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SUMMARY
The chloride concentration in neurons is in general established by the precise functional expression of the sodium-potassium-chloride cotransporter one (NKCC1) and the potassium-chloride
cotransporter two (KCC2). NKCC1 raises the intracellular chloride concentration, while KCC2
extrudes chloride. The intracellular chloride concentration determines the strength and direction
of γ-aminobutyric acid (GABA) receptor-mediated transmission. In general, the intracellular chloride concentration in neurons is low and causes GABA-mediated inhibition. However, the intracellular chloride concentration in immature neurons is high leading to GABAergic depolarization,
which can cause excitation.
The effects of excitatory GABA signaling in early development is still unclear. It has been
speculated that excitatory GABA, causing general depolarization in neurons, has profound effects on neuronal activity and neuronal maturation. Therefore, I studied in collaboration with
Carsten Pfeffer the development of the hippocampal network during the early phase of postnatal development under conditions when excitatory GABA action is abolished. Here, sodiumpotassium-chloride cotransporter one (NKCC1) knockout mice (Nkcc1-/-) were used to reduce the
intracellular chloride concentration in immature neurons. Young CA1 pyramidal neurons of
Nkcc1-/- mice showed diminished GABAergic depolarization. I found that this reduction was sufficient to cause a delay in the maturation of glutamatergic and GABAergic synapses. This suggests
that GABAergic excitation during early postnatal development, increasing the network activity,
facilitates the maturation of synaptic networks.
GABAergic depolarization in Nkcc1-/- mice was reduced but not completely abolished; suggesting that additional chloride loading mechanisms might exist. As the anion-exchanger three
(AE3) was proposed to contribute to chloride accumulation, AE3 knockout (Ae3-/-) mice were
also studied. I could not detect any changes in intracellular chloride concentration after loss of
AE3 at postnatal day one (P1). However at P5, the disruption of AE3 affected the early network
activity pattern, indicating an effect of reduced intracellular chloride concentration. These data
showed that NKCC1 establishes high intracellular chloride concentration in neurons providing
the basis for GABAergic excitation. The role of AE3 is still not clear; it might contribute to the
chloride accumulation in neurons.
In addition to the function of chloride transporters, chloride conductive channels are likely to
modulate the intracellular chloride concentration, and therefore could influence neuronal excitability. Especially ClC-2 has been suggested to contribute to chloride extrusion. I investigated
1
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the functional role of the voltage-gated chloride channel ClC-2. As specific blockers for ClC-2 are
not available, I used ClC-2 knockout (Clcn2-/-) mice. It has been proposed that ClC-2 constitutes a
pathway for chloride extrusion to maintain the inhibitory action of GABA in mature neurons. My
data provide direct evidence that ClC-2 mediates fast chloride extrusion preventing chloride
accumulation. Chloride extrusion by ClC-2 seemed to be important especially in adult hippocampal pyramidal neurons where GABAA receptor activation occurs in high frequency bursts. Interestingly, the chloride-conductance of ClC-2 occurs first in the second postnatal week of developing
mice, suggesting that ClC-2 is important in fully developed neurons, but might not be important
in immature neurons.
Surprisingly, neurons in Clcn2-/- mice have a very high membrane resistance compared to WT
animals, indicating that ClC-2 is active during the resting membrane potential. This might be a
general feature of neurons, as I recorded the chloride conductance of ClC-2 in various neuron
types. I showed that the resting conductance of ClC-2 affects resting membrane properties,
which determine the neuronal excitability. As a consequence, the loss of ClC-2 increases the
excitability of a neuron; however, it does not cause hyperexcitation of the hippocampal network.
Even more, the network excitability is reduced in ClC-2 KO mice in comparison to the WT. This
reduction is caused by an increased inhibition. I found that ClC-2 expressing interneurons increased their inhibitory action onto pyramidal cells after loss of ClC-2.
Taken together, my data reveal that ClC-2 plays a dual role in adult neurons. First, ClC-2 contributes a fast mechanism to extrude chloride after chloride accumulation. Second, ClC-2 provides the chloride leak conductance under resting conditions. The loss of ClC-2 leads to a higher
excitability of the neuron due to a strongly increased membrane resistance. Importantly, hyperexcitability of the neuronal network is circumvented by a parallel enhanced inhibition, which can
explain the absence of an epileptic phenotype in mice.
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Neurons communicate through chemical and electrical signals to process information, providing
the fundamental basis for perception, learning and behavior. The electrochemical gradients of
different ionic conductances across the cellular membrane and the action of various neurotransmitters determine the electrophysiological properties of a neuron. The neuronal membrane
is primarily permeable for ions of sodium, potassium, calcium and chloride. Whether these ions
pass the membrane depends on the function of transmembrane ion channels. These channels
allow the passive diffusion of the electrical charges along the electrochemical gradient and the
chemical potential of the given ion. The maintenance of the ionic concentration gradient is necessary to ensure electrical signaling and information processing from one neuron to another.
In contrast to the intracellular concentrations of sodium, potassium and calcium, the intracellular concentration of chloride changes during development determining the neuronal response to the transmitter γ-aminobutyric acid (GABA) or glycine. In early development, chloride
is high and leads to GABA-mediated excitation. In adult neurons, the chloride concentration is
low and results in GABA-mediated inhibition. Altered chloride homeostasis caused by dysfunction of chloride regulating mechanisms can cause several human inherited diseases, for example
myotonia (Koch et al., 1992), cystic fibrosis (Quinton, 1983), Dent`s disease (Lloyd et al., 1996) or
epilepsy (Cohen et al., 2002). Therefore, it is important to investigate chloride regulating mechanisms, which are potential targets for pharmacological treatments.

1.1

Regulation of the intracellular chloride concentration

In early postnatal development, chloride is accumulated intracellularly (Fig. 1), ranging between
25-40 mM (e.g., Balakrishnan et al., 2003; Yamada et al., 2004; Sipila et al., 2006; Achilles et al.,
2007), such that the chloride reversal potential (ECl) is positive relative to the resting membrane
potential of the neuron. Under these conditions, chloride ions flow outward through GABA- or
glycine receptors. Consequently, young neurons depolarize resulting in excitation of these neurons. Conversely, after fully maturation the intracellular chloride concentration is low, approximately 5 mM (e.g., Khirug et al., 2008; Tyzio et al., 2008). Then, ECl is negative to the resting
membrane potential and chloride ions flow inward as a response to GABA or glycine. Under
these conditions, the cell hyperpolarizes resulting in inhibition. However, small changes in the
3
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intracellular chloride concentration can shift ECl in the near of the resting membrane potential
with profound consequences for the neuronal response to GABA. An ECl in the near of the resting
membrane potential causes shunting inhibition. This form of inhibition is mediated by the conductance of GABAA or glycine receptors, which changes the membrane resistance but not the
membrane potential, and thereby shunts the incoming excitatory inputs. I will discuss about
changes in the intracellular chloride concentration and its effects on GABA signaling further in
Chapter 5.

Figure 1: Developmental regulation of intracellular chloride concentration.
A and B, The Na-K-Cl cotransporter NKCC1 transports chloride into the neuron, the K-Cl cotransporter KCC2 and the voltage-gated chloride channel ClC-2 mediate chloride extrusion. Additionally,
neurons exchange anions, e.g. through the anion exchanger 3 (AE3). A, In young neurons, NKCC1
-

establish a high intracellular chloride concentration [Cl ]i, which is required for an excitatory response to the transmitter GABA (inset). B, Later on, chloride extrusion mechanisms such as through
-

KCC2 and ClC-2 dominate to maintain a low [Cl ]i to ensure an inhibitory response to GABA (inset).
GABA, γ-amino butyric acid; GABAA, GABA receptor type A. Modified from Ben-Ari, Nature Reviews
Neuroscience (2002).
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1.1.1

Cation-Chloride cotransporters

The intracellular chloride concentration is established by cation-chloride cotransporters (CCC)
and anion exchangers (AE). The CCC family consists of nine members encoded by the genes
Slc12a1-9 (for review see Gamba, 2005). The sodium-potassium-chloride cotransporter one
(NKCC1) and two (NKCC2) use the sodium gradient to transport chloride and potassium across
the plasma membrane. The sodium-chloride cotransporter (NCC) uses the same gradient for the
cotransport with chloride. The potassium-chloride cotransporters one to four (KCC1-4) use the
potassium gradient with the cotransport of chloride.
The physiological function of CCCs remains to be investigated. CCCs are proposed to determine the intracellular chloride concentration of both neurons and glia. NKCC1 and KCC2 play a
pivotal role in establishing intracellular chloride concentration, and hence determine the neuronal response to GABA and glycine. The functional expression of NKCC1 and KCC2 has important implications for neuronal development, sensory perception, neuronal excitability, and the
response to neuronal injury.
1.1.1.1

The sodium-potassium-chloride cotransporter 1 (NKCC1)

NKCC1 was cloned from a shark`s rectal gland (Xu et al., 1994) and from a renal tubular cell line
(Delpire et al., 1994). NKCC1 loads the cell with chloride, internalizing one sodium, one potassium, and two chloride in electroneutral coupled fashion (Payne et al., 2003). The binding and
release of ions from the cotransporter occurs in a strictly ordered sequence: sodium binds first
from outside the cell followed by one chloride, then potassium and finally the second chloride
ion (Lytle et al., 1998). NKCC1 does not need adenosine-5`-triphosphate (ATP) to operate but
uses the electrochemical gradient for sodium and potassium produced by sodium-potassiumATPase. The developmental expression pattern of NKCC1 in CNS neurons is hard to assess. Several studies report that neuronal NKCC1 expression decreases during postnatal development
(Hubner et al., 2001b; Yamada et al., 2004), in contrast to these findings others observed a developmental increase of expression NKCC1 messenger ribonucleic acid (mRNA) and protein (Clayton et al., 1998a; Mikawa et al., 2002).
Functionally, NKCC1 plays an important role in both young and mature central neurons (for
review, see Russell, 2000; Hubner et al., 2001b; Khirug et al., 2008). High expression of NKCC1 in
immature neurons plays a pivotal role in maintaining high intracellular chloride concentration
5
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(e.g., Rohrbough and Spitzer, 1996; Fukuda et al., 1998b; Wang et al., 2002; Payne et al., 2003;
Yamada et al., 2004; Dzhala et al., 2005). For example, NKCC1 is the main chloride-uptake mechanism responsible for GABA-mediated depolarizing currents mediated by postsynaptic and
extrasynaptic receptors in developing hippocampal and neocortical neurons (Achilles et al.,
2007; Sipilä et al., 2006; Yamada et al., 2004).
1.1.1.2

The potassium-chloride cotransporter 2 (KCC2)

KCCs extrude chloride from neurons using the electrochemical gradient for potassium established by the primary active sodium-potassium-ATPase. KCC2 was first identified in the brain
with specific localization in neurons (Payne et al., 1996). KCC2 is expressed in mature neurons
and its late expression underlies the developmental changes in chloride extrusion (Rivera et al.,
1999; Hubner et al., 2001b; Wang et al., 2002; Stein et al., 2004a; Yamada et al., 2004). A functional inactive form of KCC2 is expressed in immature neurons in the auditory brain stem (Balakrishnan et al., 2003) and primary cortical cultures (Khirug et al., 2005). Therefore, the expression pattern throughout development does not necessarily imply functional activity. Interestingly, a previous study by Li and coworkers (2007) demonstrated a morphogenic role of KCC2 in
dendritic spine formation (Li et al., 2007), independent of the well-established contribution of
KCC2 in lowering the intracellular chloride concentration (Payne et al., 1996; Rivera et al., 1999;
Hubner et al., 2001b; Payne et al., 2003).
Altered intracellular chloride homeostasis resulting from dysfunction of NKCC1 and/or KCC2 can
cause hypoexcitability or hyperexcitability of neurons. The accompanied change in the reversal
potential for GABA (EGABA) results in the pathogenesis of ischemic seizures, neonatal seizures,
temporal lobe epilepsy, and intractability in epilepsy associated with mesial temporal sclerosis,
neuropathic pain or developmental malfunctions. Hence, CCCs are potential targets for drugs in
various neurological disorders that are characterized by impaired cellular chloride homeostasis
(Kahle et al., 2008).
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1.1.2

Chloride channels

Chloride channels are involved in cell volume regulation, transepithelia transport and the regulation of electrical excitability of nerve and muscles (for review, see Jentsch et al., 2002). Four
chloride channel families have been established: 1) Ligand-gated anion channels are plasma
membrane channels, which are activated by GABA and glycine (for review, see Ben-Ari et al.,
2007). 2) Cystic fibrosis transmembrane conductance regulator (CFTR) (Kerem et al., 1989) requires the activity of cAMP-dependent protein kinase A (PKA), protein kinase C (PKC), and a high
ATP/ADP ratio to achieve maximal activity (Anderson et al., 1991; Jia et al., 1997; for review, see
Gadsby and Nairn, 1999; Seibert et al., 1999; Yamazaki et al., 1999). 3) Voltage-gated chloride
channels are activated by transmembrane voltage (for review, see Jentsch et al., 2002). 4) Calcium-activated chloride channels include Bestrophins (Sun et al., 2002; for review, see Hartzell et
al., 2008) and TMEM16/anoctamins (Galindo and Vacquier, 2005; Caputo et al., 2008; Schroeder
et al., 2008; Yang et al., 2008).
Chloride channels mediate passive chloride transport along the chloride concentration gradient capable to modulate chloride homeostasis and neuronal excitability. In contrast to the well
characterized GABAA and glycine receptors, the function of voltage-gated chloride channels is
not entirely clear. In kidney and muscles the function of voltage-gated chloride channels is fully
understood; however, in neurons their role is still primarily elusive and remains to be investigated.
1.1.2.1

Voltage-gated chloride channels

Voltage-gated chloride channels of the CLC family are proposed to contribute to cellular chloride
signaling. For example, several studies (Staley, 1994; Staley et al., 1996; Ben-Ari, 2002) suggested
that the voltage-gated chloride channel ClC-2 expressed in neurons constitutes part chloride
extrusion. A chloride conductance with similar properties of ClC-2 is activated at membrane potentials more negative to ECl, so that chloride ions only flow outward through ClC-2 (Staley et al.,
1994).
The CLC chloride channel family was initially described after cloning of the voltage-gated
chloride channel ClC-0 from the electric organ of the marine electric ray Torpedo marmorata
(Jentsch, 1990). The CLC gene family is highly conserved and their members are present in proand eukaryotes. In mammals, nine different CLC subtypes were identified (Fig. 2), which differ
7
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according to tissue distribution and subcellular location. Only four of the nine mammalian CLC
chloride channels are real channels (ClC-1, -2, -Ka, and -Kb). All intracellular CLCs might be Cl-/H+
exchangers as shown for endosomal ClC-4 and ClC-5 (Accardi and Miller, 2004; Picollo and Pusch,
2005; Scheel et al., 2005). Some CLCs such as ClC-2, ClC-6 and ClC-7 are ubiquitously expressed
(Thiemann et al., 1992); others, like both ClC-K subtypes, ClC-3, ClC-4 and ClC-5 are often found
in kidney, and ClC-1 is exclusively expressed in skeletal muscles (Steinmeyer et al., 1991a).

Figure 2: The mammalian CLC supergene family of chloride channels.
Overview about the expression and physiological functions of the CLC subtypes as well as human
and mouse pathologies after disruption of the genes encoding for respective ClC subtypes. Vm,
membrane potential; Cl, chloride; NCL, neuronal ceroid lipofuscinosis. Modified from Jentsch, Crit
Rev Biochem Mol Biol (2008).

Gating
CLCs function as homodimers (Lorenz et al., 1996; Weinreich and Jentsch, 2001; Scholl et al.,
2006), with each monomer acting independently as single protopore conductance (Fig. 3 A). The
gating process to open each of this protopores independently is fast and distinct from the slow
common gating process to open and close the pores simultaneously (Miller and White, 1980).
The CLC channel gating can be modulated by intracellular (Lobet and Dutzler, 2006) and extracel8
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lular chloride (Pusch et al., 1999; Niemeyer et al., 2003) and pH (Yusef et al., 2006; Pusch and
Zifarelli, 2009; Zifarelli and Pusch, 2009, 2010). Chloride dependent gating has been observed for
ClC-1 and ClC-2 (Rychkov et al., 1998; Pusch et al., 1999; Niemeyer et al., 2003). The voltagedependent gating of CLC channels and the exchange coupling of protons to chloride depends on
a glutamate side chain, which apparently blocks the access of extracellular anions to their binding site (Dutzler et al., 2003; Accardi and Miller, 2004).

Figure 3: Gating and structure of CLC proteins.
A, Double barrel structure and gating of CLC channels. Left: A simple model of a CLC channel. The
dimer has two largely independent pores, which can be gated individually and closed by a common
gate. Right: Single-channel recording of the native ClC-0 (above) and a ClC-0/ClC-2 concatemer (below). These recordings support the double barrel model. B, Dimeric structure of a ClC subunit derived from crystal structure of the bacterial homologue EcClC. One CLC subunit consists of two similar halves (green and blue), which are orientated in opposite direction. Each subunit exhibit in total
18 α-helices (green and blue), 17 cross the plasma membrane either in full length or partly, one is
located outside the plasma membrane. The anion selective regions are indicated by the red balls.
Adapted from Dutzler et al., Nature (2002).

Crystal structure
The crystal structure of bacterial CLCs revealed 17 transmembrane helices and several anion
binding sites (Fig. 3 B) (Dutzler et al., 2002). All eukaryotic and some prokaryotic CLC proteins
have large cytoplasmic C-termini that contain two CBS domains (Bateman, 1997; Ponting, 1997).
These domains are named after cystathionine-b-synthase, an enzyme with a similar domain. CBS
domains are proposed to be important for the regulation of transport activity (Estevez et al.,
2004) and intracellular targeting (Schwappach et al., 1998). Moreover, the N-terminus for example of the chloride channel ClC-2 determine the open probability of the channel (Grunder et al.,
1992).

9
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The voltage-gated chloride channel 2 (ClC-2)
The voltage-gated chloride channel ClC-2 was found in neurons, epithelia and heart (Thiemann
et al., 1992). In the CNS, ClC-2 is highly expressed in pyramidal cells of hippocampus and cortex,
in purkinje cells of cerebellum (Smith et al., 1995; Clayton et al., 1998b) as well as in glia (Sik et
al., 2000). Trafficking and targeting of the ClC-2 protein to the cell surface is mediated by interaction of the CBS domains with several proteins; e.g. nucleotides like ATP in vitro (Scott et al.,
2004). This suggests that CBS domains of ClC-2 may act as energy sensors. Indeed, the kinetics of
ClC-2 gating may be slightly changed by intracellular ATP (Niemeyer et al., 2004). The trafficking
of ClC-2 is additionally controlled by interaction with protein phosphatase-1 (Furukawa et al.,
2002), retrograde dynein (Dhani et al., 2003) and chaperon Hsp90 (Hinzpeter et al., 2006).
Functionally, ClC-2 mediates an inward rectifying chloride conductance with a single channel
conductance of about 3 pS (Weinreich and Jentsch, 2001). This channel opens slowly upon
hyperpolarization, mild extracellular acidification and osmotic cell swelling (Grunder et al., 1992;
Thiemann et al., 1992; Jordt and Jentsch, 1997; Zuniga et al., 2004). ClC-2 channel gating requires the N-terminal cytoplasmic region (Grunder et al., 1992; Jordt and Jentsch, 1997; Zuniga
et al., 2004). The deletion of the N-terminus leads to constitutively open channels with an ohmic
behavior. ClC-2 gating is also influenced by the intracellular chloride concentration. When raised,
the ClC-2 voltage-dependence shifts to more positive potentials, resulting in an opening of the
channel (Pusch et al., 1999; Niemeyer et al., 2003). Beyond that, ClC-2 gating is modulated by
cholesterol (Hinzpeter et al., 2007) and by the redox status of the cell (Huber et al., 2004).
Several studies proposed that protein kinases can regulate ClC-2 channel activity (Madison
et al., 1986; Fritsch and Edelman, 1996; Furukawa et al., 2002; Palmada et al., 2004). For example, activation of PKC by phorbol esters caused an almost total abolition of a chloride conductance as described for ClC-2 in hippocampal pyramidal cells (Madison et al., 1986). However, this
could not be observed in heterologous expression systems. ClC-2 activity expressed in Xenopus
oocytes could be inhibited by injection of cell-cycle dependent protein kinases (Furukawa et al.,
2002). Coexpression of SGK1-3 and the related kinase PKB with ClC-2 in Xenopus oocytes increased the channel function (Palmada et al., 2004).
In heterologous expression systems, ClC-2 has been shown to be activated by cell swelling
(Grunder et al., 1992; Furukawa et al., 1998), and therefore might play a role in cell volume regulation (Furukawa et al., 1998).
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1.1 Regulation of the intracellular chloride concentration
ClC-2 is activated upon hyperpolarization and depends on intracellular chloride concentration (Pusch et al., 1999; Niemeyer et al., 2003). Therefore, ClC-2 was also proposed to modulate
the intracellular chloride concentration by providing a chloride extrusion pathway in neurons
(Staley et al., 1996).
ClC-2 has also been implicated in the regulation of extracellular ion concentration. For example in mice, disruption of ClC-2 leads to degeneration of germ cells and photoreceptors (Bosl
et al., 2001; Nehrke et al., 2002). This effect is possibly attributed to impaired chloride transport
across supporting epithelia. Moreover, ClC-2 knockout mice (Clcn2−/−) exhibit vacuolation of the
white matter of the brain, manifested as leukoencephalopathy (Blanz et al., 2007). This finding
suggests that ClC-2 may contribute to potassium siphoning from the extracellular space. Thereby, potassium is removed from the small clefts between neurons and astrocytes and is equilibrated finally with the blood. Interestingly, ClC-2 was detected in astrocytic endfeet that contact
the endothelium of brain capillaries (Sik et al., 2000; Blanz et al., 2007), indicating that ClC-2
regulates the exchange of potassium and is needed to neutralize the electrical currents that are
associated with potassium uptake or release by glial cells.
The chloride conductance of ClC-2 is active at resting membrane potential (Madison et al.,
1986; Staley et al., 1996). Therefore, ClC-2 might constitute a leak conductance, which could
affect the membrane resistance, and hence could influence the excitability of neurons. If so, the
loss of ClC-2 would increase the excitability, which can cause diseases like epilepsy. However,
Clcn2−/− mice displayed no lower susceptibility for seizures when challenged by different proconvulsive agents and did not cause epilepsy (Bosl et al., 2001; Blanz et al., 2007). The data presented in this thesis provide a plausible explanation why the disruption of ClC-2 does not lead to
hyperexcitability of neuronal networks.
Disruption of CLCs and associated pathophysiology
In mammals, CLC proteins mediate chloride flux across cellular membranes in most cell types
and participate in maintenance of resting membrane potential. Plasma membrane chloride
channels play an important role in damping muscle excitability (Steinmeyer et al., 1991a). ClC-1
contributes to membrane repolarization and stabilizes the membrane voltage in skeletal muscle.
Experimental block of the chloride conductance mediated by ClC-1 facilitated muscle hyperexcitability, manifested as myotonia (Steinmeyer et al., 1991b). Moreover, plasma membrane expressed CLCs mediate transepithelial transport (Simon et al., 1997; Birkenhager et al., 2001; Bosl
et al., 2001; Estevez et al., 2001; Blanz et al., 2007). As previously mentioned, the loss of ClC-2 in
mice causes the degeneration of testes and photoreceptors of the retina due to the impairment
11
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of the ion transport across associated epithelia (Bosl et al., 2001). In addition, vacuolation of the
white matter of the brain in Clcn2-/- mice might be secondary caused by changes in extracellular
ion concentration (Blanz et al., 2007). In addition, ClC-K channels are essential for the transepithelia transport of chloride in kidney (Adachi et al., 1994) as well as for potassium secretion into
scala media of the inner ear (Estevez et al., 2001).
Other CLC proteins localize mainly to the endosomal-lysosomal system where they may facilitate luminal acidification or regulate luminal chloride concentration (Li et al., 2002; Zhao et al.,
2007). ClC-3 and ClC-5 for example affect the luminal acidification of vesicles by neutralizing
proton pump currents (Gunther et al., 1998; Stobrawa et al., 2001). ClC-5 expression is restricted
to kidney; human mutation in gene encoding ClC-5 were associated with Dent`s disease and
kidney stones (Fisher et al., 1994; Wrong et al., 1994). Disruption of ClC-6 in mice as well as in
humans can cause neuronal ceroid lipofuscinosis (NCL) (Poet et al., 2006). Human heterozygote
mutations in CLCN7 gene entail osteopetrosis (Kornak et al., 2001). In addition, ClC-7 KO mice
also display a typical biochemical and morphological features of NCL, a subtype of lysosomal
storage disease (Kasper et al., 2005).
1.1.2.2

Ligand-gated chloride channels

Ligand-gated chloride channels contribute to chloride signaling in neurons. The transmitter GABA binds to its receptors and opens intrinsic anion channels. This leads to passive diffusion of
anions, depending on their electrochemical gradient. In adult neurons, the net anion flux is inward, so that negative charges accumulate intracellularly. This results in a hyperpolarization of
the neuron, a principle mechanism of synaptic inhibition. In contrast, in early development, the
net anion flux is outward, so that GABAergic transmission is mostly excitatory. Excitatory GABA
action might be critical for the development of the brain (for review see Ben-Ari, 2002; Owens
and Kriegstein, 2002).
Fast GABAergic transmission is mediated by ionotropic GABAA receptors and GABAC receptors. GABAA receptors constitute a heteropentamer, permeable primarily to chloride and to a
lesser extent to bicarbonate (Bormann et al., 1987). In mammals, 18 GABAA receptor subunits
(α1–6, β1–3, γ1–3, δ, ε1–3, θ, π) have been identified so far (Jacob et al., 2008). This reflects the large
diversity of subunit assembly to a functional channel, which is further increased by alternative
splicing. The subunit composition defines the physiological and pharmacological properties of
the receptor, its expression throughout the brain and its subcellular targeting. The most abundantly expressed GABAA receptor complex contains two α-, two β- and one γ-subunit (McKernan
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and Whiting, 1996). However, the expression of other possible receptor complex and their subcellular distribution remains to be investigated.
GABAA receptors are also permeable for bicarbonate, which functions as a significant carrier
of depolarizing current across GABAA receptors (Kaila and Voipio, 1987). Hence, the reversal
potential of GABAA receptor-mediated responses differs from ECl to more positive values (Kaila
and Voipio, 1987).

1.2

GABAergic transmission

Usually, the intracellular chloride concentration is low. Hence, GABA mediates inhibitory synaptic transmission by extrusion of chloride through GABAA receptors. Inhibition is not necessarily a
result of hyperpolarization. The reduction of excitation without affecting the membrane potential reflects also an inhibitory effect, referred to “shunting” inhibition. Shunting inhibition relies
on an increased conductance through activated GABAA receptors. When EGABA is in the near or
slightly above the resting membrane potential (Alger and Nicoll, 1979; Andersen et al., 1980;
Gulledge and Stuart, 2003) the activation of GABAA receptors reduces the depolarizing effects of
concurrently activated excitatory currents in the dendrite by decreasing the membrane resistance and dendritic space constant (Barrett and Grill 1974; Koch et al. 1983; Qian and Sejnowski
1990; Rall 1964).
1.2.1

GABAB receptor-mediated inhibitory synaptic transmission

Beside the inhibitory synaptic transmission through GABAA channels, GABA can also activate
metabotropic GABAB receptors. GABAB receptors functions through Gi and G0 coupled proteins
(Misgeld et al., 1995; Bettler et al., 2004). Functional GABAB receptors contain two different
subunits (B1 and B2), the only two subunits, which have been identified so far (Bowery and
Brown, 1997; Kaupmann et al., 1997; Pfaff et al., 1999; Schwarz et al., 2000). They exert late
inhibitory action on both presynaptic and postsynaptic neuronal membrane through different
mechanisms. On the presynaptic site, GABAB receptors inhibit voltage-gated calcium channels,
decreasing neurotransmitter release (Scholz and Miller, 1991; Mintz and Bean, 1993; Poncer et
al., 1997). On the postsynaptic site, GABAB receptor-mediated signaling activates potassium
channels, which generally hyperpolarize the membrane towards the equilibrium potential of
potassium ions (below –70 mV) (Dutar and Nicoll, 1988; Luscher et al., 1997). These potassium
13
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potentials typically produce less change in membrane conductance than GABAA potentials, but
are strongly inhibitory because they keep the membrane potential further from the spike threshold (McCormick, 1989). Activation of GABAB receptors can also modulate cAMP production
and in turn the action of ion channels and proteins, which are targets of cAMP (Simonds, 1999).
1.2.2

GABAergic signaling during early neuronal development

In the developing brain, the intracellular chloride concentration is high, due to high activity of
NKCC1. Hence, GABA acts excitatory, which leads to an increase of the intracellular calcium concentration [Ca2+]i by activation of voltage-gated calcium channels (e.g. Yuste and Katz, 1991;
Leinekugel et al., 1995; Fukuda et al., 1998b; Eilers et al., 2001). The depolarization is sufficient
to remove the voltage dependent magnesium block from NMDA receptors (Leinekugel et al.,
1997), the primary source for glutamatergic excitatory postsynaptic currents in immature neurons, which sustain the increase of [Ca2+]i. Moreover, as GABA acts excitatory, so called spontaneous giant depolarizing potentials (GDPs) occur (Ben-Ari et al., 1989). GDPs are slow network
oscillations, which are present in all brain structures (Garaschuk et al., 2000). In the hippocampus, GDPs are observed in the vast majority of neurons, including CA3 and CA1 pyramidal cells,
granule cells and interneurons (Leinekugel et al., 1995; Khazipov et al., 1997a; Leinekugel et al.,
1997; Leinekugel et al., 1998; Lamsa et al., 2000; Leinekugel et al., 2002). GDPs occur during the
first postnatal week in mouse hippocampus and they disappear when GABA shifts from acting
excitatory to inhibitory later in development (Ben-Ari et al., 1989). Driven by GABAergic depolarization and glutamate, GDPs together with the activation of NMDAR allow the generation of
large calcium oscillations. As a consequence, the raise in [Ca2+]i triggers calcium-dependent
second-messenger pathways, which provide the signaling to influence many processes of brain
development like neuronal migration and growth, synaptogenesis, synapses maturation and
modification of synaptic connections (for review, see Owens and Kriegstein, 2002).
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1.3

Hippocampus

The term hippocampus was derived from the Greek word for sea horse and was initially formed
by the anatomist Aranzius (1587). Later, de Garengeot coined this structure cornu Ammonis (Latin “horn of the Ram”). Until today, de Garengeot's nomenclature survives in the proper subdivision of the hippocampus: CA1, CA2 and CA3. The hippocampus belongs to the limbic system and
is typically called hippocampal formation including the dentate gyrus, the hippocampus, the
subiculum, and the entorhinal cortex (Fig. 4).

Figure 4: Neuronal organization and synaptic pathways of the hippocampal formation.
From the entorhinal cortex (EC), the lateral perforant path projects to granule cells of the dentate
gyrus (DG), which send mossy fiber projections onto CA3 pyramidal neurons that in turn innervate
through Schaffer collaterals CA1 pyramidal neurons. CA1 pyramidal neurons project to the subiculum and back to the EC. The drawing of a transversal slice of rodent hippocampus is adapted from
Ramón y Cajal, 1911.

The entorhinal cortex (EC) is the main relay station of the hippocampus, getting input from
the hippocampus und providing the output to many other parts of the brain. Incoming informations propagates from the EC via the perforant path to granule cells of the dentate gyrus (DG).
15
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The granule cells project mossy fibers onto CA3 pyramidal cells, whose Schaffer collateral axons
form synapses with CA1 pyramidal neurons of the ipsi- and contralateral hemisphere. Finally, the
information propagates to the subiculum and back to the EC. Each of these layers also contains
complex intrinsic circuitry and extensive longitudinal connections.
The hippocampus is important for learning and memory as well as spatial navigation. The
fundamental role of the hippocampus in long-term memory was revealed by a prominent study
of Henry Gustav Molaison (known as patient H.M.) (Scoville and Milner, 1957). The patient suffered from severe epilepsy and underwent surgical destruction of the hippocampus to treat epilepsy; thereby, he lost the ability for storing informations over a long time.
The hippocampus has been studied extensively as part of the brain system responsible for
spatial memory and navigation. The spatial navigation theory was originally established by the
discovery of neurons in the rat hippocampus that activity related to the rat's location within its
environment, whereupon these cells were called “place cells” (O'Keefe and Dostrovsky, 1971).
1.3.1

Hippocampal pathology

Hippocampal pathology is associated with several neurophysiological and -psychological disorders. For example, hippocampal atrophy and changes in synaptic organization and connectivity
has been observed in Schizophrenia (Harrison, 2004). As the hippocampus exhibit a central role
in memory storage, hippocampal deterioration can cause age-related declines in memory and
disorientation, both first symptoms of Alzheimer`s disease. People with extensive hippocampal
damage may experience amnesia - the inability to form or retain new memories. The hippocampus is also region prone to epileptic seizures. In comparison to other brain regions epileptic seizures in the hippocampus were elicited in response to smaller stimulus intensities. Moreover,
loss of neurons in several hippocampal fields reflects a hallmark feature of the neuropathology
of temporal lobe epilepsy. Impairments of chloride regulating mechanisms and hence changes in
GABAergic transmission are implicated in seizures (e.g. Cossart et al., 2001; Cohen et al., 2002;
Huberfeld et al., 2007; Munoz et al., 2007; Fritschy, 2008).
1.3.2

Pyramidal cells

In mammalian brain, pyramidal neurons are found in the cerebral cortex, the hippocampus and
the amygdala. The name derived from the triangular shape of their soma. Pyramidal neurons
contain a single axon that projects into the alveus. CA1 pyramidal cell axons extensively branch
16
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and send collaterals to various targets within and outside the hippocampus. Within the hippocampus, they do not establish local connections, but project to subicular neurons.
The dendritic trees of the pyramidal cell descend from the basis (basal dendrite) and the
apex (apical dendrites) of the soma. The single apical dendrite bifurcates in a tuft further away
from the soma. In comparison to the apical dendrite the basal dendritic tree is much shorter,
consists of three to five primary dendrites, which extensively branch close to the soma.
CA1 pyramidal cell dendrites contain thousands of spines that constitute the postsynaptic
target zone for most glutamatergic synapses. The density of dendritic spines is highest in stratum
radiatum and oriens and lower in stratum lacunosum-moleculare. Dendritic spines are absent on
the soma and proximal dendrite. In total, pyramidal cells receive between 1,000 to 30,000 synaptic inputs through their dendrites (Klausberger and Somogyi, 2008). Excitatory synaptic inputs
of multiple sources target exclusively the pyramidal cell dendrites, inhibitory inputs through
GABAergic interneurons target dendrites, axon and soma.
1.3.3

Interneurons

GABA producing neurons are distributed throughout the whole brain of mouse, rat, cat, monkey
and human. In cortical areas GABAergic neurons are interneurons, which represent a class of
local neurons of large diversity.
The heterogeneity in morphology and connectivity of local circuit neurons reflects the huge
complexity of possible interaction and in turn activity patterns within cortical areas. Interneurons form intricate circuits with principal cells and play a pivotal role in network oscillations
shaping the activity of the CNS and memory-related plasticity in the hippocampal formation.
They provide the main inhibitory source for principal cells and temporally modulate target cell
excitability.
Hippocampal interneuron subtypes show large diversity. They are distinct by their laminar
distribution within region of CA1, afferent and efferent connections, by their innervations of
different subcellular domains of pyramidal cells and their expression of specific biochemical
markers (Fig. 5) (Klausberger and Somogyi, 2008).
Based on morphology, specific interneuron types are distinguished by the dendritic and
axonal processes, such as basket cell, horizontal cells or stellate cells. Moreover, the somatodendritic location and target domains of their axonal projections can often predict interneuron
subtype-specific contributions to the active network. Stratum oriens–lacunosum molecular cells
(O–LM cells) project their axons to pyramidal cell distal dendrites of the stratum lacunosum17
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moleculare. A basket cell soma, located within stratum oriens, projects its axon to the pyramidal
neuron soma and the proximal dendrites. A bistratified cell sends its axon to both basal and
apical dendrites in stratum oriens and radiatum. Axo-axonic interneurons innervate exclusively
the axon initial segment of the target neuron. Interneurons that innervate pyramidal neuron
somata regulate the local generation of sodium dependent action potentials, by contrast, interneurons that innervate the dendritic part influence voltage-gated currents, shunt excitatory inputs and regulate calcium dependent action potentials (McBain and Fisahn, 2001).

Figure 5: Interneuron diversity in the CA1 region of the hippocampus.
Klausberger and Somogyi classified 21 interneuron subtypes according to somatodendritic and
axonal location, afferent and efferent connections and expression of neurochemical markers. Interneurons, which innervate the axons and somata of pyramidal neurons (blue) are depicted in
orange, interneurons mainly innervate other interneurons are pink. Interneuron axons are purple
with their main synaptic terminations in yellow. CB, calbindin; CCK, cholecystokinin; O-LM, oriens
lacunosum molecular; PV, parvalbumin; VIP, vasoactive intestinal peptide; VGLUT3, vesicular glutamate transporter 3. Adapted from Klausberger and Somogyi, Science (2008).
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Unique among all interneuron subclasses is the expression of GABA and the GABAsynthesizing enzymes GAD65 or GAD67. But, interneurons differ in the expression of additional
neurochemical markers, such as calcium-binding proteins (parvalbumin, calretinin, and calbindin), or neuromodulators such as reelin, somatostatin, neuropeptide Y, nitric oxide synthase,
and vasoactive intestinal peptide.
In contrast to the uniform principal cells in any of the hippocampal subfields, the afferent and
efferent connectivity of interneurons shows great variation (Ramon y Cajal, 1893, 1911; Lorente
de Nó, 1934). Within the hippocampal circuitry, interneurons receive excitatory input from several intrinsic and extrinsic sources (Lacaille et al., 1987; Freund and Buzsaki, 1996). Parvalbumin
and calretinin interneurons are activated both in a feedforward manner by Schaffer collaterals
and by entorhinal fibers and thalamic afferents from the nucleus reunions, as well as in a feedback manner by local CA1 recurrent collaterals. Calbindin cells are activated primarily in a feedforward manner receiving input from Schaffer collateral afferents in stratum radiatum.
Different classes of interneurons vary also in their firing properties and hence, in the time
point of releasing GABA to distinct subcellular domains of their target cell. Therefore, the spatiotemporal interaction between pyramidal cells and different interneuron subtypes determine
synchronous network oscillation pattern such as theta- and gamma oscillations as well as sharpwave ripples, which play an important role in several behavioral states, cognitive processes and
during sleep.

1.4

Aims of the thesis

NKCC1 establishes high intracellular chloride providing the basis for GABAergic excitation. The
effect of excitatory GABA signaling in immature neurons is not entirely clear. Several studies
speculated that GABAergic excitation is important for neuronal activity and maturation of synaptic networks in early development. In a collaborating project of Carsten Pfeffer, I studied the
functional consequences of impaired GABAergic excitation in early development of mice hippocampus (Pfeffer et al., 2009). Therefore, NKCC1 knockout (Nkcc1-/-) and AE3 knockout (Ae3-/-)
mice were used to reduce the intracellular chloride concentration, which consequently should
result in a reduction of GABAergic excitation. I recorded from AE3 deficient mice to determine
the equilibrium potential of chloride. Moreover, I investigated the effect of reduced GABAergic
excitation on the maturation of GABAergic synapses after loss of NKCC1. Therefore, I measured
miniature inhibitory postsynaptic currents (mIPSCs) of young CA1 pyramidal neurons.
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Beside chloride transporters, chloride channels are likely to regulate the intracellular chloride
concentration. Here, I wanted to investigate the functional role of the voltage-gated chloride
channel ClC-2 (Rinke et al., 2010). As there are no specific blockers for ClC-2 available, I used ClC2 knockout (Clcn2-/-) mice. It was proposed that ClC-2 lowers the cytoplasmic chloride concentration of mature neurons after chloride accumulation, which occurs after intense GABAA receptor
activation (Staley, 1994; Staley et al., 1996; Ben-Ari, 2002). I tested this hypothesis in CA1 pyramidal cells of mice.
The chloride conductance of ClC-2 activates upon hyperpolarization. It does not display any
time-dependent inactivation and will be still open during subsequently brief depolarization as it
closes very slowly. Hence, it was proposed that ClC-2 is open at the resting membrane potential,
and thereby constituting part to the leak conductance in neurons. Leak conductances determine
resting membrane properties. Therefore, I wanted to analyze the resting membrane properties
such as the resting membrane potential and the membrane resistance in neurons lacking ClC-2
with current-clamp recordings.
If the conductance of ClC-2 affects resting membrane properties, ClC-2 should have an influence on the neuronal excitability. Changes in the excitability of a single neuron should also lead
to changes in the excitability of the entire network. By the use of various experimental paradigms, I wanted to investigate the excitability of single neurons and of the hippocampal network.
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NKCC1-Dependent GABAergic Excitation Drives Synaptic Network Maturation during Early
Hippocampal Development
This chapter was published in March 2009 by Carsten K. Pfeffer,1,2 Valentin Stein,3 Damien J.
Keating,2 Hannes Maier,4 Ilka Rinke,3 York Rudhard,2 Moritz Hentschke,5 Gabriele M. Rune,6
Thomas J. Jentsch,1,2 and Christian A. Hübner2,5,7 in The Journal of Neuroscience, Vol. 29(11) pp.
3419-3430.
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Gramicidin-perforated-patch clamp recordings were performed by Damien Keating. Carsten Pfeffer performed and analyzed the calcium-imaging experiments, the recordings of giant depolarizing potentials as well as Western blots. York Rudhard and Gabriele Rune performed immunocytochemical stainings. Ilka Rinke performed electrophysiological recordings with gramicidin in Ae3-/animals and electrophysiological recordings of mIPSCs in Nkcc1-/- mice and analyzed the data.
Valentin Stein and Carsten Pfeffer performed and analyzed electrophysiological recordings. Moritz Hentschke quantified mRNA expression pattern. Christian Hübner and Valentin Stein wrote
the manuscript.
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Abstract

A high intracellular chloride concentration in immature neurons leads to a depolarizing action of
GABA that is thought to shape the developing neuronal network. We show that GABA-triggered
depolarization and calcium (Ca2+) transients were attenuated in mice deficient for the Na–K–2Cl
cotransporter NKCC1. Correlated Ca2+ transients and giant depolarizing potentials (GDPs) were
drastically reduced and the maturation of the glutamatergic and GABAergic transmission in CA1
delayed. Brain morphology, synaptic density, and expression levels of certain developmental
marker genes were unchanged. The expression of lynx1, a protein known to dampen network
activity, was decreased. In mice deficient for the neuronal Cl-/HCO3- exchanger AE3, GDPs were
also diminished. These data show that NKCC1-mediated Cl- accumulation contributes to GABAergic excitation and network activity during early postnatal development and thus facilitates
the maturation of excitatory and inhibitory synapses.

2.2

Introduction

The development and maturation of the brain involve cellular proliferation and migration, followed by dendritic and axonal outgrowth, synapse formation, and circuit refinement. Whereas
the first events are mainly genetically determined, the latter processes are believed to depend
on intrinsic spontaneous and later on extrinsically evoked neuronal activity (Katz and Shatz,
1996; Khazipov and Luhmann, 2006). GABA, the main inhibitory neurotransmitter of the mature
central nervous system (CNS), is the main excitatory agonist in the immature brain (Ben-Ari et
al., 1989) and is thought to be important for brain development (Hanse et al., 1997; Leinekugel
et al., 1997; Ben-Ari, 2002; Owens and Kriegstein, 2002). GABA dependent depolarization can
lead to network-driven, spontaneous giant depolarizing potentials (GDPs), which drive the correlated activity of large ensembles of pyramidal neurons in the developing hippocampus (Khazipov
et al., 1997; Leinekugel et al., 1997; Garaschuk et al., 1998; Ben-Ari, 2002). The ensuing opening
of voltage-gated calcium channels results in Ca2+ oscillations, which may trigger neuronal growth
and synaptogenesis. GDPs disappear around the second postnatal week with decreasing neuronal [Cl-]i (Garaschuk et al., 1998) that results from the increasing expression of the K–Cl cotransporter KCC2 (Rivera et al., 1999; Stein et al., 2004). Disruption of Kcc2 in mice leads to
hyperexcitability and perinatal death because of impaired synaptic inhibition in spinal cord and
22

2.3 Materials and Methods
brainstem (Hübner et al., 2001b). Conversely, premature lowering of [Cl-]i by overexpressing
KCC2 in Xenopus tectal neurons blocks the normal developmental increase in AMPA receptormediated retinotectal transmission (Akerman and Cline, 2006). Using in utero electroporation,
KCC2 was expressed prematurely in rat ventricular progenitors and cortical neurons (Cancedda
et al., 2007), resulting in a marked impairment of morphological maturation.
The mechanisms contributing to intracellular chloride accumulation in immature neurons
are insufficiently characterized. The Na–K–2Cl cotransporter NKCC1, which uses the inwardly
directed sodium gradient to raise [Cl-]i, shows a decreasing neuronal expression during postnatal
development (Clayton et al., 1998; Hübner et al., 2001a). Inhibition of Na–K–2Cl cotransport by
bumetanide causes a hyperpolarizing shift of the GABA reversal potential in rat neocortical neurons (Yamada et al., 2004) and in hippocampal neurons (Dzhala et al., 2005; Sipilä et al., 2006).
Likewise, in dorsal root ganglion neurons, which normally maintain high levels of NKCC1 but do
not express KCC2, disruption of Nkcc1 abolishes GABA-induced depolarization (Sung et al.,
2000). Small interfering RNA-mediated knock-down of NKCC1 in the developing cortex entailed
profound morphological and developmental changes in single neurons (Wang and Kriegstein,
2008).
We used Nkcc1-knock-out (KO) (Nkcc1-/-) mice (Pace et al., 2000) to examine the role of
NKCC1 in the regulation of [Cl-]i and the developing neuronal network in the immature hippocampus. Diminished GABAergic excitation in Nkcc1-/- mice resulted in reduced and less correlated spontaneous network activity. We further show that the neuronal anion exchanger AE3
also influences early network activity. Whereas we did not detect morphological defects, we
observed a delayed maturation of glutamatergic and GABAergic synapses in Nkcc1-/- mice. Our
results demonstrate the importance of GABAergic excitation for early network development and
suggest a homeostatic control of network excitability by nicotinergic mechanisms.

2.3

Materials and Methods

Mice. The generation of Nkcc1-/- and Ae3-/- mice used in this study has been described previously
(Pace et al., 2000; Hentschke et al., 2006). Studies were performed on a C57Bl6 (NKCC1) or a
mixed 129-SVJ/C57Bl6 (AE3) background, respectively, using littermates as controls. Genotyping
was performed on tail biopsy DNA by PCR using standard protocols. For Nkcc1 the sense-primer
F1 (GCA AAT ATC TCA GGT GAT CTT GC) and the antisense primers R1 (GAG TTC TGT TGC TAC
TTC TGA AC) and R2 (CTA AAG CGC ATG CTC CAG ACT GCC) were used in a single PCR mix. The
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primer pair F1/R1 amplified a ~ 600 bp band for the wild-type allele and the primer pair F1/R2 a
~ 200 bp band for the targeted allele. For Ae3 the sense-primer F1´ (GCC ACC AGG GGA ATG ACA
AGC CCG) and the antisense primers R1´ (CTG GAG ACC TGG GGG TTG GGC TAA) and R2´ (TCT
CTA GAC ACC TAG CTC CCA ACA) were used in a single PCR mix, F1´/R1´ yielding a ~ 800 bp amplicon in the knockout and the primer pair F1´/R2´ a ~ 400 bp wild-type allele. Experiments were
approved by the Ministry of Science and Public Health of Hamburg and Berlin, Germany. Experimenters were blinded to the genotype.
Expression analysis. Total hippocampal RNA was extracted from P1, P5 and P15 Nkcc1-/- and
wild-type littermates using Trizol (Invitrogen) reagent and the High Pure RNA purification kit
(Qiagen). RNA was transcribed into cDNA using the SuperScript II cDNA kit (Invitrogen) with random hexamers. Real-time PCR was performed using the 7900 HT cycler from Applied Biosystems
and the SYBR green Power PCR master mix (Applied Biosystems) and normalized to GAPDH and
HPRT. An initial denaturation step (10 min at 95°C) was followed by 40 cycles with 2 steps: 95°C
for 15 s, followed by 60°C for 60 s. Each sample was amplified in triplicate and gave consistent
results in two independent experiments. The value of one P1 animal, the calibrator, was set to 1.
All other amplicons are shown as x-fold of the calibrator. Contamination with genomic DNA was
negligible. Primers are listed in Supplementary Table 1.
Affymetrix GeneChip Mouse Expression Array 430A and TEST chips were used for expression
analysis. Total hippocampal RNA was extracted from 3 Nkcc1-/- and 3 control mice at P5 using
Trizol reagent (Invitrogen) followed by the High Pure RNA purification kit (Qiagen). First strand
cDNA was synthesized using T7-Oligo(dT)24 Primer (Ambion) and Superscript II (Invitrogen) following the manufacturers´ instructions. Second strand synthesis was accomplished using E. coli
DNA ligase, E. coli DNA polymerase I, E. coli RNase H and T4 DNA polymerase (all from Invitrogen) according to the manufacturers´ instructions. cDNA was then extracted using phenolchloroform-isoamylalcohol + EDTA and precipitated with NH4OAc and EtOH, washed twice with
80% EtOH, dried and dissolved in H2O. Biotin-labeled cRNA was synthesized with the RNA labeling kit (ENZO). RNA and cDNA quality were controlled at all stages. Labeled cRNA was checked
on TEST chips before hybridizing chip A according to the Affymetrix protocol. Chip data were
analyzed using the RMA xpress software (Bolstad BM et al., Bioinformatics, 2003; Version: 0.4.1
Release) followed by t-test evaluation (cut off P > 0.05). In situ hybridization was performed as
described elsewhere (Hübner et al., 2001a).
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Slice electrophysiology. Brains were removed from decapitated mice and placed directly into
chilled artificial cerebrospinal fluid (ACSF) containing (mM): 119 NaCl, 2.5 KCl, 4 CaCl2, 1.3
MgSO4, 2.7 MgCl2, 1 NaH2PO4, 26 NaHCO3, and 11 glucose (unless otherwise indicated), which
was gassed continuously with 95% O2/5% CO2 (carbogen). From P1 to P7 brains were cut horizontally 350 µm thick with a vibratome (Leica). In case of 2-week-old mice, we cut transverse
hippocampal slices. After equilibration in gassed ACSF at 32 ºC for at least 45 minutes, slices
were placed into a bath chamber, and continuously superfused with carbogen-gassed ACSF at
room temperature (22-24 ºC) at a rate of 2-3 ml/min. Pyramidal CA1 and CA3 neurons were visualized using differential interference contrast infrared video microscopy.
The GABA reversal potential was determined in P1 CA1 pyramidal neurons in the presence of
TTX (0.5 µM) to block voltage-gated Na+ channels and exclude network effects. GABA (100 µM)
was bath applied. Electrodes (Clark Electromedical) (5-8 MΩ) were filled with a solution containing (mM): 140 KCl, 2 MgCl2, 10 Hepes, 5 EGTA at pH 7.4. Pipettes were dipped into this solution
for several seconds and then back-filled with the same solution containing gramicidin (Sigma)
(10 µg/ml). The chloride reversal potential was measured using a voltage ramp from +20 mV to 100 mV at a rate of 150 mV/s after stepping the membrane from a holding potential of
−60 to
+20 mV for 80 ms. Recordings were performed with an Axopatch 200A amplifier and analyzed
with pClamp 8.0 (Axon Instruments).
Field EPSPs were recorded in the stratum radiatum of CA1 of P15 mice in the presence of
100 µM picrotoxin (PTX, Sigma) using a MultiClamp 700A amplifier (Axon Instruments). Recording and stimulation electrodes were filled with ASCF containing (mM): NaCl 119, KCl 2.5, CaCl2
2.5, MgSO4 1.3, NaH2PO4 1, NaHCO3 26.2, Glucose 11. Inputs from CA3 to CA1 were severed to
prevent propagation of epileptiform activity.
To measure the AMPA/NMDA ratio, whole cell patch recordings were performed with 3-5
MΩ glass electrodes filled with an internal solution containing (mM): 150 CsGluconate, 8 NaCl, 2
MgATP, 10 HEPES, 0.2 EGTA, 0.1 spermine, and 5 QX314 (Tocris), pH 7.2. Ratios of AMPA to
NMDA currents in CA1 pyramidal cells were obtained by evoking eEPSCs with a monopolar glass
electrode. AMPA eEPSCs were recorded at –70 mV, the NMDA component was recorded at +40
mV, the current being taken 70 ms after stimulus. Spontaneous miniature EPSCs (mEPSC) were
recorded at -70 mV in the presence of TTX (0.5 µM), PTX (100 µM), and 50 mM sucrose in ACSF
to increase the events frequency. mEPSCs were analyzed off line with customized software using
a threshold of 5 pA. Spontaneous miniature IPSCs (mIPSCs) were recored at -70mV in ACSF in the
presence of 0.5 µM TTX and 20µM NBQX. The pipette solution contained in mM: 90 CsCl, 20
CsGluconate, 8 NaCl, 2 MgCl2, 2QX314, 10 HEPES, 1 EGTA.
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For extracellular measurements of spontaneous activity (GDPs), P5 and P10 slices were rec-

orded at 32°C in ACSF containing 4.5 mM KCl. 3-5 MΩ glass electrodes filled with ACSF were
placed into the CA3 stratum pyramidale. Extracellular voltage changes were recorded using a
MultiClamp 700A amplifier (Axon Instruments). Voltage changes were analyzed offline with
Clampfit (Axon Instruments) using a threshold of 0.01 mV and visual event control.
Calcium imaging. Animals were decapitated, their brains removed and placed directly into
chilled artificial cerebrospinal fluid (ACSF) containing (mM): 125 NaCl, 4.5 KCl, 1.25 NaH2PO4, 26
NaHCO3, 2 CaCl2, 1 MgCl2, and 20 Glucose gassed continuously with carbogen. 300µm horizontal
slices were equilibrated in gassed ACSF at 32ºC for at least 45 minutes and then loaded with the
Ca2+-sensitive dye fura-2 AM (15 µM; Molecular Probes) in ACSF for 30 min at 37 ºC. Fura-2 was
excited using a multiple wavelength monochromator (Polychrome IV, TILL Photonics) and the
emitted light filtered at a wavelength of 510 nm using a bandpass filter. Images were obtained
using a 40x water immersion objective fitted to a CCD camera (Imago) on an upright microscope
(Olympus, BXWI50) at a 0.5 Hz rate. To record responses to either GABA (100µM) or glutamate
(100µM), TTX (0.5µM) was added to the superfusion buffer (ACSF) to block network effects.
Analysis was performed with the TILLvisION software (version 4.0, TILL Photonics) for userdefined individual pyramidal cell somata. [Ca2+]i was expressed as the ratio of fura-2 fluorescence intensity at 340 nm divided by that at 380 nm. [Ca2+]i changes in response to GABA or glutamate were calculated by subtracting the average [Ca2+]i of five consecutive images before
agonist application from the peak fluorescence in response to these drugs (∆340/380).
Spontaneous CA1 Ca2+ events were recorded in ACSF at 32 °C (without TTX; continuously
gassed with carbogen) for 500s at 2Hz sampling rate using a 40x water immersion objective
(Olympus) lens. The change in [Ca2+]i for individual cells was calculated.
To analyze the network of spontaneously active neurons, we adopted a method described
by (Schwartz et al., 1998). Changes in fluorescence in multiple cells were analyzed with a program written in MatLab (The Mathworks). The onset of each calcium transient for every cell was
determined by the following algorithm.
To correct for baseline drifts, we high-pass filtered the raw data in the following way. Each
recording was separated into 10 segments of 50 seconds. The value corresponding to the lower
10% percentile of each segment was used as the baseline of the segment. This baseline value
was placed in the middle of the respective segment. These points were fitted with a ´spline´
function, which was then subtracted from the recording.
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As biologically significant increases of intracellular Ca2+ are characterized by a fast rise-time,
we used the 1st derivative of the baseline-corrected fluorescence trace to detect ‘Ca2+ events’.
We determined the noise level of the recording to define a threshold for event detection in a
two step process. In the first step we calculated the mean (MV1) and the standard deviation
(SD1) of the 1st derivative for each cell. As these values include all Ca2+ events, a threshold based
on this standard deviation would be larger than necessary and might lead to false negatives. In
particular, apparent noise levels and hence detection criteria would depend on the frequency of
Ca2+-events in the recording, which would pose a problem when comparing KO and WT slices
(the latter showing higher activity). Therefore, we minimized the influence of Ca2+ events on the
detection threshold by excluding values above a first threshold (T1 = MV1 + 1.64 * SD1; (note
that the mean value of the 1st derivate is almost zero)) to calculate a second mean (MV2) and
second standard deviation (SD2). Time points at which values exceeded a threshold based on
MV2 and SD2 (T2 = MV2 + 3.09 * SD2) were defined as Ca2+ events. Thus, Ca2+-induced fluorescence continuously increasing over several time points will be interpreted as a series of Ca2+events, whereas a ‘plateau’ will just yield a single event at the beginning.
To test whether the coincidence of ‘Ca2+-events’ (as determined by the above procedure) of
different cells was due to some form of coupling, we compared our data to the coincidence expected by chance if neurons fire randomly and independently. This is commonly done by Monte
Carlo simulations (Schwartz et al., 1998). These, however, are slow as they need a high number
of simulations (N ~ 1000) to give reliable results. Since speed is a critical factor in the analysis of
large networks we developed an analytical method to calculate probabilities of coinciding
events. This method is illustrated below. In contrast to Monte Carlo simulations, which are only
valid for a specific parameter set (Aguilo et al., 1999), our analytical model allows us to calculate
the number of coincident events expected by chance independent of event rate and recording
length. We then defined a correlation index Icorr as the ratio of coincidences found in a specific
set of cell pairs to that expected by chance for the same parameters. In other words, if the number of coincidences is equal to that expected by chance the correlation index equals one, and
increases with a larger event correlation.
For two given time series of length N, the number of events shall be n, m;≤0m, n ≤ N in
each trace, and n≥ m. In this case the maximum of possible coincidences is m. The probability
for M coinciding events is given by:

ProbM (N,n,m) = pm-M+1,M+1

F(N-n, m-M)F(n, M)
F(N, m)

0≤M≤m
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using the Pascal matrix P with elements pi,j and

1
i<1

 n
F(x,n) = 
∏ ( x-(i-1) ) i ≥ 1
 i=1
The resulting distribution is known as hypergeometric distribution (Feller, 1968). We verified this
specific numerical model against a Monte Carlo simulation (MCS). We obtained equivalent results when using sufficiently large sample sizes (N ≥ 10000 MCS runs). This enabled us to calculate the significance for coinciding events, and also yielded a relative measure for coincidence.
For two randomly chosen cells (i, j) of a set of cells with M coinciding events the synchronous
activity is described by the matrix element:

0
n,m = 0


cii,j (N,n,m)= 
M
 E(N,n,m) n,m ≠ 0

Where E is the expectancy value

m

E(N,n,m)=∑ ProbM (N,n,m) ⋅ M
M=0

for m ≤ n

This symmetric matrix is then used to calculate the correlation index Icorr by averaging the triangular elements (i≠j) and scaling with the number of elements (= number of possible cell pairs).

Icorr =

1
NC

∑1

⋅

NC

∑c

i,j

i=1,i<j

i=1,i<j

Icorr represents the statistical average interaction in the observed set and describes the characteristics for a given number of cells (NC). Hence the number of possible cell pairs [N = (NC2-NC)/2]
may differ from set to set, averages of experiments with differing numbers of cells have to be
weighted with the number of pairs.
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We analyzed 12 KO and 9 WT slices at P2 and 35 KO and 33 WT slices at P4. The median of
observed cells per set were n = 52 (27-88, KO) vs. n = 56 (35-117, WT) at P2 and n = 49 (30-81,
KO) vs. n = 49 (22-86, WT) at P4. All recorded cells of one experiment (slice) were used for the
analysis, leading to an average number of pairs of >1300 contributing to the index Icorr.
Details on the methods and routines in MatLab (The Mathworks) will be made available
upon request.
Western blot analysis. Hippocampi were dissected from P1, P5, and P15 Nkcc1-/- and WT mice.
Tissues were homogenized in lysis buffer (20 mM Tris, 140 mM NaCl, 5 mM EDTA, 1 % Triton X100, pH 7.4) supplemented with a commercial protease inhibitor cocktail (Complete, Roche).
Debris was pelleted by centrifugation at 1,000 g for 10 min. The protein concentration of the
supernatant was determined and 20 µg of total protein per lane were separated on 8.5% to 15%
SDS-polyacrylamide gels, followed by a transfer to PVDF membranes. These blots were incubated with respective primary antibodies and rabbit anti-actin or mouse anti-tubulin (both
1:2000, Sigma) as a loading control. Detection used a peroxidase-coupled anti IgG-antibody
(Roche) and a chemoluminescence kit (Renaissance, DuPont). Quantification of Western blots
was performed using a camera detection system (ChemiSmart 5000/ChemiCapt, PeqLab) allowing for linear signal integration. Band intensities were quantified using ImageJ software (NIH,
USA). Intensity values were normalized to tubulin levels. The following primary antibodies were
used: rabbit anti-KCC2 1:500 (Hübner et al., 2001b); mouse anti-GluR2 (1:500, Chemicon);
mouse anti-gephyrin (1:500, Synaptic Systems); mouse anti-GAD 65/67 (1:500, Biotrend), mouse
anti-Synaptophysin (1:1000, Sigma), rabbit anti-lynx1 (1:100) (Ibañez-Tallon et al., 2002), rabbit
anti-GluR4p842 (1:1000) (Esteban et al., 2003), rabbit anti-GluR4 (1:1000), rabbit anti-GluR1
(1:1000), rabbit anti-GluR1p831 (1:1000), rabbit anti-GluR1p845 (1:1000, all from Millipore),
rabbit anti-AE3 (1:200; epitop: H2N-CLLRKRREREQTKVEM-CONH2, purified with standard procedures against the peptide).
Morphological studies. For light microscopy, brains were dissected and fixed at 4°C for 6 h in 4%
PFA in phosphate buffered saline (PBS). The barrel-cortex of P5 mice was stained for cytochrome
oxidase as described (Iwasato et al., 2000). Nissl stainings were performed on 5 µm paraffin tissue sections. Immunohistological stainings were done on freely floating 50 µm cryosections. In
brief, sections were blocked with 5% normal goat serum (NGS), 0.25% Triton X-100 in 0.1 M
phosphate buffer (PB). Dilutions of primary and secondary fluorescence-labeled antibodies were
applied in 0.1 M PB with 5% NGS and 0.25% Triton X-100. Sections were mounted on gelatinized
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glass slides, coverslipped with Fluoromount, and visualized using confocal microscopy (Leica TCS
SP2). The following primary antibodies were used: rabbit anti-KCC2 (1:500) (Hübner et al.,
2001b), mouse anti-Map2 (1:1000, Chemicon), rabbit anti-synaptophysin (1:1000, Synaptic Systems), mouse anti-reelin (1:1000, gift of A. Goffinet), mouse anti-GAD65/67 (1:1000, Biotrend),
mouse anti-synaptophysin (1:1,000, Sigma), guinea pig anti-vGlut1 (1:500, Chemicon), rabbit
anti-Snap25 (1:500, Synaptic Systems), rabbit anti-GABAA α1 (1:500, Upstate), rabbit anti-GABAA
α3 (1:500, Sigma), rabbit anti-GluR4 (1:1000, Millipore). Secondary antibodies were goat-antirabbit 488 and goat-anti-mouse 546 (both Molecular Probes), each used at 1:1000. Nuclei were
stained with TOTO-3 (Molecular Probes) 1:2000. Biocytin filling and electron microscopic techniques are given in Supplementary Methods.
Biocytin filling was done as described (Current protocols in neuroscience (2004) 1.12.11.12.10) using the whole cell patch-clamp technique. Briefly, P7 animals were decapitated and
brain slices prepared as described above. CA1 neurons were patched using DIC visual control.
After sealing and whole cell access, Neurobiotin (Vector Labs) (2.5% in internal solution containing in mM: 150 CsGluconate, 8 NaCl, 2 MgATP, 10 HEPES, 0.2 EGTA, pH 7.2) filling was done for
10-15 minutes. The slices were fixed in 4% PFA/PBS at 4°C overnight and Neurobiotin visualized
using 488-coupled streptavidin (Molecular Probes). Stack images were taken with a confocal
microscope (Leica TCS SP2). After dendritic reconstruction, apical dendritic length and branching
points were determined with NeuronJ (Application of ImageJ, Rasband, W.S., ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA, http://rsb.info.nih.gov/ij/, 1997-2007). For
the Sholl analysis of dendritic complexity (Sholl, 1953), crossings of apical dendrites with a grid of
concentric circles spaced 5 µm and centered on the soma were counted.
For electron microscopy, four P4 and four P8 hippocampi per genotype were fixed in 1% glutaraldehyde and 1% paraformaldehyde in 0.1 M PB, postfixed in 1% OsO4 for 30 min, dehydrated
in graded ethanol using 1% uranyl acetate in 70% ethanol for 30 min, and embedded in Epon 820
(Serva). Blocks were trimmed to contain only the stratum pyramidale and radiatum of the CA1
region. Thin sections were cut on a Reichert-Jung OmU3 ultramicrotome. Ultrathin sections were
stained with uranyl acetate followed by lead citrate. Hippocampi were evaluated for the density
of synapses. The spine synapse density was calculated using unbiased stereological methods as
described previously (Prange-Kiel et al., 2004). Briefly, pairs of consecutive serial ultrathin sections were cut and collected on Formvar-coated single grids. The sections contained the upper
and middle third of the CA1 stratum radiatum. Photographs were made at a magnification of
6,600x with the observer blinded to the genotype. Areas occupied by interfering structures, such
as large dendrites or blood vessels were excluded. To obtain a comparable measure of synaptic
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numbers, unbiased for possible changes in synaptic size, the disector technique was used (Sterio,
1984). The density of spine synapses of pyramidal cell dendrites was calculated with the help of
a reference grid superimposed on the EM prints. Only those spine synapses were counted that
were present on the reference section but not on the look-up section. The disector volume was
calculated by multiplying the unit area of the reference grid by the distance (0.09 µm) between
the upper faces of the reference and the look up section. At least 10 neuropil fields were photographed on each electron microscopic grid. With at least two grids from each slice, containing at
least two pairs of consecutive ultrathin sections, each slice provided a minimum of 20 neuropil
fields.

2.4

Results

NKCC1-dependent chloride accumulation is important for excitatory GABA responses in P1
hippocampal pyramidal neurons
In situ hybridization of hippocampal sections showed that neuronal NKCC1 expression decreased
from P1 to P15 in the CA1 and CA3 regions and in the dentate gyrus (supplemental Fig. S1A–H,
available at www.jneurosci.org as supplemental material). Quantitative reverse transcription
(RT)-PCR using RNA extracted from dissected hippocampi revealed a decline of NKCC1 mRNA
levels from P1 to P15 by almost 50% (supplemental Fig. S1I, available at www.jneurosci.org as
supplemental material), whereas the amount of the KCC2 message more than doubled during
the same period (supplemental Fig. S1J, available at www.jneurosci.org as supplemental material). Expression levels of KCC2 did not differ between the WT and the NKCC1 KO hippocampus
(supplemental Fig. S1J, available at www.jneurosci.org as supplemental material).
To determine whether NKCC1 contributes to GABAergic excitation by accumulating chloride
into early postnatal neurons, GABA reversal potentials were measured using gramicidin perforated patch-clamp recordings. Resting membrane potentials of P1 CA1 hippocampal pyramidal
cells were unaltered in Nkcc1-/-neurons (-63.4 ± 2.4 vs -67.8 ± 2.3 mV in the WT; p = 0.21, t test;
WT, six cells from four mice; Nkcc1-/-, nine cells from five mice). In the presence of GABA, the
reversal potential shifted to -46.9 ± 3.1 mV in WT but only to -57.6 ± 1.9 mV in Nkcc1-/- neurons
(Fig. 1A,B). The lower GABA-induced depolarization of Nkcc1-/- neurons [5.8 ± 0.7 mV (Nkcc1-/-) vs
20.9 ± 2.2 mV (WT); p < 0.05, t test] indicates a decrease of [Cl-]i, caused by the loss of the chloride cotransporter NKCC1. Depolarization of neurons can evoke a Ca2+ response, which is mainly
caused by the activation of voltage-gated calcium channels (Yuste and Katz, 1991). We recorded
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changes in the fluorescence of the Ca2+ indicator fura-2 as an indirect measure of the depolarization induced by GABA. WT pyramidal neurons responded rapidly to GABA (100 µM) with a transient Ca2+ signal of 1.03 ± 0.03 [F340/380 (peak) - F340/380 (baseline)]. This signal was approximately
threefold larger than that evoked in Nkcc1-/- preparations (0.31 ± 0.02). The response to the excitatory neurotransmitter glutamate, in contrast, was not affected by the loss of NKCC1 (Fig. 1C–E;
supplemental Fig. S2A,C, available at www.jneurosci.org as supplemental material). Hence calcium imaging provided additional support for a role of NKCC1 in early GABA-mediated excitation.
This finding motivated us to use Nkcc1-/-mice as a model to study the role of GABA-mediated
neuronal activity in the developing brain.

Figure 1: GABA-induced depolarization in hippocampal CA1 neurons depends on NKCC1.
A,B, Representative current–voltage traces of hippocampal pyramidal CA1 neurons (P1) from both
-/-

WT (A) and Nkcc1

(B) mice using gramicidin-perforated patch clamping before and during appli2+

cation of 100 µM GABA. C–E, Reduced Ca entry in response to GABA, but not glutamate, in Nkcc1
/-

-

CA1 neurons at P1. C,D, Typical fura-2 fluorescence traces indicative of intracellular calcium of a
-/-

single WT (C) and Nkcc1 (D) CA1 neuron sequentially exposed to GABA (100 µM) and glutamate
2+

(100 µM) for 60 s each. The ratio of fluorescence at 340 and 380 nm, which increases with [Ca ]i, is
2+

given. E, Ca responses as indicated by mean changes in fura-2 fluorescence in response to GABA
-/-

and glutamate in WT (filled bars) and Nkcc1 (open bars) P1 CA1 neurons (WT: 108 cells, 6 record-/-

ings, 5 mice; Nkcc1 : 141 cells, 7 recordings, 5 mice). The asterisks indicate significance (***p <
0.001, t test). Error bars indicate SEM.
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Spontaneous Ca2+ transients are reduced in number and are less correlated in hippocampal
slices of Nkcc1-/- mice at P2 and P4
The depolarizing action of GABA is critical for neuronal network activity during the first week
after birth (Leinekugel et al., 1997; Garaschuk et al., 1998). To investigate the role of NKCC1dependent Cl- accumulation in spontaneous network activity, Ca2+ signals from fura-2 fluorescence traces (Fig. 2A) were quantified in the CA1 region of WT and Nkcc1-/- hippocampal slices.
Data were reduced to ‘Ca2+ events’ at the time point at which the rate of the fluorescence increase exceeded a certain threshold (for details see Methods) (supplemental Fig. S3A,B, available at www.jneurosci.org as supplemental material). The frequency of Ca2+ events per neuron
increased in WT from P2 (12.5 ± 0.5 events per 1000 s) to P4 (18.3 ± 0.6 events per 1000 s). In
Nkcc1-/- animals, Ca2+ events were significantly reduced at P2 (7.1 ± 0.3 events / 1000 s) and did
not increase with time (P4: 7.1 ± 0.4 events/1000 s) (Fig. 2B).

-/-

Figure 2: Correlated network activity is present in WT, but not in Nkcc1 hippocampal slices.
2+

A, Representative recordings of fura-2 fluorescence indicative of [Ca ]i changes in single neurons in
-/-

2+

WT and Nkcc1 slices at P2 and P4. Most Ca events in WT slices occur simultaneously in many
-/-

neurons, whereas they are reduced in number and mostly lack correlation in Nkcc1 slices. Calibration: horizontal, 50 s; vertical, 0.15 F340/F380. B,C, Quantification of the number of calcium events
-/-

(B) and of correlated activity (C) at P2 and P4 shows highly significant reduction in Nkcc1 slices
(open bars) (P2: 3 mice per genotype, 6 slices per genotype; P4: 3 mice per genotype, 5 slices per
genotype; p < 0.001, t-test). Error bars indicate SEM.
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To compare the degree of synchronous Ca2+ activity between different CA1 pyramidal neu-

rons independent of overall activity, we developed an algorithm to determine a correlation index Icorr. Values of Icorr > 1 indicate a correlation greater than that achieved by chance alone. As
illustrated in Fig. 2C, the correlation index was drastically decreased in Nkcc1-/- slices at both P2
[Icorr = 13.1 ± 0.3 (WT), Icorr = 2.7 ± 0.2 (Nkcc1-/-)] and at P4 [Icorr = 20.8 ± 0.3 (WT), Icorr = 2.1 ± 0.3
(Nkcc1-/-)]. Thus NKCC1 plays a pivotal role in correlated network activity.
Frequency and amplitudes of GDPs are reduced in Nkcc1-/- and Ae3-/- mice at P5
GDPs of the early postnatal hippocampus are known to depend on GABA (Leinekugel et al.,
1997; Ben-Ari, 2002; Sipilä et al., 2005). In mice, GDPs are observed in the first postnatal week
and gradually disappear after P10 (Crepel et al., 2007). We measured GDPs at P5 by extracellular
recordings of spontaneous activity in the CA3 stratum pyramidale. GDP frequencies and amplitudes were significantly reduced, but not abolished in Nkcc1-/- mice at P5 (Fig. 3A–C; supplemental Fig. S4A, available at www.jneurosci.org as supplemental material). At P10 GDP frequency
had decreased and the difference between genotypes had vanished (supplemental Fig. S5, available at www.jneurosci.org as supplemental material).
As GABA was still slightly depolarizing in P1 pyramidal neurons of Nkcc1-/- mice (Fig. 1E),
we hypothesized that transporters other than NKCC1 may also raise [Cl-]i and contribute to the
generation of GDPs. The neuronal anion-exchanger AE3 is expressed early in development
(Hentschke et al., 2006) and is predicted to elevate [Cl-]i above electrochemical equilibrium.
However, GABA reversal potentials and GABA evoked Ca2+ responses of CA1 neurons did not
differ between Ae3-/- and WT mice at P1 (supplemental Figs. S2B,D,S6, available at
www.jneurosci.org as supplemental material), suggesting that Cl- accumulation by AE3 is insignificant compared to that by NKCC1 at that early time point. However, at P5, when AE3 protein
levels had increased compared to P1 (supplemental Fig. S7I, available at www.jneurosci.org as
supplemental material), disruption of AE3 decreased GDP frequency and amplitudes (Fig. 3A-D;
supplemental Fig. S4B, available at www.jneurosci.org as supplemental material).
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-/-

-/-

Figure 3: Reduced spontaneous electrical activity in CA3 of Nkcc1 and Ae3 hippocampal slices.
A, Representative extracellular recordings in CA3 stratum pyramidale of P5 Nkcc1 and Ae3 WT and
KO slices. Framed parts are shown as enlargements below original trace. Quantification of frequency (B), amplitude (C) and area under curve (AUC) (D) of single spontaneous electrical events are
shown for Nkcc1 and Ae3 WT and KO slices. Asterisks indicate significant difference (*p < 0.05,
***p < 0.001, t test) (NKCC1: WT: 3 mice, 15 slices; KO: 3 mice, 19 slices; AE3: WT: 3 mice, 11 slices;
KO: 3 mice, 12 slices). Different WT levels may be attributable to differences in genetic background
of NKCC1 and AE3 mouse lines (see Materials and Methods). Error bars indicate SEM.

No gross structural alterations are evident in Nkcc1-/- brains
As GABAA-receptor dependent depolarization has been implicated in the migration and differentiation of neuronal precursor cells (Owens and Kriegstein, 2002), we performed Nissl stainings of
neocortical (Fig. 4A,B) and hippocampal sections (Fig. 4C,D) at P5. Gross brain structure appeared unaltered in Nkcc1-/- mice with regard to both layering and estimated neuron density.
We did neither detect changes in the refinement of the somatosensory barrel cortex at P5, a
structure known to depend on neuronal activity (Iwasato et al., 2000; Lu et al., 2003) (Fig. 4E,F).
Neither the quantification by electron microscopy of spine synapses per µm3 in the stratum radiatum of the CA1 region at P4 and P8 (Fig. 4L), nor the reconstruction of individual P7 CA1 pyramidal neurons (Fig. 4G-K) revealed significant structural changes in Nkcc1-/- brains. In addition,
35

2

MANUSCRIPT I

hippocampal sections were stained for marker proteins such as GABAA-receptor subunits α1 (Fig.
4M,N) and α3 (supplemental Fig. S8W,Z, available at www.jneurosci.org as supplemental material), glutamic acid decarboxylase (GAD) (a presynaptic marker of GABAergic synapses) (supplemental Fig. S8V,Y, available at www.jneurosci.org as supplemental material), the vesicular
glutamate transporter vGlut1 (a presynaptic protein of glutamatergic synapses) (Fig. 4O,P; supplemental Fig. S8Q-T, available at www.jneurosci.org as supplemental material) and the neuronal KCl-co-transporter KCC2 (supplemental Fig. S8A-H,U,X, available at www.jneurosci.org as supplemental material). None of these or other stainings (supplemental Fig. S8, available at
www.jneurosci.org as supplemental material) indicated significant differences between WT and
Nkcc1-/- brains, neither at P1 nor at P7.
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-/-

Figure 4: Gross morphology is intact in Nkcc1 brain.
A–D, No obvious changes were detected in the layering of the cortex (A, B) and the hippocampus
-/-

(C, D) in Nissl-stained sections. E, F, Analysis of the barrel cortex at P5 of WT (E) and Nkcc1 mice
(F) did not reveal any differences in sections stained for cytochrome oxidase. G,H, Two-dimensional
projection of three-dimensional reconstruction of representative biocytin-filled P7 CA1 pyramidal
-/-

neurons of WT (G) and Nkcc1 (H) mice. Quantification of total dendritic length (I), branching point
number (J), and Sholl test of dendritic complexity (K) revealed no major differences between WT
-/-

-/-

and Nkcc1 mice (WT: 5 mice, 27 cells; Nkcc1 : 7 mice, 22 cells). L, Spine synapse numbers were
-/-

unchanged in the stratum radiatum of CA1 neurons at P4 and P8 in Nkcc1 (white bars) compared
with WT (black bars) (4 mice per age and genotype). Error bars indicate SEM. Immunocytochemistry (M–P) of GABAA receptor subunit α1 (M, N) and vesicular glutamate transporter vGLUT1 (O, P)
-/-

showed comparable staining of P7 stratum radiatum in WT (M, O) and Nkcc1 (N, P) slices. Cell
nuclei are stained in blue. Scale bars: (in A) A–D, 200 µm; (in E) E, F, 500 µm; (in G) G, H, 20 µm;
(inM) M, N, 20 µm; (inM) O, P, 35 µm. Statistical analysis was as follow: total dendritic length: p >
0.05, Kolmogorov–Smirnov test; branching point number: p > 0.05, Kolmogorov–Smirnov test; Sholl
test, p > 0.05, t test for individual data points; synapse number: p > 0.05, t test.

The maturation of excitatory and inhibitory synapses is delayed in CA1 pyramidal cells at P7
The absence of gross morphological abnormalities in Nkcc1-/- animals did not exclude a functional deficit in synaptic transmission. To test basal synaptic transmission, we compared the size of
the presynaptic fiber volley (input) with the slope of the excitatory postsynaptic field potential
(output) in the stratum radiatum of CA1. No differences were found between genotypes at P15,
a time point after the GABA-switch in that region (Stein et al., 2004b) (supplemental Fig. S9A,
available at www.jneurosci.org as supplemental material). Paired-pulse facilitation at 40 ms and
100 ms pulse interval (150 ms not shown) was not significantly altered either, excluding a major
presynaptic defect at this time point (supplemental Fig. S9B, available at www.jneurosci.org as
supplemental material).
During early postnatal development, excitatory hippocampal synapses contain mainly NMDA
receptors and lack AMPA receptors (Durand et al., 1996; Tyzio et al., 1999). To examine the maturation of excitatory synaptic transmission, the relative contribution of CA1 AMPA versus
NMDA receptors was measured at the end of the first postnatal week, when NKCC1 is rapidly
replaced by KCC2 in the WT, and at P15, when KCC2 plays the major role in neuronal chloride
homeostasis. Whereas the AMPA/NMDA ratio was unaltered at P15, it was reduced in Nkcc1-/slices at P7 to 1.3 ± 0.1 (Nkcc1-/-) versus 1.8 ± 0.1 in WT (Fig. 5A). To understand the basis of the
reduction of the AMPA/NMDA ratio, we evaluated mEPSCs.
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Figure 5: Delayed maturation of glutamatergic and GABAergic synapses in
-/-

Nkcc1 CA1 neurons.
A, AMPA/NMDA ratio is reduced in
-/-

Nkcc1

CA1 neurons at P7 but not at

P15 (P7: 5 mice per genotype; WT, 25
cells; KO, 26 cells; P15: 3 mice per genotype; WT, 8 cells, KO, 10 cells; mean
SEM). Representative current traces for
-/-

WT and Nkcc1 CA1 neurons at P7 and
P15 are shown above. Stimulation artifacts were omitted for clarity. Calibration: P7: vertical, 40 pA; horizontal, 50
ms; P15: vertical, 100 pA; horizontal,
100 ms. B, C, mEPSCs are reduced in
amplitude (B) and frequency (C) at P7,
-/-

but not at P15 (D, E) in Nkcc1

CA1

neurons as shown in cumulative distribution plots (3 mice per age and genotype; P7: WT, 10 cells; KO, 11 cells; P15:
WT, 9 cells; KO, 10 cells; P7: amplitude,
p < 0.005; interval, p < 0.005; P15: amplitude, p > 0.1; interval, p > 0.1; Kol-/-

mogorov–Smirnov test). F, G, In Nkcc1

CA1 neurons, mIPSCs are reduced in
amplitude (F) but not frequency (G) at
P7, whereas they were unchanged at
P15 (H, I ) as shown in cumulative distribution plots (3 mice per age and
genotype; P7: WT, 8 cells; KO, 16 cells;
P15: WT, 23 cells; KO, 30 cells; P7: amplitude, p < 0.0005; interval, p > 0.1;
P15: amplitude, p > 0.1; interval, p >
0.1; Kolmogorov–Smirnov test). The asterisks indicate significance (**p < 0.01,
t test).
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Similar to the changes in AMPA/NMDA ratio, mEPSC amplitudes and frequencies were reduced at P7 (Fig. 5B,C), but not at P15 (Fig. 5D,E), indicating a delay in the maturation of excitatory synapses in the absence of NKCC1. Similar to mEPSCs, the amplitudes of mIPSCs of Nkcc1-/CA1 pyramidal neurons were reduced at P7. This difference had vanished at P15. mIPSC
frequencies were unchanged throughout (Fig. 5F–I). These results indicate an influence of NKCC1
on the maturation of GABAergic synapses.
AMPA receptors are the major source of CA1 postsynaptic glutamatergic depolarization in
the adult brain (Bredt and Nicoll, 2003). Phosphorylation of specific serines of GluR1 and GluR4
is important for their regulated postsynaptic insertion (Boehm and Malinow, 2005). We
therefore analyzed the phosphorylation state of GluR1 and GluR4 with phosphospecific
antibodies. GluR1 phosphorylation at serines 831 and 845 was not significantly altered
betweenWTand Nkcc1-/-hippocampus at P5 and P15 (supplemental Fig. S7E,F, available at
www.jneurosci.org as supplemental material). In contrast, GluR4 phosphorylation at serine 842
was moderately, but significantly decreased compared with WT at P5 (Fig. 6A) and drastically
increased at P15 (Fig. 6B). At both time points, total amounts of GluR1, GluR2, and GluR4 did not
differ between the genotypes neither on protein (Fig. 6A,B; supplemental Fig. S7A–C,E,F,
available at www. jneurosci.org as supplemental material) nor on RNA levels (supplemental Fig.
S10, available at www.jneurosci.org as supplemental material). In the hippocampal formation,
GluR4 mainly localized to GABAergic interneurons at P15 in WT and Nkcc1-/- animals
(supplemental Fig. S11, available at www.jneurosci.org as supplemental material). The decrease
in S842 phosphorylation of GluR4 in the hippocampus of young Nkcc1-/- animals might be a
consequence of the decreased and mostly uncorrelated neuronal activity (Fig. 2) and may
underlie the observed decreased AMPA/NMDA ratio at P7 (Fig. 5A).
To determine whether changes in spontaneous neuronal activity in Nkcc1-/- hippocampi may
also induce more global changes, we analyzed the phosphorylation states of the transcriptional
regulator CREB (cAMP-responsive element binding protein), which plays a key role in changing
glutamatergic transmission in long-term plasticity, and of the upstream ERK1/2 (extracellular
signal-regulated kinases 1/2).We could not detect significant differences between the genotypes
in the phosphorylation states of these proteins, neither at P5 nor at P15 (supplemental Fig.
S7G,H, available at www.jneurosci.org as supplemental material).
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Figure 6: Differential GluR4 phosphorylation during development.
A,B, Compared with WT, in the Nkcc1

-/-

hippocampus serine 842 of GluR4 is less
phosphorylated at P5 (A) and more phosphorylated at P15 (B). Quantification of total and phosphorylated (at serine 842)
GluR4 is shown below the respective
Western blots (normalized to tubulin ±
SEM; P5: n = 12 animals per genotype, P15:
n = 4 animals per genotype). The asterisks
indicate significance (*p < 0.05, **p < 0.01,
t test).

lynx1, a modulator of network activity, is decreased in the developing Nkcc1-/-hippocampus
The changes in spontaneous activity in the Nkcc1-/- hippocampus prompted us to look for alterations in expression levels of activity-dependent genes, genes important for GABAergic function,
and genes involved in postsynaptic glutamatergic transmission (supplemental Figs. S7A–D, S10,
available at www.jneurosci.org as supplemental material). Except for Olig1 (Fig. 7A), a transcription factor important for oligodendrocyte function and for neural precursor cell differentiation
(Ross et al., 2003), no significant changes in the expression of genes enumerated in supplemental Figure S10 (available at www.jneurosci.org as supplemental material) were found by either
quantitative RT-PCR or Western blot analysis. We also performed a chip-based comparison of
the transcriptome of WT and Nkcc1-/- hippocampus at P5. Differentially expressed transcripts
(verified by RT-PCR) were the transcriptional regulator Id4, which is important for neural progenitor proliferation and differentiation (Yun et al., 2004; Bedford et al., 2005), the cell cycleassociated gene G0s2 (Russell and Forsdyke, 1991), the gene encoding the neurofilament heavy
chain, as well as lynx1 (Fig. 7A, B; supplemental Fig. S12, available at www.jneurosci.org as supplemental material). Lynx1 is a membrane-anchored protein that interacts with nicotinic acetylcholine receptors (nAChRs) and thereby influences neuronal excitability (Ibanez-Tallon et al.,
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-/-

Figure 7: Transcriptional changes in Nkcc1 hippocampus.
A, Quantification of quantitative RT-PCR (qRT-PCR) of neurofilament heavy chain, Id4, G0s2 (found
in gene chip analysis), and Olig1 (found in independent screen) at different ages during development (normalized to WT ± SEM; n = 3 animals per genotype and age). B, lynx1 mRNA is downregu-/-

lated in the Nkcc1 hippocampus at different ages during early development as assessed by qRTPCR, whereas nicotinic receptor subunits α4, α7, α2, and lynx1-related genes (lynx2, Ly-6H) are unaffected (normalized to WT ± SEM; n = 3 animals per genotype). C, Lynx1 protein is downregulated
-/-

in the Nkcc1 hippocampus at P5 and P15. Quantifications are shown to the right of Western blots
(normalized to tubulin ± SEM; 6 animals per genotype and age). The asterisks indicate significance
(*p < 0.05, **p < 0.01, t test).
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2002; Miwa et al., 2006). Lynx1 was downregulated both at the mRNA (P1, P5, P15) (Fig. 7B) and
at the protein level (P5 and P15) (Fig. 7C). In contrast, expression levels of lynx2 and Ly-6H (Fig.
7B), proteins related to lynx1 and expressed in the hippocampus (Dessaud et al., 2006), were
unchanged. The abundance of the transcripts encoding the α7, α4, and β2 subunits onAChRs,
known targets of lynx1 that are expressed in the early hippocampus, were not changed either
(Fig. 7B). In conclusion, the expression of a small subset of genes involved in cell differentiation,
proliferation, and network excitability were changed in the absence of NKCC1.

2.5

Discussion

Chloride accumulation via NKCC1 significantly contributes to GABA dependent depolarization
early in development
The excitatory action of GABA on immature neurons is a consequence of active chloride accumulation. The Na-K-2Cl co-transporter NKCC1, a chloride loader, is expressed early during neuronal
differentiation (Hübner et al., 2001a). Application of bumetanide, a NKCC1 inhibitor, shifted the
GABA reversal potential by -10 mV in P1-P3 cortical neurons (Yamada et al., 2004) and by -13 to 18 mV in CA3 pyramidal cells (Dzhala et al., 2005; Sipilä et al., 2006). In a genetic approach we
used Nkcc1-/- mice to examine the role of NKCC1 in determining [Cl-]i and in brain maturation.
The GABA reversal potential was shifted by approximately -10 mV in Nkcc1-/- pyramidal cells,
identifying NKCC1 as a major chloride loader in these neurons. GABA was still depolarizing and
could trigger Ca2+ transients by opening voltage-dependent Ca2+-channels (Yuste and Katz, 1991;
Owens et al., 1996) in the absence of NKCC1. At P1 the anion exchanger AE3 is expressed at low
levels in the hippocampus and did not contribute to chloride loading in CA1 cells in the presence
of NKCC1. However, we cannot exclude that it raises Cl- in the absence of this major Cl- loader. At
P5, expression levels of AE3 are higher and disruption of AE3 led to a decrease in GDPs. This
decrease in GDP frequency suggests an effect of diminished intracellular chloride. An increased
HCO3- efflux through GABAA receptors owed to an increase in cellular HCO3- (another possible
outcome of the AE3 KO) should rather lead to an increase in excitability and hence GDPs. The
unchanged steady-state intracellular pH in Ae3-/- neurons (Hentschke et al., 2006) makes it unlikely that AE3 influences GDPs by changing pH-dependent conductances.
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Network-driven calcium events and GDPs are diminished in Nkcc1-/- mice
Long-lasting elevations of intracellular calcium concentration can be observed in the early hippocampus. The underlying mechanisms change during hippocampal development (Garaschuk et al.,
1998; Crepel et al., 2007). At late embryonic stages, small ensembles of neurons show calcium
events which depend strongly on voltage-gated Ca2+-channels, but not on GABAA-receptors.
Around birth, long lasting gap junction-mediated calcium plateaus appear. They disappear gradually during the following days, while the number of calcium elevations driven by GDPs increases
with ongoing hippocampal maturation and increasing synaptic connectivity. GDPs are population
discharges that mainly originate in the CA3 subfield and propagate to CA1, thereby affecting the
entire hippocampal network (Menendez de la Prida et al., 1998). They depend on synaptic
transmission and involve both the action of glutamate and of depolarizing GABA, gradually disappearing in parallel to the GABA-switch during the second postnatal week (Ben-Ari et al., 1989;
Sipilä et al., 2005). As glutamatergic synapses between CA3 and CA1 neurons are initially purely
NMDA receptor-based (Durand et al., 1996; Tyzio et al., 1999), GABA-induced depolarization
may be needed to facilitate glutamatergic transmission by weakening the voltage-dependent
Mg2+-block of NMDA receptors (Leinekugel et al., 1997). In Nkcc1-/- mice, extracellular GDPs in
CA3 were indeed diminished in amplitude and frequency. The relative lack of synchronicity of
calcium events in the Nkcc1-/- hippocampus at P2 and P4 suggests that the electrical synchronization of large neuronal ensembles depends on depolarizing GABA at that developmental stage.
Both recurrent glutamatergic connections between pyramidal neurons (Miles and Wong, 1983;
Sipilä et al., 2006) as well as synchronous activation of interneurons that excite multiple target
neurons via excitatory GABA transmission (Khazipov et al., 1997b; Garaschuk et al., 1998) were
proposed as mechanisms for synchronization. Our results favor the latter mechanism and show
that the generation and propagation of early network activity critically depends on high [Cl-]i that
is established by NKCC1. At P10, when in the WT the chloride loader NKCC1 is largely replaced by
the chloride extruder KCC2, GDPs in Nkcc1-/- hippocampi were indistinguishable from the WT.
Delayed maturation of glutamatergic and GABAergic transmission in Nkcc1-/- mice
Correlated spiking of pre- and postsynaptic neurons can result in strengthening or weakening of
glutamatergic synapses, depending on the temporal order of spiking. Pairing of GDPs with Schaffer collateral stimulation can enhance the efficacy of these glutamatergic synapses (Mohajerani
et al., 2007). Therefore, the observed decrease in coincident activity in Nkcc1-/- hippocampus
might change glutamatergic transmission between the Schaffer collaterals and CA1 neurons.
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Indeed, evoked AMPA eEPSCs in CA1 were decreased compared to NMDA eEPSCs at P7. Moreover, the amplitudes and frequencies of spontaneous mEPSCs were diminished in Nkcc1-/- mice at
that time. The decreased frequency is most likely caused by poor detection of small events, rather than a decrease in synapse number. This interpretation is corroborated by our observation
that the number of synaptic spines is unchanged in the KO compared to WT.
These change in excitatory synaptic transmission may result from a differential insertion of
receptors into the postsynaptic membrane rather than from differential transcription (Malenka
and Bear, 2004). Indeed, we did not detect differences between the genotypes in mRNA and
protein levels of different GluR subunits, neither at P5 nor at P15. We suggest that the decreased S842 phosphorylation of GluR4 observed at P5 is a consequence of the decreased and
largely uncorrelated electrical activity of the Nkcc1-/- hippocampus. Because phosphorylation
may stimulate the incorporation of glutamate receptors into silent synapses (Zhu et al., 2000;
Esteban et al., 2003), such a mechanism could explain the decrease in AMPA/NMDA ratio in P7
Nkcc1-/- hippocampus. No differences in GluR1 phosphorylation were detected, consistent with
the predominant role of GluR4 in activity-dependent maturation of silent synapses (Zhu et al.,
2000).
The changes in glutamatergic transmission disappear at P15 when NKCC1 expression in pyramidal neurons has declined in favor of KCC2 and when GDPs do not differ anymore between
genotypes. The impressive increase in phosphorylation of GluR4 at S842 in P15 Nkcc1-/- hippocampus was not associated with a changed AMPA/NMDA ratio of pyramidal cells, quite in contrast to the correlation between decreased GluR4 phosphorylation and decreased AMPA/NMDA
ratio at earlier time points. This difference can be explained by the shift in expression pattern of
GluR4 from pyramidal cells to interneurons in adult hippocampus (Fig. S11) (Kullmann and Lamsa, 2007). The increased GluR4 phosphorylation therefore probably occurs in interneurons, rather than in pyramidal cells that were studied electrophysiologically.
The maturational delay also extended to GABAergic synapses, with mIPSC amplitudes being
lower in Nkcc1-/- mice at P7, but not at P15. Similar to the amplitude changes observed for
mEPSCs, these amplitude changes may result from changes in the numbers of postsynaptic receptors. Compared to mEPSCs, mIPSCs have much larger amplitudes under our recording conditions. Therefore, fewer events escaped detection in the KO, the result being that we measured
similar frequencies to WT.
The shift of the GABA reversal potential in Nkcc1-/- pyramidal cells (Fig. 1) was not associated
with an increase of KCC2 transcript and protein levels (Fig. 1B, Fig. S7D). Together with previous
work (Ludwig et al., 2003; Titz et al., 2003; Wojcik et al., 2006), our results do not support a role
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of depolarizing GABA in inducing KCC2 expression, an effect previously reported in cultured neurons (Ganguly et al., 2001).
Expression analysis of Nkcc1-/- hippocampus
Genome-wide expression analysis revealed a downregulation of lynx1 in Nkcc1-/- hippocampus at
P1, P5 and P15. Lynx1, a membrane-tethered protein, reduces the agonist sensitivity of nicotinic
acetylcholine receptors and accelerates their desensitization, thereby decreasing neuronal excitation (Ibañez-Tallon et al., 2002; Miwa et al., 2006). A downregulation of lynx1 should increase
neuronal excitability, thereby partially compensating for the diminished GABAergic excitation in
Nkcc1-/- mice. Thus, our data suggest a previously unrecognized role of lynx1 in early network
homeostasis.
No obvious defects in brain morphology of Nkcc1-/- mice
Despite of the trophic effects of depolarizing GABA on neurite extension, neuronal migration,
differentiation, and synaptogenesis (Komuro and Rakic, 1998; Ben-Ari, 2002), no morphological
alterations were observed in Nkcc1-/- hippocampal neurons, which displayed normal dendritic
length, branching, and spine synapse density. However, inducing a hyperpolarizing GABAresponse by prematurely expressing KCC2 in a subpopulation of rat ventricular neuronal progenitor cells impaired their dendritic arborization (Cancedda et al., 2007). These differences might
be explained by the fact that GABA was still slightly depolarizing in Nkcc1-/- neurons. Additionally,
one must distinguish between manipulations of individual neurons within a normally developing
network and manipulations of the global network as in our study. Indeed, the number of functional synapses in developing cultured neurons was reduced when their electrical activity was
suppressed individually, but not when all neurons were uniformly suppressed (Burrone et al.,
2002). Similarly, expression of short hairpin RNAs against NKCC1 in just a small subset of newborn granular neurons or ventricular neuronal progenitor cells changed synapse formation and
dendritic development (Ge et al., 2006; Wang and Kriegstein, 2008).
We also identified differences in mRNA levels of Olig1 and Id4, transcription factors with a
role in brain development (Ross et al., 2003; Yun et al., 2004; Bedford et al., 2005), as well as of
the cell cycle related gene G0s2 (Russell and Forsdyke, 1991). Those findings suggest that GABAergic excitation may influence early transcriptional processes involved in cell proliferation and
differentiation, even though we did not detect changes in hippocampal architecture.
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In summary, our analysis showed a major role of NKCC1-dependent Cl--accumulation in the excitatory action of GABA. Nkcc1 disruption severely affected early spontaneous electrical activity
and transiently delayed the maturation of glutamatergic and GABAergic synapses without, however, leading to detectable morphological changes. Our work focusing on the role of NKCC1 in
early network activity further suggests that future studies addressing the role of lynx1 in early
network homeostasis may be warranted.
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NKCC1-Dependent GABAergic Excitation Drives Synaptic Network Maturation During Early
Hippocampal Development
by
Carsten Pfeffer, Valentin Stein, Damien J. Keating, Hannes Maier, Ilka Rinke, York Rudhard, Moritz Hentschke, Gabriele Rune, Thomas J. Jentsch and Christian A. Hübner
Supplementary Table 1:
Sequence 5´ > 3´
CATGCCAGCAAAGCACCAT
AGAAGTGCAATGCAGCCCA
CCGCCAAACCCAATGTGAT
TGCTTGGACACTTCGGTCAAC
GCTGAAGGCGTGCGAGTATTA
GAGTCTTTGGTGGCCGATATG
GGAATGGTGAAGACCGTGTCA
CCCTTCGGATTCTCCGTTTCT
GCTTGTCGATTGCTCAGCTCA
TCCCAGCGCAGTTTGTAGTCA
CTTTGCTGGTATTCTTGCTGCC
ATCTCAGCCACAAGCAGCATG
GGAAGCCTGAGGATTTCGACA
AGACTTCGTACATGCCGTCAGC
CCCGACAATGAGCAAACGTAC
TTGGAAGACCTCCATGTGGTG
TTAAGGCCGGTGACTGACAGAG
TCCCAGACCCCTTAGGTGATCT
GCGACCAAAATTCAGGCTAGC
TTCTCCACACCATCAGCAACG
TTGAAGGCAATGACCGCTATG
TTTGCCGTCGCTGACAATC
ACCTGGATTCCAAAGGCTACG
CCAACAGGCCTTGTTCATTCA
CATTGAGCAGAGAAAGCCGTG
52

Gene
AE3 forward
AE3 reverse
Arc forward
Arc reverse
BDNF ex4 forward
BDNF ex4 reverse
cFOS forward
cFOS reverse
Chrna4 forward
Chrna4 reverse
Chrna7 forward
Chrna7 reverse
Chrnb2 forward
Chrnb2 reverse
Dopamine β-Hydroxylase forward
Dopamine β-Hydroxylase reverse
G0S2 forward
G0S2 reverse
GAP43 forward
GAP43 reverse
GluR1 forward
GluR1 reverse
GluR2 forward
GluR2 reverse
GluR3 forward
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CGTTCCTAATGCTGAGCCTT
AACCTCCCAATGAGTTTGGCA
ATACGCCTCCAACAATCCGAC
TGCCTGCAGTGCGATATGAA
GATAACGTGCTGCAGGATCTCC
TTGGCGCAAGATGCTAAAGAG
CCCGGAGATTTCATTGATGG
TCGTTAAGCGGCACTTTTTCTC
GCCCCGTTGCACAAATCTT
CCACACGAACTTACTTCACCCC
AGATGCATGCTTGGAATAGCCA
CGTAAATTGCACCGTGAACGT
AAGCAATGAGACAGGCTGCTG
AAACGCAAGATGACCAAGGC
TCGATCTTGGACAGCTTCTGC
TACAGAAAGCTCCTGGAAGGC
TTATGTGCGTGGATATGGAGG
TCCTCAGTCAGCCATACCCAAA
ATCCCGAACAACACACGAACC
TCGAGGATACCAGATGTCCACC
CCTCTTTGCATGTGCCATCAC
TGTTGATGTTCCCGCCTTTG
ATGCGATTCTGCAGCTCTTCC
TGGCGGAAGACAAATGCAG
TCCGGATGTGATGCACAAACT
TTGGAACCTGGAACCATGGAC
ATAGTGCCCTTTGGCCCAGTT
TGTTGATGTTCCCGCCTTTG
ATGCGATTCTGCAGCTCTTCC
TCCCACCTGTTTAGAGCCAGAA
CGATGCTCACGGATACGAGAAT
TCAGGAGACACCGTCTTTTGG
AACGTAGCCAGCCTTGTCCTT
CAAATGGCCTCCCTCTCATCA
TTGGTGGTTTGCTACGACGTG
CCTGCGGCACATAAATTTCAC
AACGGATTACCCGTCAGGATC
CTTCACAATCGAGTTCGGCCT
CCTTGTCGGAAAGAGCATGCT
ACATTTGCCCAGTTCTCCCAG
CCCAAACTCCACAGTGAACCA
AGGCCGAGATGCAATTGATGT
TCAGCAGCATCATCTCCTCCA

GluR3 reverse
GluR4 forward
GluR4 reverse
Id4 forward
Id4 reverse
Itp3R forward
Itp3R reverse
Ly-6H forward
Ly-6H reverse
Lynx1 forward
Lynx1 reverse
Lynx2 forward
Lynx2 reverse
NeuroD2 forward
NeuroD2 reverse
Neurofilament heavy chain forward
Neurofilament heavy chain reverse
NKCC1 forward
NKCC1 reverse
NR1 forward
NR1 reverse
NR4A1 forward
NR4A1 reverse
NRSF forward
NRSF reverse
N-Tubulin b3 forward
N-Tubulin b3 reverse
Nur77 forward
Nur77 reverse
Olig1 forward
Olig1 reverse
SynGAP forward
SynGAP reverse
TNFalpha forward
TNFalpha reverse
TrkB-Receptor forward
TrkB-Receptor reverse
Tryptophan Hydroxylase 2 forward
Tryptophan Hydroxylase 2 reverse
Tyrosine Hydroxylase forward
Tyrosine Hydroxylase reverse
Zif268 forward
Zif268 reverse
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Figure S1: In-situ hybridization for Nkcc1 transcripts in the developing hippocampus.
(A,C,E,G) Darkfield photomicrographs reveal a decrease of Nkcc1 transcripts from postnatal day (P)
1 (P1) to P15. Signals in G most likely correspond to glial cells. Hybridization signals appear white in
darkfield (sense controls gave no signal). (B,D,F,H) Photomicrographs of Giemsa-stained coronal
brain sections at P1, P5, P8 and P15 corresponding to darkfield photomicrographs. (I) Nkcc1 transcript levels in the hippocampus decrease from postnatal day 1 (P1) to P15. Levels were determined by quantitative RT PCR, and normalized to those of hypoxanthine guanine phosphoribosyl
transferase (HPRT), and to the WT values at P1 (mean ± SEM, n = 3 animals). (J) Kcc2 transcripts increased during the same period and did not change in Nkcc1-/- mice (n = 3 animals per genotype).
Scale bar in (H) corresponds to 50 µm for (A-H); pc: pyramidal cell layer; dg: dentate gyrus. Asterisks (**) indicate significance (p < 0.01, t-test).
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Figure S2: KO of Nkcc1 but not of Ae3 reduces the amplitude of GABA induced calcium elevations
in CA1 neurons at P1.
(A,B,C,D) Histogram plots show amplitude distribution of Calcium elevations of WT (black bars) and
KO (white bars) slices disrupted for Nkcc1 (A,C) and Ae3 (B,D) after GABA (A,B) and glutamate (C,D)
application. (Nkcc1: WT 5 mice, 6 recordings, 108 cells; KO 5 mice, 7 recordings, 141 cells; Ae3: WT
3 mice, 7 recordings, 136 cells; KO 3 mice, 5 recordings, 191 cells). Different WT distributions may
be due to differences in genetic background of NKCC1 and AE3 mouse lines (see methods/mice).
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Figure S3A: Detection of spontaneous calcium transients.
-/-

Representative recordings from P2 and P4 WT and Nkcc1 slices (also shown in Fig. 2A). Calcium
transients that were identified by a mathematical routine (Suppl. Methods) are marked by red
dots. Detection parameters were conservatively chosen to underestimate rather than to overestimate spike rates and synchronous events. Missed events were rare ( < 10 %) while events that
were erroneously assigned as calcium transients by the routine were minimized ( < 2 %). Numbers
assigned to each trace correspond to cells in the respective raster plot diagram (Fig. S3B). Scale
bars: horizontal 100 s; vertical 0.15 F340/F380.
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Figure S3B: Raster plot and correlation representation of individual calcium recordings.
The fura-2 loaded slice is shown at t=0 in each panel. Individual cells that were analyzed during the
subsequent 500 s period are marked by black squares. On the left side of each panel the individual
cellular calcium events of these cells, detected by the mathematical routine, are represented by
vertical black lines. Each cell is represented by a white bar, bordered by horizontal black lines. The
numbers with arrows refer to the traces displayed in Fig. S3A. Cells showing correlated activity are
connected by a colored line in the right image of each panel. Color codes right to the image indicate strength of correlated activity by representing the number of synchronous events only for
those cell pairs with significant (p<.001) synchronicity. WT cells show correlated activity all over the
-/-

recorded area, while Nkcc1 cells do not.
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Figure S4: KO of Nkcc1 or Ae3 reduces the amplitudes of GDPs.
Histogram plots show amplitude distribution of GDPs of WT (black bars) and KO (white bars) slices
disrupted for Nkcc1 (A) and Ae3 (B) (3 animals per genotype; Nkcc1: WT 15 slices, 331 GDP events;
KO 19 slices, 115 GDP events; Ae3: WT 11 slices, 384 GDP events; KO 12 slices, 193 GDP events).
Different WT distributions may be due to differences in genetic background of NKCC1 and AE3
mouse lines (see methods/mice).
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-/-

Figure S5: GDPs at P10 were unchanged between WT and Nkcc1 animals.
-/-

(A) representative traces showing typical GDPs in WT and Nkcc1 at p10. (B,C,D,E) Quantification
of GDPs revealed unchanged amplitude (B), area under curve (C), frequency (D) and histogram plot
-/-

distribution of the amplitude (E) of WT (black bar) and Nkcc1 (open bar) animals (3 animals per
-/-

-/-

genotype; WT: 14 slices, Nkcc1 : 17 slices; WT: 107 GDPs, Nkcc1 : 98 GDPs). Scale bars are shown
for the respective traces in (A).
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Figure S6: GABA-induced depolarization in hippocampal CA1 neurons does not depend on AE3 at
P1.
(A,B) Representative current-voltage traces of hippocampal pyramidal CA1 neurons (P1) from both
-/-

WT (A) and Ae3 (B) mice using gramicidin-perforated patch-clamp recordings before and during
application of 100 μM GABA. (C) Mean shift in reversal potential (mean ± SEM) upon application of
-/-

100 µM GABA in voltage clamp mode does not differ significantly between WT and Ae3 CA1 neu-/-

rons (WT: 6 cells from 3 mice, mean ± SEM = 20.2mV ± 4.6mV; Ae3 : 10 cells from 6 mice, mean ±
2+

SEM = 23.4mV ± 3.3mV; p>0.5, t-test). (D,E,F) Ca entry in response to GABA and glutamate in Ae3
/-

-

CA1 neurons at P1. (D,E) Typical fura-2 fluorescence traces indicative of intracellular calcium of a

single WT (D) and Ae3

-/-

(E) CA1 neuron sequentially exposed to GABA (100 µM) and glutamate

(100 µM) for 50 s each. The ratio of fluorescence at 340 nm and 380 nm, which increases with
2+

2+

[Ca ]i, is given. (F) Ca responses as indicated by mean (± SEM) changes in fura-2 fluorescence in
-/-

response to GABA and glutamate in WT (filled bars) and Ae3 (empty bars) P1 CA1 neurons normalized to WT GABA (WT: 136 cells, 7 recordings, 3 mice, GABA: normalized to 1, Glutamate: mean ±
-/-

SEM = 3.80 ± 0.14; Ae3 : 191 cells, 5 recordings, 3 mice; GABA: mean ± SEM = 1.01 ± 0.08, Glutamate: mean ± SEM = 3.79 ± 0.17; t-test GABA: p > 0.5, t-test Glutamate: p>0.5).
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-/-

Figure S7: Normal pre- and postsynaptic marker protein levels in the Nkcc1 hippocampus.
(A,B,C,D) Hippocampal protein levels of glutamic acid decarboxylase (GAD) 65/67, gephyrin, the
AMPA receptor subunit GluR2 and synaptophysin quantified by Western blots did not differ between genotypes at P1 (A), P5 (B), and P15 (C). Hippocampal KCC2 protein levels (D) were un-/-

-/-

changed in Nkcc1 mice at P1, P5, and P15 (right lane labeled with K2 represents KCC2 KO control). Levels of hippocampal GluR1 and GluR1 phosphorylated at serines 831 or 845 did not differ
significantly between genotypes at P5 (E) and P15 (F). Phosphorylated CREB (pCREB) and phosphorylated ERK1/2 (pERK1/2[p42/44 MAPK]) did not differ significantly between genotypes at P5 and
P15 (G,H) either. (I) The anion exchanger AE3 shows developmental upregulation from P1 to P15 in
-/-

the hippocampus. No expression level differences could be detected between WT and Nkcc1 an-/-

imals. Specificity of the antibody is shown with Ae3 and WT hippocampal tissue at P6 and P12.
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Figure S8: Immunofluorescence analysis of selected marker proteins in the hippocampus and cor-/-

tex of Nkcc1 mice.
(A-H) Double staining for KCC2 (green) and reelin (red) in hippocampus (A,B,E,F) and cortex
-/-

(C,D,G,H) of P1 WT (A,B,C,D) and Nkcc1 (E,F,G,H) mice. (I-P) Synaptophysin (green) and microtubule associated protein 2 (MAP-2) (red) in hippocampus (I,J,M,N) and cortex (K,L,O,P) of WT
-/-

(I,J,K,L) and Nkcc1 (M,N,O,P) animals at P1. (Q-T) Staining for vGluT1 (green) and calbindin (red)
of the projection (mossy fibers) from dendate gyrus cells to CA3 neurons. Squares in (Q) and (S)
appear enlarged in (R) and (T). (U-Z) Co-staining of KCC2 with synaptophysin (U,X), of the
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presynaptic marker synaptosome-associated protein of 25 kDa (SNAP25) with and glutamic acid
decarboxylase GAD65-67 (V,Y) and staining for the GABAA-receptor subunit α3 (W,Z) in CA1 stra-/-

tum radiatum of WT (U,V,W) and Nkcc1 (X,Y,Z) mice. Nuclei stained by TOTO-3 are shown in blue.
Scale bars: (A) 100 µm (A-P without J,N), (J) 23 µm for (J,N), (Q) 100 µm for (Q,S), (R) 21 µm, (T) 15
-/-

µm, (U) 35 µm for (U,V,X,Y) and in (W), 20 µm for (W,Z). No difference between WT and Nkcc1
sections is seen in any of the panels.

Figure S9: Glutamatergic neurotransmission in P15 brain slices.
-/-

(A) Field excitatory postsynaptic potentials (fEPSP) of WT and Nkcc1 slices in CA1 stratum radiatum show intact glutamatergic transmission (mean ± SEM, WT: 6 slices, 3 mice; KO: 7 slices, 3 mice;
t-test: p>0.1). Representative sample traces for the given fiber volley amplitudes (0.2, 0.4, 0.6, 0.8
mV) are displayed above. Stimulation artifacts were omitted for clarity. (B) Paired pulse facilitation
(PPF) in the CA1 stratum radiatum at inter stimulus intervals (ISI) of 40 ms and 100 ms, respectively
(mean ± SEM, WT: 6 slices, 3 mice; KO: 7 slices, 3 mice; t-test: p>0.1). Representative sample traces
are shown above. Stimulation artifacts were omitted for clarity. Scale bars: (A): horizontal 10 ms,
vertical 0.4 mV; (B): horizontal 20 ms, vertical 0.4 mV. No significant difference between WT and
-/-

Nkcc1 transmission is detectable in either test paradigm.
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Figure S10: Quantification of expression levels of selected genes relevant for transcription, development, and neurotransmission as assessed by qRT-PCR at P1, P5 and P15.
The percentage of WT transcription (± SEM) is given. Quantification of at least 3 animals per genotype per time point. No significant differences were observed.

64

2.7 Supplemental material

Figure S11: Normal localization of GluR4 in interneurons of the hippocampus.
(A,B,C,D) GluR4 (green) is localized to GAD (red) positive GABAergic interneurons in CA1 (A,B) and
-/-

dentate gyrus (C,D) of P15 WT (A,C) and Nkcc1

mice. Not all GABAergic interneurons express

GluR4 (white arrows). (E,F,G,H) The overall quantity and distribution of GluR4 (green) is similar be-/-

tween WT (E,G) and Nkcc1 (F,H) hippocampus. Calbindin (red) stains the mossy fibers and outlines the hippocampal CA3 region. Scale bar: in (A) for (A-D) 500µm; for (E-H) 125µm.

65

2

MANUSCRIPT I

Figure S12: Comparative expression profiling of the P5 hippocampus.
-/-

(A) Genes up-regulated in the P5 Nkcc1 hippocampus. (B) Genes down regulated in the P5 Nkcc1
/-

-

hippocampus. Affymetrix probe set numbers, ID’s for the corresponding RefSeq, a short gene de-

scription and the calculated fold change are displayed. Genes underlined in red were further assessed by qRT-PCR.

66

3

MANUSCRIPT II

ClC-2 voltage gated channels constitute part of the background conductance and assist chloride extrusion
This chapter was published in March 2010 by Ilka Rinke, Judith Artmann and Valentin Stein in
The Journal of Neuroscience, Vol. 30(13) pp. 4776-4786.

Max Planck Institute of Neurobiology

Ilka Rinke performed the electrophysiological experiments, biocytin stainings and analyzed the
data. Judith Artmann performed the electrophysiology recordings concerning properties of ClC-2
currents. Valentin Stein wrote the programs to analyze the data. Ilka Rinke and Valentin Stein
conceived the experiments and wrote the manuscript.
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Abstract

The function of voltage gated chloride channels in neurons is largely unknown. The voltage gated
chloride channel ClC-2 mediates a chloride current in pyramidal cells of the hippocampus. We
directly show that ClC-2 assists chloride extrusion after high chloride load. Furthermore, the loss
of this chloride channel leads to a dramatic increase of the input resistance of CA1 pyramidal
cells, making these cells more excitable. Surprisingly, basal synaptic transmission, as judged from
recordings of field EPSPs, was decreased. This difference was eliminated when GABAergic inhibition was blocked. Recordings from hippocampal interneurons revealed ClC-2-mediated currents
in a subset of these cells. An observed increase in GABAergic inhibition could thus be explained
by an increase in the excitability of interneurons, caused by the loss of ClC-2. Together, we suggest a dual role for ClC-2 in neurons, providing an additional efflux pathway for chloride and
constituting a substantial part of the background conductance, which regulates excitability. In
ClC-2 knock-out mice an increased inhibition seemingly balances the hyperexcitability of the
network and thereby prevents epilepsy.

3.2

Introduction

Aside from the ligand-gated GABAA receptors, voltage gated chloride channels are expressed in
the hippocampus (Jentsch et al., 2002). In contrast to the well characterized GABAA receptors,
the function of voltage gated chloride channels in neurons is still largely elusive. They have been
suggested to be involved in regulating chloride homeostasis (Staley et al., 1996), excitability
(Madison et al., 1986), and acidification of synaptic vesicles (Stobrawa et al., 2001).
One of the voltage gated chloride channels expressed in neurons is ClC-2. ClC-2 is an almost
ubiquitously expressed chloride channel of the CLC family of chloride channels and transporters.
ClC-2 is activated by negative membrane voltage, cell swelling, a rise in intracellular chloride
concentration, or mild extracellular acidification (Grunder et al., 1992; Thiemann et al., 1992;
Jordt and Jentsch, 1997; Zuniga et al., 2004). The loss of ClC-2 in mice has profound effects leading to testicular and retinal degeneration (Bosl et al., 2001). Recently, in aged knock-out (KO)
animals, a spongiform vacuolation of the white matter in the central nervous system was reported, which might be related to defective oligodendrocyte function (Blanz et al., 2007).

68

3.3 Materials and Methods
Although, currents with properties similar to ClC-2 have been described in neurons (ChenoyMarchais, 1982; Madison et al., 1986; Staley, 1994), the molecular identity and the function of
this current remain unclear. ClC-2 has been proposed to participate in lowering the cytoplasmic
chloride concentration [Cl-]i of neurons (Staley, 1994; Staley et al., 1996; Ben-Ari, 2002). Chloride
extrusion is primarily mediated by the neuron specific potassium chloride co-transporter 2
(KCC2); however, additional mechanisms might play an important role under conditions of high
chloride load. The large conductance of ClC-2 makes it well suited for this purpose (Staley et al.,
1996). In addition, if this conductance is active at resting membrane potential it should contribute to the membrane resistance (Madison et al., 1986). Both actions are such that loss of ClC-2
should lead to increased neuronal excitability, which could cause diseases like epilepsy. However, the disruption of ClC-2 in mice did not entail epilepsy (Bosl et al., 2001; Nehrke et al., 2002;
Blanz et al., 2007). This has been controversial, as mutations in the gene encoding ClC-2 in humans have been linked to epilepsy (D'Agostino et al., 2004; Everett et al., 2007).
Here we investigate the role of ClC-2 in hippocampal pyramidal cells. We found that ClC-2,
mediates a chloride current, is involved in chloride extrusion, and constitutes a substantial part
of the background conductance in hippocampal neurons. The loss of ClC-2 leads to a dramatic
increase of the input resistance of CA1 pyramidal cells, thereby increasing excitability. Surprisingly, basal synaptic transmission decreased in field recordings, which was dependent on GABAergic inhibition. We show that a subset of interneurons display a characteristic ClC-2mediated current. The loss of ClC-2 in interneurons leads to an increase of excitability of interneurons resulting in an increased inhibition of principal neurons, thereby reducing overall network excitability. Our data suggest a dual role for ClC-2 in neurons, regulating excitability via the
membrane resistance and providing an additional efflux pathway for chloride.

3.3

Materials and Methods

Mice: The generation of ClC-2 knockout mice was described elsewhere (Bosl et al., 2001). Both,
male and female mice were used for all experiments.
Slice preparation: Animals were anesthetized with Isoflurane (Baxter), and decapitated. Brains
were removed quickly, and chilled in carbogen (95% O2; 5% CO2) gassed artificial cerebro spinal
fluid (ACSF) containing (in mM): 130.9 NaCl; 2.75 KCl; 1.43 MgSO4; 2.5 CaCl2; 1.1 NaH2PO4; 28.82
NaHCO3 and 11.1 D-glucose with an osmolarity of 315-325 mosm/l. Hippocampal slices (400 µM)
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were cut either horizontally (P1-P8) or transversally (P9-P20) with a vibratome (VT1200S, Leica).
Prior to recording slices were kept for 30 min at 32°C and subsequently stored at room temperature in ACSF continuously gassed with carbogen.
Electrophysiology: All recordings were performed using a Multiclamp 700B amplifier (Molecular
Devices, Sunnyvale, CA). Data were digitized using a Digidata 1322A (Molecular Devices, Sunnyvale, CA). Pipettes (3-5 MΩ) were pulled from borosilicate glass (Science Products, Hofheim,
Germany). Inputs from CA3 to CA1 were severed to prevent propagation of epileptiform activity.
Liquid junction potentials were calculated with the liquid junction potential assistant of pClamp.
Membrane potentials were corrected by 15 mV.
Extracellular recordings: Field EPSPs were recorded in the stratum radiatum of CA1 of P15 P20 mice. Recording and stimulation electrodes were filled with ASCF.
Whole cell recordings: Whole cell recordings were obtained from CA1 pyramidal cells or interneurons, which were visualized using differential interference contrast infrared video microscopy.
ClC-2 currents: chloride currents were recorded with high chloride pipette solution containing (in mM): 90 CsCl; 20 CsGluconate; 8 NaCl; 2 MgCl2; 10 HEPES; 1 EGTA, and 2 QX314 (Alomone
Labs, Israel); pH 7.2; 290 mosm/l. Extracellular recording solution contained (in mM): 70 NaCl;
2.5 KCl, 16 MgSO4, 26.2 NaHCO3; 11 Glucose; 30 Tetraethylammonium-chloride, 10 CsCl; supplemented with 200 nM tetrodotoxin (TTX) to block APs. In some recordings 50 µM ZD7288 (Ascent Scientific) was added to block the hyperpolarization-activated inward current (Ih). Interneurons were identified as such by their location, morphology, and posthoc biocytin staining. Recordings were not obtained from any specific type of interneuron. ClC-2 chloride currents were
evoked by stepping the membrane potential from -10 mV to -120 mV for 4 s (see Fig. 1F). ClC-2mediated currents were calculated as the difference of the inward current at the beginning and
the end of the voltage step.
Chloride transport: GABA evoked chloride currents were recorded at the soma in response
to pressure application of GABA (100 µM) in ACSF to the apical dendrites 50 – 100 µm from the
soma (5 - 15 ms, 5 psi) using a pneumatic drug ejector (NPI, Tamm, Germany). Cells were
clamped to -70 mV. Recordings were performed with a low chloride intracellular solution containing (in mM): 150 K-methylsulphonate, 4 KCl, 4 NaCl, 4 MgATP, 0.4 Mg GTP and 10 HEPES. To
estimate chloride transport, [Cl-]i, was transiently increased and the rate at which [Cl-]i returned
to baseline was determined. For experimental protocol also see Fig. 2. Charges of GABA evoked
currents were normalized to the absolute sum of the charges of the baseline and the first test
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pulse, as the rate of decay depends on the baseline charge and the effective loading, which is
given by the first test pulse. To obtain time constants curves were fitted with a mono exponential function.
Chloride accumulation: Recording conditions were the same as for chloride transport experiments. Trains of IPSCs were synaptically evoked by repetitive stimulation at different frequencies (0.5 Hz, 1 Hz, 2 Hz and 5 Hz) with a monopolar stimulation electrode placed nearby the recorded pyramidal cell. The depression was calculated as the ratio of the 10th to the 1st eIPSC.
Excitatory synaptic transmission: Whole cell patch recordings were obtained in ASCF supplemented with picrotoxin (PTX) (100 µM) to block GABAA receptors. Glass electrodes were filled
with an internal solution containing (mM): 150 CsGluconate, 8 NaCl, 2 MgATP, 10 HEPES, 0.2
EGTA, 0.1 spermine, and 5 QX314, pH 7.2. Ratios of AMPA to NMDA currents in CA1 pyramidal
cells were obtained by evoking AMPA eEPSCs at -70 mV and NMDA eEPSC at +40 mV, the current
being taken 70 ms after stimulus. Paired pulse facilitation was determined as the ratio of the
AMPA EPSC of the second pulse to the AMPA EPSC of the first pulse with an inter stimulus interval of 40 ms. mEPSC were recorded at -70 mV in ACSF supplemented with of TTX (0.2µM), PTX
(100 µM), and trichiormethiazide (TCM) (250 µM) to increase mEPSC frequency.
Inhibitory synaptic transmission: Inhibitory postsynaptic currents were recorded at -70 mV
holding potential using a high chloride internal solution containing (in mM) 90 CsCl; 20 CsGluconate; 8 NaCl; 2 MgCl2; 10 HEPES; 1 EGTA, and 2 QX314; pH 7.2; 290 mosm/l. sIPSCs were recorded in ASCF supplemented with NBQX (10 µM) to block AMPA receptors. To isolate mIPSC, ACSF
was additionally supplemented with TTX (0.2 µM) to block action potentials. IPSCs were evoked
with a stimulation electrode placed 100 µm away from the soma of the recorded cell. The position of the stimulation electrode was adjusted such that the smallest stimulus (5 pA) elicited a
current smaller than 40 pA. Paired pulse ratio was determined as the ratio of the IPSC amplitude
of the second pulse to the IPSC amplitude of the first pulse with an inter stimulus interval of 50
ms.
Current clamp recordings: Pipette solutions contained (in mM) 150 K-methylsulphonate, 4
KCl, 4 NaCl, 4 MgATP, 0.4 Mg GTP and 10 HEPES. AP threshold was determined using the first
derivative of single APs. I/O functions: A series of EPSPs were evoked at various stimulus intensities covering a range from subthreshold to supramaximal. EPSP slopes were measured between
20 % and 80 % of the peak. I/O functions were generated by binning the EPSP slopes and plotting
the bin center against the percentage of successful action potentials in the respective bin. Data
was fitted with an asymmetric sigmoid function:
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Y = (1/(1+exp((EC50 + (1/HillSlope)*Log((2^(1/S))-1) -X)*HillSlope))^S).
The threshold, the EPSP slope that yields an AP 50 % of the times, was defined as the EC50 value
of this fit (threshold). The gain was determined as the Hill slope.
Biocytin staining: For interneuron identification intracellular solution was supplemented with
biocytin (0.2 %, Molecular Probes). To morphologically characterize biocytin filled neurons, slices
were fixed in 4 % paraformadehyde (PFA in 0.1 M phosphate-buffered saline (PBS), pH 7.3) for at
least 30 minutes at RT. After washing with PBS (3 x 10 min) endogenous peroxidase was blocked
by 3 % hydrogen peroxide (H2O2) for 15 minutes. Following additional washing with PBS (5 x 10
min), cell membranes were permeabilized in 0.4 % Triton in 0.1 M PBS. Subsequently, slices were
incubated with Avidin and biotinylated horseradish peroxidase macromolecular complex (Vectastain ABC reagent, Vector Laboratories, Burlingame, CA) overnight at 4 °C. Afterwards, slices
were washed with PBS (5 x 10 min) and then incubated in 0.7 mg/ml 0.1 M PBS Diaminobenzidin
(DAB, Serva Electrophoresis, Heidelberg, Germany) at RT in the dark. After 25 minutes preincubation, 0.03 % H2O2 was added resulting in a brown reaction product. Slices were again
washed (5 x 10 min PBS and 1 x 10 min dH2O), and embedded in Mowiol 4-88 mounting medium
(Roth, Karlsruhe, Germany).
Data Analysis: All data were analyzed using Clampfit 10.2 (Molecular Devices, Sunnyvale, CA),
Prism 5 (GraphPad, La Jolla, CA), and Matlab (The Mathworks, Natick, MA). mEPSCs, sIPSCs,
mIPSCs were analyzed offline with customized software using a threshold of 5 pA (mEPSCs) and
15 pA (m/sIPSCs). Data are presented as means ± SEM. Differences between groups were tested
using the Student’s t-test (when normally distributed), the Mann-Whitney test (when not normally distributed) or the Kolmogorov-Smirnov test, as indicated. P values are reported in the
text and significance was set as p < 0.05, for Kolmogorov-Smirnov test the significance level was
0.01; in Figures (*) represents p < 0.05, (**) p < 0.01, (***) p < 0.001. N represents the number
of cells examined. For mini analysis histograms were derived from 150 – 200 events per cell.
Averaged cumulative distributions were calculated from normalized histograms. As the K-S test
is only appropriate for testing data against a continuous distribution, 25 events were randomly
chosen from each cell and a continuous cumulative probability functions was calculated from
these events.
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CA1 neurons show ClC-2 mediated currents.
We first characterized the properties of the hyperpolarization activated chloride current in CA1
pyramidal neurons. ClC-2 currents were isolated by blocking potassium and sodium conductances. The currents obtained showed the characteristic slow activation at negative membrane
potentials and a pronounced inward rectification. Wash in of 50 µM ZD7288 had no effect on the
slowly developing inward current, excluding the possibility that the obtained currents are mediated by Ih (WT: 556 ± 50 pA; +ZD7288: 595 ± 44 pA, n = 9, p < 0.05, t-test) (Fig. 1A). When heterologously expressed in Xenopus oocytes, ClC-2 is activated by acidic extracellular pH (Jordt and
Jentsch, 1997) and, in contrast to non-CLC chloride channels, has a lower permeability for iodide
than for chloride (Thiemann et al., 1992). Both of these properties are conserved in the currents
obtained from CA1 pyramidal cells. Lowering the extracellular pH from 7.2 to 6.5 increased ClC-2
currents by 64 % (pH 7.2: 783 ± 132 pA; pH 6.5: 1285 ± 115 pA, n = 7, p < 0.05, t-test) (Fig. 1B).
Substituting the extracellular anion chloride with iodide reduced ClC-2 currents to 33 % (Cl-: 812
± 146 pA; I-: 269 ± 78 pA, n = 8, p < 0.05, t-test) (Fig. 1C). In the absence of specific ClC-2 antagonists, we recorded from CA1 neurons of ClC-2 KO (Clcn2-/-) animals. Under the same conditions, we did not observe a voltage gated chloride current (KO: 11 ± 2 pA, n = 23) (Fig. 1D, E).
These data clearly show that the observed chloride conductance is mediated by ClC-2, and allowed us to use Clcn2-/- animals to study the function of ClC-2 in neurons.
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Figure 1: Properties of ClC-2 currents in CA1 pyramidal cells CA1 pyramidal cells show ClC-2 mediated currents.
Currents were elicited by voltage steps of 4 s from a holding potential of -10 mV to values between
40 mV and -120 mV in steps of -20 mV followed by a test pulse of +40 mV for 2 s, as illustrated in F.
A, The slowly developing inward current is not blocked by the specific Ih inhibitor ZD7288. B, ClC-2
currents in CA1 pyramidal cells are activated by acid extracellular pH. C, Currents obtained in CA1
neurons show a lower permeability for iodide, which is typical for ClC chloride channels. D, Under
the same recording conditions as in WT mice, no currents were elicited from Clcn2

-/-

animals. E.

Current - voltage plot of steady state currents from WT (closed symbols) and KO (open symbols). F,
Voltage step protocol used for evoking ClC-2 currents. Error bars represent SEM in all graphs. Note,
symbol size might occlude error bars.
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Does ClC-2 assist chloride extrusion?
One of the proposed functions of ClC-2 is a role in rapid extrusion of chloride after GABAA receptor activation (Smith et al., 1995; Staley et al., 1996). ClC-2 is an inwardly rectifying chloride conductance (Thiemann et al., 1992) that activates at membrane potentials more negative than ECl,
so that chloride can flow out, but not in through ClC-2 (Staley, 1994; Smith et al., 1995). Because
the conductance of ClC-2 is large and does not display time-dependent inactivation, it is well
suited to stabilize ECl near resting membrane potential (Staley et al., 1996).
To test whether chloride is extruded via ClC-2 under conditions of high [Cl-]i, we measured
outward chloride transport by transiently elevating [Cl-]i and monitoring as it returned to baseline (Brumback and Staley, 2008). Briefly, the cell was clamped to resting membrane potential
using a low chloride intracellular solution. After recording an outward baseline response by pressure applying GABA to the dendrite, the cell was depolarized to -15 mV for 6 seconds. During this
depolarization another GABA application caused a large chloride influx, thereby increasing [Cl-]i
in the small compartment of the dendrite. To measure chloride transport, we stepped the membrane voltage back to resting membrane potential and pressure applied GABA. Shortly after
loading, when [Cl-]i is high, the test currents showed a strong chloride efflux (inward current),
indicating the successful loading of the cell. We repeated this seven times with increasing delays
between the loading and test application (Illustration of experimental protocol shown in Fig. 2A).
GABA evoked currents returned more slowly toward baseline in Clcn2-/- animals compared to WT
(Clcn2+/+) (Fig. 2B, C). To quantify the time course of chloride extrusion, charges of GABA evoked
currents were normalized to the absolute sum of the baseline and the first test pulse. Fitting the
time courses with a mono-exponential function show a significant difference in the decay kinetics (WT: τ = 1.8 s, N = 13; KO: τ = 2.9 s, N = 11; p < 0.0001, Mann-Whitney) (Fig. 2C).
It has been reported that repetitive activation of GABAA receptors reduces IPSC amplitude, at
least in part due to chloride accumulation (McCarren and Alger, 1985; Huguenard and Alger,
1986; Thompson and Gahwiler, 1989a; Ling and Benardo, 1995). If ClC-2 quickly extrudes chloride, chloride should accumulate more strongly in cells lacking ClC-2 after synaptic activation of
GABAA receptors, leading to a greater reduction of IPSC amplitudes (Fig. 2D - F). We tested this
by synaptically evoking IPSCs at 0.5, 1, 2, and 5 Hz, while cells were clamped at -70 mV with a
low chloride internal. Indeed, at 0.5 Hz and 1 Hz IPSC amplitudes were significantly decreased in
KO animals (0.5 Hz: WT 29.8 ± 4.7 %, N = 11, KO 41.1 ± 2.1 %, N = 14, p < 0.05; 1 Hz: WT 35.5 ±
3.9 %, N = 15, KO 49.8 ± 2.8 %, N = 14, p < 0.01, t-test) (Fig. 2D - F). At higher frequencies, we did
not observe significant differences between WT and KO (2 Hz: WT 42.4 ± 3.5 % N = 14, KO 48.9 ±
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4.3 %, N = 15, p > 0.05; 5 Hz: WT 58.1 ± 4.0 %, N = 8, KO 57.5 ± 4.9 %, N = 9, p > 0.05, t-test), consistent with the idea that the reduction of presynaptic release is the main cause for the depression at higher frequencies (Ling and Benardo, 1995). These experiments demonstrate that ClC-2
accelerates chloride extrusion if the cell is strongly loaded with chloride.
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Figure 2: Chloride is extruded quickly via ClC-2
A, Experimental protocol, a first GABA puff elicited a baseline chloride current, thereafter Vm was
-

depolarized to -15 mV for 6 s. 3 s into the voltage step, [Cl ]i was increased by a second GABA puff.
Vm was then stepped back to resting membrane potential, and a third GABA application evoked a
test current. Seven trials of GABA puffs with increasing delays between load and test pulse were
performed. B, Sample traces for WT (top) and KO (bottom) show a much slower return to steady
state conditions in the KO. Note, currents during depolarization are omitted for clarity. C, Average
returns to steady state. Charges were normalized to the absolute sum of the baseline and first
evoked trial. Decay kinetics of WT (closed circles) were significantly faster than for KO (open circles). See material and methods for detailed description of analysis. D, Sample traces for WT (top),
and KO (bottom) of normalized IPSCs, dotted line indicates 100% of the baseline. Stimulus artifacts
have been omitted for clarity. E, Repetitive activation of GABAA receptors leads to a chloride accumulation, reducing the driving force and thereby leading to a depression of evoked IPSCs. At 0.5
-/-

+/+

and 1Hz, Clcn2 showed a stronger depression than Clcn2 . F, Normalized sample traces of the
th

first and 10 stimulus for WT (top) and KO (bottom). Stimulus artifacts have been omitted for clarity. Closed symbols represent WT, open symbols represent KO in all graphs. Error bars represent
SEM in all graphs.

ClC-2-mediated currents are not seen at early postnatal ages
In the early stages of development, ECl is positive relative to the resting membrane potential and
GABA acts as an excitatory neurotransmitter (Obata et al., 1978). In hippocampal pyramidal
cells, GABAergic responses undergo a switch from excitatory to inhibitory during the first postnatal week (Stein et al., 2004a). This process is primarily mediated by the differential up- and
down regulation of the cation-chloride co-transporters KCC2 and NKCC1. To investigate whether
ClC-2 is functional during this period, we recorded chloride currents at postnatal day one (P1),
P5, P8, P10, and P15 from WT CA1 pyramidal cells (Fig. 3A, B). Functional ClC-2 expression could
only be observed from P8 onwards. At P10 it reached levels indistinguishable from later time
points (P1: 4 ± 3 pA, N = 13; P5: 3 ± 2 pA, N = 20; P8: 60 ± 14 pA, N = 18; P10: 797 ± 76 pA, N =
21; P15: 648 ± 74 pA, N = 33, ANOVA). This functional expression profile parallels the switch
from high to low intracellular chloride (Stein et al., 2004a), compatible with the idea of providing
an efflux pathway for chloride that assists chloride extrusion.
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Figure 3: ClC-2-mediated currents are not seen at early postnatal ages
A, Sample traces of ClC-2 currents at P1 (left), P8 (middle), and P10 (right). B, Average currents at
different postnatal stage. No currents were observed at P1 and P5. After P10 the amplitude does
not signify-cantly change.

ClC-2 constitutes a substantial part of the background conductance
Because ClC-2 is active at resting membrane potential, it could contribute to the background
conductance and affect the membrane resistance (Madison et al., 1986). This would directly
influence the excitability of the neuron. In current clamp recordings (Fig. 4A), we observed a
strong increase in membrane resistance in KO animals (WT: 160 ± 10 MΩ, N = 17, KO: 286 ± 15
MΩ, N = 16, p < 0.0001, t-test) (Fig. 4B). In addition, the voltage difference between resting
membrane potential and action potential threshold was significantly decreased in Clcn2-/- animals (WT: 27.7 ± 1.3 mV, N = 17, KO: 20.1 ± 1.0 mV, N = 16, p < 0.0001, t-test). In turn, the same
current injected elicited more action potentials (Fig. 4A, B). In contrast to the potassium leak
conductance, loss of ClC-2 did not significantly alter the resting membrane potential (WT: -77.8 ±
1.0 mV, N = 17, KO: -75.4 ± 1.1 mV, N = 16, p > 0.05, t-test), possibly because ECl is close to resting membrane potential (Tyzio et al., 2008). Furthermore, the sag ratio (WT: 0.7 ± 0.1, N = 17,
KO: 0.8 ± 0.1, N = 16, p > 0.05, t-test) were not different between genotypes. These data clearly
show that ClC-2 constitutes a significant part of the background conductance. The loss of ClC-2
leads to an increase of the input resistance, thereby increasing the excitability of the neuron.
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Figure 4: Intrinsic membrane properties of Clcn2 pyramidal neurons are altered.
A, Sample traces of current clamp recordings. Inset shows the current step protocol, same colors
indicate same injected currents, dark blue -100 pA, green -50 pA, red 0 pA, light blue 25 pA, magenta 50 pA, yellow 75 pA. Scale bar for inset 250 ms, 25 pA. B, Comparison of input resistance (left),
AP threshold (middle), and number of APs generated at various current injections (right). Closed
symbols represent WT, open symbols represent KO. Error bars represent SEM in all graphs.

Network gain is reduced in fEPSP recordings
The strong effects on input resistance should lead to a higher excitability of the hippocampal
network and possibly seizures. By contrast, epilepsy or higher seizure susceptibility has not been
observed in Clcn2-/- mice (Bosl et al., 2001; Nehrke et al., 2002; Blanz et al., 2007). One possible
explanation is a reduction of synaptic transmission, which would compensate for the increased
excitability of the postsynaptic neuron. Therefore, we tested basal synaptic transmission with
extracellular field recordings, as these do not affect [Cl-]i. In addition, extracellular recordings are
well suited to determine the network properties, as the signals are sampled from many neurons,
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including interneurons. Here we compared the size of the presynaptic fiber volley (input) with
the slope of the field EPSP (output) in stratum radiatum. Much to our surprise, the slope of the
I/O curve (network gain) of synaptic transmission was strongly reduced in Clcn2-/- animals (Fig.
5A, C). In contrast, no difference between WT and KO was observed in the presence of picrotoxin (PTX) (Fig. 5B, D). These data suggest loss of ClC-2 leads to a change in the inhibitory microcircuit of the CA1.

Figure 5: Network gain is reduced in ClC-2 KO animals.
A and B, Sample traces of extracellular field recordings for WT and KO in the absence (A) and presence (B) of picrotoxin. C, Input-output curve for basal synaptic transmission in hippocampal slices
from WT (closed symbols) and KO (open symbols) mice. fEPSPs were recorded at a range of stimulus intensities from CA1 stratum radiatum. fEPSP slopes in the knockout mice are significantly
smaller than from WT mice at every fiber volley amplitude. D, Input-output curve in the presence
of picrotoxin to block inhibition showed no significant differences between WT and KO. The slope
of the I/O curve is increased compared to conditions without PTX for both WT and KO. Error bars
represent SEM in all graphs. Note, symbol size might occlude error bars.
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Excitatory synaptic transmission is not impaired in Clcn2-/- animals
To exclude changes in excitatory synaptic transmission as a cause for the reduced network gain,
we studied basal synaptic transmission in more detail using whole cell patch clamp recordings.
During these recordings, we noted that reduced membrane resistance resulted in significantly
smaller holding current in KO cells than in WT cells (data not shown). First, we compared the αamino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) receptor and N-methyl-Daspartate (NMDA) receptor components of excitatory postsynaptic currents (EPSC) (Fig. 6A).
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Figure 6: Excitatory synaptic transmission is not altered in Clcn2 mice.
A, Ratio of AMPA to NMDA currents is not altered. Sample traces are shown at the left. AMPA currents were recorded at -70 mV, NMDA currents we determined at +40 mV, 70 ms after the stimulus. B, PPR a measure for presynaptic release shows no difference between WT and KO. Sample
traces are shown on the left. Stimulus artifacts have been omitted for clarity. Scale bar is the same
in A and B. C, Sample traces for mEPSCs recordings for WT (left) and KO (right). D, Cumulative frequency distribution of mEPSC amplitudes (P = 1, Kolmogorov-Smirnov test, N = 18 for WT; N = 18
for KO). E, Cumulative frequency distribution of mEPSC frequencies (P = 1, Kolmogorov-Smirnov
test, N = 18 for WT; N = 18 for KO). Error bars represent SEM in all graphs.

The AMPA/NMDA ratio was not altered (WT: 1.8 ± 0.2, N = 22; KO: 1.9 ± 0.2, N = 25; p > 0.05,
Mann-Whitney). Second, the paired-pulse ratio (PPR), a measure of changes in the probability of
transmitter release, was unchanged (WT: 2.1 ± 0.1, N = 16; KO: 2.1 ± 0.1, N = 24; p > 0.05, MannWhitney) (Fig. 6B). Additionally, we compared excitatory miniature excitatory postsynaptic currents (mEPSCs) in Clcn2+/+ and Clcn2-/- mice to exclude changes in synapse number and synaptic
receptor density (Fig. 6C, D). Neither mEPSC amplitude nor frequency was changed (mean
mEPSC amplitude: WT: 18.5 ± 1.3 pA, N = 18; KO: 19.9 ± 1.1 pA, N = 18, p = 1; mean mEPSC frequency: WT: 1.5 ± 0.1 Hz, N = 18; KO: 1.5 ± 0.1 Hz, N =18, p = 1, KS). Together, we did not observed any difference in basal excitatory synaptic transmission between WT and KO animals,
excluding a change of excitatory synapse function in KO animals as a cause for the reduction in
network gain.

GABAergic inhibition is increased in Clcn2-/- mice
As I/O curves did not differ between WT and KO in the presence of picrotoxin (Fig. 5D), we studied inhibitory synaptic transmission in more detail. Inhibitory interneurons and pyramidal neurons form microcircuits in the hippocampus. Feed-forward inhibition is provided by excitatory
inputs that activate both pyramidal cells and inhibitory interneurons (Fig. 8B). Sik and coworkers
suggested by immunostaining that ClC-2 is expressed in a small subset of interneurons (Sik et al.,
2000). Therefore, we tested whether interneurons show ClC-2 mediated currents. A typical ClC-2
current was detected in a subset of randomly selected interneurons (11 out of 33 neurons; avg.
current: 114 ± 17 pA, N = 11) morphologically identified by biocytin filling (Fig. 7A).
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Figure 7: Loss of ClC-2 in interneurons leads to an increased inhibition.
A, ClC-2 is expressed in a subset of interneurons. Sample trace of a ClC-2 current from an interneuron identified by biocytin filling. B, C, Evoked IPSCs were measured as a function of the stimulus
strength in CA1 pyramidal cells in response to extracellular stimulation by a microelectrode positioned nearby. Sample traces for WT (left) and KO (right) (B). Averaged data reveal an increase of
IPSCs (C). D, Paired pulse ratio, a measure for presynaptic release shows no difference between WT
and KO. Sample traces on the left. Stimulus artifacts have been omitted for clarity. E, Sample traces
for sIPSCs recordings for WT (left) and KO (right). F, Cumulative frequency distribution of sIPSC amplitudes (P < 0.001, Kolmogorov-Smirnov test, N = 24 for WT; N = 24 for KO). Inset shows mean
amplitude. G, Cumulative frequency distribution of sIPSC frequencies (P = 1, Kolmogorov-Smirnov
test, N = 18 for WT; N = 18 for KO). Inset shows mean frequency. H, Sample traces for mIPSCs recordings for WT (left) and KO (right). I, Cumulative frequency distribution of mIPSC amplitudes (P =
1, Kolmogorov-Smirnov test, N = 22 for WT; N =23 for KO). Inset shows mean amplitude. J, Cumulative frequency distribution of mIPSC frequencies (P = 1, Kolmogorov-Smirnov test, N = 22 for WT; N
= 23 for KO). Inset shows mean frequency. Error bars represent SEM in all graphs.
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No ClC-2 mediated current was seen in 22 interneurons of Clcn2-/- animals (data not shown). The
large variety of interneuron types (Klausberger and Somogyi, 2008) precluded us from a more
detailed analysis of interneuron membrane properties. But, if the increased GABAergic inhibition
results from more excitable interneurons evoking IPSCs should be easier in KO than in WT. I/O
curves for IPSCs revealed that IPSCs were significantly increased over a range of stimulus intensities (Fig. 7B, C). Only at the highest stimulus intensity this difference was not significant, consistent with the idea that the upper limit of IPSC amplitude is reached when action potentials are
evoked in all recruitable interneurons (0.05 µA: WT -12 ± 3 pA, N = 10, KO -12 ± 6 pA, N = 9, p >
0.9; 0.1 µA: WT -97 ± 20 pA, N = 10, KO -286 ± 58 pA, N = 9 , p < 0.005; 0.02 µA: WT -416 ± 77 pA,
N = 10, KO -720 ± 101 pA, N = 9 , p < 0.05 ; 0.3 µA: WT -694 ± 95 pA, N = 10, KO -1024 ± 124 pA,
N = 9 , p < 0.05; 0.5 µA: WT -939 ± 166 pA, N = 8, KO 1152 ± 158 pA, N = 7, p > 0.4, t-test) (Fig.
7B, C). In addition, a higher excitability of inhibitory neurons should lead to an increased rate of
action potential firing reflected in an increased fraction of action potential dependent sIPSCs. If
our idea is correct, the average sIPSC amplitude should be increased, as the amplitudes of action
potential dependent sIPSCs are bigger than the amplitudes of action potential independent
mIPSCs. To test this hypothesis, we measured action potential dependent spontaneous IPSCs
(sIPSC) (Fig. 7E - G). Indeed, the mean amplitude of these events was significantly increased (WT:
46 ± 4 pA, N = 24; KO: 65 ± 5 pA, N = 24, p < 0.001, KS) (Fig. 7F). The frequency of events was not
changed (WT: 5.5 ± 0.5 Hz, N = 24; KO: 5.5 ± 0.5 Hz, N = 24, p = 1, KS) (Fig. 7G). To exclude
changes in the number of postsynaptic receptors, and number of synapses, we recorded miniature IPSCs (mIPSC) (Fig. 7H - J). We did not detect any difference in mIPSC amplitude (Fig. 7I) and
mIPSC frequency (Fig. 7J) between the two genotypes (amplitude WT: 57 ± 3 pA, N = 22; KO: 58 ±
2 pA, N = 23, p = 1; frequency WT: 5.6 ± 0.4 Hz, N = 22; KO: 4.9 ± 0.4 Hz, N =23, p = 1, KS). In addition, we recorded the paired pulse ratio (PPR) of two evoked IPSCs, to exclude changes in presynaptic release. We did not detect a difference in PPR between WT and KO, demonstrating that
presynaptic release was not affected by the loss of ClC-2 (WT 1.0 ± 0.1, N = 12; KO 1.0 ± 0.1, N =
12; p > 0.4, Mann-Whitney) (Fig. 7D).
Together, the I/O curve of evoked IPSC, and the increase in sIPSC amplitude indicate that
more excitable interneurons are the cause for the increased inhibition. In addition, we can exclude increased presynaptic release.
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I/O function is changed in Clcn2-/- mice
To further study this idea of increased inhibition, we examined the input-output (I/O) characteristic of CA1 pyramidal cells. We use the term neuronal I/O function to refer to the relationship
between the excitatory input to a neuron and the probability it will generate an AP (Daoudal and
Debanne, 2003; Marder and Buonomano, 2003; Staff and Spruston, 2003). A neuron’s I/O curve,
generally represented as a sigmoidal function, is characterized by two components: the threshold and the gain. Here, we define the I/O threshold as the EPSP slope that elicits a spike 50 %
of the time. The gain refers to the slope of the I/O function (Carvalho and Buonomano, 2009).
Carvalho and Buonomano recently described a model predicting that threshold and gain of the
I/O function can be independently controlled by changes in excitatory and/or inhibitory synaptic
inputs (Carvalho and Buonomano, 2009). More specifically, increased excitation shifts the threshold of the I/O function to the left, while increased inhibition shifts the threshold to the right
and additionally decreases gain of the I/O function. We recorded EPSPs at various stimulus intensities and plotted the probability of generating an AP against the slope of the EPSP (Fig. 8C).
Typical traces at stimulus intensities around the threshold are presented in Fig. 8A. If our idea of
increased inhibition in KO mice is correct, we should see only a small difference in the I/O function of WT and KO in the absence of bicuculline, a GABAA receptor antagonist, but a stronger
difference between WT and KO in the presence of bicuculline. Indeed, in the absence of bicuculline the threshold between KO and WT was not significantly different. In the presence of bicuculline the I/O function for KO neurons shifted significantly more to the left, reflecting a change in
threshold (ΔWT: 2.2 ± 0.1, N = 16; ΔKO: 2.8 ± 0.1, N = 16; p < 0.05) (Fig. 8D, E). Compatible with
the prediction by the model, the slope was also increased more in KO than in WT cells (ΔWT: 0.6
± 0.1, N = 16; ΔKO: 0.8 ± 0.1, N = 16; p < 0.05) (Fig. 8A, C, E). These data clearly indicate that inhibition is strongly increased in Clcn2-/- animals.
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Figure 8: Feed-forward inhibition is
-/-

increased in Clcn2 animals.
A, sample traces of evoked EPSP in WT
(black) and KO (gray) CA1 neurons in
the absence (solid) and presence of
bicuculline (dashed). B, Schematic
diagram of disynaptic feed-forward
inhibition. SC, Schaffer collateral; IN,
interneuron; PC, pyramidal cell. C,
Neuronal I/O function. Firing probability plotted against the EPSP slope in the
absence (circles) and presence (triangles) of bicuculline for WT (closed
symbols) and KO (open symbols). In
the absence of bicuculline, I/O functions for WT and KO were not significantly different (N = 16 for WT; N = 16
for KO), while in the presence of bicuculline the I/O function for KO was
shifted more to the left relative to WT,
and had a steeper slope. D and E, Average gain and threshold for I/O functions shown in C. Error bars represent
SEM in all graphs.
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Discussion

Our data clearly prove that ClC-2 mediates an earlier described chloride conductance (ChesnoyMarchais, 1983; Madison et al., 1986; Smith et al., 1995) in CA1 pyramidal cells and a subset of
interneurons. In addition to the absence of this conductance in Clcn2-/- neurons, we observed
the same biophysical properties described in heterologous expression systems such as activation
by acidic pH (Jordt and Jentsch, 1997) and a higher permeability for chloride than for iodide
(Thiemann et al., 1992).
We used KO mice to test whether ClC-2 is involved in chloride extrusion and if the loss of
ClC-2 leads to a higher excitability. We directly demonstrated that the voltage gated chloride
channel ClC-2 helps to quickly extrude chloride from neurons after chloride accumulation. More
importantly, we revealed that ClC-2 contributes substantially to the background conductance,
which has a strong effect on neuronal excitability by changing the input resistance. Surprisingly,
fEPSP I/O curves are reduced in ClC-2-/- mice. Our data demonstrate this reduction is caused by
an increased activity of a subset of GABAergic interneurons, which thereby decrease activity of
excitatory pyramidal cells. This inhibition increase might balance over excitability and thereby
prevent seizures in ClC-2-/- mice.
Chloride extrusion
The inhibitory effect of GABA depends on the intracellular chloride concentration, which can be
changed by several transporters that couple the movement of chloride across the membrane to
that of potassium, sodium, or bicarbonate. The resulting chloride gradient, which is mainly established by NKCC1 and KCC2, determines the response of a particular neuron to GABA. Importantly, however, an inhibitory outcome does not require the chloride reversal potential to be
more negative than the resting membrane potential, as a major component of inhibition is mediated by shunting (Bartos et al., 2007). It has been proposed that ClC-2 plays a role in chloride
homeostasis (Staley, 1994; Staley et al., 1996; Mladinic et al., 1999; Ben-Ari, 2002); however, the
extrusion of chloride was thus far only indirectly shown. Here we provide direct evidence that
ClC-2 mediates an efflux pathway for chloride in CA1 neurons, which normally have a low [Cl-]i.
After strongly loading neurons with chloride, by pressure applying GABA during depolarization,
[Cl-]i returned to initial values more slowly in KO than in WT animals. In addition, we analyzed
whether repetitive synaptic activation of GABAA receptors leads to a stronger chloride accumula-
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tion in KO animals. At frequencies of 0.5 and 1 Hz, evoked IPSCs were more depressed in KO
than WT animals, indicating a stronger chloride accumulation. These data clearly emphasize that
ClC-2 is involved in chloride homeostasis. However, the complex nature of the interplay of chloride reversal potential, shunting inhibition and action potential threshold makes it difficult to
predict whether the loss of chloride extrusion via ClC-2 results in a substantial loss of GABAergic
inhibition. The effect on chloride extrusion might be more relevant under conditions of high
neuronal activity, and the loss of ClC-2 might thereby increase the susceptibility to seizures.
Remarkably, typical ClC-2 currents were not seen during the first postnatal week in CA1 pyramidal cells. This functional expression profile parallels the switch from high to low intracellular
chloride (Stein et al., 2004a), compatible with the idea of providing an efflux pathway for chloride, which assists chloride homeostasis.
ClC-2 contributes to the background conductance
Background (or leak) conductances are important in determining membrane resting potential
and input resistance, both key components of neuronal excitability. Some of the leak conductance is mediated by the family of two pore potassium channels, which are voltage insensitive,
but tightly regulated by cyclic nucleotides, noradrenaline, serotonin, pH, and GABA (for review
see (Goldstein et al., 2001; Honore, 2007)). Mouse models suggest that some of these channels
are involved in neurological diseases such as epilepsy and depression (Honore, 2007). While two
pore potassium channels are largely voltage independent, ClC-2 opening depends on hyperpolarized membrane potentials; however, as ClC-2 closes only very slowly with depolarization, it
practically does not close during the brief depolarization of an AP. Thus, the remarkable effect
on membrane resistance further indicates that ClC-2 is conductive at resting conditions similar to
other channels contributing to the background conductance.
Although the information on the subcellular localization of ClC-2 is limited, Sik and coworkers localized ClC-2 to perinuclear regions and apical dendrites in CA1 neurons (Sik et al.,
2000). This localization is complementary with our data, demonstrating that ClC-2 contributes
strongly to the leak conductance, more specifically the input resistance, thereby affecting neuronal excitability; however, as the chloride reversal potential is close to the resting membrane
potential (Tyzio et al., 2008), the loss of ClC-2 does not affect the resting membrane potential. It
is tempting to speculate that modulating ClC-2 by neuronal activity changing extracellular pH or
the activity of PKC could regulate neuronal excitability.
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Increased inhibition
Surprisingly, the network gain is reduced in Clc2-/- mice. Generally, a decrease in fEPSP I/O curves
reflects a change in excitatory synaptic transmission. But, when we repeated the fEPSP recordings in the presence of picrotoxin blocking GABAergic inhibition, we did not observe any difference between the two genotypes. As AMPA / NMDA ratios, paired pulse facilitation, and mEPSCs
could not account for this reduction, we excluded a change in excitatory synaptic transmission.
The fEPSP I/O curves recorded in the presence of picrotoxin suggested a change in GABAergic
inhibition. A subset of interneurons showed ClC-2 mediated currents; however, the large variety
of interneuron subtypes did not allow for a specific characterization of membrane properties of
these neurons. We showed that evoked IPSCs are bigger in Clcn2-/- animals over a range of stimulus intensities. In addition, the increase in the amplitude of action potential dependent sIPSC
further supports the idea of more excitable interneurons. We did not find a change in the frequency of sIPSCs, as one could have expected. But, as only a subset of interneurons expresses
ClC-2, a change in sIPSC frequency might not be detectable. As mIPSC amplitude and frequency,
as well as PPR of evoked IPSCs were not altered, we can exclude a change in number of postsynaptic GABAA receptors, inhibitory synapse number, and probability of release as cause for the
increased inhibition.
In a final set of recordings, we revealed that the neuron’s I/O function is not altered in Clcn2/-

mice compared to Clcn2+/+ mice. In contrast, in the presence of bicuculline, the threshold of

neurons of Clcn2-/- mice was shifted more to the left and had a bigger gain than in Clcn2+/+ mice.
Together, these experiments confirm that the loss of ClC-2 leads to an increase in neuronal
inhibition in KO animals.
ClC-2 and epilepsy
Whether mutations in ClC-2 cause epilepsy or not has been controversial. Over the last years
several mutations in the gene encoding for ClC-2 have been described (Stogmann et al., 2006;
Everett et al., 2007; Combi et al., 2009; Saint-Martin et al., 2009); however, the paper by Haug
which established the link between mutations in CLCN2 and epilepsy has recently been retracted
(Haug et al., 2009). Moreover, mutations found in humans do not lead to drastic changes in biophysical properties of ClC-2 (Blanz et al., 2007), as one might expect for a single disease causing
gene. In contrast, the complete loss of ClC-2 in mice did not lead to higher seizure susceptibility
(Bosl et al., 2001; Blanz et al., 2007). In addition, as discussed above, it is difficult to predict
whether the loss of chloride extrusion via ClC-2 results in a substantial loss of GABAergic inhib-
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tion under prolonged paroxysmal conditions that could lead to hyperexcitability. Therefore, the
loss of ClC-2 might increase the susceptibility of seizures by impairing inhibition. Moreover, we
cannot exclude that mutated ClC-2 proteins are trafficked differently or the interactions with
other proteins are disturbed affecting the function of ClC-2.
Summary and Outlook
This work revealed an important role of ClC-2 in neuronal excitability. ClC-2 is not only expressed
in pyramidal neurons but also in a subset of inhibitory interneurons. The loss of ClC-2 in interneurons increases inhibition mediated by a higher excitability of a subpopulation of interneurons. The increased inhibition might balance hyperexcitability of the network and thereby preventing epilepsy in ClC-2 knock-out mice. Together, we suggest that ClC-2 in neurons regulates
excitability via the membrane resistance and provides an additional efflux pathway for chloride.
The effects on membrane resistance pose the question whether ClC-2 is regulated by neuronal
activity, for example by changing extracellular pH or PKC activity, thereby regulating neuronal
excitability.
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Abstract

Neurons exhibit a resting permeability for potassium, sodium and chloride; however, the molecular identity for a chloride leak conductance is still unknown. Here, we observe a chloride conductance in principal neurons of hippocampus, cortex and cerebellum, essentially mediated by
the voltage-gated chloride channel ClC-2. Current-clamp recordings revealed that the loss of ClC2 leads to a small shift of the resting membrane potential towards more depolarized values and
to a remarkable increase of the membrane resistance in pyramidal cells of CA1 and cortex.
Moreover, the number of action potentials increases in all recorded subtypes of neurons lacking
ClC-2. Thus, ClC-2 is proposed to provide the molecular basis for the chloride leak conductance.
The ClC-2 leak conductance is present in various neuron types throughout the brain regulating
neuronal excitability.

4.2

Introduction

The electrophysiological behavior of a neuron either spontaneously or to an extern stimulus is
determined by the resting membrane potential and the ionic currents across the cell membrane.
In the absence of an extrinsic input, leak conductances affect basal membrane properties and
therefore the neuronal excitability. Under resting conditions the cell membrane is predominantly permeable to potassium, conducted through two-pore potassium channels (Goldstein et al.,
2001). The resting membrane potential in mammalian neurons ranges between -60 mV and -90
mV, clearly above the equilibrium of potassium (EK = -103 mV). This suggests additional leak
conductances provided by other ions: for example leak of sodium and chloride pull the membrane towards their Nernst potentials (about +67 and -93 mV, respectively) (Goldstein et al.,
2001). A non-selective, voltage-independent and not inactivating sodium channel (NALCN) has
been shown to mediate the sodium leak conductance (Lu et al., 2007). Beyond that, Hodgkin and
Huxley (1952) proposed a chloride conductance, which constitutes at least a small fraction to the
total leak conductance of a neuron (Hodgkin and Huxley, 1952). However, the molecular basis
for such a chloride leak conductance in major neuronal cell types remains to be investigated.
The voltage-gated chloride channel ClC-2 would be a suitable candidate to provide a chloride
leak conductance at resting conditions. The chloride conductance mediated by ClC-2 has been

94

4.3 Materials and Methods
previously described in neurons and non-neuronal cells (Chesnoy-Marchais, 1983; Misgeld et al.,
1986; Parker and Miledi, 1988). ClC-2 is activated by negative membrane voltage, cell swelling, a
rise in intracellular chloride concentration, or mild extracellular acidification (Grunder et al.,
1992; Thiemann et al., 1992; Jordt and Jentsch, 1997; Zuniga et al., 2004). ClC-2 is inwardly rectifying, with significant conductance only at membrane potentials more negative than the chloride
equilibrium potential (ECl). Further, ClC-2 stabilizes the relationship between ECl and resting
membrane potential independent of electroneutral chloride transport (Staley, 1994). Due to its
properties, it is not surprising that ClC-2 regulates neuronal chloride homeostasis by providing a
fast chloride extrusion mechanism (Rinke et al., 2010). In addition, we recently provided evidence that ClC-2 influences neuronal excitability via affecting intrinsic membrane properties in
hippocampal CA1 pyramidal neurons. Because ClC-2 is active at resting membrane potential and
contributes to the membrane resistance (RN) (Madison et al., 1986), we assumed that ClC-2 constitutes a significant part to the chloride leak conductance in this particular cell type (Rinke et al.,
2010).
Here we hypothesize, that ClC-2 acts as a fundamental chloride leak conductance in principal
neurons of the brain. We observed ClC-2-mediated currents in neurons of hippocampal formation, cortex and cerebellum. The disruption of ClC-2 increases the input resistance in almost all
of the specific types of recorded neurons, supporting our previous findings in CA1 pyramidal
cells of the hippocampus (Rinke et al., 2010).

4.3

Materials and Methods

Mice: The generation of ClC-2 knockout mice (Clcn2-/-) was described elsewhere (Bosl et al.,
2001). Both, male and female mice of postnatal day 12 to 23 (P12-23) were used for all experiments.
Slice preparation: Animals were anesthetized with Isoflurane (Baxter), and decapitated. Brains
were removed quickly, and chilled in 4°C cold, carbogen (95% O2; 5% CO2) gassed artificial cerebro spinal fluid (ACSF) containing (in mM): 130.9 NaCl; 2.75 KCl; 1.43 MgSO4; 2.5 CaCl2; 1.1
NaH2PO4; 28.82 NaHCO3 and 11.1 D-glucose with an osmolarity of 315-325 mosm/l. Coronal
slices (400 µM) were cut from Hippocampus (P12-P21), Cerebellum (P17-P21) and Cortex (P17P23) with a vibratome (VT1200S, Leica). Prior to recording slices were kept for 30 min at 32°C
and subsequently stored at room temperature in ACSF continuously gassed with carbogen.
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Electrophysiology: All recordings were performed using a Multiclamp 700B amplifier (Molecular
Devices, Sunnyvale, CA). Data were digitized using a Digidata 1322A (Molecular Devices, Sunnyvale, CA). Pipettes (3-5 MΩ) were pulled from borosilicate glass (Science Products, Hofheim,
Germany). Inputs from CA3 to CA1 were severed to prevent propagation of epileptiform activity.
Liquid junction potentials were calculated with the liquid junction potential assistant of pClamp.
Membrane potentials were corrected by -15 mV.
Whole cell recordings: Whole cell recordings were obtained from pyramidal cells of CA1 hippocampus, granule cells of dentate gyrus, pyramidal cells of cortical layer II/III as well as V and
purkinje cells of cerebellum. The recorded cells were visualized using differential interference
contrast infrared video microscopy.
ClC-2 currents: chloride currents were recorded with high chloride pipette solution containing (in mM): 90 CsCl; 20 CsGluconate; 8 NaCl; 2 MgCl2; 10 HEPES; 1 EGTA, and 2 QX314 (Alomone
Labs, Israel); pH 7.2; 290 mosm/l and Alexa 594 fluorescent dye for subsequent determination of
morphology. Extracellular recording solution contained (in mM): 70 NaCl; 2.5 KCl, 16 MgSO4,
26.2 NaHCO3; 11 Glucose; 30 Tetraethylammonium-chloride, 10 CsCl; supplemented with 200
nM tetrodotoxin (TTX) to block action potentials (APs). Neurons were identified as such by their
location and morphology. ClC-2 chloride currents were evoked by stepping the membrane potential from -10 mV to -120 mV for 4 s (see Fig. 1F). ClC-2-mediated currents were calculated as
the difference of the inward current at the beginning and the end of the voltage step.
Current clamp recordings: Pipette solutions contained (in mM) 150 K-methylsulphonate, 4
KCl, 4 NaCl, 4 MgATP, 0.4 Mg GTP and 10 HEPES. We recorded the voltage response to hyperpolarizing and depolarizing current injection directly into the soma of the neuron. The membrane
resistance was estimated by the delta voltage (steady-state voltage – resting membrane potential) divide of the step current. The action potential (AP) threshold ∆V was determined using the
first derivative of single APs. The sag ratio was calculated by steady-state voltage divided of peak
voltage.
Posthoc analysis: Slices were fixed in 4 % paraformadehyde (PFA in 0.1 M phosphate-buffered
saline (PBS), pH 7.3) for at least 30 minutes at RT. After washing three times for 10 minutes with
PBS, slices were embedded in Fluoro-Gel mounting medium (Electron Microscopy Sciences, Hatfield). Subsequently, Alexa filled neurons were imaged with confocal microscopy.
Data Analysis: All data were analyzed using Clampfit 10.2 (Molecular Devices, Sunnyvale, CA),
Prism 5 (GraphPad, La Jolla, CA), and Matlab (The Mathworks, Natick, MA). Data are presented
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as means ± SEM. Differences between groups were tested using the Student’s t-test (when normally distributed), the Mann-Whitney test (when not normally distributed) as indicated. P values
are reported in the text and significance was set as p < 0.05; in Figures (*) represents p < 0.05,
(**) p < 0.01, (***) p < 0.001. N represents the number of cells examined.

4.4

Results

ClC-2 mediated currents are present in major neuronal regions of the brain
It is known that ClC-2 is ubiquitously expressed, as revealed by northern analysis of RNA in different rat tissues (Thiemann et al., 1992). The presence of ClC-2 mRNA in various brain regions
and spinal cord has been shown earlier by in situ hybridization (Smith et al., 1995). Functionally,
the hyperpolarization activated chloride conductance mediated by ClC-2 was already well characterized in CA1 pyramidal neurons (Madison et al., 1986; Staley, 1994; Rinke et al., 2010).
Now, we study and compare the functional expression of the ClC-2 mediated current in principal
neuronal cell types of various brain regions.
Recorded neurons were identified by their location and morphology. ClC-2 currents were isolated by blocking potassium and sodium conductances, as described earlier (Madison et al.,
1986; Rinke et al., 2010). First, we showed as a control the characteristic slow activation at negative membrane potentials and a prominent inward rectification of ClC-2 in CA1 neurons of the
hippocampus, exhibiting a delta current (∆I) of -640 ± 71 pA (n = 33) (Fig. 1A). Posthoc analysis of
the recorded cell confirmed that the ClC-2 typical current was obtained from pyramidal cells (Fig.
1A). Furthermore, we observed such a chloride current in neurons of the dentate gyrus (Fig. 1B).
The principal cells of the dentate gyrus are densely packed. The recorded cells show a small soma (~10 µm) and a monopolar dendritic tree, characteristic for granule cells of dentate gyrus
(Fig. 1B). In cortex, we measured from neurons in layer II/III (Fig. 1C) and layer V (Fig. 1D). All
recorded cells exhibit pyramidal cell like structures with smaller somata of the neurons in layer
II/III than those of layer V (Fig. 1C and D, respectively). Recordings of neurons in both cortical
layers (Fig. 1C-D) revealed a similar conductance as observed in hippocampal neurons. Moreover, we found such a conductance also in cerebellar purkinje cells (Fig. 1E). This cell type is characterized by the large reciprocating soma and a complex elaborated dendritic arbor both orientated monoplanar (Fig. 1E). The magnitude of the observed chloride current varied markedly
among the diverse types of neurons (granule cells: 63 ± 5 pA, n = 24; layer II/III pyramidal cells:
207 ± 41 pA, n = 27; layer V pyramidal cells: 475 ± 49 pA, n = 30; purkinje cells: 533 ± 118 pA, n =
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19; ANOVA) (Fig. 1F). Such a chloride conductance typical for ClC-2 was absent in recordings of
ClC-2 knockout mice (Clcn2-/-) under the same conditions (see Rinke et al., 2010). These data
clearly demonstrate that the observed chloride conductance present in neurons of distinct brain
regions is essentially mediated by ClC-2.

Figure 1: ClC-2 is functionally expressed in major neuronal cell types of various brain regions.
Currents were elicited by voltage steps of 4 s from a holding potential of -10 mV to values between
40 mV and -120 mV in steps of -20 mV followed by a test pulse of +40 mV for 2 s. A, As a control,
the characteristic ClC-2 current (below) is activated by hyperpolarization and shows typical inward
rectification. The 3-D reconstruction (upper panel) revealed that the observed current was obtained from CA1 pyramidal cells of hippocampus. B-E, ClC-2 mediated currents are also present in
other major neuronal regions of the brain: granule cells of the dentate gyrus (B) pyramidal cells of
cortical layer II/III (C), pyramidal cells of cortical layer V (D) and purkinje cells of cerebellum (E). F,
Current - voltage plot of steady state currents summarized for the principal neurons of hippocam-
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pus (black), dentate gyrus (white), layer II/III (light grey) and layer V (dark grey) of cortex as well as
for cerebellum (middle grey). G, Under the same recording conditions as in WT mice, no currents
were elicited from Clcn2

-/-

animals. Example trace was obtained from a CA1 pyramidal cell. Error

bars represent SEM in all graphs. Note that the symbol size might occlude error bars.

ClC-2 affects intrinsic membrane properties in principal neuronal cell types of major regions of
the brain
ClC-2 is active at the resting membrane potential. Therefore, ClC-2 should contribute substantially to the resting conductance of the membrane (Madison et al., 1986) and affect the resting
membrane properties like the membrane resistance and/or resting membrane potential. With
current clamp recordings (Fig. 2A, C, E), we investigate the effect of ClC-2 on intrinsic membrane
properties of different neuronal cell types within major brain regions (Fig. 2).
Leak currents adjust the resting membrane potential (Vm) to their equilibrium, respectively
(Goldstein et al., 2001). Here, we found a slight but significant depolarizing shift of Vm in CA1
neurons of Clcn2-/- compared to WT (WT: -62.8 ± 1.0 mV, n = 17, KO: -60.4 ± 0.6 mV, n = 16, p <
0.05, unpaired t-test) (Fig. 2B) as well as in cortical pyramidal neurons (WT: -63.6 ± 0.5 mV, n =
21, KO: -59.5 ± 1.3 mV, n = 12, p < 0.01, unpaired t-test) (Fig. 2D).
The most remarkable effect we observed on the membrane resistance (RN). The disruption
of ClC-2 led to a strong increase of RN in CA1 pyramidal cells (WT: 151 ± 6 MΩ, n = 17, KO: 286 ±
15 MΩ, n = 16, p < 0.0001, unpaired t-test) (Fig. 2B) as well as in cortical layer V pyramidal cells
in KO animals (WT: 131 ± 8 MΩ, n = 21, KO: 185 ± 8 MΩ, n = 12, p < 0.001, unpaired t-test) (Fig.
2D). Moreover, the voltage threshold (∆V) to elicit an action potential was significantly decreased in Clcn2-/- animals both in pyramidal cells of CA1 (WT: 27.7 ± 1.3 mV, n = 17, KO: 20.1 ±
1.0 mV, n = 16, p = 0.0001, unpaired t-test) (Fig. 2B) and of cortical layer V (WT: 29.2 ± 0.9 mV, n
= 21, KO: 25.2 ± 0.9 mV, n = 12, p = 0.01, unpaired t-test) (Fig. 2D). The observed effects on the
resting membrane potential, the membrane resistance and the voltage threshold result in an
increased number of action potentials in KO animals, elicited with same current injected (CA1
pyramidal cell: p < 0.01, cortex layer V pyramidal cell: p < 0.001, paired t-test) (Fig. 2A-D). In contrast, the resting membrane properties in cerebellar purkinje cells were not changed, neither Vm
(WT: -49.8 ± 1.2 mV, n = 11, KO: -47.8 ± 1.0 mV, n = 10, p > 0.05, unpaired t-test), RN (WT: 85.6 ±
4 MΩ, n = 11, versus KO: 94 ± 4 MΩ, n = 10, p > 0.05, unpaired t-test) nor ∆V (WT: 15.6 ± 1.4 mV,
n = 11, KO: 13.8 ± 1.0 mV, n = 10, p > 0.05, unpaired t-test) differ between the genotypes (Fig.
2F). However, the number of action potentials in purkinje cells of Clcn2-/- animals was increased
(p < 0.001, paired t-test) (Fig. 2E-F), similar to what we found in neurons of CA1 (Fig. 2A-B) and
cortex (Fig. 2C-D)
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Figure 2: Intrinsic membrane
-/-

properties of Clcn2 pyramidal
neurons are altered.
A, C and E, Sample traces of
current clamp recordings in
principal cells of hippocampus
(A), accept as control, layer V of
cortex (C) and of cerebellum
(E), comparing WT (left) and KO
(right). Insets show the current
step protocol, same colors indicate same injected currents for
distinct cell types, respectively.
Scale bar for inset 250 ms, 25
pA. B, D and F, Comparison of
resting

membrane

potential

(Vm) membrane resistance (RN),
action potential (AP) threshold,
and number of APs generated
at various current injections.
Closed symbols represent WT,
open symbols represent KO. Error bars represent SEM in all
graphs.

Consistently for all analyzed cell subtypes, the sag ratio remained unaltered between the
genotypes (CA1 pyramidal cell WT: 0.7 ± 0.1, n = 17, KO: 0.8 ± 0.1, n = 16; cortex layer V pyramidal cell WT: 1.0 ± 0.005, n = 21, KO: 0.9 ± 0.01, n = 12; purkinje cell WT: 0.8 ± 0.01, n = 11, KO:
0.8 ± 0.02, n = 10; p > 0.05, unpaired t-test) (data not shown). Taken together, our data clearly
reveal that ClC-2 constitutes a significant part of the leak conductance, affecting resting membrane properties and thereby modulating the excitability of the neuron.
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Discussion

We hypothesized that ClC-2 contributes a substantial part to the leak conductance in neurons.
We found a ClC-2 mediated chloride conductance in principal neurons of major regions of the
brain. Importantly, we provide direct evidence that ClC-2 affect resting membrane properties of
almost all recorded cell types, thus influencing their excitability and firing behavior significantly.
ClC-2 is functionally expressed in principal cells of major regions of the brain
According to the characteristic properties as described earlier for the voltage-gated chloride
channel ClC-2 (Chesnoy-Marchais, 1983; Madison et al., 1986; Smith et al., 1995), the chloride
conductance, which we observed in principal neurons of major regions of the brain activated
upon hyperpolarization, showed inward rectification and non-inactivating behavior. The chloride
conductance is mediated by ClC-2, which was confirmed by studies of KO animals (Rinke et al.,
2010). In agreement with the ClC-2 mRNA expression pattern in rat brain (Smith et al., 1995), we
observed that ClC-2 functionally acts in pyramidal cells of CA1, cortical layer II/III and layer V as
well as in purkinje cells of cerebellum. The magnitude of the recorded chloride conductance
increased with size of the neuron, consistent with the distribution of ClC-2 mRNA, which was
highest in the largest classes of neurons (Smith et al., 1995). Hence, ClC-2 expression might correlate with the size of the neuron.
In contrast to other studies (Staley, 1994; Smith et al., 1995), we detected a significant ClC-2
mediated conductance in granule cells of dentate gyrus. One first possible explanation for the
difference could be that the results were obtained from different species; whilst our studies
involved mice they used rats. Secondly and also considered by Smith et al. (1995), the amount of
mRNA may not directly reflect the amount of protein in the cells (Smith et al., 1995), suggesting
that in situ hybridization is not as sensitive to detect small amounts of mRNA.
ClC-2 provides the fundamental leak conductance for chloride
The intrinsic physiological properties of a neuron`s membrane such as resting membrane potential and input resistance determine the excitability of the neuron, fundamentally. These properties depend largely on the leak conductances of potassium, sodium and other ions. Potassium
leak is provided by KCNK channels and two-P-domain channels (Goldstein et al., 2001). For example, Kir subunits containing channels are crucial for heart rate control (Krapivinsky et al.,
1995), Kv subunits containing channels are important in skeletal muscle (Abbott et al., 2001) and
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KCNQ subunit containing channels contribute to M-currents in sympathetic neurons and the
central nervous system (Jentsch, 2000).
Sodium resting permeability is known to be mediated by hyperpolarization-activated cation
channels (Ih) (Storm, 1987; Robinson and Siegelbaum, 2003; Brager and Johnston, 2007) and by a
TTX-sensitive component (Crill, 1996). However, a widely expressed voltage-independent, nonselective cation channel formed by NALCN provides the majority of sodium leak conductance (Lu
et al., 2007).
Based on experiments in the squid giant axon, the model of Hodgkin and Huxley (1952) predicts that the resting membrane potential is not only established by potassium and sodium leak
conductances but also, at least to a small fraction, by a chloride leak conductance (Hodgkin and
Huxley, 1952). Moreover, a computational model demonstrates that the leak conductance density, GL, in the squid giant axon appears to be optimal for the action potential firing frequency if
chloride channels are assumed (Seely and Crotty, revised 2009). In skeletal muscle, the stabilizing influence of chloride channels on the membrane potential is highly significant (Hille, 2001).
The loss of ClC-1 for example leads to myotonia, an intrinsic muscle hyperexcitability
(Steinmeyer et al., 1991b). Although neurons exhibit only a small proportion of resting chloride
permeability, a leak chloride conductance (gCl) and unitary chloride channels are found there as
well (Franciolini and Nonner, 1987; Inoue, 1988). Our data provide direct evidence that the chloride channel ClC-2 possesses characteristic properties of a leak conductance as described earlier
(Goldstein et al., 2001). According to that, leak conductances should be active at resting membrane potential, instantaneous, stable and able to suppress excitation because they shift the
resting membrane potential towards a potential that is negative relative to the firing threshold
of nerves (Goldstein et al., 2001). Indeed, we revealed that the resting membrane potential is
significantly shifted towards more depolarized values in CA1 and cortical pyramidal neurons of
Clcn2-/- animals compared to WT littermates. The small effect in CA1 pyramidal neurons occurred
possibly because ECl is close to resting membrane potential (Tyzio et al., 2008). However, our
results support that a resting activity of ClC-2 shifts the membrane potential closer to ECl and
therefore would be sufficient to reduce neuronal excitability. Intriguingly, the strong effect on
the membrane resistance in pyramidal neurons of CA1 and cortex substantiate that ClC-2 is conductive at resting conditions similar to the potassium and sodium channels contributing to the
leak conductance.
Surprisingly, although we demonstrated the functional expression of ClC-2 in purkinje cells
of the cerebellum the resting membrane potential and the membrane resistance remained unaltered after loss of ClC-2. The reason may be that purkinje cells exhibit a much larger soma and
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thicker dendrites in comparison to any other neuron (beside Betz cell) in the brain. Therefore,
leak provides a much smaller fraction of total conductance resulting in a much smaller effect on
resting membrane properties. However, we found an increased number of action potentials in
Clcn2-/- animals compared to WT animals, confirming that ClC-2 affects the excitability of purkinje
cells as well.
The identification of ClC-2 mediated currents in granule cells of the dentate gyrus raises the
question whether ClC-2 affects their resting membrane properties. In contrast to pyramidal cells
and purkinje cells, granule cells are small and have very thin dendrites. Thus, leak induced effects on resting membrane properties would be much larger. Spruston and Johnston (1992) investigated resting membrane properties in pyramidal cells and granule cells of dentate gyrus in
acute hippocampal slices of rats. They showed that membrane resistance and tau of CA1 and
CA3 pyramidal cells as well as in granule cells of dentate gyrus are voltage dependent, suggesting
that voltage dependent conductances close to resting membrane potential contribute to passive
membrane properties. In granule cells, Ih had a small or no effect on resting membrane properties (Spruston and Johnston, 1992). Our data support that ClC-2 is a potential candidate, providing such a conductance.
To summarize, we provide the first direct evidence that the voltage-gated chloride channel
ClC-2 possesses the molecular basis of a fundamental chloride leak conducter across neuron`s
membrane. In addition, the ClC-2 leak conductance strongly affects the resting membrane properties. Differences in density and distribution of ClC-2 are likely to define the membrane resistance for each class of neuron, specifically. However, the functional expression of ClC-2 prevents
neurons from hyperexcitability, which could cause diseases like epilepsy.
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The effects of excitatory GABA action early in development caused by high intracellular chloride
concentration are still not clear. Therefore, I studied in collaboration with Carsten Pfeffer how
the hippocampal network develops if GABA does not act excitatory during the early phase of
postnatal development (Pfeffer et al., 2009). We used NKCC1 and AE3 knockout mice to reduce
the intracellular chloride concentration, as these transporters are the main chloride loaders. It
has been speculated that excitatory GABA action, causing a general depolarization of neurons,
increases network activity, and thereby promotes the development of synaptic networks. My
data provide evidence that GABAergic depolarization increases the network activity and facilitates the maturation of synaptic networks.
Besides transporters ion channels are likely involved in the modulation of intracellular chloride concentration. In the present thesis, I studied the effect of the voltage-gated chloride channel ClC-2. Previous studies had suggested that this voltage-gated chloride channel is important
for fast chloride extrusion to maintain the inhibitory action of GABA in fully developed neurons.
After loading neurons with high chloride concentration, I directly showed that ClC-2 indeed mediates a fast mechanism to extrude chloride (Rinke et al., 2010). I found that CA1 pyramidal neurons functionally express ClC-2 from postnatal day eight (P8) onwards suggesting that the function of ClC-2 is important only in mature neurons, but not in immature neurons. These results
demonstrate that chloride extrusion by ClC-2 prevents chloride accumulation after intense GABAA receptor activation, and thus prevents from excitatory GABA action.
Somewhat unexpected, my recordings in ClC-2 KO neurons showed a strongly increased
membrane resistance. The higher membrane resistance causes an increase of the neuronal excitability, which should lead to a higher excitability of the entire neuronal network. However, the
excitability of the hippocampal network is reduced. The reduction is explained by an increased
inhibition. I found that ClC-2 expressing interneurons within the hippocampus are also more
excitable and enhance their inhibitory action onto pyramidal cells.
From my data, I conclude that ClC-2 has a dual role in neurons. First, this chloride channel
provides a fast extrusion pathway for chloride after chloride accumulation, and second ClC-2
constitutes a substantial part of the leak conductance, which regulates excitability. These findings might be a general concept as I could record ClC-2 currents in various neuron types.
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The intracellular chloride concentration is developmentally regulated

In immature neurons, the intracellular chloride concentration is high. In turn, the activation of
GABA receptors causes depolarization. With further maturation of the neuron, the cytoplasmatic
concentration of chloride decreases until GABA acts inhibitory. This change in GABA signaling is
mediated by the appropriate functional expression of the chloride transporters NKCC1 and KCC2.
NKCC1 is the major transport protein that accumulates intracellular chloride. KCC2 plays a pivotal role in chloride extrusion.
NKCC1 establishes high intracellular chloride concentration
It was found that NKCC1 mRNA expression is high in early development and declines from postnatal day one (P)1 to P15 in all hippocampal regions (Pfeffer et al., 2009). These data confirm
previous findings in rats (Clayton et al., 1998a; Hubner et al., 2001a; Li et al., 2002; Wang et al.,
2002; Dzhala et al., 2005), supporting the predominant function of NKCC1 in early postnatal development.
The chloride cotransporter NKCC1 increases the intracellular chloride concentration, and
thereby shifts ECl to more positive values relative to the resting membrane potential (Misgeld et
al., 1986; Zhang et al., 1991). After loss of NKCC1, the intracellular chloride concentration is lower, as we demonstrated with gramicidin perforated-patch clamp recordings (Pfeffer et al., 2009).
This allowed us to use NKCC1 KO mice as a model for lowered chloride concentration in early
development. However, the chloride concentration was not entirely shifted to values found in
mature neurons, which suggests the existence of additional chloride loading mechanism.
The anion exchanger three contributes to intracellular chloride accumulation
There is evidence that the anion exchanger three (AE3) and NKCC1 are expressed at the same
time of neuronal postnatal development (Raley-Susman et al., 1993). AE3 transports extracellular chloride into the cell, while transporting intracellular bicarbonate outward. Therefore, AE3
was proposed to contribute to intracellular chloride accumulation in hippocampal neurons
(Hentschke et al., 2006).
I recorded from AE3 deficient mice to test whether the loss of AE3 has an effect on the intracellular chloride concentration. I found no changes in the intracellular chloride concentration
between AE3 KO and WT animals, as judged from gramicidin perforated-patch clamp recordings
at P1. However, giant depolarizing potentials (GDPs) were affected in AE3 KO animals at P5
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(Pfeffer et al., 2009), indicating an effect of reduced intracellular chloride concentration. An explanation for the observed difference between P1 and P5 might be that AE3 is not functional as
an anion exchanger at P1, which is also suggested by another study (Raley-Susman et al., 1993).
It might be that during this time AE3 serve function as a cytoskeletal anchoring protein. The
binding to other proteins could affect or modulate AE3 function as an anion exchanger (RaleySusman et al., 1993). With further neuronal maturation, AE3 contribute to load the neuron with
chloride at P5.
KCC2 lowers the intracellular chloride concentration
During development, NKCC1 down-regulation and KCC2 up-regulation lead to the decrease of
the intracellular chloride concentration (Rivera et al., 1999; Gulyas et al., 2001; Hubner et al.,
2001b). In hippocampal cultures and acute slices, KCC2 expression appears around birth and
increased strongly after the first week of postnatal life (Zhang et al., 1991; Khirug et al., 2005).
The KCC2 expression pattern parallels the neuronal differentiation and precedes the decline of
EGABA as demonstrated in spinal cord motoneurons and hippocampal pyramidal cells (Stein et al.,
2004a).
KCC2 decreases the intracellular chloride concentration. Low intracellular chloride concentration determines the classical inhibitory response of mature neurons to GABA (Misgeld et al.,
1986; Thompson and Gahwiler, 1989b; Hubner et al., 2001b). It is expected that the disruption
of KCC2 function stops chloride extrusion, which in turn changes GABA-mediated signaling. To
test this hypothesis, two different approaches were previously used: 1) antisense knockdown of
KCC2 transfected in hippocampal cultures (Rivera et al., 1999) and 2) KCC2 knockout mice
(Hubner et al., 2001b). 1) Knockdown of KCC2 in hippocampal cultures produced a shift of EGABA
to more depolarized values relative to the resting membrane potential. The positive shift of EGABA
precluded the pyramidal neurons from GABAA receptor-mediated inhibition (Rivera et al., 1999).
2) KCC2 knockout mice showed an abnormal muscle tone and defects in motor control. In addition, these mice were inable to breathe, which results in perinatal death. Spinal cord motoneurons of the KCC2 knockout animals showed GABAergic excitation accounting for the phenotype
of KCC2 knockout mice (Hubner et al., 2001b). Both methods support that KCC2 is the dominant
chloride extruder in neurons facilitating GABAergic inhibition.
The age of the neuron determines the chloride concentration
The time point when chloride changes from high to low intracellular concentrations and the
GABA-mediated response shifts from excitation to inhibition depends on the developmental
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stage of the neuron. For example, the observations in KCC2 knockout mice suggested that spinal
cord motoneurons differentiate before hippocampal pyramidal neurons (Hubner et al., 2001b;
Stein et al., 2004a). During the first days of postnatal development EGABA was significantly higher
for pyramidal neurons than for motoneurons (Stein et al., 2004a). At P8, motoneurons hyperpolarized in the presence of GABA, whereas hippocampal neurons still slightly depolarized. GABAinduced hyperpolarization in hippocampal pyramidal neurons was only observed after P14 (Stein
et al., 2004a).
Even within the same brain region the time point of switching GABA signaling can differ between neuron types. For instance in the hippocampus, GABA-mediated inhibitory postsynaptic
potentials occurred first around P5-6 in CA3 pyramidal neurons and around P9 in CA1 pyramidal
neurons (e.g. Swann et al., 1989) indicating earlier differentiation of CA3 pyramidal neurons than
those of CA1.
The maturational stage of the neuron rather than the age of the organism is important for
the shift from excitation to inhibition (Ge et al., 2006). For example, as in neonates and in contrast to adult neurons, newborn dentate gyrus granule cells (DGCs) in adult hippocampus were
depolarized by GABA (Ge et al., 2006). Newborn DGCs in the adult brain express high levels of
NKCC1 and little KCC2. This result further supports that the sequential expression of the NKCC1
and KCC2 underlies the conversion from excitation to inhibition by GABA during neuronal maturation in the fetal brain (Ben-Ari, 2002; Owens and Kriegstein, 2002).

5.2

Functional consequences of GABAergic excitation

In immature neurons, GABAergic depolarization determines the neuronal network activity and
triggers the maturation of synapses and the refinement of synaptic circuits (for review, see
Owens and Kriegstein, 2002). If now GABAergic depolarization is impaired in immature neurons
what will be the functional consequences? I addressed this question in the collaboration with
Carsten Pfeffer. As NKCC1 is the major chloride loader providing the basis for GABAergic depolarization and excitation, we used NKCC1 KO animals to reduce the intracellular chloride concentration in immature neurons. As previously discussed, the GABAergic depolarization was only
reduced but not completely abolished in these KO animals (Pfeffer et al., 2009). I found that the
reduction of GABAergic depolarization leads to a delayed maturation of GABAergic and glutamatergic synapses. My data strongly suggest that immature neurons require GABAergic excitation
for the development and refinement of synapses and synaptic networks.
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Surprisingly, impaired GABAergic depolarization did not cause changes in the brain morphology of Nkcc1-/- animals (Pfeffer et al., 2009). In contrast to our findings, short hairpin RNAs
against NKCC1 expressed in newborn granular neurons or ventricular neuronal progenitor cells
affected synapse formation and dendritic development (Ge et al., 2006; Wang and Kriegstein,
2008). An explanation for the observed difference might be that in Nkcc1-/- animals GABA is still
depolarizing and probably sufficient to trigger dendritic and axonal outgrowth, which might
compensate for morphological changes.

5.3

Low intracellular chloride concentration is required for GABAergic inhibition

To circumvent hyperexcitability of neuronal networks, inhibition is necessary. Intense GABAA
receptor activation loads the neuron with high chloride. Therefore, chloride-extruding mechanisms are active to prevent chloride accumulation in neurons. These mechanisms have to be very
fast to prevent excitatory GABA action. KCC2 is the primary chloride extruder known at this moment. However, chloride transport by KCC2 is slow in comparison to a chloride current across a
channel. I showed now for the first time that the voltage-gated chloride channel ClC-2 removes
chloride from the intracellular space providing a fast mechanism for chloride extrusion (Rinke et
al., 2010).
Chloride accumulation is limited by the function of ClC-2
If ClC-2 channels are open, the chloride conductance is large across the neuronal membrane.
Further, ClC-2 does not display time-dependent inactivation and the channel can be still open
even when the membrane repolarizes. Therefore, it was proposed that ClC-2 stabilizes ECl near
the resting membrane potential (Staley et al., 1996). De novo expression of ClC-2 in cultured
embryonic DRG neurons, which have normally high intracellular chloride, produced a constitutive chloride efflux preventing from chloride accumulation. Thereby, ECl was clamped at or near
the resting membrane potential (Staley et al., 1996). This resulted in a large negative shift of
EGABA. Under these conditions, GABAA receptor activation increased the conductance over the
membrane shunting incoming excitatory inputs (Staley et al., 1996).
Due to these previously discribed properties, it is not surprising that ClC-2 regulates neuronal chloride homeostasis by providing a fast chloride extruding mechanism (Rinke et al., 2010).
My data suggest that chloride extrusion by ClC-2 is important especially in adult hippocampal
pyramidal neurons where GABAA receptor activation occurs in high frequency bursts (Buzsaki et
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al., 1992), and in turn would accumulate intracellular chloride very fast. A recently published
study on CA1 pyramidal cells support my idea (Foldy et al., 2010). In CA1 pyramidal neurons, ClC2 is functional at regions that receive highly active GABAergic inputs. ClC-2 selectively modulates
the inhibitory postsynaptic response provided by fast spiking interneurons, and thereby prevents
chloride accumulation in the postsynaptic cell (Foldy et al., 2010).

5.4

Impaired chloride homeostasis has pathophysiological consequences

Dysfunction of active chloride transport mechanisms
High intracellular chloride concentration leads to GABAA receptor-mediated depolarization that
can cause excitability of the neuron. Therefore, chloride transporting proteins seem to play a key
role in setting the susceptibility of neurons to epileptiform activity. NKCC1 might contribute to a
lower susceptibility for seizures in neonates. Blocking NKCC1 with bumetanide lowered ECl in
immature neurons, suppressed epileptiform activity in hippocampal slices in vitro and attenuated seizures in neonatal rats in vivo (Dzhala et al., 2005). In transgenic mice, the susceptibility
to epilepsy in vivo and hyperexcitability in vitro are enhanced by down-regulation of KCC2 expression (e.g. Zhu et al., 2005; Riekki et al., 2008). In humans, hippocampal slices obtained from
temporal lobe epilepsy patients generated interictal activity that was attributable to depolarizing
GABAA receptor-mediated transmission (Kohling et al., 1998; Cohen et al., 2002), which was related to a down-regulation of KCC2. Interestingly, the interictal activity was blocked by bumetanide, an antagonist of NKCC1 (Huberfeld et al., 2007; Munoz et al., 2007). In summary, activation
of NKCC1-mediated chloride import and/or decreased KCC2-mediated chloride export accumulates intracellular chloride such that ECl is above the resting membrane potential. Accordingly,
GABAergic synaptic transmission becomes excitatory, and hence facilitates epileptogenesis and
seizure intractability in epilepsy (for review, see Kahle et al., 2008; and Blaesse et al., 2009).
However, human mutations in the genes encoding for these transporters that could cause epilepsy are still not found. It is likely that epilepsy is not caused by mutation of only one protein
rather by mutations of genes encoding for various proteins. Therefore, it is possible that a singlegene mutation encoding for KCC2 or NKCC1 will not be detected.
Can ClC-2 cause epilepsy?
ClC-2 prevents cells from chloride accumulation and strongly affects their membrane resistance
(Rinke et al., 2010). Recently, it was shown that ClC-2 is functionally expressed in postsynaptic
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regions that receive GABAergic inputs from highly active inhibitory synapses (Foldy et al., 2010).
The loss of ClC-2 should than lead to GABAA receptor-mediated excitation, which could cause
overexcitation of the entire network. One expects now that the loss of ClC-2 could cause diseases like epilepsy. Human heterozygous mutations in the gene encoding the chloride channel ClC-2
(CLCN2) were associated with several subtypes of idiopathic generalized epilepsy (Haug et al.,
2003). However, large parts of the pedigree structures and epilepsy phenotypes were different.
More importantly, re-examination revealed that the reported mutations are asymptomatic, refuting the association of the two mutations with the clinical phenotypes that was originally reported. Because of the contradictions, the paper about the association of human heterozygous
mutations in CLCN2 with epilepsy has been retracted (Haug et al., 2009). Moreover, several
more studies found no evidence for a role of CLCN2 variants in epilepsy. These altered proteins
did not lead to drastic changes in biophysical properties of ClC-2 function, as one expects for a
single disease-causing gene (Niemeyer et al., 2004; Blanz et al., 2007; Jentsch, 2008). The complete loss of ClC-2 function in mice neither leads to epilepsy (Bosl et al., 2001; Nehrke et al.,
2002) nor a lower susceptibility for seizures when facilitated by different proconvulsive agents
(Bosl et al., 2001; Blanz et al., 2007). The results of my study represent a plausible explanation
for the absence of an epileptic phenotype in Clcn2−/− mice (Rinke et al., 2010). Although a single
neuron showed higher excitability after loss of ClC-2, field recordings revealed a reduction in
synaptic transmission at the pyramidal cell dendrites. The reduced synaptic transmission arose
from increased inhibition, which is provided by interneurons also expressing ClC-2. After disruption of ClC-2, these interneurons get more excitable resulting in increased release of GABA onto
pyramidal neurons, and thereby increasing postsynaptic inhibition (Rinke et al., 2010). Taken
together, I provide evidence that the complete loss of ClC-2 in mice increases neuronal excitability; however, this hyperexcitability is balanced by parallel enhanced inhibiton preserving the mice
from an epileptic phenotype.

5.5

The relationship between the reversal potential for chloride and the resting
membrane potential

Small changes in intracellular chloride concentration can switch GABAergic signaling
The direction and magnitude of ion flow across the membrane is defined by both the concentration gradient and the membrane potential. Under physiological conditions, the chloride concentration gradient causes net chloride current when chloride-permeable channels, such as GABAA
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receptors, open. The reversal potential for a given ion is the membrane potential at which no
net current occurs. A reversal potential of a given ion more positive than the resting membrane
potential causes depolarization. A reversal potential more negative than the resting membrane
potential causes hyperpolarization. In contrast to the reversal potential for sodium (+62 mV) and
potassium (-103 mV) the reversal potential for chloride (ECl) is in general close to the resting
membrane potential (-75 mV), so the net driving force for chloride ions is small. Under these
conditions, the activation of GABAA receptors does not lead to changes in the membrane potential, because no net current will flow through these channels. Rather, the activation of GABAA
receptors increases the conductance across the membrane and shunts concurrently incoming
excitatory inputs.
The relationship between ECl and the intracellular chloride concentration, determined by the
Nernst equation, is logarithmic (Fig. 1). Hence, even small deviations of the chloride concentration can shift the reversal potential of EGABA above or in the near of the resting membrane potential causing excitation or inhibition, respectively. This is important especially in mature neurons,
which have a low intracellular chloride concentration.

Figure 1: Nernst equation relating the reversal potential for chloride (ECl) to the intracellular chloride concentration.
At resting membrane potential slight changes of intracellular chloride (around 10 mM) are sufficient to change the neuronal response to GABA. The reversal potential for ionic conductances
through GABA-channels (EGABA) is assumed to equal ECl, because GABAA receptors are more permeable for chloride than for bicarbonate (Bormann et al., 1987). In young neurons EGABA is at -45 mV
and will decrease with further development until -70 mV in adult neurons.
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GABAergic depolarization in mature neurons
As previously discussed, the intracellular chloride concentration is developmentally regulated.
Hence, ECl changes during development so that GABAA receptor activation produces excitation in
early development and inhibition in late development (Fig. 1). However, GABA can also produce
depolarization in adult neurons. The mechanism underlying this effect might be explained by the
bicarbonate permeability of GABAA receptors. Intense GABAA receptor activation collapses the
electrochemical gradient for chloride more significantly than the bicarbonate gradient producing
a shift in EGABA toward the reversal potential for bicarbonate that is sufficient to explain the depolarizing response (Staley et al., 1995).
GABAergic depolarization in mature neurons can be excitatory. GABAergic excitation in mature neurons depends critical on the resting membrane potential as well as the location and
timing of the GABAergic input related to the excitatory input (Gulledge and Stuart, 2003). EGABA
seems to be rather similar among different types of mature neurons (approximately -70 mV)
(Ulrich and Huguenard, 1997). Hence, the resting membrane potential is the critical component
determining whether GABAergic depolarization leads to excitation. The location and timing of
the GABAergic input to other depolarizing inputs determines whether a neuron overcomes
shunting conductances, and hence will be excited (Gulledge and Stuart, 2003; Stein and Nicoll,
2003). Excitation occurs when the time course of somatic GABA-mediated depolarization is longer than the conductance change at the soma. Hence, additional depolarizing inputs will sum with
the residual somatic GABAergic depolarization. When GABA is applied onto the dendrite, the
conductance change occurs locally. The dendritic GABA-mediated depolarization spreads electrotonically and reaches the soma purely excitatory with summation of additional depolarizing
inputs.

5.6

How to measure the intracellular chloride concentration?

Because slight changes in intracellular chloride concentration have profound effects on the neuronal response to GABA, it is important to quantify the physiological chloride concentration of
neurons. However, there are several difficulties in measuring physiological chloride concentration: invasive techniques including whole cell and intracellular sharp electrode recordings disrupt
the neuronal membrane. Moreover, these methods alter the composition of cytoplasm and the
activity of ionic channels. Other problems are the liquid junction potential of the pipette solution
and short circuit effect of the leak through the contact between the electrode and the mem113
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brane (Barry and Lynch, 1991; Spruston and Johnston, 1992; Staley and Mody, 1992). Using noninvasive techniques including gramicidin perforated patch-clamp recordings, cell-attached recordings and optic approaches preserve the cytoplasmatic environment and do not introduce
leak currents.
The next three sections will give further insights into non-invasive methods to quantify the
intracellular chloride concentration and the resting membrane potential.
Gramicidin perforated-patch clamp recordings
When incorporated in membranes, gramicidin forms cation-selective channels, which are impermeable for chloride. Perforated-patch clamp with gramicidin does not disturb the intracellular ion composition that can affect the chloride concentration gradient and the activity of chloride channels (Kyrozis and Reichling, 1995). I used gramicidin perforated-patch clamp because
this method is non-invasive and it is conventionally used for indirect measurement of the intracellular chloride concentration monitoring changes in EGABA. To calculate EGABA, the current response of a cell to a voltage ramp is recorded during application of a GABAA receptor agonist.
The voltage at which no net current flows represents EGABA (Owens et al., 1996). Assuming EGABA
equals ECl, the intracellular chloride concentration is calculated by the Nernst equation.
Although gramicidin perforated-patch clamp improves the measurement of the cytoplasmatic chloride concentration, it still has several sources of error. First, the access resistance using
this method is higher compared to whole-cell. This will decrease electrical access and thus decrease current resolution, and magnify series resistance error. Second, clamping the voltage of
complex cells has the general problem of space-clamp. Constrictions at the branching points of
the axon and the dendrites represent serial resistances within the cell, at which the voltage
drops. Therefore, the voltage of peripheral regions can only be insuffciently contolled. Third,
gramicidin perforated-patch clamp is sensitive to liquid junction potentials, modification of
intracellular composition, and short-circuit effect of leak conductances (Spruston and Johnston,
1992; Staley et al., 1992). Together, these sources of errors can lead to underestimations of the
resting membrane potential. As previously discussed, whether GABA acts inhibitory or excitatory
depends on EGABA compared to the resting membrane potential. Therefore, it is necessary to
measure the resting membrane potential of the neuron accurately.
Cell-attached recordings
Cell-attached recordings of single channels provide another non-invasive method to measure the
intracellular chloride concentration (Fricker et al., 1999; Verheugen et al., 1999; Tyzio et al.,
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2003). Cell-attached recordings of single GABAA channels allow the measurement of the ionic
driving force through GABAA channels without affect of EGABA or the resting membrane potential.
At the reversal potential for GABA, the ionic driving force through GABAA channels is the pipette
potential.
Cell-attached recordings of single NMDA channels (Leinekugel et al., 1997; Tyzio et al., 2003;
Tyzio et al., 2006) or potassium channels (Fricker et al., 1999; Verheugen et al., 1999) enable the
measurement of the resting membrane potential. In the cell-attached approach, the reversal
potential of a conductance is used as a voltage sensor. For example, NMDA channels reverse
near 0 mV (Nowak et al. 1984). Accordingly, NMDA currents should reverse their direction at a
holding potential that equals the resting membrane potential (Leinekugel et al., 1997; Tyzio et
al., 2003; Tyzio et al., 2006). The reversal potential for potassium across the patch is 0 mV when
the pipette solution contains 155 mM potassium, which is the estimated intracellular potassium
concentration (Hille, 1992). Therefore, the holding potential on the pipette at which the potassium current reverses gives a direct quantitative measure for the resting membrane potential
(Fricker et al., 1999; Verheugen et al., 1999).
The major disadvantage of cell-attached recordings is that it is technically difficult to get high
quality data. Especially, small conductance channels are hardly to detect because of the background noise. In addition, single channel recording is very time consuming for both acquisition
and analysis. Therefore, this method is not conventionally used to estimate the intracellular
chloride concentration and the resting membrane potential.
Direct measurements of intracellular chloride concentration
Measuring the intracellular chloride concentration without disturbing the intracellular ion compositions is also possible by using optical methods. This technique allows the spatial resolution
of chloride concentration changes. Fluorescent chloride indicators can be loaded into neurons
without disturbing the intracellular ion composition. Several studies used for example quinolinebased fluorescent dyes such as 6-methoxy-N-(3-sulphopropyl) quinolinium (SPQ), its derivative
N-(ethoxycarbonylmethyl)-6-ethoxyquinolinium

bromide

(MQAE),

or

6-methoxy-N-

ethylquinolinium chloride (MEQ) to measure intracellular chloride in neurons and glia (Mansoura
et al., 1999; Chub et al., 2006; Painter and Wang, 2006). Quinoliniums have low biological toxicity, are selective for chloride and insensitive to changes in pH. The main disadvantage of quinoline-based indicator dyes is the decrease of fluorescence caused by the gradual leakage of dye
from the labelled cells or bleaching (Inglefield and Schwartz-Bloom, 1999; Chub et al., 2006;
Painter and Wang, 2006).

115

5

GENERAL DISCUSSION
Genetically encoded fluorescent proteins allow targeting of chloride-sensitive indicators to

specific cell types and even to subcellular compartments. For example, the genetically encoded
chloride indicator Clomeleon is a fusion protein of chloride-sensitive yellow fluorescent protein
(YFP) and the chloride-insensitive cyan fluorescent protein (CFP). This construct allows fluorescence-resonance-energy-transfer (FRET)-based ratiometric measurements of intracellular chloride in neurons (Kuner and Augustine, 2000). Clomeleon is excitable by visible light, shows little
bleaching, and it is not affected by other anions. However, the chloride affinity to Clomeleon is
low and far from the physiological intracellular chloride concentration, which ranges in neurons
between 5 and 40 mM (e.g. Balakrishnan et al., 2003; Yamada et al., 2004; Sipila et al., 2006;
Achilles et al., 2007; Khirug et al., 2008; Tyzio et al., 2008). Another CFP-YFP construct with a
triple mutated YFP improves the limitations of Clomeleon (Markova et al., 2008). The mutations
in YFP enhance the protein sensitivity for chloride (Galietta et al., 2001).
Optic methods allow the direct measurement of intracellular chloride concentration. However, the sensitivity of chloride indicators to the intracellular chloride concentration is still low.
This is of high importance as small changes in intracellular chloride concentration have profound
consequences on neuronal excitability, especially in neurons that have low cytoplasmic chloride
concentration. Moreover, chloride indicators can not monitor fast changes of intracellular chloride concentration that can be recorded electrophysiologically (Fukuda et al., 1998a). Simultaneous imaging and electrophysiological recordings from cultured hippocampal neurons had been
shown that Clomeleon binds chloride ions only very slowly. While rapide application of GABA
produces an immediate increase of the chloride current, changes in the intracellular chloride
concentration reported by Clomeleon are delayed by 1 s (Kuner and Augustine, 2000).

5.7

The electrophysiological behavior of a neuron depends on resting membrane
properties and ionic currents

Neurons exhibit leak conductances, which represent fixed currents at resting membrane potential determining neuronal excitability (Hodgkin and Huxley, 1952). At resting conditions, the cell
membrane is predominantly permeable to potassium conducted through KCNK channels and
two-P-domain channels (Goldstein et al., 2001). In addition, sodium and chloride leak conductances contribute to establish the resting membrane potential (Hodgkin and Huxley, 1952;
Goldstein et al., 2001). The widely expressed voltage-independent, non-selective cation channel
NALCN provides the majority of sodium leak conductance (Lu et al., 2007). In this thesis, I have
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presented evidence that the voltage-gated chloride channel ClC-2 constitutes the main chloride
leak conductance (Rinke et al., 2010).

ClC-2 provides chloride leak conductance
Resting permeability for chloride is best exemplified in vertebrate twitch muscles (e.g. Blatz and
Magleby, 1985, 1989). In skeletal muscles, the stabilizing influence of chloride channels on the
membrane potential is very important (Bretag, 1987; Steinmeyer et al., 1991b; Hille, 2001). For
example, regarding human diseases such as myotonia congenita, the loss of ClC-1 chloride channel function leads to intrinsic muscle hyperexcitability (Steinmeyer et al., 1991b). Neurons exhibit also resting chloride permeability (Franciolini and Nonner, 1987; Inoue, 1988). In my thesis, I
provide the first direct evidence that ClC-2 mediates the chloride leak conductance. In contrast
to the voltage-independent leak conductances for potassium and sodium, the chloride conductance of ClC-2 activates upon hyperpolarization. It does not display any time-dependent inactivation and will be still open during subsequently brief depolarization. Therefore, I proposed that
ClC-2 is open at resting membrane potential and exhibits similar properties like other leak conductances (Goldstein et al., 2001).
I recorded the voltage-gated chloride conductance of ClC-2 in principal neurons of major
brain regions (Rinke et al., 2010) and found that the loss of ClC-2 affected resting membrane
properties of CA1 pyramidal neurons, cortical pyramidal neurons, and purkinje cells of the cerebellum (Rinke et al., 2010). Importantly, the neuronal membrane resistance is higher after loss of
ClC-2, in agreement with the idea that ClC-2 is active at resting conditions. Further, the higher
membrane resistance increased the excitability of the neurons in Clcn2-/- (Rinke et al., 2010).
Therefore, my data provide evidence that ClC-2 is active at the resting membrane potential, and
sufficient to suppress excitation of the neuron. As ClC-2 is functionally expressed in various neurons of major brain regions, I propose that the chloride leak conductance of ClC-2 is a general
feature of neurons, regulating their excitability.
Leak conductance of ClC-2 affects neuronal excitability
I found that single neurons in Clcn2-/- animals become more excitable due to the strongly increased membrane resistance. However, the network excitability was impaired (Rinke et al.,
2010). Increased GABAergic inhibition rather than changes in excitatory synaptic transmission
accounted for this reduction. My data showed that the activity of interneurons, which provide
inhibition to the network, was affected. I found that a subset of interneurons functionally expressed ClC-2 (Rinke et al., 2010). The disruption of ClC-2 increased the excitability of interneu117
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rons, resulting in increased inhibition onto CA1 pyramidal cells (Fig. 2). In summary, the chloride
channel ClC-2 determines neuronal excitability, affecting resting membrane properties (Rinke et
al., 2010). The cellular hyperexcitability caused by ClC-2 dysfunction is balanced in the network
by increased inhibition provided by interneurons (Fig. 2).

Figure 2: The functional role of ClC-2 in the mature neuronal network of CA1.
A-B, Schaffer collaterals (SC) offer excitatory synaptic input onto both CA1 pyramidal cells (grey
colors) and a subset of interneurons (blue colors). These interneurons provide GABAergic inhibition
onto CA1 pyramidal cells. Field excitatory postsynaptic potentials (fEPSPs) reflect the population
+/+

discharges in the somatic and dendritic region of CA1. A, In WT (Clcn2 ), ClC-2 (red) is functionally
expressed in CA1 pyramidal neurons and in a subset of interneurons. ClC-2 prevents the neurons
from hyperexcitability primarily by constituting leak conductance across neuronal membrane. B,
-/-

After loss of ClC-2 (Clcn2 ), CA1 pyramidal cells and interneurons get more excitable because of an
increased membrane resistance. The hyperexcitability of CA1 pyramidal cells (somatic fEPSP) is balanced by increased inhibition onto pyramidal cell dendrites (dendritic fEPSPs) provided by higher
excitable interneurons.

Until today, chloride leak conductances in neurons have usually been ignored, because neurons exhibit only a small proportion of chloride leak conductances in comparison to skeletal
muscles (Bretag, 1987; Steinmeyer et al., 1991b; Hille, 2001). However, it is clear that chloride
leak conductances play several important roles in neuronal function. Leak conductances influence the resting membrane properties and suppress the neuronal excitability because they shift
the resting membrane potential towards a potential that is negative relative to the firing threshold of neurons (Goldstein et al., 2001). In squid giant axons, it has been shown that the firing
rate of the axon is optimal, if the leak current is assumed to be chloride or some combination of
ions whose overall reversal potential is approximately ECl (Seely and Crotty, 2010). Moreover,
leak conductances are subject to modulation by second messengers and other substances
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(Krapivinsky et al., 1995; Jentsch, 2000; Goldstein et al., 2001), which could potentially provide a
means of regulating the integrative properties of the cell.
Why was ClC-2 not taking into account providing a leak conductance? The major problem is
that there is no specific pharmacology to block the conductance of ClC-2 and one has to use ClC2 KO animals to resolve the function of this channel. Without specific pharmacology, it was not
possible to isolate the chloride leak conductance by ClC-2 under resting conditions, and therefore, it has never been shown before directly that ClC-2 is active at resting membrane potential.
The ClC-2 KO mice are already several years available, but why they were not used is not clear.
Moreover, previous studies focussed on studying the role of ClC-2 in regulating the intra- and
extracellular ion homeostasis and simply were not asking for another role. As previously discussed, ClC-2 provides a fast mechanism to extrude chloride (Rinke et al., 2010) preventing from
chloride accumulation after intense GABAA receptor activation. Even for us, it was somewhat
unexpected that ClC-2 has a second role as chloride leak conductance.

5.8

Outlook

My data suggest a dual role for ClC-2 in neurons. First, this chloride channel mediates fast extrusion of chloride after chloride accumulation, and second ClC-2 constitutes the chloride leak conductance in neurons, which regulates excitability. These findings might be a general concept as I
could record ClC-2 currents in various neuron types. However, several questions remain to be
addressed. First, I observed the chloride conductance of ClC-2 in some interneurons (Rinke et al.,
2010). Up to now, it is not clear, which type of interneurons express this channel. Second, it is
unclear, which subcellular regions functionally express ClC-2. Finally, the leak conductance by
ClC-2 affects neuronal excitability. Therefore, it would be interesting to know how the function
of ClC-2 can be altered to regulate the excitation of neurons.

Which class of interneurons expresses ClC-2?
There are several difficulties to identify the interneurons expressing ClC-2. First, a purely immunohistochemical approach combining several protein markers (see chapter 1.3.3) is not possible
since a specific antibody targeting ClC-2 is not available. Hence, ClC-2 can only be functionally
identified. However, the electrophysiological conditions to record the ClC-2 current exclude recordings of the firing properties of an interneuron at the same time. The chloride conductance of
ClC-2 is recorded with a pipette solution containing high intracellular chloride, cesium to block
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potassium conductances, and QX314 to block action potentials. But the firing properties of interneurons can only be analyzed with physiological pipette solution containing low chloride and
no blockers of ionic conductances. Furthermore, interneurons itself are highly diverse in morphology, local connectivity, expression of various neurochemical markers and electrophysiological properties (Freund and Buzsaki, 1996; Maccaferri and Lacaille, 2003; Klausberger, 2009),
which complicates the definition of a certain interneuron subtype.
It would be interesting whether the presence of ClC-2 in interneurons correlates with a specific property of such an interneuron, defining a specific interneuron class. Future studies could
combine electrophysiological recordings with for example immunohistochemistry to resolve the
interneuron subtype expressing ClC-2. Once a specific interneuron type expressing ClC-2 is identified, one could generate a conditional mutant line that allow disruption of the temporal pattern of GABA signaling to circumvent compensatory mechanisms that arise in non-conditional
mutants such as in Clcn2-/- animals.
Which subcellular regions express ClC-2?
Producing an own antibody against ClC-2, one study demonstrated the subcellular distribution of
ClC-2 in the rat hippocampus. ClC-2 immunoreactivity occurred in dendrites, axon initial segments and somata, usually within or adjacent active zones of GABAergic synapses, but it can also
be found in transport vesicles or multivesicular bodies. Moreover, the end feet of astrocytes in
the neuropil and around small blood vessels are strongly immunoreactive for ClC-2, and have a
characteristic laminar distribution in the hippocampus (Sik et al., 2000). However, a specific antibody against a ClC-2 antigen is still not commercialized.
Is ClC-2 modulated by physiological activity?
ClC-2 mediates a chloride leak conductance, which strongly affects the input resistance and
hence the neuronal excitability (Rinke et al., 2010). Therefore, it would be highly interesting to
know how the function of ClC-2 can be altered to regulate the excitation of neurons. One possibility is the modulation of ClC-2 channel function by protein kinase C (PKC). For example, a chloride conductance similar to that mediated by ClC-2 is blocked after activation of PKC by phorbol
esters (Madison et al., 1986). My preliminary data in CA1 pyramidal neurons show that phorbolester PDBu blocks the ClC-2 chloride conductance. So far, it is not known, whether PKC phosphorylates ClC-2 directly and in turn alters its single channel conductance or voltage dependence, or whether PKC affects the phosphorylation state of a ClC-2 associated proteins. A physiological mechanism to activate PKC is provided by metabotropic glutamate receptors and the
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underlying second-messenger pathway. The activation of metabotropic glutamate receptors that
are coupled to G-protein leads to the activation of phospholipase C (PLC), which hydrolyzes
phosphatidylinositol-4,5-bisphosphate (PIP2) releasing inositoltriphosphate (IP3) and diacylglycerol (DAG). In addition, intracellular calcium concentration increases due to the activation of
IP3 receptors, which release calcium from internal stores. Phosphatidylserine only or in combination with diacylglycerol and/or calcium activates PKC.
The functional expression of ClC-2 can also be modulated by several other kinases and phosphatases (Madison et al., 1986; Fritsch and Edelman, 1996; Furukawa et al., 2002; Palmada et al.,
2004; Denton et al., 2005; Klaus et al., 2009). Activation of protein kinase A (PKA), cyclindependent kinase p34cdc2/cyclin B and PI3-kinase have been shown to regulate the function of
ClC-2 at the cell surface (Grunder et al., 1992; Fritsch and Edelman, 1996; Bali et al., 2001; Zheng
et al., 2002; Cuppoletti et al., 2004).
In addition, the functional expression of ClC-2 has been shown to be modulated by metabolic stress. For example, replacement of intracellular ATP by adenosine-5`-monophosphate (AMP)
in HEK cells expressing human ClC-2 accelerated the rate of channel opening (Niemeyer et al.,
2004). Moreover, metabolic stress induced by ATP depletion enhanced the number of ClC-2
channels expressed on the surface by affecting the endocytic pathway that ClC-2 undergoes during trafficking (Dhani et al., 2003). Therefore, the modulation of vesicle retrieval from or insertion of ClC-2 into the plasma membrane are potential targets to regulate ClC-2 channel function
(Dhani et al., 2003). ClC-2 interacts with motor protein dynein decreasing the functional expression of ClC-2 at the cell surface (Dhani et al., 2003).
Together, these studies suggest numerous possibilities to modulate ClC-2. In turn, the excitability of a ClC-2 expressing neuron can be controlled by the function of the chloride leak conductance provided by ClC-2.
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