S, Zafra F, da Penha Berzaghi M, Thoenen H, Lindholm D.
1995. GABAergic stimulation switches from enhancing to repressing BDNF expression in rat
hippocampal neurons during maturation in vitro. Development 121: 2327-2335.
Bevers MB, Neumar RW. 2008. Mechanistic role of calpains in postischemic
neurodegeneration. J Cereb Blood Flow Metab 28: 655-673.
Bi X, Chen J, Baudry M. 1997. Developmental changes in calpain activity,
GluR1 receptors and in the effect of kainic acid treatment in rat brain. Neuroscience 81:
1123-1135.
Bi X, Chen J, Baudry M. 1998a. Calpain-mediated proteolysis of GluR1
subunits in organotypic hippocampal cultures following kainic acid treatment. Brain Res 781:
355-357.
62

Bi X, Chang V, Siman R, Tocco G, Baudry M. 1996a. Regional distribution and
time-course of calpain activation following kainate-induced seizure activity in adult rat brain.
Brain Res 726: 98-108.
Bi X, Chang V, Molnar E, McIlhinney RA, Baudry M. 1996b. The C-terminal
domain of glutamate receptor subunit 1 is a target for calpain-mediated proteolysis.
Neuroscience 73: 903-906.
Bi X, Rong Y, Chen J, Dang S, Wang Z, Baudry M. 1998b. Calpain-mediated
regulation of NMDA receptor structure and function. Brain Res 790: 245-253.
Binder DK, Scharfman HE. 2004. Brain-derived neurotrophic factor. Growth
Factors 22: 123-131.
Blaesse P, Airaksinen MS, Rivera C, Kaila K. 2009. Cation-chloride
cotransporters and neuronal function. Neuron 61: 820-838.
Blaesse P, Guillemin I, Schindler J, Schweizer M, Delpire E, Khiroug L, Friauf
E, Nothwang HG. 2006. Oligomerization of KCC2 correlates with development of inhibitory
neurotransmission. J Neurosci 26: 10407-10419.
Boettger T, et al. 2003. Loss of K-Cl co-transporter KCC3 causes deafness,
neurodegeneration and reduced seizure threshold. EMBO J 22: 5422-5434.
Bonislawski DP, Schwarzbach EP, Cohen AS. 2007. Brain injury impairs
dentate gyrus inhibitory efficacy. Neurobiol Dis 25: 163-169.
Bortone D, Polleux F. 2009. KCC2 expression promotes the termination of
cortical interneuron migration in a voltage-sensitive calcium-dependent manner. Neuron 62:
53-71.
Boudreau AC, Wolf ME. 2005. Behavioral sensitization to cocaine is associated
with increased AMPA receptor surface expression in the nucleus accumbens. J Neurosci 25:
9144-9151.
Boudreau AC, Reimers JM, Milovanovic M, Wolf ME. 2007. Cell surface
AMPA receptors in the rat nucleus accumbens increase during cocaine withdrawal but
internalize after cocaine challenge in association with altered activation of mitogen-activated
protein kinases. J Neurosci 27: 10621-10635.
Boulenguez P, et al. 2010. Down-regulation of the potassium-chloride
cotransporter KCC2 contributes to spasticity after spinal cord injury. Nat Med 16: 302-307.
Bramham CR. 2008. Local protein synthesis, actin dynamics, and LTP
consolidation. Curr Opin Neurobiol 18: 524-531.

63

Bray JG, Mynlieff M. 2009. Influx of calcium through L-type calcium channels
in early postnatal regulation of chloride transporters in the rat hippocampus. Dev Neurobiol
69: 885-896; erratum 897-912.
Bredt DS, Nicoll RA. 2003. AMPA receptor trafficking at excitatory synapses.
Neuron 40: 361-379.
Briggs SW, Galanopoulou AS. 2011. Altered GABA signaling in early life
epilepsies. Neural Plast 2011: 527605.
Brumback AC, Staley KJ. 2008. Thermodynamic regulation of NKCC1mediated Cl- cotransport underlies plasticity of GABA(A) signaling in neonatal neurons. J
Neurosci 28: 1301-1312.
Brunig I, Penschuck S, Berninger B, Benson J, Fritschy JM. 2001. BDNF
reduces miniature inhibitory postsynaptic currents by rapid downregulation of GABA(A)
receptor surface expression. Eur J Neurosci 13: 1320-1328.
Byun N, Delpire E. 2007. Axonal and periaxonal swelling precede peripheral
neurodegeneration in KCC3 knockout mice. Neurobiol Dis 28: 39-51.
Cameron R, Klein L, Shyjan AW, Rakic P, Levenson R. 1994. Neurons and
astroglia express distinct subsets of Na,K-ATPase

and

subunits. Mol Brain Res 21: 333-

343.
Cancedda L, Fiumelli H, Chen K, Poo MM. 2007. Excitatory GABA action is
essential for morphological maturation of cortical neurons in vivo. J Neurosci 27: 5224-5235.
Carillo S, Pariat M, Steff A, Jariel-Encontre I, Poulat F, Berta P, Piechaczyk M.
1996. PEST motifs are not required for rapid calpain-mediated proteolysis of c-fos protein.
Biochem J 313 ( Pt 1): 245-251.
Carmona MA, Pozas E, Martinez A, Espinosa-Parrilla JF, Soriano E, Aguado F.
2006. Age-dependent spontaneous hyperexcitability and impairment of GABAergic function
in the hippocampus of mice lacking trkB. Cereb Cortex 16: 47-63.
Caron L, Rousseau F, Gagnon E, Isenring P. 2000. Cloning and functional
characterization of a cation-Cl- cotransporter-interacting protein. J Biol Chem 275: 3202732036.
Casula S, Shmukler BE, Wilhelm S, Stuart-Tilley AK, Su W, Chernova MN,
Brugnara C, Alper SL. 2001. A dominant negative mutant of the KCC1 K-Cl cotransporter:
both N- and C-terminal cytoplasmic domains are required for K-Cl cotransport activity. J
Biol Chem 276: 41870-41878.

64

Chakrabarti AK, Dasgupta S, Gadsden RH, Sr., Hogan EL, Banik NL. 1996.
Regulation of brain m calpain Ca2+ sensitivity by mixtures of membrane lipids: activation at
intracellular Ca2+ level. J Neurosci Res 44: 374-380.
Chattopadhyaya B, Di Cristo G, Higashiyama H, Knott GW, Kuhlman SJ,
Welker E, Huang ZJ. 2004. Experience and activity-dependent maturation of perisomatic
GABAergic innervation in primary visual cortex during a postnatal critical period. J Neurosci
24: 9598-9611.
Cherubini E, Gaiarsa JL, Ben-Ari Y. 1991. GABA: an excitatory transmitter in
early postnatal life. Trends Neurosci 14: 515-519.
Chorin E, Vinograd O, Fleidervish I, Gilad D, Herrmann S, Sekler I, Aizenman
E, Hershfinkel M. 2011. Upregulation of KCC2 activity by zinc-mediated neurotransmission
via the mZnR/GPR39 receptor. J Neurosci 31: 12916-12926.
Chudotvorova I, Ivanov A, Rama S, Hubner CA, Pellegrino C, Ben-Ari Y,
Medina I. 2005. Early expression of KCC2 in rat hippocampal cultures augments expression
of functional GABA synapses. J Physiol 566: 671-679.
Cohen I, Navarro V, Le Duigou C, Miles R. 2003. Mesial temporal lobe
epilepsy: a pathological replay of developmental mechanisms? Biol Cell 95: 329-333.
Cohen I, Navarro V, Clemenceau S, Baulac M, Miles R. 2002. On the origin of
interictal activity in human temporal lobe epilepsy in vitro. Science 298: 1418-1421.
Coleman SK, Moykkynen T, Jouppila A, Koskelainen S, Rivera C, Korpi ER,
Keinanen K. 2009. Agonist occupancy is essential for forward trafficking of AMPA
receptors. J Neurosci 29: 303-312.
Collingridge GL, Isaac JT, Wang YT. 2004. Receptor trafficking and synaptic
plasticity. Nat Rev Neurosci 5: 952-962.
Cordero-Erausquin M, Coull JA, Boudreau D, Rolland M, De Koninck Y. 2005.
Differential maturation of GABA action and anion reversal potential in spinal lamina I
neurons: impact of chloride extrusion capacity. J Neurosci 25: 9613-9623.
Cossart R, Bernard C, Ben-Ari Y. 2005. Multiple facets of GABAergic neurons
and synapses: multiple fates of GABA signalling in epilepsies. Trends Neurosci 28: 108-115.
Coull JA, Boudreau D, Bachand K, Prescott SA, Nault F, Sik A, De Koninck P,
De Koninck Y. 2003. Trans-synaptic shift in anion gradient in spinal lamina I neurons as a
mechanism of neuropathic pain. Nature 424: 938-942.

65

Coull JA, Beggs S, Boudreau D, Boivin D, Tsuda M, Inoue K, Gravel C, Salter
MW, De Koninck Y. 2005. BDNF from microglia causes the shift in neuronal anion gradient
underlying neuropathic pain. Nature 438: 1017-1021.
Cramer SW, Baggott C, Cain J, Tilghman J, Allcock B, Miranpuri G, Rajpal S,
Sun D, Resnick D. 2008. The role of cation-dependent chloride transporters in neuropathic
pain following spinal cord injury. Mol Pain 4: 36.
Croall DE, DeMartino GN. 1991. Calcium-activated neutral protease (calpain)
system: structure, function, and regulation. Physiol Rev 71: 813-847.
Daigle ND, Carpentier GA, Frenette-Cotton R, Simard MG, Lefoll MH, Noel
M, Caron L, Noel J, Isenring P. 2009. Molecular characterization of a human cation-Clcotransporter (SLC12A8A, CCC9A) that promotes polyamine and amino acid transport. J
Cell Physiol 220: 680-689.
Dalskov SM, Immerdal L, Niels-Christiansen LL, Hansen GH, Schousboe A,
Danielsen EM. 2005. Lipid raft localization of GABA A receptor and Na+, K+-ATPase in
discrete microdomain clusters in rat cerebellar granule cells. Neurochem Int 46: 489-499.
de Guzman P, Inaba Y, Biagini G, Baldelli E, Mollinari C, Merlo D, Avoli M.
2006. Subiculum network excitability is increased in a rodent model of temporal lobe
epilepsy. Hippocampus 16: 843-860.
De Koninck Y. 2007. Altered chloride homeostasis in neurological disorders: a
new target. Curr Opin Pharmacol 7: 93-99.
DeFazio RA, Keros S, Quick MW, Hablitz JJ. 2000. Potassium-coupled
chloride cotransport controls intracellular chloride in rat neocortical pyramidal neurons. J
Neurosci 20: 8069-8076.
Deisz RA, Lehmann TN, Horn P, Dehnicke C, Nitsch R. 2011. Components of
neuronal chloride transport in rat and human neocortex. J Physiol 589: 1317-1347.
Deken SL, Wang D, Quick MW. 2003. Plasma membrane GABA transporters
reside on distinct vesicles and undergo rapid regulated recycling. J Neurosci 23: 1563-1568.
Delpire E. 2000. Cation-Chloride Cotransporters in Neuronal Communication. News Physiol
Sci 15: 309-312.
Delpire E, Gagnon KB. 2008. SPAK and OSR1: STE20 kinases involved in the
regulation of ion homoeostasis and volume control in mammalian cells. Biochem J 409: 321331.

66

Delpy A, Allain AE, Meyrand P, Branchereau P. 2008. NKCC1 cotransporter
inactivation underlies embryonic development of chloride-mediated inhibition in mouse
spinal motoneuron. J Physiol 586: 1059-1075.
Denker SP, Barber DL. 2002. Ion transport proteins anchor and regulate the
cytoskeleton. Curr Opin Cell Biol 14: 214-220.
Dzhala VI, Staley KJ. 2003. Excitatory actions of endogenously released
GABA contribute to initiation of ictal epileptiform activity in the developing hippocampus. J
Neurosci 23: 1840-1846.
Dzhala VI, Brumback AC, Staley KJ. 2008. Bumetanide enhances
phenobarbital efficacy in a neonatal seizure model. Ann Neurol 63: 222-235.
Dzhala VI, Talos DM, Sdrulla DA, Brumback AC, Mathews GC, Benke TA,
Delpire E, Jensen FE, Staley KJ. 2005. NKCC1 transporter facilitates seizures in the
developing brain. Nat Med 11: 1205-1213.
Dzhala VI, Kuchibhotla KV, Glykys JC, Kahle KT, Swiercz WB, Feng G,
Kuner T, Augustine GJ, Bacskai BJ, Staley KJ. 2010. Progressive NKCC1-dependent
neuronal chloride accumulation during neonatal seizures. J Neurosci 30: 11745-11761.
Ehlers MD. 2000. Reinsertion or degradation of AMPA receptors determined
by activity-dependent endocytic sorting. Neuron 28: 511-525.
Elia G. 2008. Biotinylation reagents for the study of cell surface proteins.
Proteomics 8: 4012-4024.
Faddis BT, Hasbani MJ, Goldberg MP. 1997. Calpain activation contributes to
dendritic remodeling after brief excitotoxic injury in vitro. J Neurosci 17: 951-959.
Farrant M, Kaila K. 2007. The cellular, molecular and ionic basis of GABA(A)
receptor signalling. Prog Brain Res 160: 59-87.
Feng ZH, Hao J, Ye L, Dayao C, Yan N, Yan Y, Chu L, Shi FD. 2011.
Overexpression of mu-calpain in the anterior temporal neocortex of patients with intractable
epilepsy correlates with clinicopathological characteristics. Seizure 20: 395-401.
Fiumelli H, Woodin MA. 2007. Role of activity-dependent regulation of
neuronal chloride homeostasis in development. Curr Opin Neurobiol 17: 81-86.
Fiumelli H, Cancedda L, Poo MM. 2005. Modulation of GABAergic
transmission by activity via postsynaptic Ca2+-dependent regulation of KCC2 function.
Neuron 48: 773-786.

67

Fiumelli H, Briner A, Puskarjov M, Blaesse P, Belem B, Dayer A, Kaila K,
Jean-Luc M, Laszlo V. 2012. An ion transport-independent role for the cation-chloride
cotransporter KCC2 in dendritic spinogenesis in vivo. Cereb Cortex In press.
Freund TF, Buzsaki G. 1996. Interneurons of the hippocampus. Hippocampus
6: 347-470.
Friauf E, Rust MB, Schulenborg T, Hirtz JJ. 2011. Chloride cotransporters,
chloride homeostasis, and synaptic inhibition in the developing auditory system. Hear Res
279: 96-110.
Friauf E, Wenz M, Oberhofer M, Nothwang HG, Balakrishnan V, Knipper M,
Lohrke S. 2008. Hypothyroidism impairs chloride homeostasis and onset of inhibitory
neurotransmission in developing auditory brainstem and hippocampal neurons. Eur J
Neurosci 28: 2371-2380.
Fuchs A, Ringer C, Bilkei-Gorzo A, Weihe E, Roeper J, Schutz B. 2010.
Downregulation of the potassium chloride cotransporter KCC2 in vulnerable motoneurons in
the SOD1-G93A mouse model of amyotrophic lateral sclerosis. J Neuropathol Exp Neurol
69: 1057-1070.
Gagnon KB, England R, Delpire E. 2006. Volume sensitivity of cation-Clcotransporters is modulated by the interaction of two kinases: Ste20-related proline-alaninerich kinase and WNK4. Am J Physiol Cell Physiol 290: C134-142.
Gaiarsa JL. 2004. Plasticity of GABAergic synapses in the neonatal rat
hippocampus. J Cell Mol Med 8: 31-37.
Galanopoulou AS. 2006. Sex- and cell-type-specific patterns of GABAA
receptor and estradiol-mediated signaling in the immature rat substantia nigra. Eur J Neurosci
23: 2423-2430.
Galanopoulou AS. 2007. Developmental patterns in the regulation of chloride
homeostasis and GABA(A) receptor signaling by seizures. Epilepsia 48 Suppl 5: 14-18.
Galanopoulou AS. 2008a. Sexually dimorphic expression of KCC2 and GABA
function. Epilepsy Res 80: 99-113.
Galanopoulou AS. 2008b. GABA(A) receptors in normal development and
seizures: friends or foes? Curr Neuropharmacol 6: 1-20.
Galanopoulou AS. 2008c. Dissociated gender-specific effects of recurrent
seizures on GABA signaling in CA1 pyramidal neurons: role of GABA(A) receptors. J
Neurosci 28: 1557-1567.

68

Galanopoulou AS, Moshe SL. 2003. Role of sex hormones in the sexually
dimorphic expression of KCC2 in rat substantia nigra. Exp Neurol 184: 1003-1009.
Galanopoulou AS, Moshe SL. 2009. The epileptic hypothesis: developmentally
related arguments based on animal models. Epilepsia 50 Suppl 7: 37-42.
Galanopoulou AS, Vidaurre J, Moshe SL. 2002. Under what circumstances can
seizures produce hippocampal injury: evidence for age-specific effects. Dev Neurosci 24:
355-363.
Galanopoulou AS, Kyrozis A, Claudio OI, Stanton PK, Moshe SL. 2003. Sexspecific KCC2 expression and GABA(A) receptor function in rat substantia nigra. Exp
Neurol 183: 628-637.
Galeffi F, Sinnar S, Schwartz-Bloom RD. 2000. Diazepam promotes ATP
recovery and prevents cytochrome c release in hippocampal slices after in vitro ischemia. J
Neurochem 75: 1242-1249.
Galeffi F, Sah R, Pond BB, George A, Schwartz-Bloom RD. 2004. Changes in
intracellular chloride after oxygen-glucose deprivation of the adult hippocampal slice: effect
of diazepam. J Neurosci 24: 4478-4488.
Ganguly K, Schinder AF, Wong ST, Poo M. 2001. GABA itself promotes the
developmental switch of neuronal GABAergic responses from excitation to inhibition. Cell
105: 521-532.
Garbarini N, Delpire E. 2008. The RCC1 domain of protein associated with
Myc (PAM) interacts with and regulates KCC2. Cell Physiol Biochem 22: 31-44.
Garzon-Muvdi T, Pacheco-Alvarez D, Gagnon KB, Vazquez N, Ponce-Coria J,
Moreno E, Delpire E, Gamba G. 2007. WNK4 kinase is a negative regulator of K+-Clcotransporters. Am J Physiol Renal Physiol 292: F1197-1207.
Gauvain G, Chamma I, Chevy Q, Cabezas C, Irinopoulou T, Bodrug N,
Carnaud M, Levi S, Poncer JC. 2011. The neuronal K-Cl cotransporter KCC2 influences
postsynaptic AMPA receptor content and lateral diffusion in dendritic spines. Proc Natl Acad
Sci U S A 108: 15474-15479.
Gavrikov KE, Nilson JE, Dmitriev AV, Zucker CL, Mangel SC. 2006.
Dendritic compartmentalization of chloride cotransporters underlies directional responses of
starburst amacrine cells in retina. Proc Natl Acad Sci U S A 103: 18793-18798.
Ge S, Pradhan DA, Ming GL, Song H. 2007. GABA sets the tempo for activitydependent adult neurogenesis. Trends Neurosci 30: 1-8.

69

Ge S, Goh EL, Sailor KA, Kitabatake Y, Ming GL, Song H. 2006. GABA
regulates synaptic integration of newly generated neurons in the adult brain. Nature 439: 589593.
Gerelsaikhan T, Turner RJ. 2000. Transmembrane topology of the secretory
Na+-K+-2Cl- cotransporter NKCC1 studied by in vitro translation. J Biol Chem 275: 4047140477.
Gilbert D, Franjic-Wurtz C, Funk K, Gensch T, Frings S, Mohrlen F. 2007.
Differential maturation of chloride homeostasis in primary afferent neurons of the
somatosensory system. Int J Dev Neurosci 25: 479-489.
Gillen CM, Brill S, Payne JA, Forbush B, 3rd. 1996. Molecular cloning and
functional expression of the K-Cl cotransporter from rabbit, rat, and human. A new member
of the cation-chloride cotransporter family. J Biol Chem 271: 16237-16244.
Glading A, Bodnar RJ, Reynolds IJ, Shiraha H, Satish L, Potter DA, Blair HC,
Wells A. 2004. Epidermal growth factor activates m-calpain (calpain II), at least in part, by
extracellular signal-regulated kinase-mediated phosphorylation. Mol Cell Biol 24: 24992512.
Glykys J, Dzhala VI, Kuchibhotla KV, Feng G, Kuner T, Augustine G, Bacskai
BJ, Staley KJ. 2009. Differences in cortical versus subcortical GABAergic signaling: a
candidate mechanism of electroclinical uncoupling of neonatal seizures. Neuron 63: 657-672.
Goll DE, Thompson VF, Li H, Wei W, Cong J. 2003. The calpain system.
Physiol Rev 83: 731-801.
Gomes AR, Correia SS, Carvalho AL, Duarte CB. 2003. Regulation of AMPA
receptor activity, synaptic targeting and recycling: role in synaptic plasticity. Neurochem Res
28: 1459-1473.
Gomes JR, Lobo AC, Melo CV, Inacio AR, Takano J, Iwata N, Saido TC, de
Almeida LP, Wieloch T, Duarte CB. 2011. Cleavage of the vesicular GABA transporter
under excitotoxic conditions is followed by accumulation of the truncated transporter in
nonsynaptic sites. J Neurosci 31: 4622-4635.
Gottmann K, Mittmann T, Lessmann V. 2009. BDNF signaling in the
formation, maturation and plasticity of glutamatergic and GABAergic synapses. Exp Brain
Res 199: 203-234.
Green NM. 1975. Avidin. Adv Protein Chem 29: 85-133.
Greger IH, Esteban JA. 2007. AMPA receptor biogenesis and trafficking. Curr
Opin Neurobiol 17: 289-297.
70

Groc L, Choquet D. 2006. AMPA and NMDA glutamate receptor trafficking:
multiple roads for reaching and leaving the synapse. Cell Tissue Res 326: 423-438.
Grosshans DR, Clayton DA, Coultrap SJ, Browning MD. 2002a. LTP leads to
rapid surface expression of NMDA but not AMPA receptors in adult rat CA1. Nat Neurosci
5: 27-33.
Grosshans DR, Clayton DA, Coultrap SJ, Browning MD. 2002b. Analysis of
glutamate receptor surface expression in acute hippocampal slices. Sci STKE 2002: pl8.
Gubellini P, Ben-Ari Y, Gaiarsa JL. 2001. Activity- and age-dependent
GABAergic synaptic plasticity in the developing rat hippocampus. Eur J Neurosci 14: 19371946.
Gulacsi A, Lee CR, Sik A, Viitanen T, Kaila K, Tepper JM, Freund TF. 2003.
Cell type-specific differences in chloride-regulatory mechanisms and GABA(A) receptormediated inhibition in rat substantia nigra. J Neurosci 23: 8237-8246.
Gulyas AI, Sik A, Payne JA, Kaila K, Freund TF. 2001. The KCl cotransporter,
KCC2, is highly expressed in the vicinity of excitatory synapses in the rat hippocampus. Eur
J Neurosci 13: 2205-2217.
Gutlerner JL, Penick EC, Snyder EM, Kauer JA. 2002. Novel protein kinase Adependent long-term depression of excitatory synapses. Neuron 36: 921-931.
Guttmann RP, Baker DL, Seifert KM, Cohen AS, Coulter DA, Lynch DR.
2001. Specific proteolysis of the NR2 subunit at multiple sites by calpain. J Neurochem 78:
1083-1093.
Hajimohammadreza I, Raser KJ, Nath R, Nadimpalli R, Scott M, Wang KK.
1997. Neuronal nitric oxide synthase and calmodulin-dependent protein kinase IIalpha
undergo neurotoxin-induced proteolysis. J Neurochem 69: 1006-1013.
Hall RA, Soderling TR. 1997a. Differential surface expression and
phosphorylation of the N-methyl-D-aspartate receptor subunits NR1 and NR2 in cultured
hippocampal neurons. J Biol Chem 272: 4135-4140.
Hall RA, Soderling TR. 1997b. Quantitation of AMPA receptor surface
expression in cultured hippocampal neurons. Neuroscience 78: 361-371.
Hall RA, Hansen A, Andersen PH, Soderling TR. 1997. Surface expression of
the AMPA receptor subunits GluR1, GluR2, and GluR4 in stably transfected baby hamster
kidney cells. J Neurochem 68: 625-630.

71

Hartmann AM, Wenz M, Mercado A, Storger C, Mount DB, Friauf E,
Nothwang HG. 2010. Differences in the large extracellular loop between the K(+)-Cl(-)
cotransporters KCC2 and KCC4. J Biol Chem 285: 23994-24002.
Hartmann AM, Blaesse P, Kranz T, Wenz M, Schindler J, Kaila K, Friauf E,
Nothwang HG. 2009. Opposite effect of membrane raft perturbation on transport activity of
KCC2 and NKCC1. J Neurochem 111: 321-331.
Hasbargen T, Ahmed MM, Miranpuri G, Li L, Kahle KT, Resnick D, Sun D.
2010. Role of NKCC1 and KCC2 in the development of chronic neuropathic pain following
spinal cord injury. Ann N Y Acad Sci 1198: 168-172.
Haut SR, Veliskova J, Moshe SL. 2004. Susceptibility of immature and adult
brains to seizure effects. Lancet Neurol 3: 608-617.
Hekmat-Scafe DS, Lundy MY, Ranga R, Tanouye MA. 2006. Mutations in the
K+/Cl- cotransporter gene kazachoc (kcc) increase seizure susceptibility in Drosophila. J
Neurosci 26: 8943-8954.
Hering H, Lin CC, Sheng M. 2003. Lipid rafts in the maintenance of synapses,
dendritic spines, and surface AMPA receptor stability. J Neurosci 23: 3262-3271.
Hershfinkel M, Kandler K, Knoch ME, Dagan-Rabin M, Aras MA,
Abramovitch-Dahan C, Sekler I, Aizenman E. 2009. Intracellular zinc inhibits KCC2
transporter activity. Nat Neurosci 12: 725-727.
Hewitt SA, Wamsteeker JI, Kurz EU, Bains JS. 2009. Altered chloride
homeostasis removes synaptic inhibitory constraint of the stress axis. Nat Neurosci 12: 438443.
Heynen AJ, Quinlan EM, Bae DC, Bear MF. 2000. Bidirectional, activitydependent regulation of glutamate receptors in the adult hippocampus in vivo. Neuron 28:
527-536.
Heynen AJ, Yoon BJ, Liu CH, Chung HJ, Huganir RL, Bear MF. 2003.
Molecular mechanism for loss of visual cortical responsiveness following brief monocular
deprivation. Nat Neurosci 6: 854-862.
Holmes GL, Ben-Ari Y. 1998. Seizures in the developing brain: perhaps not so
benign after all. Neuron 21: 1231-1234.
Holmes GL, Khazipov R, Ben-Ari Y. 2002. New concepts in neonatal seizures.
Neuroreport 13: A3-8.

72

Holopainen IE. 2008. Seizures in the developing brain: cellular and molecular
mechanisms of neuronal damage, neurogenesis and cellular reorganization. Neurochem Int
52: 935-947.
Holton KL, Loder MK, Melikian HE. 2005. Nonclassical, distinct endocytic
signals dictate constitutive and PKC-regulated neurotransmitter transporter internalization.
Nat Neurosci 8: 881-888.
Horn Z, Ringstedt T, Blaesse P, Kaila K, Herlenius E. 2010. Premature
expression of KCC2 in embryonic mice perturbs neural development by an ion transportindependent mechanism. Eur J Neurosci 31: 2142-2155.
Huang EJ, Reichardt LF. 2003. Trk receptors: roles in neuronal signal
transduction. Annu Rev Biochem 72: 609-642.
Huang Y, Ko H, Cheung ZH, Yung KK, Yao T, Wang JJ, Morozov A, Ke Y, Ip
NY, Yung WH. 2012. Dual actions of brain-derived neurotrophic factor on GABAergic
transmission in cerebellar Purkinje neurons. Exp Neurol 233: 791-798.
Huber LA, Pfaller K, Vietor I. 2003. Organelle proteomics: implications for
subcellular fractionation in proteomics. Circ Res 92: 962-968.
Huberfeld G, Wittner L, Clemenceau S, Baulac M, Kaila K, Miles R, Rivera C.
2007. Perturbed chloride homeostasis and GABAergic signaling in human temporal lobe
epilepsy. J Neurosci 27: 9866-9873.
Hubner CA, Stein V, Hermans-Borgmeyer I, Meyer T, Ballanyi K, Jentsch TJ.
2001. Disruption of KCC2 reveals an essential role of K-Cl cotransport already in early
synaptic inhibition. Neuron 30: 515-524.
Hyde TM, et al. 2011. Expression of GABA signaling molecules KCC2,
NKCC1, and GAD1 in cortical development and schizophrenia. J Neurosci 31: 11088-11095.
Hymes J, Wolf B. 2000. The use of biotinylated compounds or reagents is much
more complicated than originally thought. J Neurosci Methods 98: 171-173.
Ikeda K, et al. 2004. Malfunction of respiratory-related neuronal activity in
Na+, K+-ATPase alpha2 subunit-deficient mice is attributable to abnormal Cl- homeostasis
in brainstem neurons. J Neurosci 24: 10693-10701.
Ikeda M, Toyoda H, Yamada J, Okabe A, Sato K, Hotta Y, Fukuda A. 2003.
Differential development of cation-chloride cotransporters and Cl- homeostasis contributes to
differential GABAergic actions between developing rat visual cortex and dorsal lateral
geniculate nucleus. Brain Res 984: 149-159.

73

Inoue K, Ueno S, Fukuda A. 2004. Interaction of neuron-specific K+-Clcotransporter, KCC2, with brain-type creatine kinase. FEBS Lett 564: 131-135.
Inoue K, Yamada J, Ueno S, Fukuda A. 2006. Brain-type creatine kinase
activates neuron-specific K+-Cl- co-transporter KCC2. J Neurochem 96: 598-608.
Isaev D, Isaeva E, Khazipov R, Holmes GL. 2007. Shunting and
hyperpolarizing GABAergic inhibition in the high-potassium model of ictogenesis in the
developing rat hippocampus. Hippocampus 17: 210-219.
Jacob TC, Moss SJ, Jurd R. 2008. GABA(A) receptor trafficking and its role in
the dynamic modulation of neuronal inhibition. Nat Rev Neurosci 9: 331-343.
Jacob TC, Bogdanov YD, Magnus C, Saliba RS, Kittler JT, Haydon PG, Moss
SJ. 2005. Gephyrin regulates the cell surface dynamics of synaptic GABAA receptors. J
Neurosci 25: 10469-10478.
Jaenisch N, Witte OW, Frahm C. 2010. Downregulation of potassium chloride
cotransporter KCC2 after transient focal cerebral ischemia. Stroke 41: e151-159.
Janssen SP, Truin M, Van Kleef M, Joosten EA. 2011. Differential GABAergic
disinhibition during the development of painful peripheral neuropathy. Neuroscience 184:
183-194.
Janssen SP, Gerard S, Raijmakers ME, Truin M, Van Kleef M, Joosten EA.
2012. Decreased intracellular GABA levels contribute to spinal cord stimulation-induced
analgesia in rats suffering from painful peripheral neuropathy: the role of KCC2 and
GABA(A) receptor-mediated inhibition. Neurochem Int 60: 21-30.
Jarolimek W, Lewen A, Misgeld U. 1999. A furosemide-sensitive K+-Clcotransporter counteracts intracellular Cl- accumulation and depletion in cultured rat
midbrain neurons. J Neurosci 19: 4695-4704.
Jean-Xavier C, Pflieger JF, Liabeuf S, Vinay L. 2006. Inhibitory postsynaptic
potentials in lumbar motoneurons remain depolarizing after neonatal spinal cord transection
in the rat. J Neurophysiol 96: 2274-2281.
Jin X, Huguenard JR, Prince DA. 2005. Impaired Cl- extrusion in layer V
pyramidal neurons of chronically injured epileptogenic neocortex. J Neurophysiol 93: 21172126.
Jolivalt CG, Lee CA, Ramos KM, Calcutt NA. 2008. Allodynia and
hyperalgesia in diabetic rats are mediated by GABA and depletion of spinal potassiumchloride co-transporters. Pain 140: 48-57.

74

Jones DH, Matus AI. 1974. Isolation of synaptic plasma membrane from brain
by combined flotation-sedimentation density gradient centrifugation. Biochim Biophys Acta
356: 276-287.
Jonsdottir G, Bjarnason JB, Gudmundsdottir A. 2004. Recombinant coldadapted trypsin I from Atlantic cod-expression, purification, and identification. Protein Expr
Purif 33: 110-122.
Kahle KT, Staley KJ. 2008. The bumetanide-sensitive Na-K-2Cl cotransporter
NKCC1 as a potential target of a novel mechanism-based treatment strategy for neonatal
seizures. Neurosurg Focus 25: E22.
Kahle KT, Rinehart J, Ring A, Gimenez I, Gamba G, Hebert SC, Lifton RP.
2006. WNK protein kinases modulate cellular Cl- flux by altering the phosphorylation state
of the Na-K-Cl and K-Cl cotransporters. Physiology (Bethesda) 21: 326-335.
Kahle KT, Staley KJ, Nahed BV, Gamba G, Hebert SC, Lifton RP, Mount DB.
2008. Roles of the cation-chloride cotransporters in neurological disease. Nat Clin Pract
Neurol 4: 490-503.
Kahle KT, Rinehart J, de Los Heros P, Louvi A, Meade P, Vazquez N, Hebert
SC, Gamba G, Gimenez I, Lifton RP. 2005. WNK3 modulates transport of Cl- in and out of
cells: implications for control of cell volume and neuronal excitability. Proc Natl Acad Sci U
S A 102: 16783-16788.
Kaila K. 1994. Ionic basis of GABAA receptor channel function in the nervous
system. Prog Neurobiol 42: 489-537.
Kaila K, Voipio J, Paalasmaa P, Pasternack M, Deisz RA. 1993. The role of
bicarbonate in GABAA receptor-mediated IPSPs of rat neocortical neurones. J Physiol 464:
273-289.
Kaila K, Lamsa K, Smirnov S, Taira T, Voipio J. 1997. Long-lasting GABAmediated depolarization evoked by high-frequency stimulation in pyramidal neurons of rat
hippocampal slice is attributable to a network-driven, bicarbonate-dependent K+ transient. J
Neurosci 17: 7662-7672.
Kakazu Y, Akaike N, Komiyama S, Nabekura J. 1999. Regulation of
intracellular chloride by cotransporters in developing lateral superior olive neurons. J
Neurosci 19: 2843-2851.
Kakazu Y, Uchida S, Nakagawa T, Akaike N, Nabekura J. 2000. Reversibility
and cation selectivity of the K(+)-Cl(-) cotransport in rat central neurons. J Neurophysiol 84:
281-288.
75

Kampfl A, Posmantur RM, Zhao X, Schmutzhard E, Clifton GL, Hayes RL.
1997. Mechanisms of calpain proteolysis following traumatic brain injury: implications for
pathology and therapy: implications for pathology and therapy: a review and update. J
Neurotrauma 14: 121-134.
Kanaka C, Ohno K, Okabe A, Kuriyama K, Itoh T, Fukuda A, Sato K. 2001.
The differential expression patterns of messenger RNAs encoding K-Cl cotransporters
(KCC1,2) and Na-K-2Cl cotransporter (NKCC1) in the rat nervous system. Neuroscience
104: 933-946.
Kanold PO, Shatz CJ. 2006. Subplate neurons regulate maturation of cortical
inhibition and outcome of ocular dominance plasticity. Neuron 51: 627-638.
Karadsheh MF, Delpire E. 2001. Neuronal restrictive silencing element is found
in the KCC2 gene: molecular basis for KCC2-specific expression in neurons. J Neurophysiol
85: 995-997.
Katz LC, Shatz CJ. 1996. Synaptic activity and the construction of cortical
circuits. Science 274: 1133-1138.
Kawasaki BT, Hoffman KB, Yamamoto RS, Bahr BA. 1997. Variants of the
receptor/channel clustering molecule gephyrin in brain: distinct distribution patterns,
developmental profiles, and proteolytic cleavage by calpain. J Neurosci Res 49: 381-388.
Kelsch W, Hormuzdi S, Straube E, Lewen A, Monyer H, Misgeld U. 2001.
Insulin-like growth factor 1 and a cytosolic tyrosine kinase activate chloride outward
transport during maturation of hippocampal neurons. J Neurosci 21: 8339-8347.
Khalilov I, Dzhala V, Ben-Ari Y, Khazipov R. 1999. Dual role of GABA in the
neonatal rat hippocampus. Dev Neurosci 21: 310-319.
Khalilov I, Le Van Quyen M, Gozlan H, Ben-Ari Y. 2005. Epileptogenic
actions of GABA and fast oscillations in the developing hippocampus. Neuron 48: 787-796.
Khalilov I, et al. 2011. Enhanced Synaptic Activity and Epileptiform Events in
the Embryonic KCC2 Deficient Hippocampus. Front Cell Neurosci 5: 23.
Khazipov R, Khalilov I, Tyzio R, Morozova E, Ben-Ari Y, Holmes GL. 2004.
Developmental changes in GABAergic actions and seizure susceptibility in the rat
hippocampus. Eur J Neurosci 19: 590-600.
Khirug S, Yamada J, Afzalov R, Voipio J, Khiroug L, Kaila K. 2008.
GABAergic depolarization of the axon initial segment in cortical principal neurons is caused
by the Na-K-2Cl cotransporter NKCC1. J Neurosci 28: 4635-4639.

76

Khirug S, Huttu K, Ludwig A, Smirnov S, Voipio J, Rivera C, Kaila K,
Khiroug L. 2005. Distinct properties of functional KCC2 expression in immature mouse
hippocampal neurons in culture and in acute slices. Eur J Neurosci 21: 899-904.
Kilb W, Sinning A, Luhmann HJ. 2007. Model-specific effects of bumetanide
on epileptiform activity in the in-vitro intact hippocampus of the newborn mouse.
Neuropharmacology 53: 524-533.
Kilman V, van Rossum MC, Turrigiano GG. 2002. Activity deprivation reduces
miniature IPSC amplitude by decreasing the number of postsynaptic GABA(A) receptors
clustered at neocortical synapses. J Neurosci 22: 1328-1337.
Kishimoto A, Mikawa K, Hashimoto K, Yasuda I, Tanaka S, Tominaga M,
Kuroda T, Nishizuka Y. 1989. Limited proteolysis of protein kinase C subspecies by calciumdependent neutral protease (calpain). J Biol Chem 264: 4088-4092.
Kitamura A, Ishibashi H, Watanabe M, Takatsuru Y, Brodwick M, Nabekura J.
2008. Sustained depolarizing shift of the GABA reversal potential by glutamate receptor
activation in hippocampal neurons. Neurosci Res 62: 270-277.
Kittler JT, Moss SJ. 2003. Modulation of GABAA receptor activity by
phosphorylation and receptor trafficking: implications for the efficacy of synaptic inhibition.
Curr Opin Neurobiol 13: 341-347.
Kornblum HI, Sankar R, Shin DH, Wasterlain CG, Gall CM. 1997. Induction of
brain derived neurotrophic factor mRNA by seizures in neonatal and juvenile rat brain. Brain
Res Mol Brain Res 44: 219-228.
Kovalchuk Y, Holthoff K, Konnerth A. 2004. Neurotrophin action on a rapid
timescale. Curr Opin Neurobiol 14: 558-563.
Kriegstein AR, Owens DF. 2001. GABA may act as a self-limiting trophic
factor at developing synapses. Sci STKE 2001: pe1.
Kuczewski N, Porcher C, Lessmann V, Medina I, Gaiarsa JL. 2009. Activitydependent dendritic release of BDNF and biological consequences. Mol Neurobiol 39: 37-49.
Lagostena L, Rosato-Siri M, D'Onofrio M, Brandi R, Arisi I, Capsoni S,
Franzot J, Cattaneo A, Cherubini E. 2010. In the adult hippocampus, chronic nerve growth
factor deprivation shifts GABAergic signaling from the hyperpolarizing to the depolarizing
direction. J Neurosci 30: 885-893.
Lamsa K, Palva JM, Ruusuvuori E, Kaila K, Taira T. 2000. Synaptic GABA(A)
activation inhibits AMPA-kainate receptor-mediated bursting in the newborn (P0-P2) rat
hippocampus. J Neurophysiol 83: 359-366.
77

Lang F, Busch GL, Volkl H. 1998. The diversity of volume regulatory
mechanisms. Cell Physiol Biochem 8: 1-45.
Lee H, Chen CX, Liu YJ, Aizenman E, Kandler K. 2005. KCC2 expression in
immature rat cortical neurons is sufficient to switch the polarity of GABA responses. Eur J
Neurosci 21: 2593-2599.
Lee HH, Jurd R, Moss SJ. 2010. Tyrosine phosphorylation regulates the
membrane trafficking of the potassium chloride co-transporter KCC2. Mol Cell Neurosci 45:
173-179.
Lee HH, Deeb TZ, Walker JA, Davies PA, Moss SJ. 2011. NMDA receptor
activity downregulates KCC2 resulting in depolarizing GABAA receptor-mediated currents.
Nat Neurosci 14: 736-743.
Lee HH, Walker JA, Williams JR, Goodier RJ, Payne JA, Moss SJ. 2007.
Direct protein kinase C-dependent phosphorylation regulates the cell surface stability and
activity of the potassium chloride cotransporter KCC2. J Biol Chem 282: 29777-29784.
Lee KS, Frank S, Vanderklish P, Arai A, Lynch G. 1991. Inhibition of
proteolysis protects hippocampal neurons from ischemia. Proc Natl Acad Sci U S A 88:
7233-7237.
Lee MS, Kwon YT, Li M, Peng J, Friedlander RM, Tsai LH. 2000.
Neurotoxicity induces cleavage of p35 to p25 by calpain. Nature 405: 360-364.
Leitch E, Coaker J, Young C, Mehta V, Sernagor E. 2005. GABA type-A
activity controls its own developmental polarity switch in the maturing retina. J Neurosci 25:
4801-4805.
Li H, Tornberg J, Kaila K, Airaksinen MS, Rivera C. 2002. Patterns of cationchloride cotransporter expression during embryonic rodent CNS development. Eur J Neurosci
16: 2358-2370.
Li H, et al. 2007. KCC2 interacts with the dendritic cytoskeleton to promote
spine development. Neuron 56: 1019-1033.
Li X, Zhou J, Chen Z, Chen S, Zhu F, Zhou L. 2008. Long-term expressional
changes of Na+ -K+ -Cl- co-transporter 1 (NKCC1) and K+ -Cl- co-transporter 2 (KCC2) in
CA1 region of hippocampus following lithium-pilocarpine induced status epilepticus (PISE).
Brain Res 1221: 141-146.
Liang J, Suryanarayanan A, Abriam A, Snyder B, Olsen RW, Spigelman I.
2007. Mechanisms of reversible GABAA receptor plasticity after ethanol intoxication. J
Neurosci 27: 12367-12377.
78

Ling DS, Benardo LS. 1995. Recruitment of GABAA inhibition in rat
neocortex is limited and not NMDA dependent. J Neurophysiol 74: 2329-2335.
Liu F, Grundke-Iqbal I, Iqbal K, Oda Y, Tomizawa K, Gong CX. 2005.
Truncation and activation of calcineurin A by calpain I in Alzheimer disease brain. J Biol
Chem 280: 37755-37762.
Liu G. 2004. Local structural balance and functional interaction of excitatory
and inhibitory synapses in hippocampal dendrites. Nat Neurosci 7: 373-379.
Liu J, Liu MC, Wang KK. 2008a. Calpain in the CNS: from synaptic function
to neurotoxicity. Sci Signal 1: re1.
Liu J, Liu MC, Wang KK. 2008b. Physiological and pathological actions of
calpains in glutamatergic neurons. Sci Signal 1: tr3.
Liu Y, Chen J, Song T, Hu C, Tang Y, Zhang X, Zhao J. 2009. Contribution of
K+-Cl- cotransporter 2 in MK-801-induced impairment of long term potentiation. Behav
Brain Res 201: 300-304.
Liu Z, Neff RA, Berg DK. 2006. Sequential interplay of nicotinic and
GABAergic signaling guides neuronal development. Science 314: 1610-1613.
Loder MK, Melikian HE. 2003. The dopamine transporter constitutively
internalizes and recycles in a protein kinase C-regulated manner in stably transfected PC12
cell lines. J Biol Chem 278: 22168-22174.
Lohrke S, Srinivasan G, Oberhofer M, Doncheva E, Friauf E. 2005. Shift from
depolarizing to hyperpolarizing glycine action occurs at different perinatal ages in superior
olivary complex nuclei. Eur J Neurosci 22: 2708-2722.
Lu J, Karadsheh M, Delpire E. 1999. Developmental regulation of the neuronalspecific isoform of K-Cl cotransporter KCC2 in postnatal rat brains. J Neurobiol 39: 558-568.
Lu X, Rong Y, Baudry M. 2000. Calpain-mediated degradation of PSD-95 in
developing and adult rat brain. Neurosci Lett 286: 149-153.
Lu X, Wyszynski M, Sheng M, Baudry M. 2001. Proteolysis of glutamate
receptor-interacting protein by calpain in rat brain: implications for synaptic plasticity. J
Neurochem 77: 1553-1560.
Lu Y, Zheng J, Xiong L, Zimmermann M, Yang J. 2008. Spinal cord injuryinduced attenuation of GABAergic inhibition in spinal dorsal horn circuits is associated with
down-regulation of the chloride transporter KCC2 in rat. J Physiol 586: 5701-5715.

79

Ludwig A, Li H, Saarma M, Kaila K, Rivera C. 2003. Developmental upregulation of KCC2 in the absence of GABAergic and glutamatergic transmission. Eur J
Neurosci 18: 3199-3206.
Ludwig A, Uvarov P, Soni S, Thomas-Crusells J, Airaksinen MS, Rivera C.
2011a. Early growth response 4 mediates BDNF induction of potassium chloride
cotransporter 2 transcription. J Neurosci 31: 644-649.
Ludwig A, Uvarov P, Pellegrino C, Thomas-Crusells J, Schuchmann S, Saarma
M, Airaksinen MS, Rivera C. 2011b. Neurturin evokes MAPK-dependent upregulation of
Egr4 and KCC2 in developing neurons. Neural Plast 2011: 1-8.
Luna EJ. 2001. Biotinylation of proteins in solution and on cell surfaces. Curr
Protoc Protein Sci Chapter 3: Unit 3 6.
Lund R, Leth-Larsen R, Jensen ON, Ditzel HJ. 2009. Efficient isolation and
quantitative proteomic analysis of cancer cell plasma membrane proteins for identification of
metastasis-associated cell surface markers. J Proteome Res 8: 3078-3090.
Lynch DR, Gleichman AJ. 2007. Picking up the pieces: the roles of functional
remnants of calpain-mediated proteolysis. Neuron 53: 317-319.
Lynch G, Baudry M. 1984. The biochemistry of memory: a new and specific
hypothesis. Science 224: 1057-1063.
MacAulay N, Hamann S, Zeuthen T. 2004. Water transport in the brain: role of
cotransporters. Neuroscience 129: 1031-1044.
Malek SA, Coderre E, Stys PK. 2003. Aberrant chloride transport contributes to
anoxic/ischemic white matter injury. J Neurosci 23: 3826-3836.
Malinow R, Malenka RC. 2002. AMPA receptor trafficking and synaptic
plasticity. Annu Rev Neurosci 25: 103-126.
Malinow R, Mainen ZF, Hayashi Y. 2000. LTP mechanisms: from silence to
four-lane traffic. Curr Opin Neurobiol 10: 352-357.
Mao X, Ma P, Cao D, Sun C, Ji Z, Min D, Sun H, Xie N, Cai J, Cao Y. 2011.
Altered expression of GABAA receptors (alpha4, gamma2 subunit), potassium chloride
cotransporter 2 and astrogliosis in tremor rat hippocampus. Brain Res Bull 86: 373-379.
Mao X, et al. 2012. Topiramate attenuates cerebral ischemia/reperfusion injury
in gerbils via activating GABAergic signaling and inhibiting astrogliosis. Neurochem Int 60:
39-46.

80

Markkanen M, Uvarov P, Airaksinen MS. 2008. Role of upstream stimulating
factors in the transcriptional regulation of the neuron-specific K-Cl cotransporter KCC2.
Brain Res 1236: 8-15.
Martina M, Royer S, Pare D. 2001. Cell-type-specific GABA responses and
chloride homeostasis in the cortex and amygdala. J Neurophysiol 86: 2887-2895.
Marty A, Llano I. 2005. Excitatory effects of GABA in established brain
networks. Trends Neurosci 28: 284-289.
Marty S, Berninger B, Carroll P, Thoenen H. 1996. GABAergic stimulation
regulates the phenotype of hippocampal interneurons through the regulation of brain-derived
neurotrophic factor. Neuron 16: 565-570.
Marty S, Wehrle R, Alvarez-Leefmans FJ, Gasnier B, Sotelo C. 2002. Postnatal
maturation of Na+, K+, 2Cl- cotransporter expression and inhibitory synaptogenesis in the rat
hippocampus: an immunocytochemical analysis. Eur J Neurosci 15: 233-245.
Matrisciano F, et al. 2010. Enhanced expression of the neuronal K+/Clcotransporter, KCC2, in spontaneously depressed Flinders Sensitive Line rats. Brain Res
1325: 112-120.
Mattson G, Conklin E, Desai S, Nielander G, Savage MD, Morgensen S. 1993.
A practical approach to crosslinking. Mol Biol Rep 17: 167-183.
Mazarati A, Shin D, Sankar R. 2009. Bumetanide inhibits rapid kindling in
neonatal rats. Epilepsia 50: 2117-2122.
Medina I, Chudotvorova I. 2006. GABA neurotransmission and neural cationchloride co-transporters: actions beyond ion transport. Crit Rev Neurobiol 18: 105-112.
Mercado A, Mount DB, Gamba G. 2004. Electroneutral cation-chloride
cotransporters in the central nervous system. Neurochem Res 29: 17-25.
Mercado A, Broumand V, Zandi-Nejad K, Enck AH, Mount DB. 2006. A Cterminal domain in KCC2 confers constitutive K+-Cl- cotransport. J Biol Chem 281: 10161026.
Mikawa S, Wang C, Shu F, Wang T, Fukuda A, Sato K. 2002. Developmental
changes in KCC1, KCC2 and NKCC1 mRNAs in the rat cerebellum. Brain Res Dev Brain
Res 136: 93-100.
Milenkovic I, Witte M, Turecek R, Heinrich M, Reinert T, Rubsamen R. 2007.
Development of chloride-mediated inhibition in neurons of the anteroventral cochlear nucleus
of gerbil (Meriones unguiculatus). J Neurophysiol 98: 1634-1644.

81

Miles R BP, Huberfeld G, Wittner L, Kaila K. 2012. Chloride homeostasis and
GABA signaling in temporal lobe epilepsy. In: Jasper's Basic Mechanisms of the Epilepsies
(Noebels JL, Avoli M, Rogawski MA, Olsen RW, Delgado-Escueta AV, eds). Pages in press:
Oxford University Press.
Miletic G, Miletic V. 2008. Loose ligation of the sciatic nerve is associated with
TrkB receptor-dependent decreases in KCC2 protein levels in the ipsilateral spinal dorsal
horn. Pain 137: 532-539.
Mizoguchi Y, Ishibashi H, Nabekura J. 2003. The action of BDNF on
GABA(A) currents changes from potentiating to suppressing during maturation of rat
hippocampal CA1 pyramidal neurons. J Physiol 548: 703-709.
Mody I. 2005. Aspects of the homeostaic plasticity of GABAA receptormediated inhibition. J Physiol 562: 37-46.
Molinaro G, Battaglia G, Riozzi B, Di Menna L, Rampello L, Bruno V,
Nicoletti F. 2009. Memantine treatment reduces the expression of the K(+)/Cl(-)
cotransporter KCC2 in the hippocampus and cerebral cortex, and attenuates behavioural
responses mediated by GABA(A) receptor activation in mice. Brain Res 1265: 75-79.
Molinaro G, Battaglia G, Riozzi B, Storto M, Fucile S, Eusebi F, Nicoletti F,
Bruno V. 2008. GABAergic drugs become neurotoxic in cortical neurons pre-exposed to
brain-derived neurotrophic factor. Mol Cell Neurosci 37: 312-322.
Moshe SL. 1987. Epileptogenesis and the immature brain. Epilepsia 28 Suppl 1:
S3-15.
Moshe SL, Albala BJ, Ackermann RF, Engel J, Jr. 1983. Increased seizure
susceptibility of the immature brain. Brain Res 283: 81-85.
Moseley AE, Lieske SP, Wetzel RK, James PF, He S, Shelly DA, Paul RJ,
Boivin GP, Witte DP, Ramirez JM, Sweadner KJ, Lingrel JB. 2003. The Na,K-ATPase alpha
2 isoform is expressed in neurons, and its absence disrupts neuronal activity in newborn mice.
J Biol Chem. 278: 5317-5324.
Mount DB, Gamba G. 2001. Renal potassium-chloride cotransporters. Curr
Opin Nephrol Hypertens 10: 685-691.
Munakata M, Watanabe M, Otsuki T, Nakama H, Arima K, Itoh M, Nabekura J,
Iinuma K, Tsuchiya S. 2007. Altered distribution of KCC2 in cortical dysplasia in patients
with intractable epilepsy. Epilepsia 48: 837-844.

82

Munoz A, Mendez P, DeFelipe J, Alvarez-Leefmans FJ. 2007. Cation-chloride
cotransporters and GABA-ergic innervation in the human epileptic hippocampus. Epilepsia
48: 663-673.
Nabekura J, Ueno T, Okabe A, Furuta A, Iwaki T, Shimizu-Okabe C, Fukuda
A, Akaike N. 2002. Reduction of KCC2 expression and GABAA receptor-mediated
excitation after in vivo axonal injury. J Neurosci 22: 4412-4417.
Nardou R, Ben-Ari Y, Khalilov I. 2009. Bumetanide, an NKCC1 antagonist,
does not prevent formation of epileptogenic focus but blocks epileptic focus seizures in
immature rat hippocampus. J Neurophysiol 101: 2878-2888.
Nardou R, Yamamoto S, Chazal G, Bhar A, Ferrand N, Dulac O, Ben-Ari Y,
Khalilov I. 2011. Neuronal chloride accumulation and excitatory GABA underlie aggravation
of neonatal epileptiform activities by phenobarbital. Brain 134: 987-1002.
Neumar RW, Xu YA, Gada H, Guttmann RP, Siman R. 2003. Cross-talk
between calpain and caspase proteolytic systems during neuronal apoptosis. J Biol Chem
278: 14162-14167.
Nielsen PA, Olsen JV, Podtelejnikov AV, Andersen JR, Mann M, Wisniewski
JR. 2005. Proteomic mapping of brain plasma membrane proteins. Mol Cell Proteomics 4:
402-408.
Nomura H, Sakai A, Nagano M, Umino M, Suzuki H. 2006. Expression
changes of cation chloride cotransporters in the rat spinal cord following intraplantar
formalin. Neurosci Res 56: 435-440.
Obrietan K, Gao XB, Van Den Pol AN. 2002. Excitatory actions of GABA
increase BDNF expression via a MAPK-CREB-dependent mechanism-a positive feedback
circuit in developing neurons. J Neurophysiol 88: 1005-1015.
Olsen JV, Blagoev B, Gnad F, Macek B, Kumar C, Mortensen P, Mann M.
2006. Global, in vivo, and site-specific phosphorylation dynamics in signaling networks. Cell
127: 635-648.
Orlowski J, Lingrel JB. 1988. Tisue-specific and develoopmental regulation of
rat Na,K-ATPase catalytic

isoform and

subunit mRNAs. J Biol Chem 263: 10436-10442.

Ormond J, Woodin MA. 2011. Disinhibition-Mediated LTP in the
Hippocampus is Synapse Specific. Front Cell Neurosci 5: 17.
Ortiz PA. 2006. cAMP increases surface expression of NKCC2 in rat thick
ascending limbs: role of VAMP. Am J Physiol Renal Physiol 290: F608-616.

83

Ouardouz M, Sastry BR. 2005. Activity-mediated shift in reversal potential of
GABA-ergic synaptic currents in immature neurons. Brain Res Dev Brain Res 160: 78-84.
Owens DF, Kriegstein AR. 2002. Is there more to GABA than synaptic
inhibition? Nat Rev Neurosci 3: 715-727.
Palma E, et al. 2006. Anomalous levels of Cl- transporters in the hippocampal
subiculum from temporal lobe epilepsy patients make GABA excitatory. Proc Natl Acad Sci
U S A 103: 8465-8468.
Palva JM, Lamsa K, Lauri SE, Rauvala H, Kaila K, Taira T. 2000. Fast network
oscillations in the newborn rat hippocampus in vitro. J Neurosci 20: 1170-1178.
Papp E, Rivera C, Kaila K, Freund TF. 2008. Relationship between neuronal
vulnerability and potassium-chloride cotransporter 2 immunoreactivity in hippocampus
following transient forebrain ischemia. Neuroscience 154: 677-689.
Parvin MN, Gerelsaikhan T, Turner RJ. 2007. Regions in the cytosolic Cterminus of the secretory Na(+)-K(+)-2Cl(-) cotransporter NKCC1 are required for its
homodimerization. Biochemistry 46: 9630-9637.
Pathak HR, Weissinger F, Terunuma M, Carlson GC, Hsu FC, Moss SJ, Coulter
DA. 2007. Disrupted dentate granule cell chloride regulation enhances synaptic excitability
during development of temporal lobe epilepsy. J Neurosci 27: 14012-14022.
Payne JA. 1997. Functional characterization of the neuronal-specific K-Cl
cotransporter: implications for [K+]o regulation. Am J Physiol 273: C1516-1525.
Payne JA, Stevenson TJ, Donaldson LF. 1996. Molecular characterization of a
putative K-Cl cotransporter in rat brain. A neuronal-specific isoform. J Biol Chem 271:
16245-16252.
Payne JA, Rivera C, Voipio J, Kaila K. 2003. Cation-chloride co-transporters in
neuronal communication, development and trauma. Trends Neurosci 26: 199-206.
Pedersen M, Carmosino M, Forbush B. 2008. Intramolecular and intermolecular
fluorescence resonance energy transfer in fluorescent protein-tagged Na-K-Cl cotransporter
(NKCC1): sensitivity to regulatory conformational change and cell volume. J Biol Chem 283:
2663-2674.
Peirce MJ, Wait R, Begum S, Saklatvala J, Cope AP. 2004. Expression
profiling of lymphocyte plasma membrane proteins. Mol Cell Proteomics 3: 56-65.
Pellegrino C, et al. 2011. Knocking down of the KCC2 in rat hippocampal
neurons increases intracellular chloride concentration and compromises neuronal survival. J
Physiol 589: 2475-2496.
84

Pfeffer CK, Stein V, Keating DJ, Maier H, Rinke I, Rudhard Y, Hentschke M,
Rune GM, Jentsch TJ, Hubner CA. 2009. NKCC1-dependent GABAergic excitation drives
synaptic network maturation during early hippocampal development. J Neurosci 29: 34193430.
Pieraut S, Lucas O, Sangari S, Sar C, Boudes M, Bouffi C, Noel D, Scamps F.
2011. An autocrine neuronal interleukin-6 loop mediates chloride accumulation and NKCC1
phosphorylation in axotomized sensory neurons. J Neurosci 31: 13516-13526.
Pieraut S, Laurent-Matha V, Sar C, Hubert T, Mechaly I, Hilaire C, Mersel M,
Delpire E, Valmier J, Scamps F. 2007. NKCC1 phosphorylation stimulates neurite growth of
injured adult sensory neurons. J Neurosci 27: 6751-6759.
Pike BR, Zhao X, Newcomb JK, Wang KK, Posmantur RM, Hayes RL. 1998.
Temporal relationships between de novo protein synthesis, calpain and caspase 3-like
protease activation, and DNA fragmentation during apoptosis in septo-hippocampal cultures.
J Neurosci Res 52: 505-520.
Pike BR, Flint J, Dutta S, Johnson E, Wang KK, Hayes RL. 2001.
Accumulation of non-erythroid alpha II-spectrin and calpain-cleaved alpha II-spectrin
breakdown products in cerebrospinal fluid after traumatic brain injury in rats. J Neurochem
78: 1297-1306.
Pond BB, Galeffi F, Ahrens R, Schwartz-Bloom RD. 2004. Chloride transport
inhibitors influence recovery from oxygen-glucose deprivation-induced cellular injury in
adult hippocampus. Neuropharmacology 47: 253-262.
Porcher C, Hatchett C, Longbottom RE, McAinch K, Sihra TS, Moss SJ,
Thomson AM, Jovanovic JN. 2011. Positive feedback regulation between gammaaminobutyric acid type A (GABA(A)) receptor signaling and brain-derived neurotrophic
factor (BDNF) release in developing neurons. J Biol Chem 286: 21667-21677.
Posmantur R, Kampfl A, Siman R, Liu J, Zhao X, Clifton GL, Hayes RL. 1997.
A calpain inhibitor attenuates cortical cytoskeletal protein loss after experimental traumatic
brain injury in the rat. Neuroscience 77: 875-888.
Pozas E, Paco S, Soriano E, Aguado F. 2008. Cajal-Retzius cells fail to trigger
the developmental expression of the Cl- extruding co-transporter KCC2. Brain Res 1239: 8591.
Prescott SA, Sejnowski TJ, De Koninck Y. 2006. Reduction of anion reversal
potential subverts the inhibitory control of firing rate in spinal lamina I neurons: towards a
biophysical basis for neuropathic pain. Mol Pain 2: 32.
85

Price TJ, Cervero F, Gold MS, Hammond DL, Prescott SA. 2009. Chloride
regulation in the pain pathway. Brain Res Rev 60: 149-170.
Ratte S, Prescott SA. 2011. ClC-2 channels regulate neuronal excitability, not
intracellular chloride levels. J Neurosci 31: 15838-15843.
Raynaud F, Marcilhac A. 2006. Implication of calpain in neuronal apoptosis. A
possible regulation of Alzheimer's disease. FEBS J 273: 3437-3443.
Reali C, Fernandez A, Radmilovich M, Trujillo-Cenoz O, Russo RE. 2011.
GABAergic signalling in a neurogenic niche of the turtle spinal cord. J Physiol 589: 56335647.
Rechsteiner M, Rogers SW. 1996. PEST sequences and regulation by
proteolysis. Trends Biochem Sci 21: 267-271.
Reid KH, Guo SZ, Iyer VG. 2000. Agents which block potassium-chloride
cotransport prevent sound-triggered seizures in post-ischemic audiogenic seizure-prone rats.
Brain Res 864: 134-137.
Reid KH, Li GY, Payne RS, Schurr A, Cooper NG. 2001. The mRNA level of
the potassium-chloride cotransporter KCC2 covaries with seizure susceptibility in inferior
colliculus of the post-ischemic audiogenic seizure-prone rat. Neurosci Lett 308: 29-32.
Represa A, Ben-Ari Y. 2005. Trophic actions of GABA on neuronal
development. Trends Neurosci 28: 278-283.
Reynolds A, Brustein E, Liao M, Mercado A, Babilonia E, Mount DB, Drapeau
P. 2008. Neurogenic role of the depolarizing chloride gradient revealed by global
overexpression of KCC2 from the onset of development. J Neurosci 28: 1588-1597.
Riekki R, Pavlov I, Tornberg J, Lauri SE, Airaksinen MS, Taira T. 2008.
Altered synaptic dynamics and hippocampal excitability but normal long-term plasticity in
mice lacking hyperpolarizing GABA A receptor-mediated inhibition in CA1 pyramidal
neurons. J Neurophysiol 99: 3075-3089.
Rinehart J, Vazquez N, Kahle KT, Hodson CA, Ring AM, Gulcicek EE, Louvi
A, Bobadilla NA, Gamba G, Lifton RP. 2011. WNK2 kinase is a novel regulator of essential
neuronal cation-chloride cotransporters. J Biol Chem 286: 30171-30180.
Rinehart J, et al. 2009. Sites of regulated phosphorylation that control K-Cl
cotransporter activity. Cell 138: 525-536.
Rivera C, Voipio J, Kaila K. 2005. Two developmental switches in GABAergic
signalling: the K+-Cl- cotransporter KCC2 and carbonic anhydrase CAVII. J Physiol 562:
27-36.
86

Rivera C, Voipio J, Payne JA, Ruusuvuori E, Lahtinen H, Lamsa K, Pirvola U,
Saarma M, Kaila K. 1999. The K+/Cl- co-transporter KCC2 renders GABA hyperpolarizing
during neuronal maturation. Nature 397: 251-255.
Rivera C, Voipio J, Thomas-Crusells J, Li H, Emri Z, Sipila S, Payne JA,
Minichiello L, Saarma M, Kaila K. 2004. Mechanism of activity-dependent downregulation
of the neuron-specific K-Cl cotransporter KCC2. J Neurosci 24: 4683-4691.
Rivera C, et al. 2002. BDNF-induced TrkB activation down-regulates the K+Cl- cotransporter KCC2 and impairs neuronal Cl- extrusion. J Cell Biol 159: 747-752.
Robinson S, Mikolaenko I, Thompson I, Cohen ML, Goyal M. 2010. Loss of
cation-chloride cotransporter expression in preterm infants with white matter lesions:
implications for the pathogenesis of epilepsy. J Neuropathol Exp Neurol 69: 565-572.
Rogers S, Wells R, Rechsteiner M. 1986. Amino acid sequences common to
rapidly degraded proteins: the PEST hypothesis. Science 234: 364-368.
Russell JM. 2000. Sodium-potassium-chloride cotransport. Physiol Rev 80:
211-276.
Saido TC, Sorimachi H, Suzuki K. 1994. Calpain: new perspectives in
molecular diversity and physiological-pathological involvement. FASEB J 8: 814-822.
Saito K, Elce JS, Hamos JE, Nixon RA. 1993. Widespread activation of
calcium-activated neutral proteinase (calpain) in the brain in Alzheimer disease: a potential
molecular basis for neuronal degeneration. Proc Natl Acad Sci U S A 90: 2628-2632.
Sandoval IV, Weber K. 1978. Calcium-induced inactivation of microtubule
formation in brain extracts. Presence of a calcium-dependent protease acting on
polymerization-stimulating microtubule-associated proteins. Eur J Biochem 92: 463-470.
Sarkar J, Wakefield S, MacKenzie G, Moss SJ, Maguire J. 2011.
Neurosteroidogenesis is required for the physiological response to stress: role of
neurosteroid-sensitive GABAA receptors. J Neurosci 31: 18198-18210.
Scantlebury MH, Heida JG, Hasson HJ, Veliskova J, Velisek L, Galanopoulou
AS, Moshe SL. 2007. Age-dependent consequences of status epilepticus: animal models.
Epilepsia 48 Suppl 2: 75-82.
Schafer DP, Jha S, Liu F, Akella T, McCullough LD, Rasband MN. 2009.
Disruption of the axon initial segment cytoskeleton is a new mechanism for neuronal injury. J
Neurosci 29: 13242-13254.

87

Scheurer SB, Rybak JN, Roesli C, Brunisholz RA, Potthast F, Schlapbach R,
Neri D, Elia G. 2005. Identification and relative quantification of membrane proteins by
surface biotinylation and two-dimensional peptide mapping. Proteomics 5: 2718-2728.
Schomberg SL, Bauer J, Kintner DB, Su G, Flemmer A, Forbush B, Sun D.
2003. Cross talk between the GABA(A) receptor and the Na-K-Cl cotransporter is mediated
by intracellular Cl. J Neurophysiol 89: 159-167.
Schwartz-Bloom

RD,

Sah

R.

2001.

gamma-Aminobutyric

acid(A)

neurotransmission and cerebral ischemia. J Neurochem 77: 353-371.
Sernagor E, Young C, Eglen SJ. 2003. Developmental modulation of retinal
wave dynamics: shedding light on the GABA saga. J Neurosci 23: 7621-7629.
Seubert P, Nakagawa Y, Ivy G, Vanderklish P, Baudry M, Lynch G. 1989.
Intrahippocampal colchicine injection results in spectrin proteolysis. Neuroscience 31: 195202.
Shao H, Chou J, Baty CJ, Burke NA, Watkins SC, Stolz DB, Wells A. 2006.
Spatial localization of m-calpain to the plasma membrane by phosphoinositide biphosphate
binding during epidermal growth factor receptor-mediated activation. Mol Cell Biol 26:
5481-5496.
Shibata S, Kakazu Y, Okabe A, Fukuda A, Nabekura J. 2004. Experiencedependent changes in intracellular Cl- regulation in developing auditory neurons. Neurosci
Res 48: 211-220.
Shimizu-Okabe C, Okabe A, Kilb W, Sato K, Luhmann HJ, Fukuda A. 2007.
Changes in the expression of cation-Cl- cotransporters, NKCC1 and KCC2, during cortical
malformation induced by neonatal freeze-lesion. Neurosci Res 59: 288-295.
Shimizu-Okabe C, Yokokura M, Okabe A, Ikeda M, Sato K, Kilb W, Luhmann
HJ, Fukuda A. 2002. Layer-specific expression of Cl- transporters and differential [Cl-]i in
newborn rat cortex. Neuroreport 13: 2433-2437.
Shimizu-Okabe C, Tanaka M, Matsuda K, Mihara T, Okabe A, Sato K, Inoue
Y, Fujiwara T, Yagi K, Fukuda A. 2011. KCC2 was downregulated in small neurons
localized in epileptogenic human focal cortical dysplasia. Epilepsy Res 93: 177-184.
Shin HJ, et al. 2011. Effect of the calcineurin inhibitor FK506 on K(+)-Cl (-)
cotransporter 2 expression in the mouse hippocampus after kainic acid-induced status
epilepticus. J Neural Transm.
Shiosaka S. 2004. Serine proteases regulating synaptic plasticity. Anat Sci Int
79: 137-144.
88

Shulga A, Blaesse A, Kysenius K, Huttunen HJ, Tanhuanpaa K, Saarma M,
Rivera C. 2009. Thyroxin regulates BDNF expression to promote survival of injured neurons.
Mol Cell Neurosci 42: 408-418.
Shulga A, et al. 2008. Posttraumatic GABA(A)-mediated [Ca2+]i increase is
essential for the induction of brain-derived neurotrophic factor-dependent survival of mature
central neurons. J Neurosci 28: 6996-7005.
Shulga A, et al. 2012. The Loop Diuretic Bumetanide Blocks Posttraumatic
p75NTR Upregulation and Rescues Injured Neurons. J Neurosci 32: 1757-1770.
Silverstein FS, Jensen FE. 2007. Neonatal seizures. Ann Neurol 62: 112-120.
Siman R, Noszek JC. 1988. Excitatory amino acids activate calpain I and
induce structural protein breakdown in vivo. Neuron 1: 279-287.
Siman R, Baudry M, Lynch G. 1984. Brain fodrin: substrate for calpain I, an
endogenous calcium-activated protease. Proc Natl Acad Sci U S A 81: 3572-3576.
Siman R, Noszek JC, Kegerise C. 1989. Calpain I activation is specifically
related to excitatory amino acid induction of hippocampal damage. J Neurosci 9: 1579-1590.
Simard CF, Bergeron MJ, Frenette-Cotton R, Carpentier GA, Pelchat ME,
Caron L, Isenring P. 2007. Homooligomeric and heterooligomeric associations between K+Cl- cotransporter isoforms and between K+-Cl- and Na+-K+-Cl- cotransporters. J Biol Chem
282: 18083-18093.
Sipila ST, Schuchmann S, Voipio J, Yamada J, Kaila K. 2006. The cationchloride cotransporter NKCC1 promotes sharp waves in the neonatal rat hippocampus. J
Physiol 573: 765-773.
Sipila ST, Huttu K, Yamada J, Afzalov R, Voipio J, Blaesse P, Kaila K. 2009.
Compensatory enhancement of intrinsic spiking upon NKCC1 disruption in neonatal
hippocampus. J Neurosci 29: 6982-6988.
Smith RL, Clayton GH, Wilcox CL, Escudero KW, Staley KJ. 1995.
Differential expression of an inwardly rectifying chloride conductance in rat brain neurons: a
potential mechanism for cell-specific modulation of postsynaptic inhibition. J Neurosci 15:
4057-4067.
Song L, Mercado A, Vazquez N, Xie Q, Desai R, George AL, Jr., Gamba G,
Mount DB. 2002. Molecular, functional, and genomic characterization of human KCC2, the
neuronal K-Cl cotransporter. Brain Res Mol Brain Res 103: 91-105.
Spitzer NC. 2010. How GABA generates depolarization. J Physiol 588: 757758.
89

Stabach PR, Cianci CD, Glantz SB, Zhang Z, Morrow JS. 1997. Site-directed
mutagenesis of alpha II spectrin at codon 1175 modulates its mu-calpain susceptibility.
Biochemistry 36: 57-65.
Staley KJ, Mody I. 1992. Shunting of excitatory input to dentate gyrus granule
cells by a depolarizing GABAA receptor-mediated postsynaptic conductance. J Neurophysiol
68: 197-212.
Staley KJ, Proctor WR. 1999. Modulation of mammalian dendritic GABA(A)
receptor function by the kinetics of Cl- and HCO3- transport. J Physiol 519 Pt 3: 693-712.
Staley KJ, Soldo BL, Proctor WR. 1995. Ionic mechanisms of neuronal
excitation by inhibitory GABAA receptors. Science 269: 977-981.
Staros

JV.

1982.

N-hydroxysulfosuccinimide

active

esters:

bis(N-

hydroxysulfosuccinimide) esters of two dicarboxylic acids are hydrophilic, membraneimpermeant, protein cross-linkers. Biochemistry 21: 3950-3955.
Stein V, Hermans-Borgmeyer I, Jentsch TJ, Hubner CA. 2004. Expression of
the KCl cotransporter KCC2 parallels neuronal maturation and the emergence of low
intracellular chloride. J Comp Neurol 468: 57-64.
Sterling P. 2003. Principles of allostasis: optimal design, predictive regulation,
pathophysiology and rational therapeutics. in Schulkin J, ed. Allostasis, Homeostasis, and the
Costs of Adaptation., MIT Press.
Stil A, Jean-Xavier C, Liabeuf S, Brocard C, Delpire E, Vinay L, Viemari JC.
2011. Contribution of the potassium-chloride co-transporter KCC2 to the modulation of
lumbar spinal networks in mice. Eur J Neurosci 33: 1212-1222.
Strange K, Singer TD, Morrison R, Delpire E. 2000. Dependence of KCC2 KCl cotransporter activity on a conserved carboxy terminus tyrosine residue. Am J Physiol Cell
Physiol 279: C860-867.
Szabadics J, Varga C, Molnar G, Olah S, Barzo P, Tamas G. 2006. Excitatory
effect of GABAergic axo-axonic cells in cortical microcircuits. Science 311: 233-235.
Takayama C, Inoue Y. 2006. Developmental localization of potassium chloride
co-transporter 2 in granule cells of the early postnatal mouse cerebellum with special
reference to the synapse formation. Neuroscience 143: 757-767.
Takayama C, Inoue Y. 2010. Developmental localization of potassium chloride
co-transporter 2 (KCC2), GABA and vesicular GABA transporter (VGAT) in the postnatal
mouse somatosensory cortex. Neurosci Res 67: 137-148.

90

Thomas-Crusells J, Vieira A, Saarma M, Rivera C. 2003. A novel method for
monitoring surface membrane trafficking on hippocampal acute slice preparation. J Neurosci
Methods 125: 159-166.
Thompson SM, Gahwiler BH. 1989. Activity-dependent disinhibition. II.
Effects of extracellular potassium, furosemide, and membrane potential on ECl- in
hippocampal CA3 neurons. J Neurophysiol 61: 512-523.
Titz S, Hans M, Kelsch W, Lewen A, Swandulla D, Misgeld U. 2003.
Hyperpolarizing inhibition develops without trophic support by GABA in cultured rat
midbrain neurons. J Physiol 550: 719-730.
Tomimatsu Y, Idemoto S, Moriguchi S, Watanabe S, Nakanishi H. 2002.
Proteases involved in long-term potentiation. Life Sci 72: 355-361.
Tompa P, Buzder-Lantos P, Tantos A, Farkas A, Szilagyi A, Banoczi Z, Hudecz
F, Friedrich P. 2004. On the sequential determinants of calpain cleavage. J Biol Chem 279:
20775-20785.
Tornberg J, Voikar V, Savilahti H, Rauvala H, Airaksinen MS. 2005.
Behavioural phenotypes of hypomorphic KCC2-deficient mice. Eur J Neurosci 21: 13271337.
Tornberg J, Segerstrale M, Kulesskaya N, Voikar V, Taira T, Airaksinen MS.
2007. KCC2-deficient mice show reduced sensitivity to diazepam, but normal alcoholinduced motor impairment, gaboxadol-induced sedation, and neurosteroid-induced hypnosis.
Neuropsychopharmacology 32: 911-918.
Toyoda H, Ohno K, Yamada J, Ikeda M, Okabe A, Sato K, Hashimoto K,
Fukuda A. 2003. Induction of NMDA and GABAA receptor-mediated Ca2+ oscillations with
KCC2 mRNA downregulation in injured facial motoneurons. J Neurophysiol 89: 1353-1362.
Toyoda H, Yamada J, Ueno S, Okabe A, Kato H, Sato K, Hashimoto K, Fukuda
A. 2005. Differential functional expression of cation-Cl- cotransporter mRNAs (KCC1,
KCC2, and NKCC1) in rat trigeminal nervous system. Brain Res Mol Brain Res 133: 12-18.
Turrigiano GG, Nelson SB. 2004. Homeostatic plasticity in the developing
nervous system. Nat Rev Neurosci 5: 97-107.
Tyagarajan SK, Fritschy JM. 2010. GABA(A) receptors, gephyrin and
homeostatic synaptic plasticity. J Physiol 588: 101-106.
Tyzio R, Holmes GL, Ben-Ari Y, Khazipov R. 2007. Timing of the
developmental switch in GABA(A) mediated signaling from excitation to inhibition in CA3

91

rat hippocampus using gramicidin perforated patch and extracellular recordings. Epilepsia 48
Suppl 5: 96-105.
Ueno T, Okabe A, Akaike N, Fukuda A, Nabekura J. 2002. Diversity of neuronspecific K+-Cl- cotransporter expression and inhibitory postsynaptic potential depression in
rat motoneurons. J Biol Chem 277: 4945-4950.
Uvarov P, Pruunsild P, Timmusk T, Airaksinen MS. 2005. Neuronal K+/Cl- cotransporter (KCC2) transgenes lacking neurone restrictive silencer element recapitulate CNS
neurone-specific expression and developmental up-regulation of endogenous KCC2 gene. J
Neurochem 95: 1144-1155.
Uvarov P, Ludwig A, Markkanen M, Rivera C, Airaksinen MS. 2006.
Upregulation of the neuron-specific K+/Cl- cotransporter expression by transcription factor
early growth response 4. J Neurosci 26: 13463-13473.
Uvarov P, Ludwig A, Markkanen M, Soni S, Hubner CA, Rivera C, Airaksinen
MS. 2009. Coexpression and heteromerization of two neuronal K-Cl cotransporter isoforms
in neonatal brain. J Biol Chem 284: 13696-13704.
Uvarov P, Ludwig A, Markkanen M, Pruunsild P, Kaila K, Delpire E, Timmusk
T, Rivera C, Airaksinen MS. 2007. A novel N-terminal isoform of the neuron-specific K-Cl
cotransporter KCC2. J Biol Chem 282: 30570-30576.
Wake H, Watanabe M, Moorhouse AJ, Kanematsu T, Horibe S, Matsukawa N,
Asai K, Ojika K, Hirata M, Nabekura J. 2007. Early changes in KCC2 phosphorylation in
response to neuronal stress result in functional downregulation. J Neurosci 27: 1642-1650.
Vale C, Schoorlemmer J, Sanes DH. 2003. Deafness disrupts chloride
transporter function and inhibitory synaptic transmission. J Neurosci 23: 7516-7524.
Vale C, Caminos E, Martinez-Galan JR, Juiz JM. 2005. Expression and
developmental regulation of the K+-Cl- cotransporter KCC2 in the cochlear nucleus. Hear
Res 206: 107-115.
Walters ZS, Haworth KE, Latinkic BV. 2009. NKCC1 (SLC12a2) induces a
secondary axis in Xenopus laevis embryos independently of its co-transporter function. J
Physiol 587: 521-529.
van den Pol AN, Obrietan K, Chen G. 1996. Excitatory actions of GABA after
neuronal trauma. J Neurosci 16: 4283-4292.
Vanderklish P, Saido TC, Gall C, Arai A, Lynch G. 1995. Proteolysis of
spectrin by calpain accompanies theta-burst stimulation in cultured hippocampal slices. Brain
Res Mol Brain Res 32: 25-35.
92

Wang C, Ohno K, Furukawa T, Ueki T, Ikeda M, Fukuda A, Sato K. 2005.
Differential expression of KCC2 accounts for the differential GABA responses between relay
and intrinsic neurons in the early postnatal rat olfactory bulb. Eur J Neurosci 21: 1449-1455.
Wang C, Shimizu-Okabe C, Watanabe K, Okabe A, Matsuzaki H, Ogawa T,
Mori N, Fukuda A, Sato K. 2002. Developmental changes in KCC1, KCC2, and NKCC1
mRNA expressions in the rat brain. Brain Res Dev Brain Res 139: 59-66.
Wang DD, Kriegstein AR. 2008. GABA regulates excitatory synapse formation
in the neocortex via NMDA receptor activation. J Neurosci 28: 5547-5558.
Wang DD, Kriegstein AR. 2009. Defining the role of GABA in cortical
development. J Physiol 587: 1873-1879.
Wang DD, Kriegstein AR. 2011. Blocking early GABA depolarization with
bumetanide results in permanent alterations in cortical circuits and sensorimotor gating
deficits. Cereb Cortex 21: 574-587.
Wang KK. 2000. Calpain and caspase: can you tell the difference? Trends
Neurosci 23: 20-26.
Wang W, Gong N, Xu TL. 2006. Downregulation of KCC2 following LTP
contributes to EPSP-spike potentiation in rat hippocampus. Biochem Biophys Res Commun
343: 1209-1215.
Vanhatalo S, Palva JM, Andersson S, Rivera C, Voipio J, Kaila K. 2005. Slow
endogenous activity transients and developmental expression of K+-Cl- cotransporter 2 in the
immature human cortex. Eur J Neurosci 22: 2799-2804.
Vardi N, Zhang LL, Payne JA, Sterling P. 2000. Evidence that different cation
chloride cotransporters in retinal neurons allow opposite responses to GABA. J Neurosci 20:
7657-7663.
Wardle RA, Poo MM. 2003. Brain-derived neurotrophic factor modulation of
GABAergic synapses by postsynaptic regulation of chloride transport. J Neurosci 23: 87228732.
Watanabe M, Wake H, Moorhouse AJ, Nabekura J. 2009. Clustering of
neuronal K+-Cl- cotransporters in lipid rafts by tyrosine phosphorylation. J Biol Chem 284:
27980-27988.
Wei WC, Akerman CJ, Newey SE, Pan J, Clinch NW, Jacob Y, Shen MR,
Wilkins RJ, Ellory JC. 2011. The potassium-chloride cotransporter 2 promotes cervical
cancer cell migration and invasion by an ion transport-independent mechanism. J Physiol
589: 5349-5359.
93

Wenz M, Hartmann AM, Friauf E, Nothwang HG. 2009. CIP1 is an activator of
the K+-Cl- cotransporter KCC2. Biochem Biophys Res Commun 381: 388-392.
Vesely DL, Kemp SF, Elders MJ. 1987. Isolation of a biotin receptor from
hepatic plasma membranes. Biochem Biophys Res Commun 143: 913-916.
Viitanen T, Ruusuvuori E, Kaila K, Voipio J. 2010. The K+-Cl cotransporter
KCC2 promotes GABAergic excitation in the mature rat hippocampus. J Physiol 588: 15271540.
Wilchek M, Bayer EA. 1990. Introduction to avidin-biotin technology. Methods
Enzymol 184: 5-13.
Williams JR, Payne JA. 2004. Cation transport by the neuronal K(+)-Cl(-)
cotransporter KCC2: thermodynamics and kinetics of alternate transport modes. Am J
Physiol Cell Physiol 287: C919-931.
Williams JR, Sharp JW, Kumari VG, Wilson M, Payne JA. 1999. The neuronspecific K-Cl cotransporter, KCC2. Antibody development and initial characterization of the
protein. J Biol Chem 274: 12656-12664.
Vinay L, Jean-Xavier C. 2008. Plasticity of spinal cord locomotor networks and
contribution of cation-chloride cotransporters. Brain Res Rev 57: 103-110.
Wisniewski JR. 2011. Tools for phospho- and glycoproteomics of plasma
membranes. Amino Acids 41: 223-233.
Vithlani M, Terunuma M, Moss SJ. 2011. The dynamic modulation of
GABA(A) receptor trafficking and its role in regulating the plasticity of inhibitory synapses.
Physiol Rev 91: 1009-1022.
Wojcik SM, Katsurabayashi S, Guillemin I, Friauf E, Rosenmund C, Brose N,
Rhee JS. 2006. A shared vesicular carrier allows synaptic corelease of GABA and glycine.
Neuron 50: 575-587.
Wolfe LS, Morgan IG, Gombos G. 1971. Isolation of plasma membranes from
rat brain. Biochim Biophys Acta 241: 737-751.
Woo NS, Lu J, England R, McClellan R, Dufour S, Mount DB, Deutch AY,
Lovinger DM, Delpire E. 2002. Hyperexcitability and epilepsy associated with disruption of
the mouse neuronal-specific K-Cl cotransporter gene. Hippocampus 12: 258-268.
Woodin MA, Ganguly K, Poo MM. 2003. Coincident pre- and postsynaptic
activity modifies GABAergic synapses by postsynaptic changes in Cl- transporter activity.
Neuron 39: 807-820.

94

Vosberg HP. 1989. The polymerase chain reaction: an improved method for the
analysis of nucleic acids. Hum Genet 83: 1-15.
Wright R, Raimondo JV, Akerman CJ. 2011. Spatial and temporal dynamics in
the ionic driving force for GABA(A) receptors. Neural Plast 2011: 728395.
Wu HY, Lynch DR. 2006. Calpain and synaptic function. Mol Neurobiol 33:
215-236.
Wu SH, Arevalo JC, Neubrand VE, Zhang H, Arancio O, Chao MV. 2010. The
ankyrin repeat-rich membrane spanning (ARMS)/Kidins220 scaffold protein is regulated by
activity-dependent calpain proteolysis and modulates synaptic plasticity. J Biol Chem 285:
40472-40478.
Vu TQ, Payne JA, Copenhagen DR. 2000. Localization and developmental
expression patterns of the neuronal K-Cl cotransporter (KCC2) in the rat retina. J Neurosci
20: 1414-1423.
Xu W, Wong TP, Chery N, Gaertner T, Wang YT, Baudry M. 2007. Calpainmediated mGluR1alpha truncation: a key step in excitotoxicity. Neuron 53: 399-412.
Yamada J, Okabe A, Toyoda H, Kilb W, Luhmann HJ, Fukuda A. 2004. Cluptake promoting depolarizing GABA actions in immature rat neocortical neurones is
mediated by NKCC1. J Physiol 557: 829-841.
Yeo M, Berglund K, Augustine G, Liedtke W. 2009. Novel repression of Kcc2
transcription by REST-RE-1 controls developmental switch in neuronal chloride. J Neurosci
29: 14652-14662.
Yokoi T, Tokuhara D, Saito M, Ichiba H, Yamano T. 2007. Hippocampal
BDNF and TrkB expression in young rats after status epilepticus. Osaka City Med J 53: 6371.
Yu MJ, Pisitkun T, Wang G, Shen RF, Knepper MA. 2006. LC-MS/MS
analysis of apical and basolateral plasma membranes of rat renal collecting duct cells. Mol
Cell Proteomics 5: 2131-2145.
Zadran S, Bi X, Baudry M. 2010a. Regulation of calpain-2 in neurons:
implications for synaptic plasticity. Mol Neurobiol 42: 143-150.
Zadran S, Jourdi H, Rostamiani K, Qin Q, Bi X, Baudry M. 2010b. Brainderived neurotrophic factor and epidermal growth factor activate neuronal m-calpain via
mitogen-activated protein kinase-dependent phosphorylation. J Neurosci 30: 1086-1095.

95

Zhang LL, Fina ME, Vardi N. 2006. Regulation of KCC2 and NKCC during
development: membrane insertion and differences between cell types. J Comp Neurol 499:
132-143.
Zhang W, Liu LY, Xu TL. 2008. Reduced potassium-chloride co-transporter
expression in spinal cord dorsal horn neurons contributes to inflammatory pain
hypersensitivity in rats. Neuroscience 152: 502-510.
Zhao B, Wong AY, Murshid A, Bowie D, Presley JF, Bedford FK. 2008.
Identification of a novel di-leucine motif mediating K(+)/Cl(-) cotransporter KCC2
constitutive endocytosis. Cell Signal 20: 1769-1779.
Zhu L, Lovinger D, Delpire E. 2005. Cortical neurons lacking KCC2 expression
show impaired regulation of intracellular chloride. J Neurophysiol 93: 1557-1568.
Zhu L, Polley N, Mathews GC, Delpire E. 2008. NKCC1 and KCC2 prevent
hyperexcitability in the mouse hippocampus. Epilepsy Res 79: 201-212.
Zhu X, Han X, Blendy JA, Porter BE. 2012. Decreased CREB levels suppress
epilepsy. Neurobiol Dis 45: 253-263.

96

