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aa amino acid
ACCPN Agenesis of the Corpus Callosum with Peripheral Neuropathy  
AE anion exchanger
AMPA α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid
BDNF brain-derived neurotrophic factor
CCC cation-chloride cotransporter
CIP cation-chloride cotransporter interaction protein
CK creatine kinase      
CNS central nervous system
DRG dorsal root ganglion
E embryonic day
E/I excitatory and inhibitory synapse ratio
GABA γ-aminobutyric acid
GDP Giant Depolarizing Potentials
GRIP glutamate receptor-interacting protein
IGF insulin growth factor
KCC2-CTD K+-Cl- cotransporter isoform 2 C-terminal
KCC K+-Cl- cotransporter
KCC2-FL K+-Cl- cotransporter isoform 2 full length
KCC2-ΔNTD K+-Cl- cotransporter isoform 2 N-terminal deletion  
LTP long-term potential
MAGUK membrane-associated guanylate kinase
mGluR metabotropic glutamate receptor
NKCC Na+-K+-2Cl- co-transporters
NRSE neuronal-restrictive silencing element
NRSF neuron-restricted silencing factor
NSF N-Ethylmaleimide-sensitive factor
NT neurotrophic 
NCC Na-Cl cotransporter
NEM N-ehyl-maleimide
NMDA N-methyl-D-aspartate
NR NMDA receptor subunit
P postnatal



PDZ PSD-95/blg/ZO-1
PIX Pak-interacting exchange factor
PKA protein kinase A
PKC protein kinase C
PLCγ-CREB phospholipase C gamma-cAMP response element-binding protein
PSD postsynaptic density
PTK protein tyrosine kinase
RVD regulatory volume decrease                         
SAP synapse associated protein
Shc/FRs-2 src homology 2 domain containing transforming protein/FGF receptor substrate 2    
SPAK Ste20-related proline-alanine-rich kinase
TM transmembrane
VGCC Voltage-gated calcium channels
WNK with no lysine (K) kinase
WT wild type
4.1N protein 4.1 neuronal isoform
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Summary

Summary

Cation chloride cotransporters (CCCs) 
are critical for controlling intracellular 
chloride homeostasis. They are involved 
in multiple cell functions including 
volume regulation, cell cycle control, 
and setting the reversal potential and the 
polarity of GABAA receptor-mediated 
currents. The CCC family is composed 
of four isoforms of K-Cl cotransporters 
(KCC1-4), two isoforms of Na-K-2Cl 
cotransporters (NKCC1-2), one Na-Cl 
cotransporter (NCC) and two structurally 
related proteins with unknown function, 
CCC8 also known as cation-chloride 
cotransporter interaction protein, CIP, and 
CCC9.  KCC2 is a neuron-specifi c isoform, 
which plays a prominent role in controlling 
the intracellular Cl- concentration in 
neurons and is responsible for producing 
the negative shift of GABAA responses 
from depolarizing to hyperpolarizing 
during neuronal maturation. Transgenic 
mice lacking KCC2 do not survive after 
birth due to disturbance in respiratory 
rythmogenesis which points to a signifi cant 
role of KCC2 in CNS development and 
functions.

In the present studies we first used 
in situ hybridization to examine the 
developmental expression patterns of the 
cation-chloride cotransporters KCC1-4 
and NKCC1. We found that they display 
complementary expression patterns 
during embryonic brain development. 
KCC1 mRNA was only detectable in 
the developing choroid plexus. KCC3 
expression is lower in embryonic brain 
but is slightly up-regulated after birth. 
KCC4 is abundant in the ventricular 
zone but down-regulated perinatally. At 
E14.5, NKCC1 was highly expressed in 
proliferate zone of the subcortical region, 
but shift to the neuron specifi c class III β-

tubulin positive region of cortical plate at 
later embryonic stages. Most interestingly, 
KCC2 expression in the embryonic 
central nervous system strictly follows 
neuronal maturation and can be detected 
as earlier as E12.5, but only in the ventral 
part of spinal cord where the earliest 
neurogenesis takes place. The expression 
gradually spreads to higher brain regions 
like rhombencephalon, diencephalons, 
olfactory bulb and neocortical regions, 
in parallel with the maturation of these 
structures. In vitro data obtained from 
primary and organotypic neuronal 
cultures support this fi nding and revealed 
a temporal correlation between the 
expression of KCC2 and synaptogenesis. 
Then, when analyzing the subcellular 
distribution of KCC2 in primary cultures, 
we found that KCC2 is highly expressed 
in fi lopodia and mature spines as well as 
dendritic shaft.

The expression of KCC2 in dendritic 
spines is intriguing as these are the main 
postsynaptic targets for glutamatergic 
synapses. We investigated spine formation 
in KCC2-/- in vitro as well as in vivo in a 
compound heterozygous mice for KCC2 
null and hypomorphic alleles (KCC2hy/

null) which express 17% of WT KCC2 
protein levels. These studies revealed that 
KCC2 is a key factor in the maturation of 
dendritic spines.  Dendritic protrusions 
in the KCC2-/- neurons were abnormally 
long and thin, often reminiscent of 
fi lopodia. Interestingly, this effect is not 
due to Cl- transport activity because the 
spine phenotype could be rescued not 
only by transfection of KCC2-/- neurons 
with full-length KCC2 construct (KCC2-
FL) but also with an N-terminal deletion 
construct of KCC2 protein (KCC2-∆NTD) 
which, was found not to be capable of K-
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Summary

Cl cotransport. Overexpression of the 
KCC2 C-terminal domain (KCC2-CTD) 
in wild type neurons induced a spine 
phenotype similar to that in KCC2-/- 
neurons. Moreover, we found that KCC2-
CTD binds to the FERM domain of the 
cytoskeleton associated protein 4.1N. 
These results indicate a structural role for 
KCC2 in the development of functional 
glutamatergic synapses. In general, our data 
on the role of KCC2 in excitatory synapse 
formation and its well-known functional 
role in GABAergic response maturation 
suggest KCC2 as a synchronizer for the 
functional development of glutamatergic 
and GABAergic synapses in neuronal 
network.

We also examined the regulatory 
mechanisms of KCC2 expression 
during development and plasticity. In 

primary and organotypic cultures, we 
demonstrated that synaptic activity of 
both the glutamatergic and GABAergic 
system is not required for up-regulation 
of KCC2 during development. But in 
acute mature hippocampal slices which 
undergo continuous synchronous activity 
induced by the absence of Mg2+ solution, 
KCC2 mRNA and protein expression were 
down-regulated in CA1 pyramidal neurons 
subsequently leading to a reduced capacity 
for neuronal Cl- extrusion. This effect is 
mediated by endogenous BDNF-TrkB 
down-stream cascades involving both Shc/
FRS-2 and PLCγ-CREB signaling. BDNF-
mediated changes in KCC2 expression 
indicate that KCC2 is significantly 
involved in the complex mechanisms of 
neuronal plasticity during development, 
and pathophysiological conditions. 
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Review of the literature

1. Neuronal network activity in 
developing cortex

1.1 Neuronal transmitters in the 
central nervous system 
In the mature brain, neuronal network 
activity is maintained by the coordinated 
action of excitatory and inhibitory 
neurotransmission. The most common 
excitatory neurotransmitter is glutamate 
which acts through ionotropic AMPA, 
kainate and NMDA receptors as well 
as metabotropic receptors (mGluRs). 
AMPA and kainate receptors conduct Na+ 
and K+ and mediate faster depolarizing 
responses, whereas NMDA receptors 
mediate slow postsynaptic depolarizing 
responses conducting Ca2+ in addition 
to Na+ and K+. (Kandel et al., 2000). In 
recent years, AMPA-receptor signaling has 
been intensively studied and it is known 
to have a major infl uence on excitatory 
synaptic strength. The activation of 
NMDA receptors is a prerequisite for 
induction of AMPA-mediated synaptic 
plasticity (e.g. long-term plasticity, LTP; 
Bliss and Collingridge, 1993; Kullmann 
et al., 2000). The metabotropic glutamate 
receptor  subfamily (mGluR)  is composed 
by three types of G-protein coupled 
receptors which are mainly different in 
their intracellular signaling mechanisms. 
The actions of glutamate on ionotropic 
receptors are always excitatory, but 
activation of metabotropic glutamate 
receptors can be both excitatory and 
inhibitory (Kandel et al., 2000).  The 
major inhibitory neurotransmitters in 
the brain are GABA and glycine. They 
exert their physiological actions by 
binding to the ionotropic GABAA and 
Glycine receptors (GlyR) as well as the 
metabotropic GABA receptors GABAB.  

As the ionotropic GABAA receptors are 
permeable for both Cl- and HCO3

-, the 
direction of the elicited postsynaptic net 
current is dictated by the electrochemical 
gradients and concentrations of these two 
ions (Kaila and Voipio, 1987; Kaila, 1994). 
The glycine receptors are best known for 
mediating inhibitory neurotransmission 

in the spinal cord and brain stem. Recent 
evidence suggests it may also have other 
physiological roles, including excitatory 
neurotransmission in embryonic cortical 
neurons (Lynch, 2004).

1.2 Synaptic properties of immature 
neurons
The synaptic organization and properties 
of the immature brain are different from 
those of adult ones. In this aspect, a 
prominent feature of an immature neuron 
is GABAergic and glycinergic signaling 
which is depolarizing at embryonic stage 
and early postnatal life (Cherubini et 
al., 1991; Ben Ari, 2001). Studies from 
various groups have demonstrated that 
GABA activates GABAA receptors causing 
depolarizing instead of hyperpolarizing 
responses in developing neurons. The 
depolarization action of GABA is due to 
an elevated intracellular Cl- concentration 
resulting from the late developmental 
expression of KCC2 (Rivera et al., 1999; 
Payne et al., 2003) and earlier expression of 
NKCC1 (Marty et al., 2002).  Importantly, 
the depolarizing actions of GABAA during 
development can reach the threshold of 
voltage-gated Na+ channels and evoke 
action potentials (Chen et al., 1996; 
Dammerman et al., 2000; Owens et al., 
1996). The depolarizing and sometimes 
even excitatory effect have been shown 
in developing neurons from various brain 
structures including cortex, hippocampus, 

Review of the Literature
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hypothalamus, spinal cord and olfactory 
bulb (LoTurco et al., 1995; Obrietan and 
van den Pol, 1995; Rivera et al., 1999; 
Rohrbough and Spitzer, 1996; Serafi ni et 
al., 1995). 

Voltage-gated calcium channels 
(VGCCs) are another type of voltage-
gated channels activated by GABA in 
developing neurons. Synaptic activation 
of GABA increases the intracellular Ca2+ 
(Ben Ari, 2002; Garaschuk et al., 1998; 
Leinekugel et al., 1995; Leinekugel et 
al., 1997; Owens and Kriegstein, 2002) 
through VGCC. This may underlie the 
mechanisms of trophic effects of GABA 
during development. GABA also acts in 
synergy with NMDA channels by reducing 
voltage-dependent Mg2+ block, thus 
leading to activation of NMDA receptors 
and a further rise of intracellular Ca2+. 

Glutamatergic synaptic transmission 
also undergoes signifi cant changes at its 
earliest stage of development. In general, 
glutamatergic neurotransmission is 
thought to appear later than GABAergic 
transmission. By measurement of 
postsynaptic current, CA1 pyramidal 
neurons can be divided into silent, 
GABA-only neurons and GABA-
glutamate neurons partly indicating their 
developmental stages (Ben Ari, 2002). 
Several studies in hippocampus (Durand 
et al., 1996; Liao and Malinow, 1996; Wu 
et al., 1996), cortex (Crair and Malenka, 
1995; Isaac et al., 1997) have shown 
that at birth, glutamatergic transmission 
is largely NMDA receptor mediated 
but, over the course of development, the 
number of AMPA receptors increases and 
transformation of many of these synapses 
into the standard AMPA/NMDA synapses 
occurs. Interestingly, the emergence 
of functional ionotropic glutamatergic 
transmission coincides with that of earlier 
network-driven spontaneous activity in 

developing hippocampus (Khazipov et al., 
2001; Sipilä and Kaila, 2007). 

1.3 Network driven spontaneous 
activity in developing hippocampus
Immature neuronal network events 
are featured by spontaneous rhythmic 
activity in the central nervous system. 
In hippocampus, these earlier network 
events are termed Giant Depolarizing 
Potentials (GDPs) and can be observed 
in rats, mice, rabbits and primates using 
intracellular recordings (Ben Ari et al., 
1989; Aguado et al., 2003; Khazipov et 
al., 2001; Menendez et al., 1998). These 
events can be detected by extracellular 
field-potential recordings, and they 
recruit both GABAergic interneurons 
and glutamatergic principal neurons (Ben 
Ari et al., 2001; Ben Ari et al., 2002; 
Hollrigel et al., 1998; Khazipov et al., 
1997). These events have also been called 
“population bursts” (Lamsa et al., 2000), 
”giant GABAergic potentials” (Strata et 
al., 1997) and “early network oscillations” 
(Garaschuk et al., 1998). GDPs are long-
lasting (0.5-1 s) and recurrent (0.1-0.3 Hz) 
activity that occurs during fi rst two weeks 
of postnatal life during which postsynaptic 
GABAA receptors mediated action 
undergo developmental maturation from 
depolarizing to hyperpolarizing. Studying 
mechanisms that underlie the generation of 
GDPs has gained much progress in recent 
years. In general, the focus has been on 
the role of depolarizing GABAA receptor-
mediated actions in the network and the 
intrinsic properties of pyramidal neurons 
during earlier development.   

Earlier views on the mechanisms of 
GDP generation pointed to GABAergic 
neurons and synapses as the main 
generators. This was based on the 
experiments showing that GDPs are 
inhibited by GABAA antagonists (Ben 
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Ari et al., 1989; Garaschuk et al., 
1998; Khalilov et al., 1999). However, 
glutamatergic synapses also contribute 
to their generation because they are 
fully blocked by ionotropic glutamate 
antagonists in many experimental 
conditions (Ben Ari et al., 1989; Bolea et 
al., 1999; Hollrigel et al., 1998; Khazipov 
et al., 2001; Lamsa et al., 2000). Recent 
data by Sipilä (Sipilä et al. 2005) suggest 
that the intrinsic bursting activities of 
CA3 pyramidal neurons in newborn are 
responsible for the generation of GDPs 
and recurrent glutamatergic connections 
between bursting CA3 pyramidal neurons 
are required for synchronization of 
field GDPs.  The depolarizing actions 
of GABAergic transmission is to exert 
a temporally non-patterned, facilitator 
action via both synaptic and tonic (most 
likely extrasynaptic) GABAA-mediated 
input on the immature CA3 pyramidal 
neurons (Sipilä et al. 2005). Later, they 
found that the intrinsic burst activity of 
individual pyramidal neurons is driven by 
persistent Na+ current and terminated by a 
slow afterhyperpolarization mediated by 
a slow Ca2+-activated K+ current (Sipilä 
et al. 2006a). In addition, an inhibitory 
effect of GABAB receptors on presynaptic 
release of glutamate and GABA 
contributes to GDP termination (McLean 
et al., 1996). In conclusion these results 
indicate that glutamatergic transmission 
has an “instructive role”, whereas, 
GABA transmission has a facilitating and 
“permissive action” (Sipilä and Kaila, 
2007). 

1.4 Developmental roles of the 
spontaneous activity
Spontaneous activity characterized by tight 
correlation in space and in time is thought 
to be critical for guiding neuronal circuit 
development. Periodic bursts of action 

potentials lead to substantial increase in 
the intracellular calcium concentration in 
the participating neurons (Feller, 1999). 
There is growing evidence showing that 
synchronized changes in intracellular 
calcium can infl uence profoundly a variety 
of intracellular processes, including gene 
expression and the establishment of cell 
phenotype (Berridge, 1998). The roles of 
earlier spontaneous neuronal activity in 
neuronal development have been studied 
in various structures. In the spinal cord 
of Xenopus laevis embryos, patterns of 
spontaneous Ca2+ spikes generated by 
different classes of embryonic spinal 
neurons specify their expression of 
neurotransmitters (Borodinsky et al., 2004; 
Spitzer et al., 2004). In the visual system, 
activity-dependant neuronal wiring has 
been intensively studied (Penn and Shatz, 
1999). Neuronal activities are required 
for establishment of the connectivity 
of eye-specific projection. After eye 
opening, axons from lateral genicuclate 
nucleus terminate in alternating ocular 
dominance columns in eye specific 
manner. The specifi city of these events is 
dependent on patterned and synchronized 
activity of the corresponding eye. The 
organization of retinal inputs to lateral 
geniculate nucleus in the thalamus is 
already formed before eye opening. The 
formation of retino-thalamic connectivity 
has been suggested to be determined by 
embryonic spontaneous, synchronized 
neural activity (Penn et al., 1998; Katz 
and Crowley, 2002). The retinal ganglion 
cells spontaneously generate these highly 
correlated bursts of action potentials before 
the retina can respond to light. Blockade 
of this endogenous activity, or biasing the 
competition in favor of one eye after birth, 
results in a severe disruption of the pattern 
of retinogeniculate connections (Penn and 
Shatz, 1999; Katz and Crowley, 2002). 
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A study on hippocampus developing 
circuit indicates that GDPs, paired with 
mossy fi ber stimulation, induce signifi cant 
increase in synaptic effi cacy (Kasyanov 
et al., 2004). But whether this may 
contribute to sculpting neuronal circuits, 
as demonstrated in the developing visual 
system and spinal cord, remains to be 
determined. 

2. GABAergic and glycinergic 
neurotransmission

2.1 GABAA receptors
GABAA receptors are widely distributed in 
cerebral cortex, hippocampus, thalamus, 
brain stem and spinal cord. Modulation of 
their expression, cellular distribution and 
function has profound consequences for 
neuronal excitability. GABAA receptors 
function as pentameric anion channels. 
There are eight molecularly distinct 
subunit families  for GABAA receptors 
α (1-6), β (1-3), γ (1-3), δ, π, ε, θ and ρ 
(1-3) (Steiger and Russek, 2004; Mehta 
and Ticku, 1999; Barnard et al., 1998; 
Frischy and Mohler, 1995; Sieghart, 1995; 
Wisden and Seeburg, 1992). Heteromeric 
combinations of these subunits give rise to 
receptors classes with different functional 
properties. Recent data has shown that the 
pentameric complexes of GABAA receptors 
usually contain 2α/2β/1γ-subunit variants 
(Klausberger et al., 2001; Baumann et 
al., 2001; Knight et al., 2000; Farrar et 
al., 1999). It has been concluded that the 
majority of GABAA receptors contain a 
single type of α- and β-subunit variants 
with the α1β2γ2 combination representing 
the largest population of GABAA receptors 
followed by α2β3γ2 and α3β3γ2 (Fritschy 
and Brunig, 2003). Pharmacological 
analyses of recombinant GABAA receptors 
suggest that structural heterogeneity 
of receptor subclasses determines the 

functional properties of receptors. The 
α- and β- subunits participate in high 
affi nity GABA binding and are responsible 
for receptor assembly and membrane 
targeting (Connolly et al., 1996; Bureau 
and Olsen, 1990). Benzodiazepines 
which are among the most used drugs for 
anxiety treatment, bind at the interface 
of α- and γ- subunits and modulate their 
channel properties (Kaufmann et al., 
2003; Sieghart, 1995; Steiger and Russek, 
2004). Moreover, neurosteroids, which 
are positive allosteric modulators of 
recombinant and native GABAA receptors, 
are most potent on receptors containing 
the δ subunits (Fritschy and Brunig, 2003). 
The ρ-subunits are expressed primarily in 
the retina and formed homooligomeric 
receptors. In some literature, ρ-subunits 
were classified as GABAC receptors 
because of their differences in kinetics, 
sensitivity to GABA and pharmacological 
properties as compared with other subunits 
of GABAA receptors (Bormann, 2000; 
Feigenspan and Bormann, 1998; Johnston, 
1996; Polenzani et al., 1991). Accumulated 
studies on subunit-specifi c properties of 
GABAA receptors in both recombinant 
and native receptors support the concept 
that GABAA receptor heterogeneity is a 
major factor determining the functional 
properties of GABAergic inhibitory 
synapses (Mohler et al., 1998; Sieghart, 
2000).

Although GABAA receptors are 
targeted to inhibitory synapses on dendrites 
and cell bodies of neurons, they also occur 
in other places such as on synapses formed 
on axons and extrasynaptic membranes. 
GABAA receptors which are located at 
axon-axon synapses mediate presynaptic 
inhibition. Presynaptic inhibition operated 
by GABAA receptors are found not only in 
spinal cord but also in the brain, including 
hippocampal mossy fibers, brain stem, 
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cerebellum, and hypothalamus (Kullmann 
et al., 2005). Studies on cerebellar granule 
cells have shown that extrasynaptic 
receptors on dendrites and somas provide a 
persistent tonic current (Wall and Usowicz, 
1997; Brickley et al., 1996; Kaneda 
et al., 1995). Tonic GABAA receptor 
mediated current has been also described 
in hippocampal dentate gyrus granule 
cells (Stell and Moday, 2002; Nusser and 
Mody, 2002) and inhibitory interneurons 
in the CA1 region (Semyanov et al., 2004;  
Semyanov et al., 2003). Interestingly, 
significant tonic GABAA receptor 
current is absent in adult hippocampal 
pyramidal neurons but can be detected 
only in early development (Demarque et 
al., 2002; Semyanov et al., 2004; Sipilä 
and Kaila, 2007) indicating a role of 
tonic GABAA response in  development. 
Subunit requirements for the formation 
of extrasynaptic receptors are different in 
diverse neuronal populations. δ-subunit-
containing receptors are probably the 
major contributors to non-desensitizing 
high affinity receptors mediating tonic 
current in cerebellar and dentate granule 
cells (Semyanov et al., 2004). 

2.2 Glycine receptors
Along with GABAA receptors, glycine 
receptors (GlyR) belong to the pentameric 
ligand-gated ion channel superfamily. So 
far, four different GlyR α subunits have 
been identified in vertebrates and only 
one GlyR β subunit has been identifi ed 
in mammals (Betz and Laube, 2006). 
The expression of the GlyR α subunits is 
developmentally and regionally regulated. 
In adult rodents, GlyR α1 mRNA and 
protein has been shown to be prominently 
expressed in spinal cord, brainstem and 
colliculi (Betz and Laube, 2006), whereas 
α2 transcripts were found only at low 
levels in adult hippocampus, cerebral 

cortex and thalamus (Sato et al., 1992; 
Malosio et al., 1991). α3 transcripts were 
detected in spinal cord, cerebellum and 
olfactory bulb (Malosio et al., 1991). α4 
mRNA is scarcely localized in mammalian 
CNS (Harvey et al., 2000). However, 
α2 and α4 transcripts are abundant at 
embryonic stages and decrease gradually 
after birth. Expression of α1 and α3 
mRNA increases postnatally. GlyR β 
subunit is widely expressed throughout the 
embryonic and postnatal CNS (Betz and 
Laube, 2006). Subunits composition of 
functional GlyR undergo developmental 
shift from predominantly α2-homomers 
neonatal form to α1β-heteromers adult 
form (Becker et al., 1988).  The α2-
homomers GlyRs that are expressed at 
embryonic stages and in the neonate are 
thought to be extrasynaptic receptors 
because postsynaptic GlyR assembly 
requires the interaction of β subunit and 
tubulin-binding protein gephyrin (Meyer 
et al., 1995). In developing neocortex, 
GlyRs were found to be activated by 
nonsynaptic release of taurine stored 
in developing neocortex (Flint et al., 
1998). The extrasynaptic GlyR mediated 
signaling could be important for neuronal 
differentiation and synaptogenesis (Lynch, 
2004).

2.3 Developmental roles of GABA and 
glycine neurotransmission
GABAA and glycine receptors are generally 
known as inhibitory receptors in mature 
neurons because the Cl- equilibrium 
potential is usually close to the cell resting 
potential. However, in immature neurons, 
the intracellular Cl- concentration is high 
with the effect that GABAA and GlyR 
activation cause a strong depolarization. 
Depolarization that leads to activation of 
voltage-gated Ca2+ channels thus increasing 
the concentration of intracellular Ca2+ 
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is a fundamental mechanism for trophic 
effects of GABA during development. 
The GABAA mediated depolarization can 
enhance both  the expression and release 
of brain-derived neurotrophic factor 
(BDNF) (Marty et al., 1996). Despite its 
functionally excitatory role (see Sipilä and 
Kaila, 2007), the depolarization action of 
GABA and glycine in immature neurons 
can produce suppression of glutamatergic 
EPSCs because of the effective shunting of 
postsynaptic membrane. As demonstrated 
in the neonate hippocampus (Lamsa et 
al., 2000; Palva et al., 2000; Sipila et al., 
2006a), activation of GABAA receptors 
by muscimol inhibits the spontaneous 
bursting of CA3 pyramidal neurons 
indicating that GABAergic currents can 
exert a shunting-type inhibitory action 
on pyramidal neurons already in an early 
developmental stage.

3. Cellular chloride homeostasis 
The chloride concentration within the 
cell is critical for multiple functions, for 
example: cellular excitability, intracellular 
pH (Kaila and Ransom, 1998), cell volume 
regulation and cell cycle control (Russell, 
2000). Changing the intracellular Cl 
concentration of a neuron affects the 
polarity of GABAA and glycine receptor-
mediated responses (Zhang and Jackson, 
1995; Sutor and Luhmann, 1995; 
Thompson and Gahwiler, 1989; Misgeld et 
al., 1986; Kaila, 1994). The maintenance 
of chloride homeostasis is largely carried 
out by cotransporters and exchangers 
who selectively allow chloride and other 
coupled ions to pass through in and out of 
the cell (Kaila, 1994; Payne et al, 2003). 
Chloride cotransporters are secondary 
active membrane transporters which carry 
chloride crossing the membrane together 
with coupled cations or anions. Members 
of the cation-chloride cotransporter 

(CCCs) family have been identified as 
important regulators of neuronal Cl- 
concentration (DeFazio et al., 2000; Kaila, 
1994; Kakazu et al., 1999; Mercado et al., 
2004; Payne, 1997; Payne et al., 2003; 
Sung et al., 2000) and play a key role in 
various aspects of neuronal development, 
plasticity and trauma (Payne et al., 2003). 

The CCC gene family consists of a 
series of membrane proteins that transport 
chloride ions together with Na+ and/or 
K+. They function as secondary active 
transporters using the transmembrane K+ 
and Na+ gradients generated by Na+/K+ 
ATPase to transport Cl in or out of cells, 
respectively (Kaila, 1994; Payne et al, 
2003). Other secondary active transport 
proteins also participate in neuronal Cl- 
homeostasis, including Na+-dependent 
and Na+-independent anion exchangers 
(NDAE and AE) which exchange Cl- for 
HCO3

- (Grichtchenko et al., 2001; Romero 
et al., 1997). Cation-chloride cotransporter 
function is electroneutral and transport 
activity results in no change of the 
transmembrane potential (Mercado et al., 
2004). To date, nine genes of the CCCs have 
been identifi ed: one Na+-Cl- co-transporter 
(NCC), two Na+-K+-2Cl- co-transporters 
(NKCCs) and four K+-Cl- co-transporters 
(KCCs). In addition, two structurally 
related proteins with unknown function: 
CCC8 (also known as cation-chloride 
cotransporter interaction protein, CIP, 
(Caron et al., 2000) and CCC9 (Mercado 
et al., 2004) (Figure 1). The hydropathy 
profi le of the predicted proteins reveals a 
similar basic membrane topology for the 
gene family. The proteins have a central 
hydrophobic core containing 12 α-helical 
transmembrane domains (TM), fl anked by 
a hydrophilic amino-and a larger carboxy-
terminal domains (Delpire and Mount, 
2002). A large N-linked glycosylated 
extracellular loop locates between TM5 
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and TM6 in KCCs and CCC8 but between 
TM7 and TM8 in the NKCCs and NCC 
(Mercado et al., 2004). 

Figure 1. Polygenetic tree of the cation-chloride cotransporter gene family (From Mercado et 
al., 2004).

The two major subtypes of CCC 
gene family, NKCCs and KCCs, have 
opposing physiological roles in cell 

Figure 2. Operation modes of KCC and NKCC in neurons. In mature neurons, KCC2 extrudes 
Cl out of the cell, and Cl permeable channels mediate hyperpolarizing responses, whereas 
NKCC1 accumulates Cl within the cell causing depolarizing responses in immature neurons. 
Their transport activity is dependent on the concentration gradient of either Na+ or K+ which is 
generated by Na+-K+ ATPase (Farrant and Kaila, 2007). 
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volume regulation and intracellular 
neuronal Cl homeostasis. NKCCs 
normally accumulate Cl within the cell 
whereas KCCs lower the intracellular Cl 
concentration (Payne et al., 2003; Russell, 
2000) (Figure 2). NKCC1 is ubiquitously 
expressed, present in nonepithelial cells 
and basolateral membrane of epithelial 
cells (Xu et al., 1994). NKCC2, the apical 
isoform, is expressed exclusively in the 
thick ascending limb of Henle’s loop in the 
kidney (Gamba et al., 1994). 

K+ coupled Cl- co-transporters (KCC) 
are encoded by four separate genes (KCC1 
to KCC4). KCC1 is widely expressed and 
plays a role in cellular volume regulation. 
KCC2 is unique in the protein family 
being exclusively expressed in central 
neurons (Payne et al., 1996; Rivera et al., 
1999). KCC3 is widely expressed in the 
CNS as well as other tissues (Boettger et 
al., 2002; Mercado et al., 2004; Mount 
et al., 1999; Race et al., 1999). KCC4 
is expressed in kidney, heart and brain 
(Mercado et al., 2004; Mount et al., 1999; 
Le Rouzic et al., 2006). Except KCC2, 
the other KCCs are all swelling-activated, 
suggesting an important role in regulatory 
volume decrease (RVD) as shown in red 
blood cells where KCC1, KCC3 and 
KCC4 are co-expressed (Adragna et al., 
2004). Particularly, NKCCs and KCCs 
display reciprocal regulatory mechanism. 
NKCC1 is activated by cell shrinkage 
and by a decrease in [Cl-]i (Lytle and 
McManus, 2002; Schomberg et al, 2003), 
and inhibited by the serine-threonine 
phosphatase-1 (PP1) (Darman et al., 
2001; Matskevich et al., 2005), the kinase 
inhibitor staurosporine (Lytle, 1998; 
Matskevich et al., 2005), and the thiol-
alkylating agent N-ehyl-maleimide (NEM) 
(Russell, 2000). In contrast, KCCs (but not 
KCC2) are activated by cell swelling and 
by increases in [Cl-]i (Lauf and Adragna, 
2000; Lytle and McManus, 2002). KCCs 

are activated by PP1, staurosporine, and 
NEM (Lauf and Adragna, 2000). More 
recently, WNK3, WNK4 and SPAK of 
the serine-threonine kinase protein family 
were found to participate in the reciprocal 
regulation of NKCC and KCC transport 
activity (Gagnon et al., 2006; Kahle et al., 
2005; Piechotta et al., 2002). 

Alternative splicing has also been 
found in this gene family. There are six 
alternative splicing forms of NKCC2 
which differ in functional characteristics 
(Gimenez et al., 2002; Mount et al., 1999; 
Plata et al., 2001; Plata et al., 2002). Two 
C-terminal domain spliced isoforms in 
NKCC1 (Mercado et al., 2004) and fi ve 
N-terminal domain variants were found 
in KCC3 (Mercado et al., 2005; Pearson 
et al., 2001) for which the KCC3a is 
abundant in the brain whereas KCC3b is 
mainly present in kidney. 

3.1 KCC1
KCC1 was the fi rst K+-Cl- co-transporter 
to be cloned. The expression of KCC1 is 
ubiquitous. The physiology of KCC1 is 
best studied in red blood cells from various 
vertebrate species (Lauf and Adragna, 
2000). KCC1 is considered to have a house-
keeping role in cell volume maintenance 
and regulation. In adult central nervous 
system, KCC1 mRNA is expressed in 
both neurons and non-neuronal cells at 
relatively low levels, but is abundant in 
choroid plexus epithelial cells (Kanaka 
et al., 2001). During development, KCC1 
is detected in choroid plexus as earlier as 
E14.5 with scarce distribution in neuronal 
structures (I). These results indicate that 
KCC1 may participate in the regulation 
of ionic composition of the cerebro-spinal 
fl uid. 

3.2 KCC2
KCC2 was cloned by Payne et al in 1996 
and turned out to be the only neuronal 
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specific isoform in this protein family. 
Expression studies for KCC2 indicate that 
there is no or very low transcript levels 
detected in tissues outside CNS. Within 
the brain, no signal for KCC2 mRNA and 
protein could be found in white matter 
tracts or in other non-neuronal structures 
(Payne et al., 1996; Williams et al., 1999). 
Later studies have confi rmed high levels 
of expression of KCC2 in interneurons 
and pyramidal neurons of the cortex, 
hippocampus, cerebellum, retina, spinal 
cord and many nuclei in brain stem (Gulyas 
et al., 2001; Lu et al., 1999; Mercado et 
al., 2004; Mikawa et al., 2002; Rivera et 
al., 1999). 

3.2.1 KCC2 and neuronal excitability
The neuronal-specific expression of 
KCC2 is signifi cant for maintaining the 
low intracellular chloride concentration 
required for hyperpolarization action of 
GABAA and glycine receptor (Hubner et 
al., 2001b; Payne et al., 2003; Rivera et 
al., 1999). However, in early developing 
neuron, GABA and glycine-mediated 
responses are depolarizing. KCC2 is 
developmentally up-regulated and causes 
the developmental shift in GABAA 
mediated responses from depolarizing to 
hyperpolarizing (Hubner et al., 2001b; 
Rivera et al., 1999). Overexpression 

of KCC2 in immature neurons reduces 

[Cl-]i (Lee et al., 2005).  Reduction of 
KCC2 expression in pyramidal cells 
from semi-acute rat hippocampus slices 
using antisense oligonucleotides resulted 
in a marked positive shift in the reversal 
potential of GABA response (Rivera et 
al., 1999). KCC2 knock out mice die 
immediately after birth due to severe 
motor defi cits that abolished respiration. In 
spinal cord motoneurons of KCC2 knock 
out mice, unlike in wild type, GABA and 
glycine are excitatory at later embryonic 
stages (Hubner et al., 2001b). A KCC2 

transgenic mouse that has been generated 
with only 5-10% expression of KCC2 
exhibits frequent generalized seizures, 
and such mice die shortly after birth (Woo 
et al., 2002).  The brains of these mice 
show a signifi cant loss of parvalbumin-
positive interneurons, indicating brain 
injury. The regions most affected are the 
hippocampus and temporal and entorhinal 
cortices. Extracellular field potential 
measurements in the CA1 hippocampus 
revealed a state of hyperexcitability and 
an increased sensitivity to the application 
of picrotoxin, a blocker of the GABAA 
receptor, in homozygous hippocampal 
sections. The authors also demonstrated 
that adult heterozygote animals show 
increased susceptibility to epileptic 
seizures and increased resistance to the 
anticonvulsant effect of propofol (Woo 
et al., 2002).  Hypomorphic KCC2 
defi cient mice that retain 15-20% protein 
expression levels in the brain were viable 
and fertile but weighed 15-20% less than 
wild-type littermates at 2 weeks old and 
thereafter (Tornberg et al., 2005). The 
mice displayed increased anxiety-like 
behavior in several tests including elevated 
plus-maze and were more susceptible to 
pentylenetetrazole-induced seizures. Taken 
together, these results indicate that KCC2 
plays an important role in controlling 
CNS excitability during both postnatal 
development and adult life. 

Functional characterization of rat 
and human KCC2 shows that KCC2 
has a higher K+ and Cl- affi nity than the 
other KCCs with extracellular Kms of 
~5.2 and 9.2mM respectively (Mercado 
et al., 2004; Payne, 1997; Song et al., 
2002). Extracellular K+ increases during 
pathophysiological neuronal activity, and 
under these conditions the activity of KCC2 
may reverse as high K+ concentration 
changes the transport activity from effl ux 
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to influx (Payne, 1997; Payne et al., 
2003). 

Interestingly, investigation on 
mechanism of neuropathic pain revealed 
involvement of KCC2 in regulating pain 
sensitivity. Recent results show that 
neuropathic pain that follows peripheral 
nerve injury induced down-regulated 
expression of KCC2. The down-regulated 
KCC2 expression resulted in a shift in 
the Cl gradient (mediated by GABAA 
receptor and/or glycine receptor) in spinal 
superfi cial dorsal horn lamina I neurons 
which is responsible for nociceptive 
pathway transduction to brainstem (Coull 
et al., 2003).  The shift in anion gradient 
was reported to happen trans-synaptically 
with respect to the injury site. The authors 
suggested that the change in the polarity 
of the GABAA receptor and glycine 
receptor mediated postsynaptic action 
provides a potential mechanistic basis 
for many of the reported consequences of 
central nociceptive sensitization (Coull 
et al., 2003). The down-regulation of 
KCC2 resulting in long-term increase in 
the excitability would remain in lamina I 
neurons and would be a cause of chronic 
pain (Mantyh and Hung, 2004). 

Recently, an intriguing question arose 
from an ultrastructural study on KCC2 
expression in rat hippocampus by Gulyas 
et al. (Gulyas et al., 2001). They found that 
KCC2 is highly expressed in the vicinity 
of synapses which are responsible of 
excitatory transmission. Their results were 
supported by electron-microscopy (EM) 
studies which showed that immunogold 
particles were preferentially found close 
to asymmetrical but not symmetrical 
synapses. KCC2 immunoreactivity was 
localized in dendritic spines of all principal 
cells and in the thorny excrescences of 
CA3 pyramidal cells. Dendritic spines 
receive only excitatory synapses. In 
contrast, the dendritic shaft, which receives 

only symmetrical synaptic input, exhibited 
low levels of KCC2 (Gulyas et al., 2001). 
Moreover, parvalbumin (PV) -containing 
GABAergic interneurons which receive 
several times more excitatory inputs than 
any other interneuron and principal neuron, 
was covered by very high levels of KCC2 
protein in their somata and dendrites. These 
results may implicate possible novel roles 
for KCC2. The authors speculated that 
KCC2 participates in Cl-driven volume 
regulation (see Payne et al, 2003) after 
excessive excitation-induced cell swelling 
in the vicinity of extrasynaptic GABAA 
receptors; the relationship of KCC2 
with excitatory synapses needs further 
investigation. This is one of the aims of 
the present thesis.

3.2.2 Regulation of KCC2 expression 
and activation
The regulatory mechanisms of KCC2 
expression and activation are also a major 
target of interest. The neuron-restricted 
expression pattern of KCC2 was suggested 
to be caused by the neuronal-restrictive 
silencing element (NRSE) in the mouse 
KCC2 gene (Karadsheh and Delpire, 
2001). This element binds a transcription 
factor called neuron-restricted silencing 
factor (NRSF) that silences transcription of 
the gene in non-neuronal cells. However, 
Uvarov et al. (Uvarov et al., 2005) 
recently reported that KCC2 transgenic 
mice lacking NRSE showed CNS neuron-
specific expression and developmental 
up-regulation of endogenous KCC2 gene 
that was similar to the wild type. Although 
exogenous expression of NRSF could 
down-regulate KCC2 expression in vitro, 
the in vivo results suggested that NRSE 
in KCC2 is not critical for KCC2 neuron-
specifi c expression, and silencing elements 
other than NRSE are required to prevent 
the expression of KCC2 in most non-
neuronal tissues (Uvarov et al., 2005). 
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BDNF is known to play a central role 
in the genesis and establishment of epileptic 
activity (Binder et al., 2001). BDNF can 
regulate KCC2 expression in two directions 
depending on different developmental 
stage. During early development, BDNF 
increases the expression of KCC2 as 
demonstrated by transgenic mice embryos 
with overexpression of BDNF (Aguado 
et al., 2003). Recently studies in acute 
hippocampus slices (Rivera et al., 
2002) have shown that BDNF and NT-4 
dramatically decrease KCC2 expression 
mediated by TrkB receptor activating, 
consequently impairing neuronal chloride 
extrusion capacity. After kindling-induced 
seizures in vivo, the expression of KCC2 
is down-regulated with a spatial-temporal 
profi le similar to the up-regulation of TrkB 
and BDNF (Rivera et al., 2002). The data 
revealed a novel mechanism whereby 
BDNF/TrkB signaling suppresses chloride-
dependent fast GABAergic inhibition 
which contributes to the role of BDNF/
TrkB signal cascades in the induction and 
establishment of epileptic activity. 

A recent study reported that de  pola-
rizing GABAergic activity upregulates 
the mRNA levels of KCC2 during 
development, thus promoting itself 
the switch from depolarization to 
hyperpolarization (Ganguly et al., 2001). 
However, these results were not supported 
by subsequent studies conducted by Titz et 
al., (2003) as well as by us (II, see results 
and discussion). 

Recently, new data have been added 
to the functional regulation of KCC2 and 
its intracellular signal partners. KCC2 has 
a unique protein tyrosine kinase (PTK) 
consensus site (Payne et al., 1996), Kelsch 
and co-authors (Kelsch  et al., 2001) 
reported that the activity of KCC2 during 
maturation of cultured hippocampus 
neurons is activated by co-application of 
IGF-1 and cytosolic tyrosine kinase, c-

src, and can be deactivated by membrane-
permeable protein tyrosine kinase 
inhibitors, genistein and lavendustin A. 
Their results indicate that the development 
of neuronal K+/Cl- cotransport requires 
cooperation of growth factors with PTK-
dependent phosphorylation. 

Among KCCs, KCC2 is unique in 
mediating constitutive K-Cl transport 
activity under isotonic condition when 
heterologously expressed in Xenopus 

oocytes (Song et al., 2002; Strange et 
al., 2000). In a recent publication the 
cytoplasmic domain (1021-1035aa) within 
KCC2 C-terminal was identified as the 
crucial domain for its constitutive activity 
(Mercado et al., 2006). Furthermore, 
swelling-activated K+-Cl- cotransport 
is suppressed by calyculin A, whereas 
isotonic transport mediated by KCC2 

is completely resistant to this serine-
threonine phosphatase inhibitor (Mercado 
et al., 2006). To date, little is know about 
the intracellular associating proteins of 
KCC2. Recently, by using yeast two-
hybrid system, Inoue et al (Inoue et al., 
2004) found that KCC2 interacts with 
a brain-type creatine kinase (CK). A 
functional analysis of this interaction 
in HEK293 cells showed that CK was 
able to activate KCC2 transport activity. 
Taken together, KCC2 is regulated by 
intracellular phophorylation cascades that 
need further investigations. 

3.3 KCC3
KCC3 was cloned independently by three 
groups in the same year (Hiki et al., 1999; 
Mount et al., 1999; Race et al., 1999). In 
initial studies, two KCC3 isoforms were 
found, generated by two alternative fi rst 
exons, KCC3a and KCC3b. KCC3a is 
widely expressed with abundant expression 
in brain, kidney, muscle, lung, and heart, 
whereas KCC3b is most abundant in 
kidney. No evidence about the functional 
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difference between these two isoforms is 
available. Later, a total of fi ve different 
N-terminal isoforms of the human KCC3 
proteins have been described (Mercado et 
al., 2005) with no signifi cant functional 
difference. All fi ve isoforms of KCC3 are 
activated by cell swelling under hypotonic 
conditions, with no activity under isotonic 
conditions (Mercado et al., 2005). In the 
central nervous system, KCC3 protein was 
detectable in cerebral cortex, hippocampus, 
white matter, hypothalamus, brain stem, 
choroids plexus and spinal cord (Becker et 
al., 1988; Mercado et al., 2004; Boettger 
et al., 2003). The ontogeny of KCC3 
correlates with the development of myelin 
(Pearson et al., 2001) and, notably, this 
isoform is also expressed in hippocampal 
and cerebellar neurons (Boettger et al., 
2003). 

Recently, KCC3 knock out mouse 
models were generated by two different 
groups. One group reported that the mice 
with targeted deletion of KCC3 have a 
locomotor defi cit, peripheral neuropathy 
and a sensorimotor gating defi cit, similar 
to a human disease, peripheral neuropathy 
associated with agenesis of the corpus 
callosum (ACCPN) (Howard et al., 
2002). ACCPN is a severe sensorimotor 
neuropathy disease associated with mental 
retardation, dysmorphic features and 
complete or partial agenesis of the corpus 
callosum.  The other group with KCC3 
null mice supports the data on severe 
motor abnormalities that is correlated with 
a progressive neurodegeneration in the 
periphery and CNS which may be related 
with human ACCPN and Anderman 
syndrome, but also reported that the 
mice have reduced seizure threshold, 
EEG abnormalities, hippocampal and 
cerebellar neuronal degeneration, arterial 
hypertension and a slowly progressive 
deafness (Boettger et al., 2003). 

3.4 KCC4
KCC4 was identified by Mount et al. 
(Mount et al., 1999), at the same time as 
KCC3. The tissue distribution analysis 
shows that KCC4 is mainly expressed in 
the heart, kidney, scarcely in the brain. 
Later western blot analysis by KCC4 
antibody (Karadsheh et al., 2004) revealed 
high expression in peripheral nerves and 
spinal cord, with low levels in whole 
brain. Within the brain, the cerebral cortex, 
hippocampus, and cerebellum revealed 
minimal KCC4 expression, whereas 
midbrain and brainstem demonstrated 
higher levels. From adult mouse brain 
immunostaining, KCC4 was observed in 
the apical membrane of choroid plexus 
epithelial cells as well as in cranial 
nerves. All other brain structures, e.g. 
cortex, hippocampus, cerebellum showed 
no KCC4 immunoreactivity, suggesting 
very low or absent expression of the 
cotransporter in these regions. KCC4 
expression on the apical membrane of 
the choroid plexus, suggest that it may 
participate in K+ reabsorption (Karadsheh 
et al., 2004). The functional implication 
of KCC4 expression in peripheral neurons 
still remains to be determined. 

Targeted disruption of KCC4 
mice has been generated by Boettger et al. 
in 2002 (Boettger et al., 2002). The null 
mice developed distal tubular metabolic 
acidosis, indicating the prominent role of 
KCC4 in acid-base balance. KCC4-null 
mice exhibited no apparent alteration of 
vestibular and motor function but the mice 
are completely deaf because their outer hair 
cells, the cochlea and the organ of Corti 
are degenerated. The authors suggested 
an important role of KCC4 in maintaining 
extracellular homeostasis by salt uptake in 
Deiter’s cells (Boettger et al., 2002).  
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3.5 NKCC1
NKCC1 is a membrane transporter 
that generally promotes intracellular 
accumulation of Cl- driven by the Na+ 
gradient generated by the Na+-K+-ATPase. 
NKCC1 is expressed in the basolateral 
membrane of epithelial cells and in several 
nonepithelial cells including neurons and 
glia (Shillingford et al., 2002; MacVicar 

Expression Function Phenotype of
Knock out mice

KCC1 Ubiquitously expressed                 
Epithelium cells        
Non-epithelium cells  
Choroid plexus.   
Expressed in both neu-
rons and glia (Wang et al., 
2002; Lee et al., 2003).

1. Active potassium 
absorption (Sangan et al., 
2000)  
2. volume regulation, 
RVD, activate under 
hypotonic conditions.

No KO avaiable

KCC2 Exclusively expressed in 
neurons; No mRNA and 
protein were detected in 
white matter or other non-
neuronal structures.   

1. Extrude K and Cl out 
of cell   
2. Activate under 
isotonic  condition  
3. Maintaining the low 
intracellular chloride 
concentration required 
for hyperpolarization 
of GABAA and glycine 
receptors.                                                                              

Die immediately after 
birth due to respiratory 
failure. 
In spinal cord motor 
neuron, GABA and 
glycine are excitatory 
at E18 as compared to 
wild type (Hubner et 
al., 2001).

KCC3 KCC3a is abundantly 
expressed in brain, 
kidney, muscle, lung and 
heart; KCC3b is mainly 
expressed in kidney. 

Activated by cell 
swelling under hypotonic 
condition, no activity 
under isotonic condition. 

Locomotor defi cit, 
peripheral neuropathy 
and a sensorimotor 
gating defi cit, similar 
to a human disease 
(ACCPN) (Howard et 
al., 2002).

KCC4 Expressed in heart, kidney, 
scarcely in the adult 
brain;  Higly expressed 
in ventricular zones of 
embryonic brain. Highly 
expressed in peripheral 
nerves, spinal cord, and 
apical membrane of 
choroid plexus.

Participates in potassium 
reabsorption. Activated 
by cell swelling under 
hypotonic condition, no 
activity under isotonic 
condition.

Distal tubular metabolic 
acidosis. Alteration of 
vestibular and motor 
functions. The mice 
are completely deaf 
(Bottger et al., 2002)

NKCC1 Ubiquitously expressed. 
Expressed in apical mem-
brane of choroid plexus 
epithelial cells, young neu-
rons, ventricular zones of 
LGE, MGE in embryonic 
brain. DRG neurons and 
oligodendrocytes. 

Accumulates Cl into 
the cell. Participates 
in regulatory volume 
increase and epithelial 
chloride secretion.

shaker/waltzer phe-
notype, complete 
deaf, reduced salivary 
secretion, increased 
intrarenal rennin level 
and alteration of blood 
pressure, male sterility 
(Flagella et al., 1999; 
Mercado et al., 2004)

et al., 2002; Hubner et al., 2001a; Marty 
et al., 2002). The expression of NKCC1 
has been reported to be present in 
central neurons, oligodendrocytes, apical 
membrane of the choroids plexus and in 
dorsal-root-ganglion (DRG) neurons. In 
adult DRG neurons, GABA is depolarizing. 
Expression of NKCC1 may be critical 
for the appropriate response of GABA in 

Table 1. CCC protein family: expression, function and phenotype differences of  knock out mice
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these cells that is necessary for normal 
sensory perception (Sung et al., 2000). 
Extensive studies on NKCC1 knock out 
mice revealed many physiological roles 
of this protein. The null mice develop an 
inner-ear dysfunction characterized by 
deafness and the shakerlwaltzer phenotype 
that indicates impaired epithelial secretion 
(Delpire et al., 1999; Flagella et al., 
1999). Basolateral NKCC1 cotransport 
participates in the production and 
regulation of fl uid secretion by salivary 
glands demonstrated by a significant 
reduction in the total volume of saliva 
produced in the defi cient mice (Delpire 
and Mount, 2002). Homozygote NKCC1 
males were completely infertile due to a 
defi cit in spermatocyte production (Delpire 
et al., 1999; Pace et al., 2000). The sensory 
perception abnormalities are probably 
secondary to the lack of NKCC1 function 
that disturbs normal GABA responses 
in sensory neurons. NKCC1 alone can 
account for accumulation of intracellular 
Cl- above electrochemical potential 
equilibrium in mouse DRG neurons that 
promotes GABA depolarization (Payne et 
al., 2003). 

Recently, several studies have dem-
onstrated that the depolarizing GABAA 
response is mediated by NKCC1 (Dzhala 
et al., 2005; Okabe et al., 2003; Yamada 
et al., 2001; Sipila et al. 2006b). As men-
tioned above, in mature neurons, KCC2 
produces efflux of Cl- and lower intra-
cellular Cl concentration, GABA medi-
ates hyperpolaring inhibitory responses, 
whereas in the immature brain, GABA 
is excitatory. This developmental switch 
of GABA response from depolarizing to 
hyperpolarizing can be explained by the 
different intracellular Cl concentration in 
immature neurons versus mature neurons. 
This difference in chloride homeostasis is 
considered to be produced by the up-regu-
lation of KCC2 together with down-regu-

lation of NKCC1 (I,; Rivera et al., 1999; 
Payne et al., 2003). Thus, the cation-chlo-
ride cotransporter family has signifi cant 
roles in brain development. The regulation 
of developmental expression of this pro-
tein family still requires further studies. 

4. Glutamatergic 
neurotransmission
AMPA receptors mediate the majority of 
the fast excitatory synaptic transmission 
(Hollmann and Heinemann, 1994). NMDA 
receptors are crucial for the induction 
of various forms of synaptic plasticity 
(Dingledine et al., 1999, Hollmann and 
Heinemann, 1994; Nicoll and Malenka, 
1999; Rao and Finkbeiner, 2007). 
Although both are activated by glutamate, 
they differ in molecular composition and 
electrophysiological properties. AMPA 
receptors are tetrameric ion channels 
permeable to Na+ and K+ ions, consisting 
of four subunits, GluR1-4. Their subunit 
composition varies in different regions or 
under different conditions in the central 
nervous system. The NMDA receptor is 
permeable to Ca2+ ion in addition to Na+ 
and K+ ions and exhibits much slower 
voltage-dependent kinetics. Studies 
demonstrated that LTP and LTD in many 
brain regions depend on NMDA receptor 
activation (Nicoll and Malenka, 1999).

4.1 Development of glutamatergic 
neurotransmission
Early glutamatergic synapses which 
are only composed of NMDA but not 
AMPA are termed as silent synapses (Wu 
et al, 1996). Silent synapses are only 
transiently found during maturation of 
glutamatergic neurotransmission. Some 
reports suggest that initially NMDA 
receptors present in neuron can induce 
subsequently AMPA receptor expression. 
In immature neuron, depolarization of 
GABAA receptors removes Mg2+ blockade 
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of NMDA receptors, leading to an increase 
in intracellular calcium which may play 
a role in AMPA receptor expression or 
traffi cking and activation (Shi et al., 1999; 
Constantine-Paton and Cline, 1998). 
There is evidence showing that with 
development, synapses that contained 
AMPA receptors gradually acquired more 
GluR1 subunits, whereas the number of 
NMDA subunit NR1 was relatively high 
and remained constant (Petralia et al., 
1999). Smaller AMPA receptor-mediated 
responses observed earlier in development 
are due to a small fraction of synapses 
containing functional AMPA receptors. It  
still not clear whether AMPA receptors are 
already present early on at synapses but 
are electrically silent and subsequently 
activated or  whether AMPA receptors are 
physically inserted into the postsynaptic 
membrane from intracellular pools (Rubio 
and Wenthold, 1999; Liao et al., 1999). 
The phenomenon of silent synapses and 
subsequently insertion of AMPA receptors 
not only exits during development of 
glutamatergic neurotransmission, but also 
account for a mechanism for adult form 
LTP. Accumulated data have shown that 
AMPA receptor traffi cking and synapse 
insertion play a significant role in LTP 
induction which underlies the mechanism 
of learning and memory (Malinow and 
Malenka, 2002).

4.2 AMPA receptor interacting proteins
A remarkable achievement in studying 
AMPA receptors in recent years is the 
discovery of large amounts of AMPA 
interacting proteins. Those proteins are 
responsible for AMPA receptors delivery, 
assembling, anchoring and clustering onto 
postsynaptic sites and removal in and 
out of synapses in response to neuronal 
activity. This dynamic behavior is essential 
for maintaining normal AMPA receptor 
mediated neuronal fi ring and an important 

mechanism to modify synaptic strength 
during brain development and experience-
dependent plasticity (Esteban, 2003).  

Intracellular proteins which interact 
with AMPA receptor are classifi ed into two 
groups: those containing PDZ domains 
and those without PDZ domain.

4.2.1 Proteins containing PDZ domains
Proteins containing PDZ domains play a 
general role in clustering and anchoring 
membrane proteins. They are mainly 
scaffolding proteins located at the 
postsynaptic density (PSD) which is found 
in excitatory postsynaptic sites. These 
proteins usually bind to the C-terminal 
of the interacting protein and they often 
associate with one another to form large 
protein complexes (Sheng and Sala, 
2001; Craven and Bredt, 1998; Kornau 
and Seeburg, 1997). It has been proposed 
that PDZ containing proteins provide a 
mechanism for clustering ion channels 
and receptors in the plasma membrane 
(O’Brien et al., 1998). Glutamate receptor 
interacting protein (GRIP) was the fi rst 
protein shown to interact with AMPA 
receptors by yeast two-hybrid system. 
GRIP contains seven PDZ domains (Dong 
et al., 1997). The subcellular distribution 
of GRIP was originally described to be 
predominately in specific synapses and 
its immunoreactivity in primary cultures 
of rat hippocampal neurons is seen 
throughout the dendrites. GRIP protein is 
widely expressed in the brain throughout 
development and can be detected early 
in embryonic development (Dong et al., 
1999). Biochemical studies show that PDZ 
domains bind to the C-terminal of GluR2 
and GluR3, suggesting that GRIP could 
form supramolecular complexes of AMPA 
receptors. 

Synapse-associated protein 97 
(SAP97) is a member of the MAGUK 
family that contain many protein interac-
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tion domains. This family of proteins has 
undergone extensive investigation and it 
is thought to have various roles including 
anchoring and trafficking of transmem-
brane proteins (Fujita and Kurachi, 2000). 
Within the brain, the majority of SAP-97 
can be detected at the postsynaptic density. 
But some of it can also be found cytoplas-
mically and presynaptically (Aoki et al., 
2001). It has been shown that SAP97 plays 
an important role in architecturing synaps-
es (Thomas et al., 1997). GluR1 binds di-
rectly to the PDZ domain of SAP97 (Cai et 
al., 2002; Leonard et al., 1998). This  in-
teraction allows  GluR1 containing AMPA 
receptors to associate with many other 
proteins including PKA, PKC, calcineurin, 
calmodulin (Paarmann et al., 2002) and ki-
nesin superfamily motor  protein (Mok et 
al., 2002). SAP97 is capable of   multi-
merization with itself and other MAGUK 
proteins which is consistent with its role as 
anchoring protein (Feng et al., 2004; Kar-
nak et al., 2002; Lee et al., 2002). Syn-
aptic targeting of SAP97 is modulated by 
CaMKII (Mauceri et al., 2004). 

The other PDZ-containing protein 
shown to interact with AMPA subunits 
through yeast-two hybrid screening is pro-
tein interacting C-Kinase (PICK1) (Xia et 
al., 1999; Dev et al., 1999). A PDZ domain 
in PICK1 can interact with PKCα as well 
as GluR2 which implies that the two inter-
actions are competitive. PICK1 has been 
shown to act as dimers and the dimers are 
capable of aggregating oligomeric target 
proteins. Indeed, it has been shown that 
PICK1 aggregates AMPA receptors in het-
erologous expression systems (Xia et al., 
1999; Dev et al., 1999).  

4.2.2 Non-PDZ-domain containing 
proteins
Apart from PDZ-domain-containing 
proteins, AMPA interacting proteins have 
expanded to a large scope of other proteins 

which are indispensable for normal 
AMPA receptor function. Stargazin is a 
transmembrane protein isolated through 
its interaction with AMPA receptors 
(Vandernberghe et al., 2005). It is a 
member of a family of L-type calcium 
channel modulator γ subunits. These 
proteins are differentially expressed 
throughout the nervous system. Stargazin 
has a conserved N-terminal AMPAR 
binding domain and a C-terminal PDZ 
binding domain that can bind to PSD95, 
thus it plays a dual role in the traffi cking 
of AMPARs and synaptic assembling of 
these receptors (Tomita et al., 2005; Chen 
et al., 2000). Although PSD-95 does not 
directly associate with AMPA receptors 
it can influence the expression of these 
receptors through stargazin. Clustering 
the AMPA receptor complex is regulated 
by the palmitoylation state of PSD-95 
and activity-dependent depalmitoylation 
results in the loss of synaptic AMPARs 
(Huang and El Husseini, 2005). The 
interaction between stargazin and PSD-95 
also serves to link AMPARs  to NMDARs 
and their signaling cascades (Lim et al., 
2003; Chetkovich et al., 2002).

The other proteins that also interact 
with the intracellular C-terminal domain 
of AMPA receptors containing non-PDZ 
domain include N-Ethylmaleimide-
sensitive factor (NSF) (Huang et al., 2005; 
Beretta et al., 2005; Gardner et al., 2005) 
and protein 4.1N (Shen et al., 2000).  NSF 
has been reported to bind to a unique site 
located within the C-terminal of the GluR2 
and GluR3 subunits of AMPA receptors 
(Song et al., 1998; Nishimune et al., 1998). 
NSF is a multihomomeric ATPase which 
plays essential role in protein traffi cking 
and membrane fusion (Song et al., 1998). 
Interestingly, NSF is strongly expressed 
in the postsynaptic density (Walsh and 
Kuruc, 1992). Blockade of the interaction 
of NSF with GluR2 by adenoviral 
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expression of the peptide or anti-NSF 
antibody results in a dramatic loss in the 
number of AMPA receptor aggregates 
and substantial decrease in evoked AMPA 
receptor mediated transmission (Beretta et 
al., 2005; Huang et al., 2005).

Protein 4.1 was originally isolated 
as cytoskeleton protein in erythrocytes 
(Hoover and Bryant, 2000).  A neuronal 
homolog (4.1N) has been identifi ed that 
is expressed at high levels in the brain. 
4.1N can be detected in the postsynaptic 
density of the neuron (Walensky et al., 
1999). It has been found that both GluR1 
and GluR4 can directly interact with 4.1N 
in the proximal region of their intracellular 
C-terminal (Coleman et al., 2003; Shen 
et al., 2000).  The interaction between 
4.1N and AMPARs is necessary for the 
surface expression of the receptors, links 
the receptors to actin cytoskeleton, and is 
involved in the formation of postsynaptic 
signaling complexes.

4.3 Dendritic spines   
Dendritic spines are small protrusions on 
the surface of dendrites and act as post-
synaptic sites for most glutamatergic con-
nections. AMPA and NMDA receptors 
usually are present within spines and form 
asymmetric synapses with presynaptic ter-
minal. The morphological feature of den-
dritic spines provides a postsynaptic bio-
chemical and electrical compartment that 
separates the synaptic space from the den-
dritic shaft and allows each spine to func-
tion as a partially independent unit. Spine 
formation in pyramidal neurons occurs 
after birth, in consistency with ontogeny 
of synaptogenesis. Although spinogenesis 
is not exactly the same as synaptogenesis, 
there is a close relationship between the 
two as most spines are thought to serve 
as recipients of synaptic input. In rat neo-
cortical pyramidal neurons, spine density 
increases continually during the fi rst post-

natal month, but subsequently is reduced 
with increasing age, refl ecting an initial 
overproduction and later elimination of 
synapses during early cortical develop-
ment (Yuste and Bonhoeffer, 2004). 

 In addition to the change in density, 
spines undergo profound morphological 
rearrangement. The morphology of 
spines has been classifi ed as thin, stubby, 
mushroom and irregularly shaped head 
spines (Ethell and Pasquale, 2005) (Figure. 
3). Early in development, stubby spines 
which lack clear necks are common. In 
mature neurons, mushroom spines which 
have more prominent necks and heads 
are more dominant. There is one type of 
dendritic protrusion, the fi lopodium, which 
occurs at a very early developmental stage, 
and is widely considered being a pre-form 
of dendritic spines. This transient structure 
is present mostly around the fi rst postnatal 
week, and is subsequently replaced by shaft 
synapses and stubby spines. Ultrastructural 
study on fi lopodia in rat neocortex showed 
that fi lopodia form synapses and receive 
up to 20% of the total synapses made on 
pyramidal neurons at this developmental 
stage. The data support the hypothesis 
that fi lopodia contribute to the generation 
of synapses on the dendritic shaft (Yuste 
and Bonhoeffer, 2004). Filopodia are 
highly dynamic. Imaging studies on 
dynamics of early dendritic protrusions 
from hippocampal slice cultures and 
dissociated cultures revealed that the 
appearance of shorter spine protrusions 
follows the disappearance of elongated 
fi lopodia. Highly motile dendritic fi lopodia 
become stabilized and transformed into 
spines. Several studies also postulate 
the existence of a ‘protospine’, the 
intermediate morphological structures that 
represent stabilized fi lopodia (Dailey and 
Smith, 1996; Ziv and Smith, 1996). It has 
also been shown by two-photon time lapse 
microscopy that stubby spines and other 
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type of spines can originate from fi lopodia 
in developing hippocampal neurons 
(Hering and Sheng, 2001). Interestingly, 
the opposite transformation (spine turning 
into fi lopodia) was also observed in the 
same study. 

4.3.1 Spinogenesis
Up to now, the mechanisms for spino-
genesis are still not clear. Several models 
have been proposed based on studies in 
different type of neurons.  One is referred 
to as the Sotelo model based on studies 
in Purkinje cells of cerebellum (Sotelo, 
1990).  The studies came from Weaver and 
Reeler mutant mice, both mutants have 
substantially loss of granule cells which 
are the presynaptic partners of around 90% 
of Purkinje cell spines. In these animals, 
Purkinje cells develop morphologically 
normal spines in the absence of presynaptic 
partner, even to the point of having normal 
postsynaptic specializations (Ethell and 
Pasquale, 2005). In normal developing 
cerebellar cortex, Larramendi and Victor 
already in late 1960th (Larramendi and 
Victor, 1967), pointed out that spines in the 
distal dendritic branches of Purkinje cells 
develop before they establish synaptic 

contacts with parallel fi bers. Also at early 
postnatal stages (P0-P12), ‘naked’ spines 
without presynaptic terminals counterpart 
can be identifi ed (Yuste and Bonhoeffer, 
2004). In this model, which was proposed 
by Sotelo (Sotelo, 1978; Yuste and 
Bonhoeffer, 2004), spine formation seems 
to be at least in some cases, an intrinsic, 
perhaps even cell-autonomous property of 
the neuron. The second model is based on 
terminal induced spine formation, proposed 
by Miller and Peters (Miller and Peters, 
1981) according to their data from visual 
cortex studies. Synapses are made on the 
dendritic shaft fi rst, and can be recognized 
by axon terminal which is subsequently 
swollen as synaptic vesicles accumulate. 
Finally spines develop into thin or 
mushroom-shaped with a bulbous head and 
a clear neck (Miller and Peters, 1981; Yuste 
and Bonhoeffer, 2004). The hypothesis 
implies that presynaptic terminals act 
as inducers of spines from the dendritic 
shaft. However, more experiments are 
still needed to demonstrate this proposal, 
especially live imaging to show how spines 
emerge during development. The third is 
the fi lopodia model which proposed that 
fi lopodia act as spine precursors (Yuste 

Figure 3. Classifi cation of dendritic spine morphology and ultrastructure. A. Morphological 
representation of fi lopodium and the most common types of dendritic spine. B. Dendritic spine 
ultrastructure. SV: synaptic vesicle; PSD: postsynaptic density (Adapted from Ethell and Pasquale, 
2005).

Review of the Literature



29

and Bonhoeffer, 2004). Filopodia can 
catch axons, then engage in synaptic 
contact, and undergo a fi lopodia-to-spine 
transformation. This transformation 
involves a decrease in motility, substantial 
shortening, and enlargement of the distal 
portion of the fi lopodia to yield the shape 
of mature spines. Recently, live imaging of 
developing neurons in hippocampal tissue 
slices as well as in the neocortex in vivo 
has supported the hypothesis that synapse 
formation triggers the transformation of 
fi lopodia into spines (Dailey and Smith, 
1996; Maletic-Savatic et al., 1999; Marrs et 
al., 2001; Okabe et al., 2001; Trachtenberg 
et al., 2002). This model also suggests that 
the high motility of fi lopodia is used to 
probe the space around for an appropriate 
contact site on the axon. 

The different models outlined 
above summarize the descriptive data 
accumulated on how dendritic spines 
are formed, but the exact molecular 
mechanisms of spine formation are not 
clear. The studies on molecular signals 
that drive dendritic spine development 
and plasticity have expanded rapidly in 
recent years. Many of the signal cascades 
involved in these processes converge on 
the regulators of actin dynamics.

4.3.2 Molecular mechanisms regulating 
morphology of dendritic spines
Actin is highly concentrated in spines, 
There are two types of actin, a soluble pool 
of monomeric G-actin and polymerized F-
actin fi laments that confer the characteristic 
spine morphology (Ethell and Pasquale, 
2005; Halpain, 2000; Rao and Craig, 
2000). Multiple protein complexes 
and signal cascades contribute to actin 
rearrangement within spines. One major 
pathway involves the small guanosine 
triphosphatases (GTPases) of the Rho 
family. RhoA, Rac1 and Cdc42 of this 

family have now been well characterized 
in the regulation of spine morphology 
(Ethell and Pasquale, 2005). 

A dominant-negative form of Rac1 
drastically decreases the number of 
both spines and synapses in cultured 
hippocampal slices and dissociated 
hippocampal cultures (Nakyama et al., 
2000; Penzes et al., 2000). Overexpression 
of dominant-negative Cdc42 in dissociated 
hippocampal cultures inhibits spine 
morphogenesis (Irie and Yamaguchi, 
2002). In another loss of function study 
on Drosophila visual system, there 
is significant reduction in the density 
of spine-like structures (Scott et al., 
2003). Furthermore, overexpression of 
constitutively active RhoA in hippocampal 
slices promotes spine retraction and 
elimination (Govek et al., 2004; Tashiro 
et al., 2000). Inhibition of RhoA activity 
by expressing the C3 transferase results in 
more spines in some neurons and spines 
with long necks and resembling fi lopodia in 
other neurons (Ethell and Pasquale, 2005). 
These experiments clearly demonstrated 
the distinct effects of Rho GTPase family 
members in spine morphogenesis.

Rac1 and Cdc42 promote the 
development of new spines and 
maintenance of normal spine morphology 
and RhoA activity is necessary for shaping 
the rounded spine head and for mature 
spine morphogenesis. Therefore, the 
activities of Rac1, Cdc42 and RhoA more 
likely coordinate each other temporally 
and spatially which is critical for dendritic 
spine development and remodeling. 

Molecules regulating activity of 
different Rho family GTPase are now 
being defi ned. Kalirin and Intersectin are 
multidomain exchange factors that have 
been shown to regulate actin reorganization 
in dendritic spines in response to cell 
surface signals by Eph receptor tyrosine 
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kinases (Irie and Yamaguchi, 2002; Penzes 
et al., 2000; Schmidt and Hall, 2002). 
Kalirin-5 and Kalirin-7 have been found to 
contain a PDZ domain-binding motif that 
targets them to the postsynaptic density 
(Johnson et al., 2000). Experiments using 
antisense approaches demonstrated that 
Kalirin expression is necessary for the 
regulation of dendritic spine morphology 
acting through Rac1 signaling to the actin 
cytoskeleton (Ma et al., 2001). Another 
Rac1 and Cdc42 exchange factor that has 
recently been implicated in dendritic spine 
morphogenesis is the β Pak-interacting 
exchange factor (βPIX), also known 
as cool-1 (Zhang et al., 2003). βPIX is 
transported to the synaptic region by 
binding to the adaptor protein, G protein-
coupled receptor kinase-interacting 
protein 1 (GIT1). Disruption of synaptic 
localization of βPIX by mutating its 
GIT1 binding sites causes an increase 
in dendritic protrusions but a decrease 
in mature dendritic spines and synapses 
(Zhang et al., 2003). 

Many actin-binding proteins that 
function down-stream of the GTPases of 
the Rho family have been shown to control 
the organization of the actin cytoskeleton 
in dendritic spines (Table 2).  

The integrity of the postsynaptic 
density is important for normal spine 
morphology besides the proteins involved 
in Rho signaling pathways. Many of 
the postsynaptic density proteins have 
multiple PDZ domains that recognize 
short amino acid sequences at the carboxy 
terminus (PDZ binding motif) of other 
proteins (Kim and Sheng, 2004). They 
also bind to each other, contributing to 
the formation of diverse multiple protein 
complexes. PSD-95 is a major constituent 
of the postsynaptic density (Cho et al., 
1992; Sheng, 2001). It directly binds to 
the NR2 subunit of the NMDA receptor. 
Overexpression of PSD-95 promotes 

enlargement and maturation of spines by 
increasing AMPA receptor content (Cai et 
al., 2006; El Husseini et al., 2000). Lack of 
PSD-95 causes abnormalities in synaptic 
plasticity and learning. PSD-95 interacts 
with NMDA receptors at the cell surface, 
and downstream binds to guanylate kinase-
associated protein (GKAP), which in turn 
binds to Shank. Shank associates with 
Homer proteins (Naisbitt et al., 1999; Tu 
et al., 1998). Consistent with its interaction 
with PSD-95, overexpression of Shank 
and Homer accelerates the maturation of 
spines and promotes the enlargement of 
mature spines (Sala et al., 2001). Shank 
is also found to interact with the actin-
binding proteins Cortactin (Naisbitt et al., 
1999), Abp1 (Qualmann et al., 2004), and 
the Rac1 and Cdc42 exchange factor βPIX 
(Park et al., 2003). 

Although the dendritic spine is a very 
small structure, its molecular regulation 
involves the interactions of a huge 
collection of signal and structural proteins. 
Many of them still remain to be discovered. 
The intricate regulatory mechanisms of 
spines support their important role in brain 
plasticity and learning. More sophisticated 
work is needed to investigate how 
individual molecules interrelate with each 
other in the network and react to different 
stimulations. 

5. Excitatory and inhibitory 
synaptogenesis

What are the molecular mechanisms for 
synapse formation is a critical question for 
understanding how neuronal circuitries 
are established.  The mechanisms are 
still not very clear in CNS. An important 
step has been the cloning of gephyrin. 
Gephyrin is highly concentrated in the 
synaptic densities at glycinergic and some 
GABAergic synapses (Prior et al., 1992; 
Langosch et al., 1992; Betz et al., 1991; 
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Studer et al., 2006; Jacob et al., 2005; Li et 
al., 2005). Knock-out and overexpression 
studies demonstrated that gephyrin is 
responsible for clustering of postsynaptic 
receptors at inhibitory synapses (Kneussel 
and Betz, 2000). It links the receptors to 
the underlying cytoskeleton. For excitatory 
synapse formation, the molecules involved 
in spinogenesis that are described above 
also account for glutamatergic synapse 
formation, for example: glutamate 
receptors clustering for NMDA and AMPA 
receptors types are facilitated by a class of 
PDZ proteins, such as PSD95 and SAP97 
(O’Brien et al., 1998; Cai et al., 2006). 
These proteins, interacting directly with 
glutamate receptor subunits and scaffold 
proteins such as Shank and Homer have 
been showed to promote excitatory 
synapse maturation (Kim and Sheng, 
2004; El Husseini et al., 2000). 

Intercellular adhesion is an 
additional important facet for central 
synapse formation. Matched adhesion 
molecules on pre- and postsynaptic 
membranes interact with each other 
providing tight association and specifi city 
between synaptic partners. For example, 
cadherins which bind homophilically are 
concentrated at synaptic sites in both pre-
and postsynaptic membranes and link to 
the cytoskeleton via catenins (Bamji, 2005; 
Salinas and Price 2005; Goda, 2002). 
The presence of distinct cadherins at 
different synapses could play a role in the 
selectivity of synapse formation (Colman, 
1997).  β-neurexins and neuroligins (NLs) 
that bind to each other heterophilically 
are also present at synapses (Lise and 
El Husseini, 2006; Cline 2005; Hussain 

and Sheng, 2005). Both bind to PDZ 
domain-containing proteins, such as PSD-
95 (Levinson et al., 2005). Studying the 
physiological roles of these interactions 
yielded much progress as shown by recent 
publications (Chih et al., 2005; Graf 
et al., 2004; Prange et al., 2004). They 
provide strong evidence that β-neurexins-
neuroligin signaling promotes synapse 
formation, both excitatory synapses 
and inhibitory synapses. Moreover, the 
association of neuroligin with PSD-95 may 
control the balance between excitatory 
and inhibitory synapses (Prange et al., 
2004). Expression of NL1 alone induces 
the formation of both excitatory and 
inhibitory synapses (Chih et al., 2005). 
However, when coexpressed with PSD-
95, the affect of NL1 was restricted to 
excitatory synapses. Another intriguing 
fi nding is that overexpression of PSD-95 
was able to redistribute endogenous NL2 
from inhibitory to excitatory synapses 
and enhances the formation of excitatory 
synapses at the expenses of inhibitory 
synapse formation (Graf et al., 2004). On 
the other hand, knock down of NLs either 
individually or collectively, results in a 
substantial decrease in inhibitory synaptic 
transmission, with relatively little effect 
on excitatory synaptic transmission, thus 
disturbing the excitatory/inhibitory (E/
I) synaptic balance (Chih et al., 2005). 
These fi ndings provide a new clue to the 
mechanisms of controlling CNS synapse 
formation and E/I ratio. The regulation 
of expression and stoichiometry between 
cell adhesion molecules and scaffolding 
proteins will signifi cantly affect neuronal 
wiring.

Review of the Literature
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Aims of the Study

Aims of the Study

The aims of this study are to investigate the functional role of KCC2 in neuronal 
development and the molecular mechanisms involved.

1.  To characterize the expression patterns of KCC2 in developing rodent brain.
2.  To examine the dendritic morphology of primary cultured KCC2-/- neurons.
3.  To analyze the mechanisms that underlie the role of KCC2 in dendritic spine 

formation
4.  To study the mechanisms that regulate KCC2 expression.
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Materials and Methods

Materials and methods 

Detailed information of materials and methods used in this thesis are described in the 
original papers (I-IV).

1. Animals
Embryos used for developmental expression and primary neuronal cultures are from 
timed-pregnant Sprague-Dawley rats and C56BL/6 mice from the local animal house 
(University of Helsinki). We used day 16 embryos in this study for primary neuronal 
culture. All experiments were approved by the Local Ethics Committee for Animal 
Research at the University of Helsinki

Primary neuronal and organotypic slice cultures of KCC2 -/- were obtained from 
crossing of heterozygote (KCC2+/-) females and heterozygote males (Tornberg et al. 
2005).

2. Methods used and described in articles I-IV

 

Probes Accession/Source Nucleotides (Insert bp)

Mouse KCC1 AA185691 (EST) 3295-3746 (495bp)

Mouse KCC2 AA982489 (EST) 4605-5566 (1039bp)

Rat KCC2 Payne et al. (1996) 5-834 (830bp)

Mouse KCC3 BF020529 (EST) 2832-3348 (682bp)

Mouse KCC4 A1592647 (EST) 2508-3248 (745bp)

Mouse KCC4 RT-PCR 72-275 (203bp)

Mouse NKCC1 AA980272 (EST) 3498-4346 (964bp)

Mouse NKCC1 RT-PCR 2472-3006 (265bp)

In situ hybridization I
Immunohistochemistry I
RT-PCR I
Primary neuronal culture II, III, IV
Immunocytochemistry II, III, IV
Fluorescence imaging of active synaptic terminals III
Electrophysiology and local photolysis of caged GABA III
Antibody production II, III
Immunoprecipitation III
Organotypic slice culture III
Transfection III

2.  Probes
The probe used for in situ hybridizations are listed in article I:
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Results and Discussion  

1. Developmental expression 
of KCC2 follows neuronal 
maturation in vivo (I) and in vitro 
(II). 

The expression of KCC2 in mature brain 
has been well characterized (Kanaka et 
al., 2001; Blaesse et al, 2006; Payne et al., 
1996). Later, the analysis on the postnatal 
expression pattern in hippocampus led 
to the discovery of its significant role 
in the developmental shift of GABAA 
mediated responses from depolarizing 
to hyperpolarizing (Rivera et al., 1999). 
However, there is little information on the 
expression patterns of KCC2 in embryonic 
CNS. In order to cast light on this subject 
we used in situ hybridizations to show that 
KCC2 mRNA was already expressed in the 
ventral part of the cervical spinal cord as 
early as E12.5 in rat and mouse embryos. 
No signals were observed in higher brain 
regions at this stage (I, Fig. 2A). Similar 
results were also reported by Hubner et al 
(2001) that mouse spinal cord motoneurons 
express KCC2 as early as E12.5 and the 
expression spreads over the complete 
spinal cord by E18.5. As brain develops, 
the transcripts spread towards other 
differentiating parts of the CNS including 
the diencephalon, mesencephalon and 
rhombercephalon, coinciding with 
the up-regulated expression of KCC2 
described previously (Lu et al., 1999; 
Rivera et al., 1999). In the diencephalon, 
high mRNA expression was restricted to 
the ventral thalamus and ventral lateral 
geniculate complex. Dorsal thalamus had 
a moderate expression level of the mRNA. 
In the brainstem, KCC2 expression was 
particularly high in tegmental region as 
well as in the caudal part of the spinal 
nucleus of trigeminal nerve (I, Fig 2B). 

A strong hybridization signal of KCC2 
transcripts was also found in the ventral 
parts of the developing olfactory bulb (I, 
Fig. 2Ad insert). Neurons in olfactory 
bulb mantle layer are born as earlier as 
E10 (Altman and Bayer, 1995). KCC2 is 
expressed in these early developing regions 
by E14.5, but not in the isocortex, which 
differentiates much later than the olfactory 
bulb and basal nuclei. It was not possible 
to detect KCC2 mRNA expression in 
isocortex of telencephalon (that develops 
into neocortex and hippocampus) until 
postnatal day 0 (P0) in mouse (I, Fig2Af). 
In newborn mouse and rat brain, KCC2 
mRNA levels were high in the olfactory 
bulb, but very low in cortex and anterior 
thalamic regions of the rat. In new born 
mouse (but not in rat), the hippocampus 
and cerebellum already displayed low 
levels of KCC2 mRNA expression (I, Fig 
2Al). In general, the development of KCC2 
expression followed the rostral-caudal axis 
of neuronal maturation. 

KCC2 mRNA was present within 
the areas that were labeled with the class 
III β-tubulin specifi c antibody TUJ-1 (a 
marker for differentiated neurons), for 
example, in the basal ganglia (Menezes 
& Luskin, 1994; Owens & Kriegstein, 
1998; but see Menezes et al., 1995). But in 
the ventricular zone, where neurogenesis 
is ongoing, or in the intermediate zone, 
where neurons are migrating, there was no 
detectable KCC2 mRNA. By combining 
immunostaining and in situ hybridization, 
we found that wherever there was 
KCC2 hybridization signal, TUJ-1 
immunostaining was positive. But not all 
migrating and postmitotic neurons labeled 
by TUJ1 express KCC2, for example those 
seen in the isocortex preplate (I, Fig.3). 
These results indicate that migrating and 
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postmitotic neurons have to develop into 
certain stage to express KCC2. We found 
also that, at a given embryonic age, the 
development of KCC2 expression was 
more advanced in mouse brain than in rat 
in according with more rapid development 
of the mouse embryo (I, Fig. 2A). These 
observations give additional support 
to KCC2 as an indicator of neuronal 
maturation.

Results on KCC1, KCC3, KCC4 and 
NKCC1 indicated that KCC1 expression 
was generally low in embryonic brain and 
show slightly up-regulation until birth (I; 
Fig. 1A). The expression of KCC1 was 
only detectable in the developing choroid 
plexus as early as E14,5.  KCC3 mRNA 
was scarce in the cortical plate at E14.5 and 
slightly up-regulated at birth. Although the 
KCC3 expression level was low, we could 
confi rm its expression with RT-PCR from 
different brain regions like telencephalon, 
diencephalon and mesencephalon (I, Fig. 
4). There was no hybridization signal 
for KCC3 in the ventricular layer and 
developing choroid plexus. In contrast, 
KCC4 mRNA was abundantly expressed 
in the ventricular zone and was down-
regulated perinatally (I; Fig. 5). Detected 
as early as E12.5 in mouse embryos, 
KCC4 expression was associated with 
proliferative regions where neurogenesis 
takes place. It was also found that there 
was expression of KCC4 in other regions 
at E14.5 including the spinal nucleus of the 
trigeminal nerve in the rhombercephalon 
and vestibular ganglion. KCC4 expression 
was decreased at around P0, but it was 
detected in the choroid plexus and other 
epithelial layers as well as the peripheral 
ganglia. NKCC1 was highly expressed 
in the vimentin-positive radial glia of the 
proliferative zone of the subcortical region 
indicating that expression of NKCC1 was 
closely associated with neurogenesis (I; 

Fig. 7). Neuronal progenitor cells in the 
ventricular zone go through several cell 
cycles to generate postmitotic neurons. 
An increase in cell size is an important 
variable in determining the timing of 
cell division (Albert et al., 1994; Gao 
and Raff, 1997). By controlling the cell 
size, NKCC1, a cotransporter known 
to mediate regulatory volume increase 
(Russell, 2000), might be involved in the 
control of the neuronal cell cycle. At later 
embryonic stages, there was a shift in 
NKCC1 expression to the neuron specifi c 
class III β-tubulin positive region of the 
cortical plate. Functional relevance for 
this expression shifting remains for further 
studies. An intensive signal of NKCC1 
expression was observed in developing 
choroid plexus throughout development. 
As shown previously (Clayton et al., 
1998), KCC1 was also expressed in the 
adult choroid plexus. Thus KCC1 and 
NKCC1 appear to regulate the ionic 
concentration of the cerebral fl uid and to 
set the internal Cl concentration within 
choroid plexus cells.  

The distinct distributions of KCCs 
in embryonic brain indicate different 
roles of KCCs in neuronal development. 
In addition to above in vivo expression 
studies, we then focussed on the role of 
KCC2 and went on to further analyze 
the expression of KCC2 in hippocampal 
dissociated and organotypic cultures. The 
expression of KCC2 is developmentally 
up-regulated in both cases. In dissociated 
cultures, KCC2 immunoreactivity was 
fi rst observed after 3 days in vitro (DIV). 
The localization of the protein at this age 
was mainly somatic. KCC2 expression 
increased as the culture developed and 
spread from cell bodies to neurites. Double 
staining with MAP2 antibody showed that 
KCC2 positive neurites were exclusively 
dendrites (II; Fig. 2A). To quantify the 
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KCC2 immunoreactivity, the staining 
intensity in the soma was estimated. There 
was a progressive increase of expression 
intensity during the fi rst 2 weeks of culture 
development. At 6DIV, KCC2 expression 
intensity levels were only 20% of what 
was seen at 15DIV. Western blot analysis 
of KCC2 levels in extract from dissociated 
and organotypic cultures gave the same 
results (II; Fig. 3). The relative amount of 
KCC2 protein as compared with β-tubulin 
gradually increased until 15DIV. The steep 
developmental up-regulation takes place 
at a time window of the fi rst two postnatal 
weeks which is similar to what has been 
seen in vivo (Clayton et al., 1998; Lu et 
al., 1999; Rivera et al., 1999). During 
development, synaptic connections are 
rapidly formed and strengthened at this 
time window (Ben Ari, 2002; Davies et al., 
1998). A temporal correlation between the 
expression of KCC2 and synaptogenesis 
was demonstrated by co-immunostaining 

of KCC2 and synaptophysin in dissociated 
cultures. The robust increase in KCC2 
protein level seen between 8 and 15 DIV 
was paralleled by neuronal maturation as 
indicated by the formation of synapses  
(II;  Fig . 4). 

Fu r the r  s tudy  fo r  KCC2 
subcellular distribution in dissociated 
cultures showed that KCC2 was expressed 
already in dendritic protrusion (most are 
fi lopodia) at about 1-week in culture.  At 
3 weeks, highly expressed KCC2 protein 
levels are present in dendritic protrusions 
which are then mostly mature spines at 
this age (unpublished data, Figure: 4). 
The results are consistent with a previous 
publication (Gulyas et al., 2001) showing 
high expression of KCC2 in the vicinity of 
excitatory synapses in vivo. The presence 
of KCC2 in spines prompted us to further 
investigate the function of KCC2 during 
neuronal development in dendritic spines.

Figure 4. The subcellular distribution of  KCC2 in primary neuronal cultures. Both fi lopodia (one 
week) and spines (3 weeks) express KCC2.
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2. The role of KCC2 in spine 
formation (III)

2.1 Aberrant morphology of dendritic 
spines in KCC2-/- cortical neurons and 
KCC2hy/null neurons
The presence of KCC2 in spines raised 
the question whether KCC2 would have 
a novel function at excitatory synapses. 
We cultured cortical neurons from KCC2 
knock-out embryos and examined the 
difference in morphology of dendritic 
spines in KCC2-/- neurons and wild type 
(WT) neurons. After about two weeks in 
culture, the dendritic spines of pyramidal-
shaped cortical neurons from KCC2-
/- mice were significantly longer than 
wild-type neurons.  We also observed that 
many of these protrusions were clearly 
branched. Interestingly, there was no clear 
differences in the density of dendritic 
protrusions between KCC2-/- and wild 
type neurons (III  Fig.  1A-F).

To test for the possibility that 
hyperexcitability induced by the lack 
of functional hyperpolarizing inhibition 
caused the abnormal spine morphology,  
we cultured KCC2-/- neurons in the 
continuous presence of TTX. There was 
no difference observed between the two 
cultures. In order to investigate a possible 
tonic GABAA mediated effect on spine 
morphology, we applied 10 uM bicuculline 
at 8DIV. However, bicucullin was not able 
to block the spine phenotype of KCC2 -/- 
neurons (III  Fig.  1E, F) . These results 
indicate that the phenotype of dendritic 
protrusion in KCC2-/- neurons is not due 
to hyperexcitability or tonic actions of 
GABAA.

To examine the regulatory role of 
KCC2 in spine development in vivo, 
we used compound heterozygous mice 
for KCC2 null and hypomorphic alleles 
(KCC2hy/null) which express 17% of 
WT KCC2 protein levels but are viable 

(Tornberg et al., 2005). Neocortical 
acute slices from these mice (P16) were 
intracellularly loaded with biocytin and 
dendritic protrusions were analyzed. The 
protrusions were significantly longer in 
KCC2hy/null than WT neurons. There was 
no difference in spine density observed 
between genotypes (III  Fig.  1G-L).

2.2 Functional excitatory synapses 
reduced in KCC2-/- neurons
Glutamatergic synapses are formed on 
dendritic spines in neocortical neurons. 
To examine the maturation of excitatory 
synapses in KCC2-/- neurons, we used 
double immunostaining for presynaptic 
marker, VGLUT1, with either postsynaptic 
marker PSD-95, a postsynaptic density 
protein mainly present in mature excitatory 
synapses (Kim and Sheng, 2004) and 
Homer. Our results showed significant 
reductions in VGLUT1 positive PSD-95 
clusters and VGLUT1 positive Homer 
clusters when compared KCC2-/- neurons 
with the wild type but no difference was 
observed in the soma (III, Fig. 2A-D). 
Another experiment was performed using 
the styryl dye SynaptoRed (III, Fig. 2E-
G) to estimate active synapse number. 
When loaded onto the cultured neurons, 
we found that the number of active 
presynaptic elements targeting dendrites 
is significantly reduced in dendrites of 
KCC2-/- neurons. No clear difference was 
observed at neuronal soma. Consistent 
with the aberrant morphology of dendritic 
protrusions in the KCC2-/- neurons, 
the above data indicate a prominent 
reduction in the number of functional 
synapses. Further evidence supporting 
this conclusion was obtained by recording 
excitatory miniature postsynaptic currents 
(mEPSCs): there was a signifi cantly lower 
frequency of mEPSCs in KCC2-/- neurons 
but no difference in amplitude as compared 
to WT neurons  (III, Fig. 2H-J)
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2.3. KCC2-ΔNTD lacking K-Cl 
transport activity restores normal spine 
morphology in KCC2-/- neurons
In order to examine whether a mechanism 
based on the regulation of neuronal 
[Cl]i  underlies the action of KCC2 on 
the development of spine morphology, 
we constructed a N-terminal deleted 
KCC2 mutant (KCC2-ΔNTD) with the 
expectation that it is not capable of K-Cl 
cotransport. Previous work has shown 
that deletion of the N-terminal domain of 
the KCC1 results in a K-Cl cotransport 
mutant that is incapable of Cl- transport 
(Casula et al., 2001).  To evaluate the 
chloride extrusion effi cacy of the KCC2 
constructs used in the present study we 
employed a functional assay based on the 
somato-dendritic gradient of the reversal 
potential (EGABA) of GABAA receptor-
mediated current responses induced along 
the dendrite by laser fl ash photolysis of 
caged GABA (Khirug et al., 2005)  When 
comparing full length KCC2 (KCC2-
FL) and KCC2-ΔNTD for their effi cacy 
to transport K-Cl in KCC2-/- neurons, 
we found that in KCC2-FL transfected 
neurons, the net Cl efflux was similar 
to more mature WT neurons (14-22 
DIV), but in KCC2-ΔNTD transfected 
neurons, no difference was observed when 
compared with control EGFP transfected 
neurons (III; Fig. 3A, B). In addition to 
the electrophysiological assays above, we 
tested the functionality of the constructs 
using a classical 86Rb flux assay of K-
Cl cotransport in HEK-293 cells. In full 
agreement with the results obtained in 
neurons, HEK-293 cells expressing the 
KCC2-FL construct induced a pronounced 
furosemide-sensitive 86Rb flux whereas 
cells expressing either KCC2-∆NTD or 
EGFP displayed small fluxes that were 
not signifi cantly above the baseline level. 
When transport activity was stimulated 

with NEM, a well-known functional 
activator of K-Cl cotransport, only the 
cells that were transfected with KCC2-FL 
showed a robust increase in the 86Rb fl ux 
(III, Fig. 3C)

We ectopically expressed these 
two constructs in KCC2-/- neurons and 
examined their ability to restore altered 
spine morphology. KCC2-FL expressing 
neurons display normal spine morphology 
as we expected. Surprisingly, KCC2-
∆NTD transfected neurons were able to 
fully restore normal spine morphology 
(III ,  Fig.  3D-F)  and funct ional 
excitatory synapses as demonstrated 
by immunostaining of PSD95 and 
mEPSC recordings (III, Fig. 4A-E). The 
numbers of dendritic protrusions was not 
signifi cantly different between control and 
neurons transfected by each constructs. 
These results demonstrated that the role 
of KCC2 in the maturation of spines is 
not based on an effect on neuronal Cl- 
regulation and indicates a structural role 
that underlies the mechanism of KCC2 in 
spine formation.

We a lso  t ransfec ted  another 
cotransporter isoform, KCC3, as a control 
experiment to further demonstrated the 
specifi city of KCC2-FL and KCC2-∆NTD 
in rescuing the phenotype. The expression 
of KCC3-FL in KCC2-/- neurons was not 
able to restore normal spine morphology 
(III, Fig. 3D-F). The density of dendritic 
protrusions was not signifi cantly different 
between control neurons.

2.4. Overexpression of KCC2 C-
terminal domain in WT neurons 
induces elongation of dendritic 
protrusions.
We then used the KCC2 C-terminal 
domain (KCC2-CTD) to transfect wild 
type neurons. We assume that the effect 
of KCC2 in spine formation could be 
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mediated by its C-terminal interaction 
with other proteins and overexpression of 
KCC2-CTD may compete for the KCC2 
intracellular interaction partner. Indeed, 
the phenotype in the transfected neurons 
was very similar to the phenotype of the 
KCC2 -/- neurons   (III; Fig. 5A, B). 
There was signifi cant reduced functional 
presynaptic buttons as demonstrated by 
SynaptoRed loading experiment (III; 
Fig. 5D, E). No signifi cant change in the 
number of protrusions was observed in 
KCC2-CTD or KCC3-CTD transfected 
neurons (III; Fig. 5C). This experiment 
suggests that the C-terminal domain of 
KCC2 is necessary for normal dendritic 
spine morphogenesis. KCC2-CTD has a 
dominant negative effect, blocking the 
binding between KCC2 and an interaction 
protein that is important for normal spine 
development. 

2.5. The interaction of KCC2-CTD 
with 4.1N underlies the function of 
KCC2 in spine morphology
Considering the role of the KCC2 C-
terminus in spine formation, we set out to 
fi nd the interacting partners of KCC2 C-
terminal within spines. Dendritic spines 
are the main target of excitatory synapses, 
containing a variety of glutamate receptors, 
signaling molecules, and scaffold 
proteins in conjunction with actin-rich 
cytoskeleton (Ethell and Pasquale, 2005; 
Hering and Sheng, 2001). We screened 
mouse brain homogenate with a number 
of antibodies against glutamate receptor 
subunits (GluR1-4) and other proteins 
enriched in spines, including PSD-95, 
CRIPT, SAP97, GRIP, CaMKII and 
4.1N, to test KCC2 immunoactivity from 
their immunoprecipitates. Out of these, 
the antibody against the cytoskeleton 
interacting protein 4.1N was the only one 
able to precipitate KCC2 (III;  Fig. 6A). 

4.1N is a neuronal isoform of the 
cytoskeleton associated protein 4.1 family 
that it is well-known to participate in 
stabilizing the spectrin/actin cytoskeleton 
(Hoover and Bryant, 2000). Thus, we 
went on to further analyze the interaction 
between 4.1N and KCC2. This interaction 
was further demonstrated by co-
immunoprecipitation using antibodies 
against both the C-terminal and N-terminal 
epitopes of KCC2.  Co-expression of 
KCC2 and myc-tagged 4.1N in HEK293 
cells resulted in a clear myc-4.1N band in 
anti-KCC2 immunoprecipitates. Similarly, 
the anti-myc antibody could also bring 
down KCC2 (III; Fig. 6C, D). 

The molecular interaction domains 
within KCC2 and 4.1N that are responsible 
for the interaction were further investigated 
by expressing a truncated form of KCC2 
and 4.1N. We found that KCC2 C-terminal 
interacts with the FERM domain (Hoover 
and Bryant, 2000) of 4.1N  (III;  Fig. 6E, 
F). 

In this study, we found a novel 
role of KCC2 in spine formation. And 
interestingly, the role is mediated by 
protein-protein interaction, independent 
of the well-established function of KCC2 
as a K-Cl cotransporter. We showed that 
in the absence of KCC2, the morphology 
of dendritic protrusions is altered and 
functional synapses could not develop 
properly. We also demonstrated the 4.1N 
directly links the KCC2 C-terminus 
and the spine cytoskeleton. The actin-
rich cytoskeleton of spines is critical for 
spinogenesis and also for the maintenance 
and plasticity of mature synapses (Halpain, 
2000; Matus, 2000; Segal and Andersen, 
2000; Yuste and Bonhoeffer, 2004). 
4.1N is thought to have a central role in 
mediating structural interactions among 
the cytoskeleton, transmembrane proteins 
as well as adhesion molecules (Hoover 
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and Bryant, 2000). Both KCC2 and 4.1N 
are abundant in neurons during early 
development at the time of synaptogenesis 
and their expression is steeply correlated 
with the maturation of excitatory synapses 
(Gulyas et al., 2001; Rivera et al., 1999; 
Walensky et al., 1999).  

The present fi nding of a novel role of 
KCC2 in spine formation shows that KCC2 
participates in coordinating the functional 
maturation of excitatory and inhibitory 
neurotransmission. During a critical period 
of brain development, GABA responses 
shift from depolarizing and sometimes 
even excitatory to inhibitory, in parallel 
with the maturation of glutamatergic 
synapses. The dual role of KCC2 in 
chloride regulation and spine maturation 
during development is important in 
coordinating the two systems. Until now 
only some molecules have been shown 
to participate in balancing excitatory 
and inhibitory synapse formation, e.g. 
Neuroligin and its interaction with PSD-
95. We provide evidence here that KCC2 
acts as another molecular synchronizer 
having a significant role in functional 
neuronal network formation. 

3. Regulation of KCC2 
expression during development 
and plasticity (II, IV)
Previously we have shown that KCC2 
expression appears as earlier as 3DIV 
in dissociated cultures before synapse 
formation, and is up-regulated following 
neuronal maturation. To examine whether 
neuronal activity and synaptic transmission 
affect the developmental up-regulation 
of KCC2 in dissociated and organotypic 
cultures (see Ganguly et al., 2001), we 
used chronic treatment on hippocampal 
cultures with the action-potential blocker 
TTX (10μM); NMDA and non-NMDA 
antagonist, APV (40μM) and NBQX 

(10μM); as well as the GABAA receptor 
blocker PTX (50μM). Measurements of 
KCC2 immunostaining intensity did not 
reveal any signifi cant alteration in KCC2 
developmental up-regulation in cultures 
treated with various combinations of the 
blockers (II; Fig. 5). The results were 
further confi rmed by western blot analysis. 
These data show that neither neuronal 
spiking nor ionotropic glutamatergic and 
GABAergic transmission are required for 
the developmental expression of KCC2 in 
mouse hippocampal neurons in vitro. 

The data presented do not rule out the 
possibility that expression of KCC2 could 
be modulated by trophic factors, such as 
brain-derived neurotrophic factor (Aguado 
et al., 2003) or insulin-like growth factor1 
(Kelsch et al., 2001). Indeed, when 
studying the expression of KCC2 during 
plasticity, we observed down-regulation 
of KCC2 mRNA and protein levels by 
spontaneous activity. In these experiments, 
hippocampal slices were exposed to a 
solution devoid of Mg 2+ (0- Mg 2+). After 
1-3 hours, RT-PCR from the slices showed 
that there is a progressive fall of KCC2 
mRNA that starts within 30min exposure. 
Hippocampal slices in Mg 2+ -free solution 
usually generate continuous interictal-
like spontaneous activity (Anderson et 
al., 1986; Mody et al., 1987), which 
commences at ~10-15 min and shows a 
progressive increase in frequency during 
the 1-3hr recording sessions. Western blot 
analyses showed a pronounced decrease of 
KCC2 protein during 0- Mg 2+ exposure for 
1-3 hr (IV; Fig. 1). The down-regulation 
of KCC2 expression was not caused by 
the withdrawal of Mg 2+ per se but by the 
consequent discharge activity, because 
pharmacologically blocking the activity 
with NBQX plus AP-5 retained KCC2 
mRNA as well as protein at a level that was 
indistinguishable from parallel controls. 
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This activity-induced down-regulation 
displayed an area-specifi c pattern shown 
by KCC2 immunofluorescent staining 
in the slices. The decrease was most 
prominent in the CA1 region than other 
regions (IV; Fig. 2).

BDNF-TrkB-mediated signaling 
has been found to be a major molecular 
cascade responsible for changes in protein 
expression required for plasticity such as 
LTP and epileptogenesis. To investigate 
the molecular mechanism for activity-
induced downregulation of KCC2, we 
superfused acute hippocampal slices with 
0-Mg2+ solution for 3 hr in the presence 
or absence of the tyrosine kinase inhibitor 
K252a, which prevents TrkB activation 
by inhibiting autophosphorylation of 
the receptors. KCC2 mRNA and protein 
levels remained at control levels in the 
presence of K252a (IV; Fig. 6). Control 
experiments showed that K252a had 
no effect on 0-Mg2+ induced interictal-
like spontaneous activity. Similar results 
were obtained when TrkB receptor 
bodies (TrkB-Fc) were applied to slices 
to scavenge endogenously released 
BDNF. These results demonstrated that 
TrkB activation by endogenous BDNF is 
required for the activity-induced down-
regulation of KCC2 .

BDNF-TrkB intracellular signaling is 
activated through the autophosphorylation 
of tyrosine residues of the intracellular 
domain of TrkB. There are two tyrosine 
phosphorylation residues creating docking 
sites for recruiting signaling adaptor 
proteins linked to PLCγ (Tyr 816), and 
Shc/FRS-2 (Tyr 515) (Bibel and Barde, 
2000; Minichiello et al., 2002).  These 
two docking sites mediate two different 
signaling cascades: PLCγ activates the 
CaM kinase/IP3 kinase signal pathway, and 
Shc/FRS-2 the Ras/MAPK pathways. To 
further examine which signaling pathway, 

downstream of TrkB, is involved in the 
downregulation of KCC2, we analyzed 
two different transgenic mice, one with a 
targeted mutation in the PLCγ docking site 
of TrkB (TrkBPLC/PLC), and the other with a 
targeted mutation in the Shc binding site 
(TrkBSHC/SHC). Interestingly, KCC2 protein 
levels were not significantly affected 
in TrkBSHC/SHC mutant slices, indicating 
that the activation of Shc pathway is 
necessary for KCC2 down-regulation. 
Strikingly, KCC2 protein levels in the 
TrkBPLC/PLC mutant slices were elevated 
by the exposure to BDNF, indicating that 
in the absence of PLCγ cascades, the Shc 
pathway is able to upregulate KCC2  (IV; 
Fig. 8). 

Similar results were obtained from 
experiments in which TrkB mutant slices 
were exposed to the 0-Mg2+ solution 
for 3 hr. In addition, immunostaining 
for pCREB demonstrated that CREB 
activation (Finkbeiner et al., 1997; Bibel 
and Barde, 2000; Minichiello et al., 2002) 
may be involved in the mechanism for 
KCC2 downregulation in 0-Mg2+ treated 
slices. Scavenging endogenous BDNF also 
showed suppressed CREB activation in 
slices exposed to the 0-Mg2+ solution. The 
robust increase in CREB phosphorylation 
observed in the CA1 region after 1 hr 
coincides with the down-regulation of 
KCC2 in the same region. These data 
support the involvement of CREB in 
regulating KCC2 transcription under 
spontaneous activity.

These results show that the expression 
of KCC2 is regulated by neuronal activity. 
Consequently, neuronal hyperactivity 
leads to compromised Cl- extrusion which 
is required for GABAergic postsynaptic 
hyperpolarization. This prediction 
was demonstrated experimentally by 
measuring the reversal potential of 
GABAA-mediated IPSPs with a somatic 
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chloride load. The driving forces of 
IPSPs between control slices and 0-Mg2+ 
treated slices were signifi cantly different. 
In treated slices depolarizing reversal 
potentials was measured as compared to 
control. Our results provide evidence for 
the fast qualitative change in GABAergic 
transmission from hyperpolarizing 
to depolarizing under epileptic-like 
conditions (Kapur et al., 1995; Nabekura 
et al., 2002; Payne et al., 2003; see also 
Kaila et al., 1997). Interestingly, a recent 
report suggests that a Ca2+-dependent 
decrease in K-Cl cotransport activity is 
associated with coincident presynaptic and 
postsynaptic spiking (Woodin et al., 2003). 
This effect may share the same mechanism 
as indicated in our studies. 

Our results revealed a direct link 
between BDNF-TrkB signaling and 
downregulation of KCC2 and the 
underlying intracellular signaling 

cascades. We found that both the PLCγ and 
Shc/FRS-2 activated signaling cascades 
are required for KCC2 down-regulation. 
Experiments from transgenic TrkBPLC/PLC 
and TrkBSHC/SHC mice suggested that the 
Shc pathway is crucial for both the down-
regulation and up-regulation of KCC2. 
Down-regulation of KCC2 appears to 
take place if the Shc pathway is activated 
in conjunction with the PLCγ cascades, 
whereas an up-regulation is triggered by 
the Shc pathway acting in the absence 
of the PLCγ cascades. These may partly 
explain the different effects of BDNF on 
KCC2 mRNA expression in immature 
and mature neurons (Aguado et al., 
2003; Rivera et al., 2002). We speculate 
that similar mechanisms for long-term 
plasticity are important under normal and 
pathophysiological conditions as well as 
in the maturation of functional neuronal 
networks. 
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Conclusions

1. The spatiotemporal expression patterns of distinct CCCs during embryonic 
development suggests that Cl- regulatory mechanisms are critically involved in the 
control of neuronal development. 

2. Developmental expression of KCC2 in vivo and in vitro follows neuronal 
maturation and is strongly correlated with synaptogenesis, but neither neuronal 
spiking nor ionotropic glutamatergic and GABAergic transmission are required for 
the developmental up-regulation of KCC2 expression in mouse cultured cortical 
neurons.

3.   KCC2-/- cortical neurons have abnormal morphology of dendritic protrusions and 
the number of functional excitatory synapses is reduced in KCC2-/- neurons. The 
interaction between KCC2 and dendritic cytoskeleton protein, 4.1N, is required for 
spine development.

4. The expression of KCC2 is regulated in diverse manifestations of neuronal       
plasticity. We show that interictal-like activity down-regulates KCC2 mRNA and      
protein expression in hippocampal slices, which leads to a reduced capacity for      
neuronal Cl- extrusion. This effect is mediated by endogenous BDNF acting on TrkB, 
with down-stream cascades involving both Shc/FRS-2 and PLCγ cAMP response 
element-binding protein signaling. 
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