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Abstract 
The focus of this work was to elucidate the contribution of a single Na+ channel 

α-subunit, namely NaV1.6, to the discharge properties of CA1 pyramidal neurons. In the 
first part of this work, we show that NaV1.6 is strongly aggregated at the axon initial 
segment. Interestingly, in the absence of NaV1.6 overall Na+ channel density at the 
axon initial segment remains unchanged, indicating compensation. We find that NaV1.6 
displays a hyperpolarized voltage dependence of activation and contributes to persis-
tent and resurgent Na+ currents. As a consequence, loss of NaV1.6 increases action 
potential threshold and affects spike initiation at the axon initial segment. Furthermore, 
the absence of NaV1.6 significantly reduces spike gain and spontaneous action poten-
tial firing. Utilizing a computational model we characterize the interplay between Na+ 
channel density and voltage dependence at the axon initial segment in shaping initia-
tion and threshold of action potentials.  

In the second part, we concentrated on the role of NaV1.6 during status epilepticus 
induced epileptogenesis in rats. We show that in epileptic CA1 pyramidal neurons the 
spike afterdepolarization is augmented due to an upregulation of the persistent Na+ 
current. Utilizing mRNA expression analysis, Western blotting, and immunohistochemi-
stry we demonstrate that the increased excitability is not mediated by upregulation of 
Na+ channel α-subunits, including NaV1.6. Furthermore, our immunolabellings show 
that NaV1.6 and total Na+ channel density at axon initial segments are unchanged. In 
additional experiments, we find that the increased persistent Na+ current in CA1 pyra-
midal neurons from pilocarpine treated rats is sensitive to high concentrations of the 
intracellular polyamine spermine. Therefore, we suggest that the generation of a de 
novo portion of persistent Na+ current, which contributes to the augmented excitability 
in epilepsy, is mediated by altered polyamine modulation instead of increased Na+ 
channel expression. 



1 Introduction 1 

1. Introduction 

1.1 Action potentials and intrinsic membrane properties 

Neurons in the central nervous system integrate excitatory and inhibitory synaptic 
potentials into an output of action potentials. These rapid discharges propagate along 
the axon where they trigger transmitter release at synaptic boutons. The number, 
pattern, and timing of action potentials are important determinants of the synaptic 
output and therefore crucial for information encoded by the neuron within its network. 
The shape of action potentials is characterized by a fast overshooting spike that can 
differ significantly in shape and origin between different neuronal cell types [for review 
see Bean, 2007]. The overshooting spike is followed by hyper- or depolarizing 
afterpotentials. In some cases the depolarizing afterpotential itself is sufficient to reach 
action potential threshold thereby generating a burst discharge. 

Both, the input/output relation of a neuron and the waveform of an action potential 
depend on the intrinsic properties of the neuron. These are determined by the neuron’s 
endowment with voltage- and ion-gated ion channels, as well as the geometry of the 
neuronal processes. The branching pattern of neuronal processes remains rather 
stable following the neuron’s maturation. In contrast, the distribution and expression 
level of ion channels varies significantly throughout life, and is thought to be actively 
controlled. It is known that neurons alter their ion channel expression depending on the 
history of synaptic input and previous activity, both in physiological [Zhang & Linden, 
2003] and in pathophysiological contexts [Beck & Yaari, 2008]. Such regulation of ion 
channels is called intrinsic plasticity [Zhang & Linden, 2003], which is complementary 
to synaptic plasticity such as long term potentiation [Bliss & Lomo, 1973, Malenka & 
Bear, 2004]. In some cases the expression of long term potentiaion is accompanied by 
specific changes in membrane excitability [Xu et al. , 2005, Brown & Randall, 2009]. 
Whereas the homeostatic mechanisms and molecular basis of synaptic plasticity are 
fairly well understood, the knowledge of the mechanisms underlying plasticity affecting 
intrinsic properties is far more limited. 

1.2 Voltage gated Na+ channels 

Voltage gated Na+ channels are proteins that upon depolarization permit the influx 
of Na+ ions into the cell and are responsible for the rapid upstroke of action potentials 
[Hille, 2001]. They are integral membrane proteins that are predominantly expressed in 
excitable cells such as muscle cells and neurons. Expression of voltage gated Na+ 
channels was also reported in other cell types such as glial cells [Chiu et al. , 1984] and 
endothelial cells [Gordienko & Tsukahara, 1994]. Voltage gated Na+ channels consist 
of one α-subunit that can be associated with accessory β-subunits. The α-subunit 
contains the Na+ selective pore, the voltage sensor, and the channels activation and 
inactivation gate. It has been shown that α-subunits alone are sufficient to give rise to a 
voltage sensitive Na+ current when expressed in various expression systems [Catterall, 
2000].  

The general structure of a functional voltage gated Na+ channel α-subunit is 
depicted in figure 1-1. It contains four homologous domains (I-IV), each of them 
consisting of six transmembrane α-helices (S1-S6). Within each domain the S4 
segment forms a part of the Na+ channel’s voltage sensor [Terlau & Stühmer, 1998], 
which is consists of a repeating motif of a positively charged amino acid followed by 
two hydrophobic residues [Catterall, 1986, Guy & Seetharamulu, 1986]. This α-helical 
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transmembrane structure undergoes a conformational change upon depolarization that 
mediates the voltage dependent opening of the Na+ permeable pore.  

 
 
Figure 1-1: General structure of voltage gated Na

+
 channel α-subunits.  

Each α-subunit consists of four domains (I-IV) that contain six transmembrane segments 
(S1-S6). S4 segments contain the voltage sensor, S5 and S6 including their linker domain (dark 
grey) form the Na

+
 selective pore. The inactivation gate (H) resides in the linker domain III-IV. 

Proposed sites for N-glycosylation are marked by (Ψ). Phosphorylation sites for PKC (C) and 
PKA (A) are shown as circles. Boxes illustrate the locations of bindings sites of TTX (t) and µ-
conotoxin (µ), as well as interaction domains with other proteins namely the accessory Na

+
 

channel β-subunits (β), G-protein βγ-subunits (G- -
terminus. The site of the binding motif for the cytoskeletal protein Ankyrin G (Ank G) present in 
NaV1.1, NaV1.2, NaV1.3, and NaV1.6 is also shown [modified after Yu & Catterall, 2003, Diss 
et al., 2004].  

 

The inner part of the ion channel pore is formed by the transmembrane α-helices 
S5 and S6. The linker region between these two segments reaches into the outer 
leaflet of the membrane’s lipid bilayer and forms the outer part of the ion channel pore. 
The intracellular loop between domain III and IV serves as an inactivation gate that 
blocks the open channel upon prolonged depolarization [Stühmer et al. , 1989, Catterall 
et al. , 2005]. Within the linker regions between the Na+ channel segments are sites for 
protein modification through glycosylation or phosphorylation, as well as the binding 
sites for the toxins tetrodotoxin (TTX) or µ-conotoxin. Interactions with other proteins 
also take place within these linker domains. Such interactions are either intracellularly, 
as the binding to cytoskeleton associated proteins (see chapter 1.3), or extracellularly, 
as binding to Na+ channel β-subunits. 

In native tissue, Na+ channel α-subunits can be associated with accessory β-
subunits. Structurally, β-subunits consist of a single transmembrane domain and larger 
extracellular than intracellular domains. In total, five β-subunits (β1-4 and β1a) have 
been described so far; all of them are expressed in the mammalian brain. It has been 
shown that β1-subunit expression increases the surface density of NaV1.2 α-subunits 
four-fold [Isom et al. , 1995]. Association of β-subunits modulates Na+ channel kinetics 
and voltage dependence of activation and inactivation [Isom, 2001, Isom, 2002, Qu 
et al. , 2001]. A more specialized function was reported for the β4-subunit that serves 
as a secondary inactivation gate [Yu et al. , 2003, Grieco et al. , 2005]. However, 
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knowledge about the extent of α-subunits functioning alone or in conjunction with 
β-subunits in the mammalian brain is still limited. 

In mammals there are nine different genes encoding the nine monomeric α-
subunits of voltage gated Na+ channels (Scn1a to Scn11a), which share about 80% of 
their sequence. The proteins are named NaV1.1 to NaV1.9 [Catterall et al. , 2005]. The 
numbers in the gene and in the protein name are not necessarily the same (see table 
1). For example, the Scn8a gene encodes the Na+ channel α-subunit NaV1.6. In 
addition, several proteins resembling Na+ channels are expressed in several cells. 
These are termed NaX and are about 50% homologous in their underlying nucleotide 
sequence. Whether these NaX genes give rise to functional voltage gated Na+ selective 
ion channels is still unknown [for review see Diss et al., 2004].  

Table 1: Overview of Na+ channel α-subunit classification and distribution [modified 
after Catterall et al.2005]. 

protein name  gene name localization 

NaV1.1  SCN1A central neurons, cardiac myocytes 

NaV1.2   SCN2A central neurons 

NaV1.3   SCN3A central neurons, cardiac myocytes 

NaV1.4  SCN4A skeletal muscle 

NaV1.5  SCN5A cardiac myocytes, skeletal muscle, some central neurons 

NaV1.6  SCN8A central and peripheral neurons 

NaV1.7   SCN9A DRG neurons, sympathetic neurons, Schwann cells, and neuroendo-
crine cells 

NaV1.8  SCN10A small and medium DRG neurons  

NaV1.9  SCN11A c-type DRG neurons, trigeminal neurons 

NaX  SCN6A, SCN7A cardiac myocytes, smooth muscle, astrocytes, central and peripheral 
neurons 

 

mRNAs encoding Na+ channels are subject to alternative splicing. Alternative splice 
variants were discovered first for NaV1.2 and NaV1.3 [Gustafson et al. , 1993, Sarao 
et al. , 1991]. These were shown to be developmentally regulated and deviate in their 
biophysical properties [Auld et al. , 1990] even though they differ only in a single amino 
acid. Alternative splicing was  described for all Na+ channel α-subunits [for review see 
Diss et al., 2004], including Scn8a [Drews et al. , 2005, Plummer et al. , 1997], and for 
the β1-subunit [Kazen-Gillespie et al. , 2000, Qin et al. , 2003]. All voltage gated Na+ 
channel α-subunits undergo extensive posttranslational modification such as 
glycosylation and phosphorylation. N-glycosylation takes place at the extracellular loop 
between S5 and S6 of the domains I, II, and III in a subtype specific manner [Bennett, 
2001, Bennett, 2002] and is thought to influence channel function and subcellular 
targeting. Furthermore, it has been shown that Na+ channels are substrates for many 
protein kinases. The protein kinases A and C, but also the tyrosine kinase, the p38 
mitogen activated kinase, and the calcium calmodulin kinase II were demonstrated to 
phosphorylate the channel protein at the large intracellular loops between the domains 
I, II, III, and IV (see figure 1-1) [Bevan & Storey, 2002, Cantrell & Catterall, 2001, Carr 
et al. , 2003].  

Another mechanism known to modulate Na+ current amplitude in neurons is a 
blockade of the Na+ channel by the polyamine spermine, which is present in the cytosol 
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of all cells [Huang & Moczydlowski, 2001]. Spermine is a metabolic derivative of the 
amino acid ornithine and was recently shown to potently block persistent Na+ currents 
(see chapter 1.4) in cortical layer 5 pyramidal neurons [Fleidervish et al. , 2008]. 

Finally, a series of other proteins was shown to influence the Na+ channel’s 
properties and targeting such as members of the cytoskeleton and associated proteins 
(see chapter 1.3) [Garrido et al. , 2003b, Herzog et al. , 2003], the β-site amyloid 
precursor protein cleaving enzyme 1 [Kim et al. , 2007], and the G-protein βγ-subunit 
[Ma et al. , 1997].  

The many possibilities to control excitability via Na+ channel subunit expression and 
posttranslational modification suggest that intrinsic membrane properties are regulated 
extensively and that they are important in neuronal network behaviour and generation 
of brain functions. 

1.3 Subcellular distribution of Na+ channel subunits 

Voltage gated Na+ channels and currents have been detected in somatic, dendritic, 
and axonal compartment of neurons. Interestingly, individual Na+ channel subunits 
show distinct subcellular patterns of expression suggesting functional specialization 
[for review see Vacher et al., 2008]. Without a doubt the highest concentrations of Na+ 
channels are found within axonal membranes. A particularly strong aggregation occurs 
at the proximal region of the axon, termed axon initial segment (AIS), the nodes of ran-
vier in myelinated fibres, and unmyelinated zones of retinal ganglion cells [Catterall, 
1981, Boiko et al. , 2001, Boiko et al. , 2003, Pan et al. , 2006]. The axon initial 
segment is a specialized subcellular region found in a wide range of excitatory and 
inhibitory neurons. In glutamatergic neurons the Na+ channel subunit that is most 
strongly associated with the AIS is NaV1.6 [Jenkins & Bennett, 2001, Boiko et al. , 
2003, Hossain et al. , 2005, Wart & Matthews, 2006b, Royeck et al. , 2008, Lorincz & 
Nusser, 2008], while in inhibitory neurons NaV1.1 seems to be of particular importance 
[Yu et al. , 2006, Ogiwara et al. , 2007, Lorincz & Nusser, 2008]. Apart from Na+ 
channels, the K+ channels KV1.1 and KV1.2 [Inda et al. , 2006, Lorincz & Nusser, 2008] 
as well as KV7.2 and KV7.3 [Devaux et al. , 2004, Pan et al. , 2006] have been found in 
high concentrations at the AIS. Recently, clustering of T-type Ca2+ channels has been 
reported at the axon initial segment of cochlear interneurons [Bender & Trussell, 2009] 

The subcellular trafficking and localization of Na+ channels seems to involve 
proteins associated to the cytoskeleton such as β-actin, compact myelin, dynein [Malik-
Hall et al. , 2003], neurofascin [Koticha et al. , 2006], and Ankyrin G (Ank G) [Garrido 
et al. , 2003a]. In particular, Ank G was shown to be necessary and sufficient to confer 
targeting of NaV1.2 to the axon initial segment of cultured hippocampal neurons. This 
localization of Na+ channels is mediated by a consensus motif in the DII-DII linker 
region that is conserved in NaV1.1, NaV1.2, NaV1.3 and NaV1.6 [Garrido et al. , 2003a, 
Garrido et al. , 2003b, Pan et al. , 2006]. Direct interaction with cytoskeleton associated 
proteins such as neurofascin was additionally reported for Na+ channel β-subunits 
[Ratcliffe et al. , 2001]. However, if this interaction also plays a role in subcellular 
localization of Na+ channels is still unknown.  

1.4 Types of Na+ currents 

The voltage gated Na+ channels discussed above give rise to a prominent transient 
Na+ current (INaT) and to two smaller Na+ currents, namely the persistent Na+ current 
(INaP) [French et al. , 1990] and the resurgent Na+ current (INaR) [Raman & Bean, 1997]. 
These currents are illustrated in figure 1-2 and have been thoroughly studied in a wide 
range of neurons, both in whole-cell and cell-attached configuration utilizing voltage 
clamp (see methods 2.6.4, 2.6.5, and 2.6.6). 
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The transient Na+ current initiates and mediates the fast rising phase of the action 
potential. The sequence of events underlying the gating of this current was first 
described in the squid giant axon [Hodgkin & Huxley, 1952] without knowledge of the 
underlying ion channel. It was many years later that the first voltage-dependent Na+ 
channel was described [Kado & Baud, 1981]. Today understanding of the structural 
correlates of the voltage dependent activation and inactivation is very detailed (see 
chapter 1.2).  

 

 

Figure 1-2: The transient, persistent, and resurgent Na+ current.  
(A) Overlay of traces that illustrates activation and fast inactivation of the transient Na

+
 cur-

rent (INaT). Whole-cell currents were recorded in an acutely isolated CA1 pyramidal cell under 
conditions designed to reduce contribution of other conductances (see methods 2.6.4). (B) Ex-
ample traces illustrating the persistent Na

+
 current (INaP) recorded in the slice preparation (see 

methods 2.6.5). The current is recorded using a slow ramp (50 mV/s) that leads to inactivation 
of INaT and selectively reveals INaP (black trace). Voltage gated Na

+
 channel mediated portion of 

the recorded current is then unveiled by application of TTX (grey trace). (C) Example of a Na
+
 

currents recorded in a cell containing a prominent resurgent Na
+
 current (INaR). Voltage depen-

dence of INaR is obtained by stepping to different potentials following the full-blown activation of 
INaT. Transient current responses preceding INaR are truncated [Royeck et al. , 2008]. Voltage 
paradigms to elicit the different Na

+
 currents are shown as insets. 

 

At hyperpolarized membrane potentials Na+ channels are in their closed state. 
Depolarization of the membrane triggers a conformational change leading to the 
opening of the Na+ channel. Influx of Na+ through the channel pore depolarizes the 
membrane further causing even more Na+ channels to open. The prolonged 
depolarization caused by the Na+ influx then promotes closing of the pore by the 
inactivation gate (see figure 1-1), a process called fast inactivation. The conformational 
changes underlying Na+ channel activation and inactivation differ in time and voltage 
dependence. In addition to fast inactivation, Na+ channels also undergo slow 
inactivation, which does not primarily depend on the fast inactivation gate. Recovery 
from fast as well as slow inactivation is time dependent. This leads to a refractory 
period during which depolarization fails to open the channel pore. Recovery from 
activation and inactivation is also voltage dependent, thus leading to a complex 
dependence of Na+ channel availability on previous activity and membrane potential. 
Finally, repolarization of the membrane potential induces closing of the channel’s 
activation gate. This process is called deactivation.  

In many neurons fast inactivation of Na+ channels is not complete and a persistent 
Na+ (INaP) current can be recorded [French et al. , 1990, Crill, 1996, Magistretti & Alon-
so, 1999]. There are three reasons why this non- or slowly inactivating Na+ current 
cannot be completely attributed to the window current that flows due to overlap of the 
voltage dependence of activation and inactivation of the transient Na+ current. First, the 
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window current amplitude that can be measured in a single cell is not sufficient to 
underly the complete non-inactivating Na+ current observed in the same cell [French 
et al. , 1990]. Second, INaP appears prominently at subthreshold potentials, further 
distinguishing it from the transient Na+ current that mediates the window current. Third, 
the occurrence of persistent Na+ current was analyzed in single channel recordings and 
attributed to a different gating mode [French et al. , 1990, Alzheimer et al. , 1993, Crill, 
1996, Magistretti et al. , 1999].  

In Xenopus laevis oocytes, human embryonic kidney cells line 293 (HEK293), and 
primary cultures from dorsal root ganglion (DRG) neurons recombinant Na+ channel 
subunit NaV1.6 produced larger amplitudes of INaP compared to other subunits [Smith 
et al. , 1998, Rush et al. , 2005, Chen et al. , 2008]. However, INaP cannot be 
exclusively attributed to this subunit. To what extent INaP is affected by posttranslational 
modifications or associations of the Na+ channels with other proteins is still poorly 
understood. In expression systems, the co-expression of NaV1.2 with the G-protein βγ-
subunit leads to a significant upregulation of INaP [Ma et al. , 1997]. More recently, co-
expression of NaV1.1 with the β4-subunit was also shown to increase INaP amplitude in 
hippocampal cultures [Aman et al. , 2009]. Regarding the subcellular location of INaP it 
has been shown that the persistent Na+ current is efficiently blocked by tetrodotoxin 
(TTX) puff applications to the soma and proximal axon [Yue et al. , 2005, Astman et al. 
, 2006]. Apart from this axo-somatic preference, studies utilizing cell-attached 
recordings [Magistretti & Alonso, 1999] and imaging experiments [Mittmann et al. , 
1997] also reported INaP at dendritic locations.  

In many recordings an intermediate inactivating component of the transient Na+ 
current is observed [Yue et al. , 2005]. This current fraction is very poorly understood, 
but might depend on posttranslational modifications such as phosphorylation [Ratcliffe 
et al. , 2000] and changes in voltage dependence of activation or inactivation which are 
caused by the association with β-subunits that are often absent in experiments that 
analyze recombinant Na+ channels [for review see Isom, 2002].  

Additionally, the existence of a resurgent Na+ current (INaR) has been reported in 
several brain regions including subfields of the hippocampus [Raman & Bean, 1997, 
Castelli et al. , 2007]. The resurgent Na+ current is generated by a recovery from 
channel inactivation while the activation gate is still open. The inactivation released 
upon repolarization is thought not to depend on the inactivation gate of the Na+ channel 
α-subunit itself. It was shown that the intracellular C-terminus of the β4-subunit is able 
to serve as an additional inactivation gate [Grieco et al., 2005, but see Chen et al., 
2008 and Aman et al., 2009]. If the full length β4-subunit also subserves this function 
has recently been questioned [Aman et al. , 2009]. The resurgent Na+ current seems to 
be modulated by Na+ channel phosphorylation [Grieco et al. , 2002]. In Scn8amed CA1 
pyramidal neurons lacking NaV1.6 the amplitude of INaR is reduced [Royeck et al. , 
2008].  

1.5 Initiation of action potentials 

One important factor that defines the discharge properties of a neuron is the 
threshold for the generation of an action potential. It is important to know, which factors 
determine the voltage that has to be reached in a given condition in order to trigger an 
action potential, and whether there is a specific site within the neuron where this occurs 
first. 

A large number of experiments utilizing imaging or simultaneous 
electrophysiological recordings have shown that in most cases action potentials are 
initiated at an axonal location close to the soma. This principle holds true for subicular 
neurons [Colbert & Johnston, 1996], cortical pyramidal neurons [Stuart & Sakmann, 
1994, Stuart et al. , 1997, Palmer & Stuart, 2006, Meeks & Mennerick, 2007], as well 
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as Purkinje cells [Stuart & Häusser, 1994, Khaliq & Raman, 2005, Khaliq & Raman, 
2006]. Recently, this region was located even more precisely to the most distal portion 
of the axon initial segment (AIS) in cortical neurons [Palmer & Stuart, 2006].  

What are the properties of the axon initial segment that endow this subcellular site 
with the important function of action potential initiation?  

It is well known that passive properties influence the propagation of membrane 
potential changes along neuronal processes. Passive properties are dictated by the 
geometry of the neuronal compartments, their membrane resistance and capacitance. 
Compared to the soma and most dendritic processes the axon initial segment has a 
small diameter accounting for a very small capacitance. Several modelling and 
physiological studies suggest that depolarization of the membrane potential occurs first 
at the axon initial segment, while depolarization of the soma is delayed due to the 
charging of its larger capacitance. Therefore passive properties alone already support 
initiation of the action potential at the axon initial segment [McCormick et al. , 2007, 
Meeks & Mennerick, 2007, Shu et al. , 2007]. 

A pronounced aggregation of various ion channels at the axon initial segment has 
been reported. Very interesting regarding action potential initiation is the conspicuously 
high density of voltage gated Na+ channels (see chapter 1.3). Furthermore, various K+ 
channels have been shown to be aggregated at the AIS, namely KV7.2 and KV7.3 [Pan 
et al. , 2006] and KV1 D-type K+ channels [Kole et al. , 2007, Goldberg et al. , 2008, 
Lorincz & Nusser, 2008]. If the high density of channel protein gives rise to increased 
current densities is matter of debate. Cell-attached recordings performed at the axon 
suggested a uniform Na+ current density between the axon and soma [Colbert & 
Johnston, 1996, Colbert & Pan, 2002]. In contrast, a recent study also utilizing Na+ 
imaging reported that INaT density at the axon initial segment is increased [Kole et al. , 
2008]. Regardless of this discrepancy, reduction of axonal Na+ channel availability by 
focal application of TTX was shown to increase spike threshold and affect action 
potential initiation [Meeks & Mennerick, 2007].  

In addition, the biophysical properties of these axonal ion channels are proposed to 
be different than elsewhere in the neuron. Recently, cooperative Na+ channel opening 
was suggested to account for the initiation at the axon initial segment and the rapid rise 
(termed ´kink`) at the onset of the spike in cortical neurons [Naundorf et al. , 2006]. 
Using cell-attached recordings, Colbert & Pan [2002] found that in cortical neurons the 
voltage dependence of INaT activation was shifted by 8 mV in the hyperpolarized 
direction. Considering this, it is a tempting hypothesis that the voltage dependence of 
activation of ion channels at the axon initial segment determines the threshold for 
action potentials generation and localizes initiation to this compartment.  

Interestingly, there are various subthreshold currents that are mediated by channels 
located at the axon initial segment. These are the T-Type Ca2+ current, [Bender & 
Trussell, 2009], the persistent Na+ current (INaP) [Yue et al. , 2005, Astman et al. , 
2006], as well as two K+ currents, the M-type current mediated by Kv7 channels [Pan 
et al. , 2006, Vervaeke et al. , 2006b],and D-type current mediated by KV1 channels 
[Kole et al. , 2007]. Blocking axonal D-type currents with dendrotoxin, increased spike 
halfwidth in axons significantly, while somatic action potential duration and threshold 
remained unaffected [Kole et al. , 2007]. Of more importance in determining the action 
potential threshold is the slowly activating M-current. Application of the KV7 antagonist 
XE991 lowered action potential threshold following injection of a ramp current into the 
cell [Hu et al. , 2007] and increased spike gain significantly [Shah et al. , 2008]. 
However, the contribution of the M-current in setting the spike threshold for single 
action potentials is controversial [compare Chen & Yaari, 2007, and Peters et al., 2005, 
Otto et al., 2006, with Shah et al., 2008]. The subthreshold activated T-type Ca2+ 
current is also a slowly activating current and therefore it is rather unlikely that it 
strongly influences the threshold for single action potentials but also might be of greater 
importance during periods of prolonged depolarization and firing. In contrast to this, the 
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persistent Na+ current activates almost instantly upon depolarization [Alzheimer et al. , 
1993, Magistretti et al. , 1999]. Complete dynamic clamp subtraction of INaP increased 
the action potential threshold by 3 mV during steady state firing that was triggered by 
constant current injection in CA1 pyramidal neurons [Vervaeke et al. , 2006b].  

1.6 Hippocampus 

The hippocampal formation in the rodent brain bends from the septal nuclei over 
the diencephalon towards the medial temporal lobe. It consists of the dentate gyrus, 
the Cornu Ammonis, the subiculum, the presubiculum, and ends with the 
parasubiculum next to the entorhinal cortex. Here, the dentate gyrus and the Cornu 
Ammonis are referred to as the hippocampus. The name hippocampus (as the 
seahorse) and the name Cornu Ammonis (meaning `horn of Ammon´ after the ancient 
Egyptian god) acknowledge the curved shape of the hippocampus. Both parts contain 
a single prominent cellular layer. In the dentate gyrus the cell layer is formed mainly by 
unipolar granule neurons and in the Cornu Ammonis by multipolar pyramidal cells. The 
Cornu Ammonis has originally been divided into four regions CA1 to CA4 [Lorente de 
No, 1934]. The region CA4 however, that resides within a polymorphic layer of the 
dentate gyrus named hilus (see figure 1-3 B) is now considered to be part of CA3. The 
CA2 region is a small band between CA3 and CA1 that contains neurons that share 
their morphology with CA3 and connectivity with CA1 pyramidal neurons [Lorente de 
No, 1934]. The CA1 region itself is bordered by the subiculum recognisable by the 
broadening and dispersion of the pyramidal cell layer (see figure 1-3 B). 
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Figure 1-3: Morphology of the hippocampal formation. 
(A) Position of the hippocampal formation in one hemisphere of the rodent brain showing 

the Cornu Ammonis enveloping the dentate gyrus. The dashed red line indicates the level from 
which sections with the appearance of (B) and (C) can be obtained. (B) Section illustrating the 
laminar structure of the hippocampus. The principal cell layers are shown in dark grey and are 
the dentate granule cell layer (DG) of the dentate gyrus; the CA3 and CA1 pyramidal cell layers 
of the Cornu Ammonis with the adjacent subiculum (SUB). The layer above the CA1 pyramidal 
cell layer is called stratum oriens; below are the stratum radiatum and the stratum lacunosum 
moleculare. (C) The classic excitatory synaptic pathway of the hippocampal formation (open 
circles) and additional excitatory synapses (closed circles). The classic pathway begins with the 
perforant path (pp), followed by the mossy fibre tract (mf) and the Schaffer collaterals (sc). The 
CA1 pyramidal cells project onto the subicular neurons that project onto the entorhinal cortex. 
Both CA3 and CA1 also project to the contralateral hippocampus through the commissural fi-
bres (cf).  

The hippocampus receives input from and projects to many brain regions, like 
septum, hypothalamus, thalamus, amygdala, olfactory cortex, associational cortex, and 
brainstem. It also is strongly connected to the contralateral hippocampus [Amaral & 
Witter, 1989, Squire et al. , 2004]. The highly regular neuronal connections inside the 
hippocampal formation of one hemisphere make the hippocampus a tempting study 
object. These main excitatory circuits in the hippocampal formation where already 
described by Ramon y Cajal [1893]. In the simplified laminar neuronal network 
described in his studies, the entorhinal cortex serves as the main in- and output 
structure of the hippocampus and is starting point for the well-known ‘trisynaptic 
pathway’ [Andersen et al. , 1971]. This is formed by three consecutive fibre tracts, 
namely the perforant path (pp), the mossy fibres (mf) and the Schaffer collaterals (sc, 
see figure 1-3 C). The perforant path mainly projects onto the dendrites of the dentate 
gyrus granule cells in the stratum lacunosum moleculare. The axons of the perforant 
path initiate in layer II and III of the entorhinal cortex, transverse or perforate the 
subiculum and reach as far as CA1 [Johnston & Amaral, 2003]. The dentate gyrus 
granule cells give rise to the mossy fibres that innervate the CA3 pyramidal neurons 
close to their cell bodies in the stratum lucidum. These synaptic connections show 
some remarkable features such as their presynaptically expressed short- and long term 
plasticity [Harris & Cotman, 1986, Zalutsky & Nicoll, 1990, Salin et al. , 1996]. The 
mossy fibre synapses are among the largest synaptic bodies found in the mammalian 
brain [Hamlyn, 1962]. Finally, the CA3 pyramidal cells provide excitatory input onto the 
apical and basal dendrites of CA1 pyramidal cells with their Schaffer collaterals 
crossing the stratum radiatum in a parallel manner.  

The CA1 pyramidal neurons project onto the neurons of the adjacent subicular 
complex and the entorhinal cortex. Both CA3 and CA1 are also connected to the 
contralateral hippocampus via the commissural fibres. Additionally to these are the 
inhibitory inputs provided by the various types of interneurons that reside in the 
different strata or are interspersed between the pyramidal cells in stratum pyramidale 
[Freund & Buzsáki, 1996]  

The involvement of the hippocampus in memory formation becomes impressively 
apparent considering the pathology of the patient H.M.. This recently deceased man 
suffered from severe epilepsy and underwent bilateral surgical removal of the 
hippocampus. Following the operation H.M. suffered from retrograde amnesia but more 
dramatically completely lost the ability to add new information to his long term memory 
[Scoville & Milner, 1957]. This anterograde memory loss was also found in other 
patients with bilateral hippocampal damage [Rempel-Clower et al. , 1996]. Apart from 
its role in the generation and consolidation of explicit memories [for review see Martin & 
Morris, 2002, Bird & Burgess, 2008] the hippocampus also has an important role in 
spatial navigation. In vivo single unit recordings in the CA1 region of the rat led to the 
identification of so called place cells. These cells display an increased propensity to fire 
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if the rat is at a specific location in space [O’Keefe & Dostrovsky, 1971, Wilson & 
McNaughton, 1993, Neves et al. , 2008]. 

1.7 The CA1 pyramidal neuron 

Since all electrophysiological experiments of this study were performed on principal 
cells of the CA1 region of the hippocampus, they are introduced here in more detail. 
The CA1 pyramidal neuron is one of the most intensely studied cells in the mammalian 
brain. This is probably due to their good viability in the slice preparation, the convenient 
access of the CA3 to CA1 synapses for field potential studies of synaptic plasticity, and 
the possibility to obtain direct dendritic recordings. In the rat, CA1 pyramidal neurons 
extend their dendritic trees up to 600 µm towards the hippocampal fissure and 250 µm 
towards the alveus (see figure 1-4). The total dendritic length of a single CA1 pyramidal 
neuron is approximately 12 to 13.5 mm [Bannister & Larkman, 1995a]. All CA1 
pyramidal cells follow largely the same construction scheme. From the soma a large 
apical dendrite protrudes and bifurcates in the stratum radiatum or in the stratum 
lacunosum moleculare [Bannister & Larkman, 1995a]. Two to eight basal dendrites 
extend into the stratum oriens. The CA1 pyramidal cell axons also cross the stratum 
oriens and project towards the alveus [Bannister & Larkman, 1995a, Pyapali et al. , 
1998]. Both, basal and apical dendrites, give rise to many smaller branches that are 
covered with small membrane protrusions, called dendritic spines. These spines form 
the postsynaptic part of most excitatory synapses [Ramon y Cajal, 1893, Lorente de 
No, 1934, Bannister & Larkman, 1995b]. Therefore the number of spines is considered 
a reasonably good measure for the amount of excitatory input that a CA1 pyramidal 
neuron receives [Gray, 1959, Gulyás et al. , 1999, Megías et al. , 2001].  

CA1 pyramidal cells receive excitatory input through the Schaffer collaterals, the 
commissural fibres, as well as through the temporal ammonic pathway from the layer 
three of the entorhinal cortex [Ramon y Cajal, 1893]. The latter input is restricted to the 
distal part of the CA1 pyramidal cell dendrite in the stratum lacunosum [Blackstad, 
1958]. CA1 pyramidal neurons furthermore receive excitatory input from the basolateral 
nucleus of the amygdala, the nucleus reuniens of the thalamus [Krettek & Price, 1977, 
Wouterlood et al. , 1990, der Weel et al. , 1997, Kemppainen et al. , 2002] and other 
CA1 pyramidal cells [van Groen & Wyss, 1990, Deuchars & Thomson, 1996]. In 
addition, several types of inhibitory interneurons contact CA1 pyramidal cells, thereby 
forming distinct microcircuits [for review see [Freund & Buzsáki, 1996, Magloczky & 
Freund, 2005]. 

The axons of CA1 pyramidal neurons project onto subicular pyramidal neurons 
[Amaral et al. , 1991] and mainly layer neurons in layer five of the entorhinal cortex 
[Swanson & Cowan, 1977, Finch & Babb, 1981]. The axons of the CA1 neurons cross 
through the stratum oriens into the alveus where they bend towards the subiculum onto 
which they project in a columnar fashion [Tamamaki et al. , 1987, Amaral et al. , 1991]. 

 

Intrinsic firing properties of CA1 pyramidal neurons  

CA1 pyramidal neurons have been extensively studied in the slice preparation 
where they are at a resting membrane potential between -60 and -70 mV. Typically, a 
CA1 pyramidal cell responds with multiple spikes to prolonged depolarisations. A linear 
increase in the amplitude of the current injection usually results in a linear increase in 
the number of action potentials fired [Madison & Nicoll, 1984]. Spikes within such a 
spike train display a strong frequency accommodation attributed to the gradual 
activation of M current and Ca2+ dependent K+ currents [Lancaster & Adams, 1986, 
Lancaster & Nicoll, 1987]. Spike trains are followed by a prolonged 
afterhyperpolarization thought to be mediated by Ca2+ activated SK K+ channels (Kcnn) 
[Marrion & Tavalin, 1998, Bowden et al. , 2001].  
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A short depolarization of sufficient size usually elicits a single spike that is followed 
by a pronounced afterdepolarization (ADP; see figure 1-4 B) [Kandel & Spencer, 1961, 
Storm, 1987a, Storm, 1989, Jensen et al. , 1994]. Extensive effort has already been put 
into the identification and classification of the conductances underlying the action 
potential wave form of CA1 pyramidal neurons. For instance pharmacological block of 
voltage gated K+ channels, as well as Ca2+ gated K+ channels was shown to delay the 
repolarization of the somatic action potential [Zhang & McBain, 1995]. In the latter case 
Kcnma1 (BK) channels are thought to contribute to action potential repolarization 
[Storm, 1987b, Gu et al. , 2007, Matthews et al. , 2008]. The afterdepolarization 
following the fast spike was shown to be driven by the axo-somatic INaP [Yue et al. , 
2005] as well as Ni2+ sensitive Ca2+ currents [Metz et al. , 2005]. The size of the ADP 
can also be increased by pharmacological block of dendritic D-type K+ currents [Metz 
et al. , 2007] or axo-somatic M-type K+ currents [Yue & Yaari, 2004]. The interplay 
between INaP and the M-type current in the determination of CA1 action potential firing 
was analyzed in more detail in a combined electrophysiological and computational 
study [Golomb et al. , 2006]. More recently, an intracellular block of M-type K+ channels 
by Ca2+ ions was shown to influence ADP size [Chen & Yaari, 2008]. 

 Another feature of CA1 pyramidal neurons is a prominent expression of the 
hyperpolarization activated unspecific cation current (IH) that mediates the pronounced 
voltage sag that follows hyperpolarization or leads to a rebound depolarization 
following the end of a hyperpolarization. 

 

 

 
Figure 1-4: Morphology of the CA1 pyramidal neuron.  

(A) Branching schematic of the neuron utilized in the computational model (see methods 
2.8). The morphology of the neuron is based on [Bannister & Larkman, 1995a]. (B) Action po-
tential elicited in the model by simulation of a brief 4 ms current injection [modified after Royeck 
et al., 2008]. 

 

In some cases the size of the ADP amplitude is sufficient to reach spike threshold 
again, thus triggering additional spikes or burst discharges. Such a burst firing of CA1 
pyramidal neurons is frequently observed during in vivo recordings [Kandel et al. , 
1961, Suzuki & Smith, 1985, Frank et al. , 2001]. Under these conditions, however, the 
contribution of synaptic drive and specific intrinsic membrane properties to the 
generation of the burst discharge are unclear. Nevertheless, burst discharges also 
occur in the CA1 region in vitro in the absence of synaptic inputs [Jensen et al. , 1996, 
Masukawa et al. , 1982]. The probability of burst discharges was shown to depend on 
several factors. Recordings of CA1 pyramidal neurons with pharmacologically reduced 
dendritic A-type K+ currents display intrinsic burst firing due to enhanced Na+ channel 
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mediated backpropagation of the action potential into the dendrite. In this case, the 
backpropagating action potential activates Ni2+ sensitive Ca2+ currents that trigger the 
subsequent spikes of the discharge [Magee & Carruth, 1999]. Furthermore, several 
alterations of the composition the extracellular milieu, such as cation contents and 
osmolarity were shown to affect burst propensity [for review see Yaari & Beck, 2002]. 
For instance, increasing the K+ concentration or occluding Ca2+ from the bath solution 
was shown to facilitate burst firing of CA1 pyramidal neurons [Jensen et al. , 1994, 
Jensen et al. , 1996]. The latter phenomenon is caused by a Ca2+ dependent increase 
in INaP that enhances the ADP and thereby promotes bursting [Su et al. , 2001].  

Changes in intrinsic properties of CA1 pyramidal neurons that affect discharge 
behaviour are observed in neurological diseases [for review see Yaari & Beck, 2002, 
Beck & Yaari, 2008]. The changes in firing behavior following pilocarpine induced sta-
tus epilepticus where thoroughly studied utilizing sharp microelectrodes [Sanabria et al. 
, 2001, Yaari et al. , 2007, Becker et al. , 2008, Chen et al. , 2009]. These studies found 
that a large percentage of CA1 pyramidal neurons turn from regular spike accommo-
dating pyramidal neurons into burst firing neurons. 

Burst firing neurons are classified into low threshold bursters if they respond to a 
just supra-threshold current injection with a high frequency burst of action potentials. 
They are called high threshold bursters if they respond to a stronger more prolonged 
depolarization with an initial burst of spikes followed by a pronounced hyperpolarized 
interspike potential [Su et al. , 2002, Chen et al. , 2009]. These pathophysiological 
changes might be due to alterations in protein expression. The abovementioned low 
threshold bursting is mediated by increased T-type Ca2+ currents associated with a 
strong upregulation of the CaV3.2 Ca2+ channel subunits [Becker et al. , 2008]. Addito-
nally, the A-type K+ potassium channel KV4.2 [Bernard et al. , 2004] or the H-current 
mediating channel HCN1 and HCN2 [Jung et al. , 2007, Marcelin et al. , 2008] show 
changes in expression in epilepsy.  

1.8 Mesial temporal lobe epilepsy 

Epilepsy is a severe chronic neurological disease that affects 0.4 to 1% of the 
human population [Sander & Shorvon, 1996, Bell & Sander, 2001]. The World Health 
Organization (WHO) defines epilepsy as a disorder characterized by the occurrence of 
recurrent seizures. Epileptic seizures are correlates of sudden, usually brief, excessive 
electrical discharges of large neuronal ensembles. The severity of seizures varies from 
brief lapses of attention or muscle jerks, to severe and prolonged convulsions. A very 
strong enduring seizure is the so called status epilepticus that, if untreated or even with 
treatment, sometimes results in the death of the patient. The experience of a single 
status epilepticus in patients without seizure history can lead to the development of 
chronic epilepsy [DeLorenzo et al. , 1996, Hesdorffer et al. , 1998]. There are many 
causes that can facilitate the development of epilepsy, such as head trauma, 
intoxication, encephalitis, or genetic mutations. However, in many cases the reason 
underlying the development of chronic epilepsy cannot be identified. 

The most common form of epilepsy is mesial temporal lobe epilepsy [Engel, 2001]. 
Electrodes implanted into the hippocampus of patients suffering from temporal lobe 
epilepsy revealed that pathological electric activity of the hippocampus often precedes 
the manifestation of an epileptic seizure [Engel, 1996]. In such a case, hippocampal 
neurons probably act as a trigger for the subsequent seizure. A structural disorder 
found in the hippocampus of 65% of patients that suffer from temporal lobe epilepsy is 
Ammon’s horn sclerosis [Blümcke et al. , 1999, Blümcke et al. , 2002]. This stereotypic 
hippocampal injury is characterized by neuronal cell death in the hilus, CA3 and CA1 
regions, granule cell dispersion, pathological proliferation of astrocytes (astrogliosis), 
and a reorganization of synaptic connectivity. Prominent among the synaptic 
reorganizations that take place in Ammon’s horn sclerosis are mossy fibre sprouting 
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[Scheibel et al. , 1974] and reorganizations of the inhibitory interneuron network 
[Bekenstein & Lothman, 1993].  

Mesial temporal lobe epilepsy is treated pharmacologically with a variety of 
antiepileptic drugs. The pharmacological control of seizures in temporal lobe epilepsy is 
considered successful in approximately two thirds of patients [Regesta & Tanganelli, 
1999]. In patients with pharmacoresistant epilepsy the surgical resection of the affected 
portion of the hippocampus is an additional treatment option.  

1.9 Aim of the study 

The voltage threshold that has to be reached to trigger the discharge is a feature of 
great importance in the generation of an action potential. The goal of this work was to 
determine the contribution of the Na+ channel subunit NaV1.6 in setting the action 
potential threshold, as well as in defining the subcellular localization of action potential 
initiation. Furthermore, we aimed to investigate the influence NaV1.6 has on other 
discharge properties of CA1 pyramidal neurons. In the first part of this work, we have 
used the Scn8amed mutant mouse line, which is deficient in functional expression of the 
NaV1.6 protein, to asses the functional role of this subunit [Duchen, 1970, Duchen & 
Stefani, 1971]. In the second part, we sought to determine possible changes in NaV1.6 
expression and potential functional consequences during epileptogenesis in the 
pilocarpine model of epilepsy in rats [Turski et al. , 1984, Cavalheiro, 1995].  
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2. Materials and methods 

2.1 Experimental animals 

2.1.1 Functionally NaV1.6 deficient mice – the Scn8amed mutation  

In the first part of this study we used mice lacking expression of the pore forming 
Na+ channel α-subunit NaV1.6. The mice were taken from the inbred laboratory mice 
strain C3HeB/FeJ-Scn8amed/J, Stock Nr. 003798. These Scn8amed mice, which are 
homozygous for the med mutation, arose in 1958 in Edinburgh [Searle, 1962]. The 
name med derives from the recessive muscle endplate disease [Duchen, 1970, Du-
chen & Stefani, 1971]. This mutation disrupts the Scn8a Na+ channel subunit gene by 
insertion of a LINE (long interspersed nuclear element) into exon two of the Scn8a 
gene that leads to the expression of a non-functional truncated protein [Burgess et al. , 
1995, Kohrman et al. , 1996]. We acquired a total of 6 heterozygous breeding pairs of 
these mice from Jackson Laboratories (The Jackson Laboratories, Bar Harbor, Maine 
04609, USA) and established a colony at our animal facility by mating only 
heterozygous animals. For experiments we took male and female offspring between 
postnatal day 17 and 21 (p17 - p21) that were either homozygous (Scn8amed) for the 
mutation or not carrying the mutated allele at all (Scn8awt). The genotype of the animals 
was determined by PCR (polymerase chain reaction) following the protocol provided by 
Jackson Laboratories.  

2.1.2 The pilocarpine model of temporal lobe epilepsy 

Experiments assessing the changes of Na+ channels and currents in epilepsy were 
performed on male Wistar rats (Charles River, Sulzfeld, Germany) using the 
pilocarpine model of epilepsy [Turski et al. , 1984, Cavalheiro, 1995, Curia et al. , 
2008]. Animals were acquired with a weight of approximately 150-180 g corresponding 
to ~30 d of age and kept in the animal facility for at least 48 h before the pilocarpine 
treatment. At the day of the pilocarpine treatment all animals were weighed, marked 
with a number on their tails, and placed into empty cages (5-8 animals per cage). 
Animals were then injected intraperitoneally with 1 mg/kg body weight scopolamine-
methylnitrate diluted in Ringer solution. Scopolamine-methylnitrate acts as a M3 
muscarinic acetylcholine receptor antagonist with a reduced tendency to cross the 
blood brain barrier. Therefore scopolamine attenuates the peripheral actions of the 
subsequently injected pilocarpine-hydrochloride diluted in aqua ad injectabilia. 
Pilocarpine (340 mg/kg body weight) was injected intraperitoneally 30 min later in order 
to induce epileptic seizures. During the following hour rats showed strong salivation, 
rigid posture, and eventually repetitive limb movements. In most rats this aberrant 
behaviour eventually develops into a generalized tonic clonic seizure that usually 
appears 15-30 min after the injection. When the generalized seizure persisted for 5-
10 min rats were considered to have fallen into self-sustained status epilepticus starting 
from the onset of the seizure. These rats were then placed into a separate cage. 
Observation of this cage was continued to ensure the rats did not recover from the 
status epilepticus. Rats that did not enter status epilepticus one hour after the first 
injections were injected a second time with the same dose of pilocarpine. After 40 min 
in self sustained status epilepticus the animals were injected subcutaneously with 1 ml 
Diazepam and 1 ml 5% glucose, in order to attenuate the severity of the status 
epilepticus. Rats that did not enter status epilepticus two hours after the first injection 
were killed. The surviving pilocarpine treated rats were then housed into single cages 
with a layer of paper-towels covering the sawdust and a Petri dish with food pellets. 
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The experience of status epilepticus is followed by a silent period of 7 to 14 days 
without seizures. During this time reorganizations of the hippocampus take place and 
eventually the animals begin to suffer from the occurrence of spontaneous generalized 
epileptic seizures. Pilocarpinized rats were video monitored for the occurrence of 
spontaneous epileptic seizures. In all experiments, pilocarpine treated or epileptic rats 
were compared to sham control rats. These controls animals were also weighed and 
injected with appropriate doses of scopolamine-methylnitrate, diazepam, and 5% 
glucose. All animal experiments were conducted in accordance with the guidelines of 
the Animal Care and Use Committee of the University of Bonn. 

2.2 Preparation of brain tissue 

2.2.1 Preparation of brain tissue from mice and rats for 
electrophysiological experiments  

Anaesthesia was induced by subcutaneous injection of ketamine (100 mg/kg 
bodyweight, Pfizer, Germany) and xylazine (15 mg/kg bodyweight, Bayer, Germany). 
Until pain reflexes could no longer be observed saturation of the blood with oxygen was 
supported by putting the animals into a flow of carbogen (95% O2 / 5% CO2, Linde, 
Germany). As soon as deep anaesthesia was reached the chest was opened and the 
animal’s right atrium was cut. Next the animals were killed by perfusion of the heart 
through the left ventricle with 1-3°C cold sucrose-based artificial cerebrospinal fluid 
(ACSF) containing [mM]: 56 NaCl, 100 sucrose, 2.5 KCl, 1.25 NaH2PO4, 30 NaHCO3, 
1 CaCl2, 5 MgCl2, and 20 glucose (95% O2 / 5% CO2) for approximately five to 20 s (3-
5 ml for mice, 10-15 ml for rats). The animals were decapitated and the brain quickly 
dissected out. After removal of the cerebellum the brain was glued with the dorsal 
cortex onto the stage of a vibratome (MICROM, Germany) and submerged in the same 
ice-cold ACSF. As required for electrophysiological studies 300 µM thick or for 
immunohistochemistry 600 µm thick transverse hippocampal slices were cut. The 
slices destined for electrophysiology were placed into a storage chamber with room 
temperature (20°C) sucrose-based ACSF containing [mM]: 60 NaCl, 100 sucrose, 
2.5 KCl, 1.25 NaH2PO4, 26 NaHCO3, 1 CaCl2, 5 MgCl2, 1 kynurenic acid, 20 glucose 
(95% O2 / 5% CO2), that was gradually warmed to 36°C over a period of 30 min. 
Subsequently, slices were equilibrated in a chamber with ACSF [mM]: 125 NaCl, 
3.5 KCl, 1.25 NaH2PO4, 26 NaHCO3, 2 CaCl2, 2 MgCl2, and 15 glucose 
(95% O2 / 5% CO2) for at least 30 minutes at 20°C. The 600 µm thick slices prepared 
for immunohistochemistry were carefully placed in a tissue boat (Sakura, Netherlands). 
After removal of surplus ACSF the slices were submerged under Tissue-Tec (Sakura, 
Netherlands), equilibrated for two to five min and carefully frozen over liquid nitrogen 
(Linde, Germany) before being stored at -80°C. 

2.2.2 Preparation of rat brain tissue and subfield microslices for 
biochemical analysis 

Rat brains slices destined for immunohistochemical analysis of Na+ channel 
expression were acquired similar to the abovementioned tissue of Scn8amed mice, only 
differing in the used Vibratome (Leica, Nussloch, Germany) and the thickness of the 
slices, namely 700 µm.  

Tissue samples destined for the analysis of Na+ channel expression using 
Taqman™ mRNA expression analysis or Western blot were acquired as follows: Rats 
were decapitated following a deep anaesthesia using Isofluorane and the brain was 
quickly dissected out. After removal of the cerebellum and bulbi olfactori brains were 
glued with the dorsal cortex onto a chamber of a Leica 1000S Vibratome (Leica, 
Germany). Using Integraslice blades (Campden Instruments, UK) 700 µm thick 
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horizontal slices were cut. Hippocampal tissue was then further processed in a Petri 
dish under visual control using an illuminated 5x magnifying loupe LTS120 (Conelek, 
Germany). Each hippocampal slice was microdissected into CA3, CA1, and dentate 
gyrus (DG). More precisely, the CA3 microslices were acquired by cutting along the 
two ends of the granule cell layer. Then a cut parallel to the first one along the tip of the 
DG was placed to remove the subiculum. Finally CA1 and DG were separated by 
cutting along the hippocampal fissure (compare figure 3-17 A). Samples were frozen in 
liquid N2 prior storage at -80°C 

2.3  Immunohistochemistry 
From the slices stored at -80°C 12 µm thick tissue sections were cut with a cryostat 

(MICROM, Germany) and mounted to either DAKO-slides (DAKO, Germany) or 
Superfrost™-plus-slides (Menzel, Germany) on which they were allowed to rest for 
15 min at 20°C. Then the tissue was fixed by submerging the slides for 2 min into a 
1:1 mixture of ethanol and acetone (Merck, Germany) and left to dry overnight at 20°C. 
Finally the slides were stored in a -20°C freezer until the staining experiments were 
conducted. 

Slides were thawed for 30 min at room temperature and afterwards briefly washed 
in PBS (Biochrom AG, Germany). To avoid unspecific antibody binding the slices were 
incubated for 2 h at 20°C in a blocking solution consisting of PBS, Triton-X100 (0.1%), 
fetal calf serum (10%) (PAA laboratories Ltd., Austria), and normal goat serum (5%) 
(Vector, Burlingame, Ca.). All primary and secondary antibodies were dissolved and 
stored according to the protocols provided by their suppliers. Primary antibodies were 
diluted 1:200 in blocking solution and the binding reaction was allowed to take place at 
4°C for 12-16 h. For double immunofluorescence, primary antibodies were applied 
together. The primary antibodies used were a monoclonal mouse anti-Ankyrin G 
(Ank G) antibody (Zymed, San Francisco, Ca.) directed against the spectrin binding 
domain of Ank G , a polyclonal rabbit anti-NaV1.6 directed against amino acids 1042-
1061 of the rat NaV1.6 protein (Alomone Labs Ltd, Israel), a monoclonal mouse anti-
PanNaV antibody, and a polyclonal rabbit anti-PanNaV antibody (Sigma-Aldrich, 
Germany). Both antibodies were raised against amino acids 1491-1508 of the rat 
NaV1.1 protein, a sequence identical in all mammalian NaV α-subunits. The antigen for 
the polyclonal antibody contained an additional cystein [Noda et al. , 1986]. It should be 
noted that the polyclonal antibody also produced robust immunolabelling of neuronal 
somata in the hippocampus, which was absent in labellings with the monoclonal 
antibody (compare figure 3-1 with figure 3-2). Labelling of axon initial segments, 
however, was similar with both antibodies. Excessive unbound primary antibodies were 
washed away three times at 20°C for 5 min with PBS. Subsequently, slices were 
incubated for 2 h at 20°C in darkness with FITC- and CY3-conjugated secondary 
antibodies (Dianova, Germany). Secondary antibodies were diluted 1:200 in blocking 
solution and incubated together. Finally the slides were washed again 3 times in PBS 
for 5 min at 20°C and furnished with cover slips using a 1:1 mixture of Vectashield™ -
Harding and Vectashield™ -Harding-with-DAPI cover media (Vector, Burlingame, Ca.). 
The slides were stored light protected at 4°C. 

2.3.1 Analysis of immunohistochemistry 

Imaging and quantification of the immunolabeled tissue sections was performed 
using a Leica (TSC NT) confocal microscope and the LCS software (Leica, Germany) 
for evaluation of staining intensity. The following laser lines of an argon-krypton laser 
and filters were used sequentially for each fluophor. For FITC-coupled antibodies 
488 nm, DD 488/568 nm double dichroic, emission bandpass 530 ±30 nm and for CY3-
labeled antibodies 568 nm, DD 488/568 nm double dichroic and emission longpass 
590 nm. All images were acquired with a PL APO 40.0, 0.75 N.A. objective. For semi-
quantitative analysis of immunofluorescence special care was taken to minimize 
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variability. First, labellings intended for the semi-quantitative assay were always done 
in one batch incorporating Scn8awt and Scn8amed specimens. Secondly, laser power 
was allowed to settle for at least 1 h prior to the imaging session. All images were 
taken in one continuous imaging session, where apart from the focal plane all laser and 
microscope settings remained untouched. The pinhole was set to 0.83 Airy unit and the 
detector gain to ~60%. To determine mean Na+ channel density at axon initial 
segments, we first defined regions of interest (ROI) corresponding to individual axon 
initial segments based on the Ank G staining. The mean staining intensity for both the 
Ank G and the PanNaV or NaV1.6 specific signal was then calculated for this ROI. From 
each section values for ten axon initial segments were determined. We calculated the 
intensity of PanNaV or NaV1.6 staining as a ratio of the average intensity in the 
PanNaV or NaV1.6 channel divided by the corresponding average intensity of the Ank G 
signal.  

2.4 Quantitative real-time RT-PCR 

2.4.1 Preparation of cDNA and probes 

mRNA was isolated from hippocampal microslices using the Dynabeads mRNA Di-
rect Micro Kit (Dynal, Oslo, Norway) following the manufacturers instruction. Quantifica-
tion of rat Na+ channel transcripts was performed by semi-quantitative real-time RT-
PCR (PRISM 7700 SDS, PE Biosystems, Foster City, USA) using specific primers 
designed with Primer Express Software (PE Biosystems). Sequences of the primers 
and probes used to determine rat mRNA expression are listed in table 2 as forward 
primer (f.p.), reverse primer (r.p.), and hybridization probe (h.p.). The PCRs were 
performed with the Taqman™ system (see below) in a 396 well microtiter plate (Braun, 
Germany) and each reaction contained the Taqman™ EZ RT-PCR Kit (PE Biosystems, 
Foster City, CA, USA) and was used for a one-tube, single-enzyme RT-PCR according 
to the manufacturer’s protocol, but in a total reaction volume of 12.5 μl. mRNA isolated 
and aliquoted as described served as template for RT-PCR. Reaction conditions were 
optimized for manganese (II) acetate (Mn(OAc)2) concentration (see table 2) and 
contained 300 μM of each deoxyribonucleosidetriphosphate (dNTP), 100 nM of 
fluorogenic probe, 1 volume of Taqman™ EZbuffer, 0.1 U/μl rTth DNA polymerase and 
0.01 U/μl AmpEraseUNG. Cycling conditions were 50°C (2 min), 60°C (20 min) for the 
reverse step, followed by 95°C (5 min) and a two-step PCR with 60 cycles of 94°C (15 
sec) and 59°C (1 min).  

Table 2: RNA probes used in Taqman™ experiments [modified after Ellerkmann et al., 
2003]. 

Gene/  
Protein  

Probe  [nM] Mn(OAc)2 

 [mM] 

Syp /  f.p. 5’-TCAGGACTCAACACCTCAGTGG-3’ 50 5 

Synapto- r.p. 5’-AACACGAACCATAAGTTGCCAA-3’ 300  

physin h.p. FAM-5’-TTTGGCTTCCTGAACCTGGTGCTCTG-3’-TAMRA 100  

Scn1a /  f.p. 5`-AGAAACCCTTGAGCCCGAAG-3` 90 5 

NaV1.1 r.p. 5`-CACACTGATTTGACAGCACTTGAA-3` 900  

 h.p. FAM-5`-TTGCTTACTGAAGGCTGTGCAGAG-3`-TAMRA 100  

Scn2a /  f.p. 5`-TCGTTGATGTCTCCTTGGTTAGC-3` 300 3 

NaV1.2 r.p. 5`-GGGACTTGATGGCACCAAGT-3` 900  

 h.p. FAM-5`-AACTGCAAATGCCTTGGGCTATTCGG-3`-TAMRA 100  
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Scn3a /  f.p. 5`-GCCGCTCCGAGCCTTATC-3` 50 5 

NaV1.3 r.p. 5`-GATGGAGGGAATTGCACCAA-3` 300  

 h.p. FAM-5`-CGCTTTGAAGGCATGAGGGCTATTCGG-3`-TAMRA 100  

Scn8a / f.p. 5`-CATCTTTGACTTTGTGGTGGTCAT-3` 300 3 

NaV1.6 r.p. 5`-CGGATAACTCGGAATAGGGTTG-3` 100  

 h.p. FAM-5`-CCATTGTGGGAATGTTCCTGGCTG-3`-TAMRA 100  

 

2.4.2 Analysis of mRNA expression 

Relative quantification of starting mRNA copy numbers was achieved through the 
ΔΔCt-method [Fink et al. , 1998]. Synaptophysin was used as endogenous reference 

gene, as it lacks significant expression changes following pilocarpine-induced status 
epilepticus [Chen et al. , 2001]. The Taqman™ system uses the BE Biosystems 
PRISM 7700 detection system. The fluorogenic probes [Lee et al. , 1993] are excited 
with an argon laser (488 nm). Attached to the 5’-end of the probe is a fluorescent dye 
6-carboxy-fluorescein (FAM, emission maximum 520 nm) and to the 3’-end a strong 
quenching substance 6-carboxy-tetramethylrodamine (TAMRA). Utilizing the 5’-
endonuclease activity of the Taq polymerase the quencher TAMRA is cleaved during 
the elongation phase and the now free FAM dye emits light. This fluorescence is 
monitored at the end of the elongation phase of each PCR-cycle. During the first 
(baseline) PCR cycles fluorescence differs little. As soon as the exponential phase of 
the amplification is reached the fluorescence starts to rapidly increase. The threshold 
for detection was set to 10x standard deviation of baseline fluorescence and values for 
each reaction were measured as triplicates. Fluorescent data was stored within the 
system. Statistical analysis of mRNA expression was done using a Mann-Whitney U-
test with a Bonferroni correction of the significance level to p<0.0125.  

 

2.5 Western blotting of Na+ channels 

2.5.1 Sample preparation 

Frozen CA1 microslices (see chapter 2.2.2) were homogenized on ice for 10 s with 
a labsonic-2000 (B.Braun, Melsungen, Germany) in 30 µl of buffer A containing 10 mM 
NaCl, 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid pH 7.5 (HEPES), 
2 mM ethylene-diamine-tetra-acetic acid (EDTA), 1 mg/ml PEFA-Block (Roche, Mann-
heim, Germany), and 2% Sodium Dodecyl Sulfate (SDS). To prevent frothing the ho-
mogenator was only switched on and off while submerged in the buffer. Homogenates 
were centrifugated for 30 min at 18.250xg and 4°C. Protein concentrations of the Triton 
X-100- and SDS-soluble fractions were determined using the ND-1000 (Nanodrop, 
Wilmington, DE, USA). According to the protein concentration a portion of the superna-
tant, buffer A, and 8µl loading buffer were mixed to create 40 µl aliquots with a protein 
concentration of 1 mg/ml. The loading buffer contained: 700 mM 
tris(hydroxymethyl)aminomethane-HCL (Tris-HCl), 30% glycerol, 290 mM SDS, 
0.012% bromphenol blue and 5% β-mercaptoethanol. Samples were stored at -80°C. 

 

2.5.2 SDS gel electrophoresis and immuno-blotting  

SDS gel electrophoresis was performed using the Biorad™ Mini-Chamber system. 
Each gel consisted of a 4.5 ml resolving gel (10%) below a 2 ml stacking gel (5%) The 



2 Materials and methods 19 

resolving gel containing: 1.9 ml Aqua dest., 1.7 ml 30% Acrylamide-mix (Roth), 1.5 ml 
1.5 M Tris-HCl (pH 8.8), 50 µl 10% sodium dodecyl sulfate (SDS), 50 µl 
10% Ammonium-persulfat, and 2 µl TEMED. The stacking gel (2 ml) containing: 1.4 ml 
Aqua dest., 330 µl Acrylamide-mix (Roth), 250 µl 1 M Tris-HCl (pH 6.8), 20 µl 
10% SDS, 20 µl 10% Ammonium-persulfat, and 2 µl TEMED. After casting 
10% polyacrylamide gels samples were thawed at RT and resolved on 
10% polyacrylamide gels. Following transfer onto nitrocellulose membranes the blots 
were blocked with 5% non-fat milk (Biorad), 5% horse serum, 0.1% TWEEN-20 in 
phosphate buffered saline pH 7.4 (PBS-T) for 1-2 h at 20°C, and subsequently incu-
bated with primary antibodies (see below) overnight at 4°C on a Rotator in PBS-T. After 
three 5-min washes with PBS, the membranes were incubated in the dark for 2 h with 
the appropriate secondary antibody (1:5000) conjugated to IRDye®680 or to IR-
Dye®800CW (LI-COR, Lincoln, NE, USA) dissolved in PBS-T containing 0.01% SDS. 
Excessive antibodies were then washed away three times (5 min) with PBS-T and blots 
stored protected from light in PBS. After rinsing the blots with distilled water protein 
bands were visualized using the Odyssey® Infrared Imaging System (LI-COR, Lincoln, 
NE, USA). Primary antibodies used were: a monoclonal Synaptophysin antibody 
(1:20000; SYSY, Göttingen); a monoclonal NaV1.2 (1:250; 75-024, Neuromab, CA, 
USA), a polyclonal rabbit anti-NaV1.6 directed against amino acids 1042-1061 of the rat 
NaV1.6 protein (1:250; ASC-009; Alomone Labs Ltd., Israel), a monoclonal mouse anti-
PanNaV antibody (1;500; 8809, Sigma, Germany) and a polyclonal rabbit anti-
PanNaV antibody(1:500; ASC-003, Alomone Labs Ltd., Israel), both raised against 
amino acids 1491-1508 of the rat NaV1.1 protein with the antigen for the polyclonal an-
tibody containing an additional cystein [Noda et al. , 1986], a sequence identical in all 
mammalian Na+ channel α-subunits (Sigma-Aldrich, Germany). Immunoblots were 
quantified using the AIDA software program (German Resource Center for Genomics, 
Berlin, Germany). Quantitative analysis was performed by calculating the ratio between 
the background subtracted Na+ channel signal and the background subtracted synap-
tophysin signal. All signals compared were compared to control protein signals of the 
same lane from the same gel. Statistical analysis was done using a nonparametric 
Mann Whitney U-Test with the significance level set to (p<0.05).  

2.6 Electrophysiology and computational Modelling 

2.6.1 Shared procedures 

Patch pipettes with a resistance of 3-5 MΩ were pulled from borosilicate glass 
capillaries (outer diameter: 1.5 mm, inner diameter: 1 mm; Science Products, 
Germany) on a Narishige PP-830 puller (Narishige, Tokyo, Japan) and filled with the 
appropriate intracellular solution (IC). Voltage clamp and current clamp recordings 
were conducted at 20°C and 30°C, respectively. Data were recorded and stored by a 
personal computer using a data acquisition system (Digidata 1322A) and the 
pClamp9.0 software (Molecular Devices, CA). Unless indicated otherwise data were 
filtered at 10 kHz and digitized at 100 kHz. All command and measured voltages shown 
were corrected for their liquid junction potentials.  

2.6.2 Voltage clamp recordings 

Tight seal whole-cell recordings were obtained with a seal resistance >1 GΩ in all 
recordings using an Axopatch 200B amplifier (Molecular Devices; Ca.). Series 
resistance was 6 ±2 MΩ. To improve voltage control, the prediction and compensation 
dials of the amplifier’s series resistance compensation cicuit were set between 70 and 
90% to achieve a maximal residual voltage error below 2 mV (<0.5 mV for recordings 
of INaP, INaR and ICaT). All other recordings were discarded. Currents were recorded with 
the pClamp acquisition and analysis program, sampled at 100 kHz, and filtered at 
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10 kHz (20 kHz and 1 kHz for INaP). All potentials shown were corrected for liquid 
junction potentials. Recording temperature was 20°C for all voltage clamp recordings. 
Unless otherwise indicated, all chemicals or drugs were obtained from Sigma, 
Germany.  

2.6.3 Determination of passive membrane properties 

Passive membrane properties were quantified as follows. The input resistance was 
determined in voltage clamp mode according to Ohm’s law from the steady state 
current response to 5 or 10 mV voltage steps (200 ms) from a -85 mV holding potential 
and was not significantly different between the mice from both genotypes (Scn8amed 
342.52 ±79.00 MΩ, Scn8awt 300.60 ±25.28 MΩ). Cell capacitance was determined by 
quantifying the charge (Qc) required to fully charge the membrane. Qc was measured 
as the total area under the current response to the abovementioned voltage steps, 
minus the charge flowing across the membrane resistance. Cell capacitance was then 
calculated as Qc/V, where V is the size of the voltage step (Scn8amed111.55 ±15.22 pF, 
Scn8awt100.99 ±8.23 pF) (n = 12 and n = 22, respectively). 

2.6.4 Recording of the transient Na+ current  

For preparation of dissociated neurons, 400 µm slices were placed in 5 ml of 
triturating solution containing [mM]: 145 Na-methanesulphonate, 3 KCl, 10 N-2-
hydroxy-ethylpiperazine-N'-2-ethanesulfonic acid (HEPES), 0.5 CaCl2, 1 MgCl2, and 
15 glucose. Solution pH was adjusted to 7.4 with NaOH. Pronase (protease type XIV; 
2 mg/ml) (SIGMA, St. Louis, MO) was added to the oxygenated buffer (100% O2). After 
two incubation periods, 10 min at 35°C followed by 10 min at 20°C, slices were washed 
with pronase-free buffer saline of identical composition and transferred to a Petri dish 
containing 5 poly-L-lysine coated cover slips. The CA1 region was microdissected 
under a binocular and triturated with fire-polished glass pipettes of decreasing aperture. 
Cells were allowed to settle for at least 10 min before removing cover slips and placing 
them into a submerged chamber mounted on the stage of an upright microscope 
(Axioskop F-2, Zeiss, Germany). Cells were equilibrated for further 10 min before 
recordings were attempted. Whole-cell recordings of dissociated neurons were 
performed only on pyramidal-shaped neurons with a smooth surface and a three 
dimensional contour. All cells possessed a clearly identifiable apical dendrite and 
remnants of basal dendrites and the axon.  

Voltage clamp recordings of transient Na+ current (INaT) were carried out in 
dissociated CA1 neurons to obtain a reliable voltage control and to minimize space 
clamp problems. Even in dissociated neurons the large amplitude of INaT necessitated a 
reduction of the Na+ gradient between bath and IC solutions. The following solutions 
were used: IC [mM]: 110 CsF, 10 HEPES-Na, 11 EGTA, 20 tetraethylammonium-
Cl , 2 MgCl2, 0.5 guanosine 5`-triphosphate-tris(hydroxyl-methyl)-aminomethane (GTP-
TRIS), and 5 ATP-Na2. Osmolality was adjusted with sucrose to 295 mOsm; pH to 
7.25 with CsOH. The oxygenated bath consisted of [mM]: 30 Na-methanesulphonate, 
120 tetraethylammonium-Cl, 10 HEPES, 1.6 CaCl2, 2 MgCl2, 0.2 CdCl2, 5 4-
aminopyridine (Acros organics, Belgium), and 15 glucose. The pH was adjusted to 
7.4 with HCl. Osmolality was adjusted to 310 mOsm with sucrose, and temperature 
was maintained at 20 ±1°C. The liquid junction potential between intra- and 
extracellular solution was +10 mV and all values and figures were corrected 
accordingly. 

2.6.5 Recording of the persistent Na+ current 
Recordings of the persistent Na+ current (INaP) were carried out in intact neurons in 

the slice preparation with intracellular solution containing [in mM]: 110 CsF, 10 HEPES-
Na, 11 EGTA, 2 MgCl2, 0.5 GTP-TRIS, and 2 ATP-Na2. Osmolality was adjusted with 
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mannitol to 295 mOsm; pH was adjusted to 7.25 (CsOH). The bath solution for mice 
recordings consisted of [in mM]: 100 Na-methanesulphonate, 40 tetraethylammonium-
Cl, 10 HEPES, 2 CaCl2, 3 MgCl2, 0.2 CdCl2, 5 4-aminopyridine, and 15 glucose. 
pH 7.4, NaOH; osmolality was adjusted to 305 mOsm with sucrose. For INaP recordings 
performed in rat, bath solution consisted of [in mM]: 50 NaCl, 90 tetraethylammonium-
Cl, 3 CsCl, 4 4-aminopyridine, 10 HEPES, 25 glucose, 3.5 KCl, 2 MgCl2, 2 CaCl2, and 
0.1 CdCl2. The bath had pH 7.4 and osmolality was 305 mOsm. The liquid junction 
potential between intra- and extracellular solution was +10 mV and all values and 
figures were corrected accordingly. 

2.6.6 Analysis of voltage clamp recordings of Na+ currents 
The voltage dependent activation of INaT was determined using standard protocols (see 
figure. 3-3 A, inset). Peak current amplitude were fitted to the following Boltzmann 
function: 
equation 1 I(V) = Gmax / (1+exp((V1/2 - V)/km) (V-VNa), 
where I(V) is the current amplitude, Gmax is the maximal Na+ conductance,V1/2 is the 
membrane potential at which G(V) is half of Gmax, V is the command potential, km is the 
slope at V1/2, and VNa is the Na+ reversal potential. 
Peak currents were then converted to conductance G(v) using: 
equation 2 G(V) = I(V) / (V - VNa) 
with VNa being the Na+ reversal potential, V the command potential and I(V) the current 
amplitude.  
The voltage dependence of steady-state inactivation was determined using standard 
procedures with prepulses (500 ms) to various voltages, followed by a 10 ms test pulse 
to 0 mV (see figure. 3-3 C, inset).The peak currents were fitted using: 
equation 3  I(V) = Gmax / (1+exp((V1/2 - V)/km) 
where Gmax is the maximal Na+ conductance,V1/2 is membrane potential at which G(V) is 
half of Gmax and km is the slope at V1/2. 

To determine the voltage dependent activation of INaP, the TTX subtracted current 
responses to the voltage ramp (figure 3-4 A and figure 3-21 A) were converted to 
conductance using equation 2 and subsequently fitted using equation 3 (figure 3-4 C 
and figure 3-21 C). In all cases, fitting was done using a Levenberg-Marquardt 
algorithm.  

2.6.7 Recording of T-type Ca2+ currents 
Recordings of T-type Ca2+ currents (ICaT) were carried out in slices which had been 

preincubated for 1 h in 5 ml oxygenated bath containing: omega-CgTx GVIA (2 µM), 
omega-CgTx MVIIC (3 µM), omega-AgaTx IVA (0.2 µM) (Biotrend, Germany) and 
cytochrome C (2 mg/ml) to block N- and P/Q-type Ca2+ channels. Following transfer of 
the slices to the recording chamber, recordings were carried out with intracellular 
solution containing [in mM]: 105 Cs-methanesulphonate, 25 tetraethylammonium-Cl, 
10 HEPES, 5 EGTA, 2 MgCl2, 2 CaCl2, 25 sucrose, 4 ATP-Na2 and 0.3 GTP-TRIS; pH 
was adjusted to 7.2 with CsOH; osmolality with sucrose to 295 mOsm. The bath 
solution contained [in mM]: 115 Na-methanesulphonate, 25 tetraethylammonium-Cl, 
3.5 KCl, 2 MgCl2, 2 CaCl2, 4 4-aminopyridine, 10 HEPES, 25 glucose, 
0.005 tetrodotoxin (Biotrend, Germany) and 0.01 nifedipine (pH 7.4, NaOH; osmolality 
was adjusted to 310 mOsm with sucrose). Liquid junction potential was -5.0 mV. 

2.6.8 Analysis of voltage clamp recordings of T-type Ca2+ currents 

The amplitude of the T-type Ca2+ current was determined by fitting the tail current 
following a 20 ms depolarization with a biexponential function using a Levenberg-
Marquardt algorithm (figure 3-5 A, inset). Under our recording conditions, the faster 
deactivating current component represents R-type Ca2+ currents, while the slower 
component is due to deactivation of T-type Ca2+ currents [Sochivko et al. , 2002]. The 
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amplitude corresponding to the slower deactivating component was derived by 
extrapolation of the fitted curve to the end of the depolarizing voltage step. 

2.6.9 Current clamp recordings 

For current clamp recordings in intact CA1 neurons in the slice preparation, we 
used a Multiclamp 700B amplifier (Molecular Devices, CA). Whole-cell configuration 
was obtained in voltage clamp mode before switching to current clamp mode, where 
pipette capacitance and bridge balance were monitored and carefully compensated. 
Cells with naive membrane potential more positive than -60 mV were excluded. Sub-
sequently, membrane potential was clamped to the appropriate level using the slow 
voltage clamp circuit of the amplifier set to 5 s. The IC solution used was [mM]: 130 K-
gluconate, 20 KCl, 10 HEPES, 0.16 ethylene glycol-bis(2-aminoethylether)-N,N,N',N'-
tetraacetic acid (EGTA), 2 Mg-adenosine 5`-triphosphate (ATP), and 2 Na2-ATP; pH 
was titrated to 7.25 with KOH; osmolality was adjusted to 295 mOsm using sucrose. 
For bath solution a modified ACSF was used [mM]: 124 NaCl, 3.5 KCl, 26 NaHCO3, 
1.6 CaCl2, 2 MgCl2, and 10 glucose (95% O2 / 5% CO2). Temperature was maintained 
at 30 ±1°C. The liquid junction potential determined for these solutions was -15 mV and 
all values and figures were corrected accordingly. 

2.6.10 Analysis of current clamp recordings 
The measured resting membrane potential was not different between Scn8amed 

(-72.80 ±1.25 mV) and Scn8awt mice (-73.98 ±0.66 mV). Spike thresholds were 
determined by measuring the voltage at which the increase in slope of the voltage trace 
is maximal. This time-point corresponds to the maximum of the second derivation of 
the voltage trace (d²V/dt²) and was determined as the time at which the third derivation 
of the voltage trace became zero. Spike amplitude was measured as the difference 
between resting membrane potential and the peak of the spike. The maximal rates of 
rise and decay were determined as the peak and antipeak of the second derivation of 
the voltage trace. Spikes during prolonged (600 ms) current injections vary 
systematically, depending on the time of occurrence during the current injection and 
the number of prior spikes. We analyzed the first, second and subsequent spikes in an 
action potential train separately. Analysis of spike parameters for spikes elicited by 
4 ms current injection was done using Clampfit 9.0. Repetitive firing was analyzed 
using an IGOR routine that detected spikes automatically and determined spike 
properties, such as amplitude, halfwidth, threshold and maximum slopes of rise and 
decay. 

In addition to these parameters, we determined the axo-somatic delay by assessing 
the delay between the two peaks observed in the second derivation of the voltage 
trace. This assessment was also carried out with the automated IGOR detection 
routine. Each automatically analysed spike was subsequently inspected. In some 
cases, the automated IGOR detection routine failed to detect two peaks because of 
overlap between the two peaks. In these cases, an estimate of the axo-somatic delay 
had to be obtained by a manual determination.  

The size of the spike afterdepolarization (ADP) was determined by measuring the 
area under the ADP starting from the beginning of the fast afterhyperpolarization to the 
time when membrane voltage returned to the holding potential. This delivers a value 
that incorporates both active and passive portions of the ADP. In order to evaluate the 
magnitude of the active portion of the ADP, we first estimated the contribution of 
passive components by obtaining voltage responses to subthreshold current injections 
of identical duration. These passive voltage responses were scaled so that the peak of 
the passive response was superimposed to the action potential threshold. The 
corresponding area approximates the passive response of the neuron and was 
subtracted from the total ADP area, yielding the active component of the ADP. This 
analysis could not be applied in current clamp recordings in the rat, since the 
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subthreshold passive responses recorded are sometimes larger than the ADP 
[compare Brown & Randall, 2009]. In these recordings the peak voltage of the ADP 
was chosen as a measure of the ADP. 

2.7 Cell-attached recordings of discharge behaviour 
To analyze action potentials without perturbation of the intracellular milieu 

unavoidable in whole-cell patch clamp recordings we investigated action potential firing 
in the cell-attached configuration [Perkins, 2006]. Acute 300 µm slices (see 2.6.1) were 
placed in a submerged chamber and perfused with ACSF complemented with the 
GABAA antagonist 100 µM picrotoxin (in EtOH final concentration 2‰) and increased 
extracellular [K+] to 3.5 mM. Blocking of synaptic inhibition and change of the K+ 
equilibrium potential were done to facilitate the frequency of spontaneous discharges. 
Borosilicate recording pipettes where pulled with a horizontal microelectrode puller 
(Sutter instruments, UK) to yield 9-11 MΩ pipettes that were filled with the modified 
ACSF. Pipettes where then moved to close proximity of the soma and a small suction 
was applied to form a close contact with the plasma membrane resulting in seal 
resistances of 80-500 MΩ. Validity of recordings was verified by placing a bipolar 
tungsten electrode in the stratum radiatum and orthodromically evoking action potential 
through injection of a charge neutral biphasic 0.5 ms current pulses with a stimulus 
isolator (AM-Systems, USA).  

2.8 Computational modelling of a CA1 pyramidal cell 
 

There are several computational models that mimic the discharge behaviour of CA1 
pyramidal cells. In order to investigate the role of Na+ channels in action potential initia-
tion we used a computational model created by Marie-Therese Horstmann and Dr. 
Heinz Beck (University of Bonn). The model is based on a pre-existing model of a CA1 
pyramidal neuron from which it also derives the neuron’s passive properties [Varona 
et al., 2000]. Both models draw on the exemplary cytoarchitecture proposed by 
Bannister & Larkmann [1995] (see figure 1-4 A) and utilize the java based program 
NEURON [Carnevale & Hines, 2006]. It includes three different voltage gated Na+ 
currents, five different K+ currents, four Ca2+ currents, the cation unselective 
hyperpolarization activated H current (Ih), and Ca2+ dynamics to account for release of 
Ca2+ from intracellular Ca2+ stores [Royeck et al. , 2008]. Simulation of a 4 ms current 
injection of sufficient amplitude into the model cell resulted in the generation of a single 
action potential of realistic shape typical for CA1 pyramidal neurons (see figure 1-4 B). 
A more elaborate description of the model can be found in the publication Royeck et al. 
[2008]. The model is available for download at the homepage of the NEURON 
database in the internet (senselab.med.yale.edu/odordb/eavData.asp?o=115356).  

2.9 Statistical analysis and software 

All data are presented as average ± standard error of the mean (SEM). For 
comparison of means, a two-tailed Student’s t-test was performed as appropriate. 
Differences between axo-somatic spike delay and input-output relations between 
Scn8awt and Scn8amed mice were analyzed by mANOVA. Analysis of changes in 
protein concentration and mRNA expression was done using a Mann-Whitney U-Test. 
Comparison of the four groups of INaP recordings was done using ANOVA. For all tests, 
the significance level was set at p<0.05. Data analyses were done with the Clampfit 9.0 
software (Molecular Devices, CA), Origin 7 (OriginLab, Northampton, MA), IGOR 
(Wavemetrics Inc., Lake Oswego, OR), SPSS 14.0 (SPSS Inc., USA), Graphpad Prism 
(Graphpad Software, San Diego, CA), and Excel 2003 on a Windows™ based PC-
system (Microsoft, Redmond, WA).  
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3. Results 

3.1 Subcellular distribution of Na+ channels in the CA1 region 
of the hippocampus 

The aggregation of Na+ channels at the axon hillock and axon initial segment in 
central nervous system neurons was first described in both the frog and rat retina 
[Wollner & Catterall 1986]. Later it was shown that NaV1.6 α-subunits strongly 
contribute to the observed aggregation of Na+ channels at the AIS in different types of 
neurons of the CNS [Boiko et al. , 2003, Hossain et al. , 2005, Wart & Matthews, 
2006b, Van Wart et al. , 2007]. We examined the localization of NaV1.6 α-subunits in 
horizontal hippocampal sections of mouse brains using fluorescent double 
immunolabelling for Ankyrin G (Ank G) and for NaV1.6. Ankyrin G is a well established 
marker for AIS that is involved in the targeting of ion channel subunits to the AIS [see 
for instance Garrido et al., 2003]. In the CA1 region, NaV1.6 subunits were strongly 
colocalized with Ankyrin G whereas labelling intensity is much weaker surrounding the 
AIS (see figure 3-1 A, panel a). This shows that NaV1.6 is present in high concentration 
at AIS in the CA1 region of the hippocampus. Additional double immunolabellings with 
a monoclonal PanNaV antibody sensitive to all Na+ channel α-subunits and the 
NaV1.6 antibody revealed the colocalization of both immunolabels at AIS with a strong 
intensity (see figure 3-1 A, panel b). Hippocampal sections of Scn8amed mice were 
devoid of NaV1.6 immunoreactivity, but PanNaV immunoreactive AIS were still present 
(see figure 3-1 B). To correctly interpret this result it should be noted that the epitope of 
the polyclonal NaV1.6 antibody is located in the intracellular linker region between S5 
and S6 of domain III and the epitope of the PanNaV antibodies used resides in the C-
terminal region of Na+ channel α-subunits. Therefore all observed labelling cannot be 
attributed to the residual expressed N-terminal part of NaV1.6 in Scn8amed mice.  

 

Na+ channel aggregation at AIS persisted in Scn8amed mice, as apparent from 
immunolabellings with the PanNaV antibody, that produced a robust signal at AIS of 
Scn8amed mice (see figure 3-2 A, compare rightmost micrographs, see also 
figure 3-1 Ab and B). In order to assess Na+ channel aggregation at the AIS in more 
detail, we analyzed the AIS by double immunolabellings with antibodies directed 
against Ank G and PanNaV. AIS were present in undiminished numbers in mice of both 
genotypes and did not appear altered in Ank G immunolabellings (see figure 3-2 A, 
compare leftmost micrographs). We analyzed the density of Na+ channel proteins at 
Scn8awt and Scn8amed mice AIS in a semi-quantitative manner. Double 
immunolabellings for Ank G and PanNaV allowed us to demarcate individual AIS in the 
Ank G channel (see figure 3-2 A leftmost panels, see insets for larger magnification) 
and to determine the intensity of the PanNaV immunolabelling within this region of 
interest (for detailed description see methods chapter 2.3.1, Scn8awt: 8 slices from 5 
mice, Scn8amed: 10 slices from 5 mice; 10 AIS were analyzed in each slice). Indeed, the 
ratios of PanNaV to Ankyrin G immunolabelling intensities at Scn8awt and Scn8amed 
mice AIS were not different (1.5 ±0.1 and 1.3 ±0.04, respectively, n.s.; see 
figure 3-2 B). The lack of a significant reduction in PanNaV staining at AIS of Scn8amed 

mice suggests that the absence of NaV1.6 subunits allows other NaV subunits to 
accumulate at the AIS.  
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Figure 3-1: Axon initial segment localization of Na

+
 channels in central neurons of Scn8a

med
 and 

Scn8a
wt

 mice. 

(A), panel a, In Scn8a
wt

 animals a monoclonal Ankyrin G (Ank G) antibody, a marker for 
AIS (green, leftmost panel), colocalizes with a polyclonal antibody directed against NaV1.6 (red, 
rightmost panel, merged in the middle panel). The insets (bottom left) in this and the panels (B) 
and (C) correspond to higher magnifications of individual AIS. Stratum pyramidale (SP), stratum 
oriens (SO), alveus (AL). panel b, NaV1.6 also colocalizes with the immunolabelling obtained 
with a monoclonal PanNaV antibody. (B), Staining pattern for NaV1.6 and PanNaV in Scn8a

med
 

mice. No detectable staining is observed for NaV1.6, while the PanNaV antibody yields a pro-
nounced staining of AIS.  
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Figure 3-2: Semi-quantitative analysis of fluorescence intensity of PanNaV relative to Ankyrin G 
in slices obtained from Scn8a

med
 and Scn8a

wt
 mice. 

(A), Representative examples of double immunofluorescence labelling with the monoclonal 
Ank G antibody (green) and a polyclonal PanNaV antibody (red) used for quantification of Pan-
NaV staining at AIS, in Scn8a

wt
 mice (upper panels) and Scn8a

med
 mice (lower panels). (B), 

Average AIS fluorescence intensity of PanNaV relative to Ank G in Scn8a
wt

 mice (black bar, 10 
AIS analyzed in each of 8 slices obtained from 5 animals) and Scn8a

med
 mice (white bar, 10 AIS 

analyzed in each of 10 slices obtained from 5 animals, n.s.), for a detailed description of the 
semi quantitative analysis of PanNaV staining at AIS see methods. Scale bars correspond to 
50 µm in main panels and 5 µm in the insets. 

 

3.2 Absence of NaV1.6 positively shifts INaT activation  
It has been hypothesized previously that INaT at the AIS activates at more negative 

voltages than INaT at the soma, causing spikes to commence at or close to the AIS 
[Colbert & Pan, 2002]. This peculiarity may be due to the selective accumulation of 
NaV1.6 channels at the AIS. NaV1.6 was shown to activate at more negative voltages 
than other Na+ channels [Rush et al. , 2005]. In these experiments recombinant NaV1.2 
or NaV1.6 subunits were expressed in cultured dorsal root ganglion neurons prepared 
from NaV1.9 deficient mice. The TTX binding site in both recombinant subunits was 
mutated to render them insensitive to TTX. Since NaV1.9 is the only TTX resistant 
subunit in DRG neurons, this model allows the characterization of NaV1.2 and NaV1.6 
mediated Na+ currents in isolation in presence of TTX. Because of these results we 
hypothesized that the absence of axonal NaV1.6 channels in CA1 neurons would lead 
to a depolarizing shift in the INaT activation curve. To test this, we performed whole-cell 
recordings of INaT in dissociated CA1 pyramidal neurons of Scn8awt and Scn8amed mice 
(n = 6 and n = 7, respectively). Cells were held at -70 mV and subjected to depolarizing 
voltage steps of increasing potentials. Even though we recorded INaT in dissociated 
neurons with a reduced Na+ concentration gradient to clamp the transient Na+ current 
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sufficiently we still had to exclude approximately 50% of the recordings from analysis 
due to insufficient voltage clamp. Representative traces of INaT evoked by increasing 
voltage steps in Scn8awt (topmost traces) and Scn8amed (lower traces) neurons are 
shown in figure 3-3 A. From this data we constructed the INaT activation curve for each 
of the tested neurons by fitting it with a Boltzmann function (see methods chapter 
2.6.6). The average peak conductance of INaT was not significantly different between 
the groups (Scn8awt: 69.2 nS ±10.5, n = 8; Scn8amed: 59.8 nS ± 6.5 n.s., n = 11). The 
averaged normalized data and activation curve for each group of neurons is provided in 
figure 3-3 B. We found that the INaT activation curve was ~5 mV more positive in mutant 
neurons (V1/2 = -25.00 ±1.18 mV) than in wild-type neurons (V1/2 = -29.77 ± 1.00 mV, 
p = 0.008; see figure 3-3 B). The steepness of the activation curve was not significantly 
different between the two experimental groups (slope factor km = 5.87 ±0.48 mV for 
Scn8awt and km = 5.37 ± 0.39 mV for Scn8amed neurons; n.s.). Similar results were 
obtained depolarizing the cells from a holding potential of -80 mV (data not shown).  

We also compared the two groups of neurons with respect to steady-state 
inactivation of INaT. Representative families of INaT traces evoked by a depolarizing step 
to 0 mV preceded by 500 ms long prepulses to various potentials in neurons from a 
Scn8awt (topmost) and Scn8amed (lower) mouse are shown in figure 3-3 C (voltage 
protocols shown in the inset). From these data we constructed the INaT steady-state 
inactivation curve for each of the tested neurons by fitting with a Boltzmann function 
(see methods chapter 2.6.6). The averaged data for each group of neurons is provided 
in figure 3-3 D. In contrast to the marked difference in INaT activation, steady-state 
inactivation was similar in the two groups of neurons. 

 



3 Results 28 

 

 
Figure 3-3: Voltage dependence of activation of INaT in CA1 pyramidal neurons is shifted in the 
depolarizing direction in Scn8a

med
 mice.  

(A), Representative examples of INaT elicited in dissociated CA1 neurons from a Scn8a
wt

 
(top) and a Scn8a

med
 mouse (lower). The voltage paradigm is shown in the inset. (B), Voltage 

dependent activation of INaT for Scn8a
med

 mice (open symbols, n = 7) and Scn8a
wt

 littermates 
(closed symbols, n = 6). Data from individual cells were fitted with a Boltzmann function (see 
methods 2.6.6). Boltzmann functions constructed from the average values of V1/2 and km are 
superimposed on the depicted data points. The voltage of half-maximal activation V1/2 of INaT 
was significantly shifted to a more depolarized voltage in Scn8a

med
 mice (see inset). (C), Vol-

tage dependence of inactivation of INaT. Representative examples of INaT elicited in dissociated 
CA1 neurons from a Scn8a

wt
 (top) and a Scn8a

med
 mouse (lower).Voltage paradigm is shown in 

the inset. (D), Voltage dependence of inactivation was unchanged in Scn8a
med

 mice (V1/2 in 
Scn8a

wt
 and Scn8a

med
 mice indicated in the inset). Boltzmann functions superimposed on the 

data points as for panel B.  

 

3.3 Absence of NaV1.6 reduces the persistent Na+ current INaP  
Recombinant NaV1.6 channels expressed in cultured dorsal root ganglion neurons 

generate a conspicuous persistent Na+ current (INaP) component [Rush et al. , 2005], 
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and published data suggest that these subunits carry a significant proportion of INaP in 
different native cell types [Do & Bean, 2004, Maurice et al. , 2001]. Furthermore a large 
proportion of INaP was shown to be localized at the proximal axonal or perisomatic 
region of cortical and CA1 pyramidal neurons using imaging and focal application of 
TTX [Astman et al. , 2006, Yue et al. , 2005]. INaP was recorded by applying ramp 
commands (50 mV/s) to CA1 pyramidal neurons held at -80 mV in acute hippocampal 
slices (see figure 3-4 Aa). This voltage ramp revealed a prominent inward current 
corresponding to INaP that was blocked by application of 0.5 µM TTX (see 
figure 3-4 Ab). INaP was isolated by subtracting recordings in the presence of TTX from 
control recordings (see figure 3-4 Ac and Ad for Scn8awt and Scn8amed mice, 
respectively). Average current parameters, such as maximal INaP conductance, voltage 
of half maximal activation and slope factor were determined by fitting the TTX 
subtracted current trace from each cell to a Boltzmann function (see methods 2.6.6). 
The maximal conductance determined was 1.9 ±0.1 nS in Scn8awt neurons (n = 11) 
and 1.1 ±0.2 nS in Scn8amed neurons (n = 16), corresponding to a reduction of INaP in 
the latter group to 58.1% of wild-type levels (see figure 3-4 B). At the same time, the 
voltage dependence of INaP was similar in the two groups (see figure 3-4 C; Scn8awt 
neurons: V1/2 = -38.6 ±2.4 mV and km = 4.1 ±0.3 mV, n = 11; Scn8amed neurons: V1/2 = -
39.8 ±1.3 mV and km = 3.4 ±0.3 mV, n = 16, n.s.). 

 

 

 
Figure 3-4: Reduction of the persistent Na

+
 current (INaP) in Scn8a

wt
 and Scn8a

med
 

CA1 pyramidal neurons.  

(A), In recording solutions designed to reduce other types of inward and outward currents 
(see methods 2.6.5), voltage ramps (50 mV/s, panel a) were applied to elicit INaP. Panel b de-
picts current traces elicited under control conditions in an intact CA1 neuron in the slice prepara-
tion in a Scn8a

wt
 mouse in the absence (black trace) and presence of 0.5 µM TTX (grey trace). 

The TTX-sensitive INaP was isolated by subtraction (subtracted trace in panel c). A representa-
tive TTX subtracted INaP current trace recorded in a Scn8a

med
 neuron is depicted in panel d. (B), 

Averaged peak conductances (see methods) obtained from neurons of Scn8a
wt

 and Scn8a
med

 
mice (n = 11 and n = 16, respectively). INaP amplitude was reduced to 58.1% of wild-type litter-
mate INaP amplitude in mutant mice. (C), Voltage dependence of activation of INaP was derived 
from individual current traces converted to conductance (see methods 2.6.6), and averaged for 
Scn8a

wt
 (grey, n = 11) and Scn8a

med
 neurons (light grey, n = 16). Superimposed fit curves were 

constructed from the averaged fit parameters derived for Scn8a
med

 (dark grey) and Scn8a
wt
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mice (black). Neither the voltage of half-maximal activation V1/2 nor the slope factor km of INaP is 
significantly affected by the absence of functional NaV1.6 channels. 

3.4 Lack of compensatory changes in ICaT 

Homeostatic or compensatory changes can occur following the ablation of a 
protein. For example a downregulation of NaV1.1 and an upregulation of NaV1.3 are 
observed in the Na+ channel β1-subunit knockout mouse [Chen et al. , 2004]. The 
absence of NaV1.6 in Scn8amed mice has been shown to lead to upregulation of NaV1.2 
[Vega et al. , 2008]. Furthermore, compensatory regulation can also include less 
related proteins. In Scn8amed mice a compensatory increase of another subthreshold 
inward current was reported in Purkinje neurons of the cerebellum. In these cells 
upregulation of T-type Ca2+ currents (ICaT) was found by analyzing the currents active 
between two spikes during repetitive firing [Swensen & Bean, 2005]. To test if such a 
regulation of Ca2+ currents also occurs in CA1 pyramidal neurons we isolated ICaT 
current pharmacologically in intact CA1 neurons in the slice preparation using a 
cocktail of Ca2+ channel blockers and TTX (see methods 2.6.7). T-type currents were 
discriminated by analyzing the tail currents following different conditioning pulses back 
to -95 mV. On the basis of their slow deactivation kinetics in these Ca2+ tail current 
recordings T-type Ca2+ currents can be discriminated from the fast deactivating R-type 
currents (compare figure 3-5 A)[Sochivko et al. , 2002]. T-type current amplitudes in 
CA1 were not different at all tested conditioning pulse voltages (see figure 3-5 B). For 
instance, average maximal current amplitudes were -388.51 ±55.9 pA in Scn8amed 
(n = 8) and -373.30 ±106.7 pA in Scn8awt neurons (n = 7). 

 

 

Figure 3-5: T-type Ca2+ (ICaT) current amplitude is unaltered in CA1 pyramidal cells of 
Scn8amed mice.  

(A), Ca
2+

 currents were elicited under recording conditions designed to block Na
+
 and K

+
 

currents, and to maximize the contribution of ICaT to the inward currents (see methods chapter 
2.6.7 for exact description). Under these conditions, compound Ca

2+
 tail currents consisting 

mainly of R-type and T-type currents were elicited following brief (20 ms) depolarizations, with 
the slow component reflecting ICaT (voltage protocol see inset). (B), Amplitude of ICaT was not 
different in Scn8a

med
 (n = 8) compared to Scn8a

wt 
(n = 7) mice at any of the conditioning pulse 

voltages. 

3.5 Reduced spontaneous firing in the absence of functional 
NaV1.6 subunits 

What influence has the lack of functional NaV1.6 subunits causing a 40% reduction 
in INaP and a ~5 mV depolarized shift in the voltage dependence of activation on the 
discharge behavior of CA1 pyramidal cells? In a first set of experiments we performed 
cell-attached recordings on CA1 pyramidal cells in the acute slice preparation. In this 
configuration action potentials can be reliably recorded without perturbation of the 
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intracellular milieu [Perkins, 2006]. Spontaneous action potential firing is sparse in the 
acute slice preparation, an observation we also made in both wild-type and mutant an-
imals (data not shown). To ehance the frequency of spontaneous discharges, we 
blocked synaptic inhibition by including the GABAA-receptor-antagonist picrotoxin into 
the recording solution. Since this was not sufficient to evoke spontaneous spiking in 
Scn8amed neurons we furthermore elevated the extracellular K+ levels, thereby depola-
rizing the resting potential of neurons throughout the slice. Under these conditions firing 
frequency in Scn8amed neurons was still dramatically decreased (0.2 ±0.1 Hz; n = 12) 
compared to neurons recorded from Scn8awt mice (1.8 ±0.2 Hz, n = 14, p<0.01). 
Quality of the recordings and propensity of the cell to fire action potentials was verified 
using synaptic stimulation through an electrode placed in the stratum radiatum. The 
shape of the recorded spikes (see figure 3-6 A, B, E, and F) is influenced by the resis-
tance between the ACSF filled pipette and the neuron’s plasma membrane as well as 
by the shape and capacitance of the recording pipette. Because of this variability we 
refrained from quantitative analysis of the shape of individual action potential currents. 
However, in both genotypes the down stroke of the spikes displays a clear biphasic 
shape caused by the back-propagation of the axonal spike into the soma (see 
figure 3-6 A and B) [Coombs et al. , 1957, Yu et al. , 2008]. From this attribute seen in 
all recordings we concluded that in pyramidal cells of Scn8amed and Scn8awt mice an 
action potential initiation zone must exist. 

 

 

Figure 3-6: Discharge behavior of Scn8awt and Scn8amed neurons recorded in cell-
attached configuration 

 (A) and (B), Representative cell-attached recordings of spontaneous occurring spikes in 
Scn8a

wt
 and Scn8a

med
, respectively. In these recordings extracellular K

+
 was elevated to 5 mM 

and synaptic inhibition was blocked by 100 µM picrotoxin. (C), Example of continuous sponta-
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neous firing in a Scn8a
wt

 neuron. (D), Average spontaneous firing frequency is strongly reduced 
in CA1 neurons lacking NaV1.6 (1.8 ±0.2 Hz in Scn8a

wt
, closed symbols, n = 14 and 0.2 ±0.1 Hz 

in Scn8a
med

 open symbols n = 12 p<0.01). (E) and (F), Synaptically triggered spikes could be 
reliably evoked by current injections through a bipolar stimulation electrode placed in stratum 
radiatum in all recordings of Scn8a

wt
 and Scn8a

med
 neurons, respectively. 

 

3.6 NaV1.6 subunits contribute to setting spike threshold in 
CA1 pyramidal cells 

To analyze how the changes in the active intrinsic membrane properties influence the 
discharge patterns of CA1 pyramidal cells in more detail we performed whole-cell 
current clamp recordings in the slice preparation. From the pronounced depolarizing 
shift in the voltage dependence of the transient Na+ current (INaT) and the strong 
reduction in the spontaneous firing frequency we hypothesized to find a depolarized 
spike threshold in Scn8amed mice. To test this we elicited spikes by intracellular 
injection of brief (4 ms) depolarizing square current pulses from a membrane potential 
of -80 mV imposed with slow voltage clamp (see methods and figure 3-7 A and B). 
Spike thresholds were significantly more depolarized in Scn8amed (-56.7 ± 1.0 mV, 
n = 14) compared to Scn8awt (-60.4 ± 0.9 mV n = 22). This corresponds to a statistically 
significant +3.7 mV shift (see figure 3-7 C; p = 0.011). Changes of similar magnitude 
were also observed when spikes were elicited from other holding potentials in the 
range of -65 to -80 mV (see figure 3-7 D), and for instance, amounted to +4.9 mV for 
spikes elicited from -70 mV. In contrast, spike amplitude and the maximal rate of 
depolarization during spike upstroke were the same in the two groups of neurons 
(118.5 ±0.4 mV and 419.6 ±5.1 mV/ms in Scn8awt and 117.7 ±0.7 mV and 
405.9 ±5.8 mV/ms in Scn8amed neurons, n.s.), as expected from the lack of difference 
in maximal Na+ conductance (see results 3.2). However, we did find a statistically 
significant increase in the maximal rate of spike repolarization in Scn8amed versus 
Scn8awt neurons (-86.2 ±1.9 mV/ms versus -78.2 ±2.0 mV/ms, respectively, for spikes 
evoked from a holding potential of -80 mV; p = 0.007).  

The increase of the spike threshold was also found during repetitive neuronal firing 
elicited by prolonged (600 ms) depolarizing current pulses (see figure 3-7 E and F). We 
analyzed the threshold of the first nine spikes separately (see figure 3-7 G). This 
analysis also revealed a significantly more depolarized spike threshold for all spikes in 
Scn8amed mice. A potential confounding factor in this analysis is that the time of 
occurrence of spikes after onset of the current injection could be different between 
Scn8awt and Scn8amed mice. However, except for the first spike in a train which 
occurred significantly earlier after the onset of the current injection, the time-points at 
which subsequent spikes occurred were not significantly different (see figure 3-7 H). 
Thus, the spike history was well comparable between Scn8awt and Scn8amed mice 
using this form of analysis. Additional analysis in which spikes were binned according 
to the time of their occurrence after the onset of current injection (bin width 100 ms) 
also yielded comparable results: spike thresholds in Scn8amed neurons were 
significantly more positive than those of Scn8awt for all bins (data not shown). 
Collectively, these results support the notion that the high density of NaV1.6 channels 
at the AIS contributes to its low spike threshold. 
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Figure 3-7: Spike threshold of CA1 pyramidal neurons recorded in the slice preparation 
is increased in Scn8amed mice. 

(A) and (B), Example traces of spikes elicited by brief (4 ms), just suprathreshold current in-
jection recorded in a Scn8a

wt
 (panel A) or Scn8a

med
 mouse (panel B). Lower traces depict the 

corresponding current injection. Slow current clamp was used to set the membrane potential to 
-80 mV. (C), Overlay of the two representative traces shown in panels A and B at higher magni-
fication to illustrate the difference in spike threshold more clearly (grey trace: Scn8a

med
). (D), 

Average values obtained for the spike threshold with short current injections (cf. panels A and 
B) in Scn8a

med
 (open symbols, n = 14) and Scn8a

wt
 mice (closed symbols, n = 22). The differ-

ence in threshold was significant at all membrane potentials given (asterisks). (E) and (F), Ex-
ample traces of spikes elicited with prolonged current injection (600 ms). (G), Average values 
for spike thresholds obtained during prolonged current injections (c.f. panels E and F). The first 
nine spikes were analyzed binned according to their spike history. As for brief current injections, 
the spike thresholds were significantly different between genotypes within all bins. (H), Average 
values for the time of spike occurrence following the current injection according spike history. 
Only the first spikes elicited occurred significantly later in Scn8a

med
 neurons. 
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3.7 Spike afterdepolarization in CA1 pyramidal cells lacking 
NaV1.6 

In both developing and adult rat CA1 pyramidal cells, action potentials actively 
repolarize to a potential about 10 mV positive to their resting potential. From this 
potential, referred to as the fast afterhyperpolarization (fAHP), the membrane potential 
increases, thus creating an afterdepolarization (ADP) [Jensen et al. , 1996]. The ADP is 
normally "boosted" by low threshold activated inward currents, namely INaP and the ICaT. 
Subsequently, the cell returns to its resting membrane potential over the course of tens 
to hundreds of millis [Chen et al. , 2005, Yue et al. , 2005]. Since we found a reduction 
in INaP, in Scn8amed neurons, we expected a reduction of the size of the spike ADP, 
which we measured as the area under the curve (see methods 2.6.10). To evaluate the 
contribution of INaP and ICaT to the somatic spike ADP (the active ADP component), we 
subtracted from the native ADP the putative passive component, obtained by evoking 
in the same neuron a subthreshold voltage response and scaling its amplitude so that 
its initial peak coincides with the spike threshold (see methods chapter 2.6.10; 
figure 3-8 A and B, see overlay of scaled subthreshold trace and spike ADP in 
figure 3-8 C). Intriguingly, this analysis revealed that the active ADP component in 
Scn8awt (168.3 ±6.8 mV*ms, n = 22) and Scn8amed neurons (149.3 ±11.3 mV*ms, 
n = 14) was the same (n.s.; action potentials elicited from -80 mV). 

 

 
Figure 3-8: The spike afterdepolarization in Scn8a

med
 and Scn8a

wt
 mice. 

The active portion of the spike afterdepolarization (ADP) is not significantly reduced in 
Scn8a

med
 mice. (A), Action potential recorded from a Scn8a

med
 mouse displaying a pronounced 

ADP. Lower trace depicts the corresponding current injection. The dashed line indicates the 
voltage of the spike threshold. (B), Response to a subthreshold current injection used to deter-
mine the passive component of the ADP. (C), In order to quantify the active part of the ADP the 
subthreshold response (depicted in panel B) was scaled that the peak of the subthreshold re-
sponse corresponds to the spike threshold (trace b). The area of the active component of the 
ADP was determined by subtracting the area under trace b from the total area of the ADP under 
trace a. Areas were measured starting from the maximum of the fast afterhyperpolarization to 
the time-point at which the membrane voltage returned to holding potential (indicated by dotted 
lines). (D), Magnitude of the active ADP was not significantly altered in Scn8a

med
 mice (n = 14) 

compared to Scn8a
wt

 littermate controls (n = 22, n.s.). 
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3.8 NaV1.6 subunits contribute to spike gain  

In the cell-attached recordings (see figure 3-6 D) Scn8amed spontaneous firing 
frequency was significantly reduced. This could be attributed to the depolarizing shift in 
the spike threshold and the diminished resurgent Na+ current [Raman & Bean, 1997, 
Raman et al. , 1997, Royeck et al. , 2008]. Both factors would be expected to conspire 
in order to reduce spike gain of CA1 neurons in Scn8amed mice. In contradiction to this 
a reduced INaP was also reported to attenuate spike gain [Vervaeke et al. , 2006b]. 
Using dynamic clamp Vervaeke et al. [2006b] described an increase in spike gain 
following a dynamic clamp subtraction of INaP. The authors attributed this finding to an 
increase in Na+ channel inactivation due to the additional depolarization mediated by 
INaP. To elucidate which influence the lack of functional NaV1.6 subunits has on spike 
gain, we elicited spikes in Scn8amed (n = 5) and Scn8awt (n = 7) neurons by applying 
prolonged (600 ms) depolarizing current pulses of increasing magnitude (from 20 to 
120 pA) in whole-cell current clamp recordings (see figure 3-9 A and B, respectively). 
In this context it should be mentioned, that the average passive membrane properties 
do not differ between both genotypes (see methods 2.6.1). Examination of the relation 
of current injection to the corresponding number of spikes yielded a significantly 
shallower increase in spike rate in Scn8amed compared to Scn8awt neurons (p<0.01; 
see figure 3-9 C). 
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Figure 3-9: The gain of CA1 neurons is decreased in the absence of NaV1.6 channels 

(A) and (B), Example traces of spikes elicited by current injections (600 ms) of increasing 
magnitude from a holding potential of -80 mV. Some traces are truncated at -45mV (dashed 
line). Spike frequencies increase in both Scn8a

wt
 and Scn8a

med
 mice, but the increase is consi-

derably less pronounced in Scn8a
med

 mutant mice. (C), Quantification of the average spike gain 
of CA1 neurons by plotting the number of spikes during the 600 ms current injection versus the 
magnitude of the current injection (Scn8a

wt
, n = 7 and Scn8a

med
, n = 5, p<0.01). 

 

3.9 NaV1.6 subunits contributes to action potential initiation  

Spike initiation occurs within the axon in most types of cortical neurons [Colbert & 
Pan, 2002, Khaliq & Raman, 2006, Palmer & Stuart, 2006, Stuart et al. , 1997, Stuart & 
Häusser, 1994, Stuart & Sakmann, 1994], and more precise attempts of localization 
have revealed an initiation site at the most distal portion of the AIS in layer 5 cortical 
pyramidal neurons [Palmer & Stuart, 2006] and CA3 pyramidal neurons [Meeks & 
Mennerick, 2007]. In action potentials elicited by prolonged current injection, phase 
plots (dV/dt versus V) allowed to distinguish a first phase of spike upstroke due to spike 
propagation from the AIS into the soma [McCormick et al. , 2007, Shu et al. , 2007], 
and a second phase, caused by the somatic spike (see figure 3-10 A and B). This 
phenomenon was observed both for the first spike as well as for later spikes (see 
figure 3-10 Aa: 1st spike in train and figure 3-10 Ba, 5th spike in train, multiple spikes 
from individual cells are shown). The initiation of spikes in Scn8awt neurons (n = 7; see 
figure 3-10 Ab and Bb, upper panels) appeared more abrupt than in Scn8amed mice 
(n =5; see figure 3-10  Ab and Bb, lower panels). This abrupt initiation was previously 
described in neocortical neurons as ‘kink’ and is a consequence of the invasion of the 
soma by the axonal spikes [McCormick et al. , 2007, Shu et al. , 2007]. The abruptness 
of the voltage change at the onset of a spike can be quantified as a maximum of the 
second derivation of the voltage trace. We calculated the second derivation of the 
voltage traces as described by Coombs et al. [1957]. Representative results are 
depicted in figure 3-11. Panel Aa and Ba show the voltage trace, first derivation (black 
trace) and second derivation (grey trace) are shown in panels Ab and Bb. The two 
peaks in the second derivation, corresponding to the rate of change of (dV/dt), are due 
to a first (axonal) and a second (somatic) component. Amplitude of the first peak in the 
second derivation was significantly smaller in Scn8amed neurons, regardless of which 
spike in a train was evaluated (see figure 3-11 C). Comparable results were obtained 
when action potentials were binned into 100 ms bins according to the time of 
occurrence after onset of the current injection (data not shown). 

The two consecutive peaks in the second derivation of the voltage trace reflect 
axonal and somatic spike initiation. The temporal delay between them (tdel) is a 
measure for the time from the initiation of the action potential at the AIS to its arrival at 
the soma. We examined how tdel varied during repetitive spiking evoked by prolonged 
(600 ms) depolarizing current pulses. For this analysis we again analyzed the 1st, 2nd, 
and subsequent spikes separately. We found that tdel was significantly larger in 
Scn8amed compared to Scn8awt mice (p<0.01, comparisons of individual data points 
with t-test indicated by asterisks in figure 3-11 D). The lack of difference for the 1st 
spike in a train may be related to the different latency of occurrence after onset of the 
current injection for the first spike only (see figure 3-7 H). Comparable results were 
obtained when spikes were binned into 100 ms bins according to the time of 
occurrence after onset of the current injection (significantly longer tdel for all except the 
initial bin, data not shown). This type of analysis was not performed for single spikes 
elicited with 4 ms current injections because the spike upstroke was strongly 
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contaminated to different degrees in different cells by the voltage transient induced by 
the current injection step. 

 

 
 

Figure 3-10: Spike initiation in Scn8a
wt

 and Scn8a
med

 mice. 

Phase plots of dV/dt versus V for all the 1st (Aa) and 5th (Ba) spikes generated in a Scn8a
wt

 
(top panel) and a Scn8a

med
 neuron (lower panel). Note the nonmonotonous ascending phase of 

the spikes, suggestive of two underlying components. (Ab) and (Bb), Sections of the corres-
ponding phase plots representing spike initiation shown with higher resolution. Note the abrupt 
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rise of dV/dt in Scn8a
wt

 (‘kink’ indicated by arrowheads, Ab and Bb top panels) that appears 
much less pronounced in Scn8a

med
 mice (Ab and Bb lower panels). 

 

 

 
Figure 3-11: Altered delay between axonal and somatic components and steepness of spike 
initiation in Scn8a

med
 and Scn8a

wt
 mice. 

(Aa) and (Ba), representative traces of a fifth spike from a Scn8a
wt

 (A) and Scn8a
med

 mouse 
(B). (Ab) and (Bb), First and second derivation of the voltage traces shown in panels 
Aa and Ba. The second derivation is depicted in grey. Note the occurrence of two consecutive 
peaks in both cases, with a smaller temporal delay in the CA1 neuron from a Scn8a

med
 mouse. 

(C), The amplitude of the first (axonal) peak in the second derivation of the voltage trace is sig-
nificantly decreased in Scn8a

med
 mice (compare figure 3-11 Ab and Bb), as expected from the 

less abrupt rise of the initial phase of the spike in Scn8a
med

 mutant compared to Scn8a
wt

 neu-
rons. (D), Quantitative analysis of the delay (tdel) between axonal and somatic component in 
Scn8a

wt
 and Scn8a

med
 mice. tdel was determined as the latency between the 1

st
 and 2

nd
 peak of 

the second derivation of the voltage traces. Spikes were binned depending on their spike histo-
ry. The latency tdel was significantly shorter for the second, third, fifth, and sixth spike analyzed 
in the spike train. 
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3.10 Computer simulations of spike initiation at the AIS  

 
Our electrophysiological results described above strongly suggest that in CA1 

pyramidal cells the high density of NaV1.6 channels imposes a low spike threshold at 
the AIS and thereby localizes spikes initiation to this region. Another factor influencing 
spike threshold and spike trigger zone is the overall Na+ current density at the AIS and 
at the soma. Studies using cell-attached patch-clamp recordings to compare INaT 
densities at AIS versus somatic membranes have reported either equal [Colbert & 
Johnston, 1996, Colbert & Pan, 2002] or a much higher [Kole et al. , 2008] Na+ current 
densities at the AIS.  

We performed simulations in a realistic computer model of a CA1 neuron in order to 
systematically explore the consequences of altering transient Na+ current density 
and / or voltage dependence upon spike threshold and trigger zone (see figure 1-4 for 
morphology and for detailed description of included conductances Royeck et al. 
[2008]). This approach also allowed us to directly compare voltage traces at axonal and 

somatic sites. The NaTi  incorporated in axonal and somatic compartments in this model 

is shown in figure 3-12 A. We varied the voltage of half-maximal activation (V1/2) 
systematically at the AIS from 0 to -7 mV more hyperpolarized compared to the soma 

( V1/2: shift of V1/2 of activation relative to somatic NaTi , activation curves are depicted 

for V1/2 of 0, -4 and -7 mV in figure 3-12 B). As a second parameter we varied NaTi  

density at the AIS. Figure 1-4 B shows an exemplary somatic spike elicited by a brief 

current injection at the soma of the model neuron. NaTi  densities at the AIS and at the 

soma were equal; V1/2 was 0 and -7 mV, as indicated, detailed description of spike 

properties for different NaTi  densities and V1/2 in figure 3-13. 

 

 

Figure 3-12: Transient Na
+
 current ( NaTi ) and its voltage dependence of activation of in the CA1 

neuron model. 

(A), Characterization of NaTi  incorporated in the model. Na
+
 currents were simulated in an 

isopotential compartment and elicited with the voltage paradigm shown in the inset with V1/2 

set to 0 mV. (B), Voltage dependence of activation of NaTi  for different values of V1/2. Activa-

tion curves were constructed as described in the methods section (see chapter 2.6.4). 
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Figure 3-13: Spike parameters of modelled action potentials. 

(A), Spike amplitude measured from resting membrane potential to the peak of the spike. 
(B) and (C), Peak dV/dt of the rising (B) and falling phases (C) of the spike. (D), Width of spikes 
measured at the half-maximal amplitude (halfwidth). All parameters are depicted for different 

relations of somatic vs. AIS INaT density (light gray, gray and black, see legend). V1/2 values on 
the x-axis correspond to the shift in the voltage dependence of activation of INaT at the AIS rela-
tive to the soma.  

 

We then stimulated the model neuron with brief current injections and recorded the 
voltage responses in both the AIS (grey) and the soma (black) of the model neuron 

(see figure 3-14 A). These simulations were carried out for different values of V1/2 (0 

to -7 mV) and NaTi  density at the AIS (from 0.02 to 1 S/cm2, corresponding to a 0.2 to 

10 fold difference in NaTi  density relative to the somatic NaTi  density of 0.1 S/cm2). The 

axo-somatic delay was then calculated as the delay between the time-points at which 
the slope of action potential rise in both compartments was maximal. A delay could 
also be derived from somatic voltage traces alone in our model, similar to the in vitro 
recordings. Derivations of simulated somatic voltage traces also revealed two distinct 
peaks under most conditions. The values of the axo-somatic delay obtained in this 
manner from the somatic recording alone showed a strong linear correlation to the 
values derived as a delay between AIS and somatic spikes (R²=0.9388).  
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Figure 3-14: Influence of transient AIS Na

+
 current density and voltage dependence on spike 

initiation. 

(A), The rising phase of axonal (grey) and somatic (black) spikes are depicted at high reso-

lution either with V1/2 of 0 mV (upper traces) or -7 mV (lower traces), for AIS Na
+
 current densi-

ties of 0.2, 1 and 10 fold somatic density (panels a-c, respectively). (B), Plot of the delay be-

tween time of maximal rise in the AIS and somatic spike over V1/2 for different AIS Na
+
 current 

densities (panel a). An equivalent graph is shown for the spike threshold (panel b). 
(C), Illustration of the dependence of the axo-somatic delay on the density of axonal Na

+
 current 

for different values of V1/2 (see legend, panel a). An equivalent diagram is shown for the spike 
threshold (panel b). 

When NaTi  densities at both soma and AIS are equal, as suggested until recently 

[Colbert & Johnston, 1996, Colbert & Pan, 2002], spike initiation was strongly 

dependent on V1/2. A pronounced delay from axonal to somatic spike initiation was 

observed at values of V1/2 from -7 to -4 mV. When V1/2 was reduced further, the axo-

somatic delay showed a steep reduction (examples for V1/2 of 0 and -7 mV in 

figure 3-14 A, panel b, results for all values of V1/2 in figure 3-14 B, panel a, grey data 

points). Higher NaTi  density at the AIS as suggested by Kole et al. [2008] , always led to 
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a spike initiation at the AIS (up to 10 fold increase relative to the soma implemented in 

our model) , and a stereotypical axo-somatic delay of ~0.15 ms, irrespective of V1/2 

(see figure 3-14 Ac and figure 3-14 Ba, black symbols). Conversely, a reduced NaTi  

density at the AIS (0.2 fold of somatic NaTi  density) caused the spike to arise almost 

simultaneously in both compartments for all values of V1/2 (see figure 3-14 Aa and 

figure 3-14 B, panel a, open symbols). Thus, a V1/2 of more than -4 mV strongly 

promotes spike initiation at the AIS, even when the NaTi  densities at the AIS and soma 

are uniform. This phenomenon was also clearly apparent when we plotted the axo-

somatic delay versus the relative NaTi  density at the AIS (see figure 3-14 Ca). This 

analysis revealed that for a V1/2 of 0 mV the axo-somatic delay increased gradually 

with an increasing density of axonal NaTi . When V1/2 was decreased, this relation 

showed a steeper increase. As a consequence, a V1/2 of -4 to -7 mV strongly affected 
the spike initiation site over a wide range of Na+ channel density ratios (from ~0.5 fold 
to 3 fold somatic density, see figure 3-14 Ca). 

The voltage dependence of activation of NaTi  at the AIS also influenced spike 

threshold, as observed experimentally. When NaTi  densities at the AIS and soma were 

equal, the firing threshold was dependent on V1/2, such that an increase in V1/2 led to 

a more hyperpolarized spike threshold (examples for V1/2 of 0 and -7 mV in 

figure 3-14 Ab, results for all values of V1/2 in figure 3-14 Bb, grey data points). At a 

very high NaTi  density at the AIS, spike threshold was always hyperpolarized, 

irrespective of V1/2 (see figure 3-14 Ac, and figure 3-14 Bb, black symbols). 

Conversely, very low NaTi  density at the AIS led to a depolarized spike threshold 

without dependence on V1/2 (figure 3-14 Aa, and figure 3-14 Bb, open symbols). 

In Scn8amed mice, we observed a significant reduction of INaP and INaR current 
[Royeck et al. , 2008]. Of these two current components INaP might conceivably contri-
bute to action potential initiation. We have therefore repeated the modeling experiment 

with NaPi  reduced to 60% in all compartments in which it was present (soma: reduction 

to 0.6 mS/cm2, AIS: 0.3 mS/cm2, see figure 3-15). In additional experiments, we re-

duced NaPi  only at the AIS (see figure 3-16). Under both conditions, the impact of vary-

ing NaTi  was similar to those depicted in figure 3-14. In both cases, changing the vol-

tage dependence of activation of NaTi  at the AIS still influenced the axo-somatic delay 

(figure 3-15 Aa and figure 3-16 Aa) and spike threshold (figure 3-15 Ab and fig-

ure 3-16 Ab). Varying the density of NaTi  at the AIS also caused changes in axo-

somatic delay and spike threshold that were well comparable to the data obtained 

without reduction in NaPi  (compare figure 3-15 B and figure 3-16 B to figure 3-14 C). 
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Figure 3-15: Influence of transient AIS Na+ current density and voltage dependence on 
spike initiation with a 60% reduction of persistent Na+ current. 

(A), Plot of the delay between time of maximal rise in the AIS and somatic spike over V1/2 
for different AIS Na

+
 current densities (panel a). An equivalent graph is shown for the spike 

threshold (panel b). (B) Illustration of the dependence of the axo-somatic delay on the density of 

axonal Na
+
 current for different values of V1/2 (see legend, panel a). An equivalent diagram is 

shown for the spike threshold (panel b). 
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Figure 3-16: Influence of transient AIS Na+ current density and voltage dependence on 
spike initiation with a 60% reduction of persistent Na+ current only at the AIS.. 

(A), Plot of the delay between time of maximal rise in the AIS and somatic spike over V1/2 
for different AIS Na

+
 current densities (panel a). An equivalent graph is shown for the spike 

threshold (panel b). (B), Illustration of the dependence of the axo-somatic delay on the density 

of axonal Na
+
 current for different values of V1/2 (see legend, panel a). An equivalent diagram 

is shown for the spike threshold (panel b). 



3 Results 45 

 

3.11 Na+ channel mRNA expression following status 
epilepticus  

In the chronic phase of the pilocarpine model of epilepsy the hippocampus displays 
the hallmarks of Ammon’s horn sclerosis. As in human patients sclerosis consists of 
astrogliosis, synaptic reorganization, and a loss of neurons in the hippocampus proper 
[for reviews see Cavalheiro, 1995 and Curia et al., 2008]. In the CA1 region we quanti-
fied the loss of neurons in the pilocarpine model to be 40.3% 14 d after a 40 min status 
epilepticus [Kirschstein et al. , 2007]. Apart from these structural changes also physio-
logical changes occur. The most prominent difference regarding discharge behavior is 
an increase in intrinsic bursting, that can be observed in CA1 pyramidal neurons of 
epileptic animals [Jensen et al. , 1994, Chen et al. , 2009]. Since NaV1.6 has a strong 
influence on shaping neuronal discharge behavior (see first part of this study), we de-
cided to investigate the regulation of this Na+ channel during epileptogenesis following 
status epilepticus. First, we performed a quantitative Taqman™ mRNA expression anal-
ysis (see methods 2.4) of the most prominently expressed Na+ channel α-subunits in 
the hippocampus: NaV1.1, NaV1.2, NaV1.3, and NaV1.6. We compared mRNA expres-
sion in hippocampal microslices of the CA1 region prepared at three time-points (6 h, 
5 d, and 14 d) following status epilepticus to time-matched tissue acquired from sham 
control rats. As internal control we used expression data obtained for the neuron-
specific protein synaptophysin (SYP). For better comparability between the individual 
subunits we normalized expression values for all Na+ channels to the ones obtained in 
controls. At the earliest time-point, in tissue collected 6 h after status epilepticus, 
NaV1.1, NaV1.2, NaV1.3, and NaV1.6 mRNA expression was not significantly different 
compared to expression in sham controls (NaV1.1: 0.75 ±0.08 fold, NaV1.2: 1.10 ±0.18 
fold, NaV1.3: 1.06 ±0.14 fold, and NaV1.6: 1.00 ±0.17 fold; n = 5, n.s.). At the second 
time-point 5 d after status epilepticus during the latent period no significant differences 
in regulation of Na+ channel mRNA expression induced by the epileptogenesis could 
be detected (NaV1.1: 0 94 ±0.12 fold, NaV1.2: 1.02 ±0.13 fold, NaV1.3: 1.28 ±0.22 fold, 
and NaV1.6: 1.04 ±0.07 fold; n = 5, n.s.). The third time-point 14 d after status epilepti-
cus is already in the chronic phase when rats suffer from spontaneous seizures and a 
significant cell loss has manifested [Kirschstein et al. , 2007]. At this time-point average 
ratios for all subunits were below one but failed to reach statistical significance (NaV1.1: 
0 88 ±0.08 fold, NaV1.2: 0.79 ±0.07 fold, NaV1.3: 0.78 ±0.09 fold, and NaV1.6: 
0.63 ±0.14 fold, n = 5; n.s.). In conclusion, this data shows that mRNA expression of 
Na+ channel α-subunits remains stable in the time following the pilocarpine induced 
status epilepticus. 
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Figure 3-17: Na+ channel α-subunit mRNA expression in the CA1 region after status 
epilepticus 

(A), Schematic drawing depicting the cuts (broken lines) to collect hippocampal CA1 micro-
slices from 800 µm thick horizontal slices in order to determine mRNA expression levels. (B), 
Relative mRNA expression levels of the main Na

+
 channel α-subunits NaV1.1, NaV1.2, NaV1.3, 

and NaV1.6 in CA1 microslices at three time-points following status epilepticus (n = 5 animals). 
Values shown were determined relative to synaptophysin mRNA expression (SYP) by the ΔΔ-ct 
method and subsequently normalized to the mean mRNA expression in sham controls indicated 
by a red dotted line (n = 5 animals). The standard error of the expression values from sham 
control tissue is shown as opaque red bars extending from the red line. Changes in mRNA ex-
pression at each time-point were tested with a Mann Whitney U-test and the significance level 
adjusted for multiple comparisons to p<0.0125. No significant changes in mRNA expression of 
Na

+
 channels were detected in these experiments. 

 

3.12 Na+ channel protein expression following status 
epilepticus  

In addition to the analysis of mRNA expression we also decided to determine the Na+ 
channel protein levels. We analyzed Western blots of CA1 microslices prepared at two 
time-points (5 d and 14 d) following status epilepticus. To quantify Na+ channel content 
we utilized a PanNaV antibody directed against all Na+ channel α-subunits and two 
subunit specific antibodies against NaV1.2 and NaV1.6. As control we selected a mo-
noclonal antibody directed against synaptophysin (SYP). In figure 3-18 (panel Aa and 
panel Ab) representative blots from both time-points are displayed. Quantification of the 
signals for the Na+ channels was always done relative to the synaptophysin signal from 
the same lane on the same blot membrane. At the early time-point we found a signifi-
cant general decrease of Na+ channel protein content in CA1 microslices despite of the 
stable mRNA levels after status epilepticus (see chapter 3.11). The reduction in NaV1.2 
(0.31 ±0.03 fold, n = 5, p<0.01) and in NaV1.6 (0.70 ±0.06 fold, n = 10, p<0.01) is con-
sistent with the significant reduction seen in the PanNaV signal (0.49 ±0.05 fold, n = 13, 
p<0.01). Two weeks after status epilepticus no downregulation of the NaV1.2 protein 
content was detected (0.72 ±0.09 fold, n = 8, n.s.). Even though less pronounced than 
5 d after status epilepticus, NaV1.6 protein content was significantly lowered in CA1 
microslices from epileptic rats at 14 d (0.65 ±0.07 fold, n = 8, p<0.01). Total Na+ 
channel protein showed no change in expression in the PanNaV antibody signal 
(0.87 ±0.06 fold, n = 4, n.s.). This data is in good agreement with the findings from the 
mRNA experiments.  
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Figure 3-18: Na+ channel content in CA1 microslices after experienced status epilepti-
cus. 

(Aa), Examples of Western blots for the Na
+
 channel α-subunits NaV1.2 and NaV1.6 togeth-

er with PanNaV and synaptophysin (SYP). Each lane was loaded with whole protein from CA1 
microslices of one animal. (Ab), Bar graph depicting average signal of Na

+
 channel antibody 

relative to the intensity of SYP acquired in the same lane on the same gel. 5 d after the pilocar-
pine treatment PanNaV was significantly reduced (rightmost black bar, 0.49 ±0.05 fold, n = 13, 
p<0.01). This total Na

+
 channel reduction is consistent with the reduction of NaV1.2 (leftmost 

black bar, 0.31 ±0.03 fold, n = 5, p<0.01) and NaV1.6 (middle black bar, 0.70 ±0.06 fold, n = 10, 
p<0.01) For comparison normalized intensities from sham controls ±SEM are shown as white 
bars next to the black bars. (Ba), Examples of Western blots from tissue samples prepared 14 d 
after status using the same antibodies as in Aa. (Bb), Quantitative Na

+
 channel content ana-

lyzed 14 d after status epilepticus. PanNaV content is no longer reduced (rightmost black bar, 
0.87 ±0.06 fold, n = 4, n.s.). This was the same for NaV1.2 protein content (leftmost black bar, 
0.72. ±0.09 fold, n = 8, n.s.). NaV1.6 still showed a significant reduction compared to sham con-
trols (middle black bar, 0.65 ±0.07 fold, n = 8, p<0.01). Statistical analysis was done using a 
Mann-Whitney U-test. 

 

3.13 Axonal localization of Na+ channels and NaV1.6 following 
status epilepticus 

Subcellular localization of ion channels is important in determinating neuronal 
discharge properties. The biochemical experiments we described above argue against 
a general increase in NaV1.6 protein following the experience of status epilepticus. We 
hypothesized that changes in Na+ channel expression induced by the status epilepticus 
could substantially affect the subcellular distribution of Na+ channels. As a first step, we 
produced double immunolabellings, in the same manner as in the mouse experiments, 
using the PanNaV and the Ank G antibody (for comparison with the mouse data, see 
figure 3-2). Comparing sections from epileptic rats 14 d after status epilepticus to 
sections from sham controls we found no apparent difference in axon initial segment 
fluorescence labelling. In addition, we tested for more specific alterations affecting 
NaV1.6 aggregation at axon initial segments by performing double labellings for Ank G 
and NaV1.6 in pilocarpine treated rats (for comparison with the mouse data, see 
figure 3-1). In these sections relative quantification of NaV1.6 fluorescence intensity 
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relative to that of Ank G also yielded no difference between sham control and 
pilocarpine treated rats (see figure 3-20). Taken together, our biochemical data 
suggests that the hyperexcitability found in the epileptic hippocampus is not the result 
of an increase is Na+ channel α-subunit expression. The most pronounced change 
were the cell loss and a reduction of Na+ channel expression in the Western blots of 
CA1 microslices relative to the synaptic protein synaptophysin. However, Na+ channel 
aggregation at the AIS persists in CA1 pyramidal cells from epileptic rats.  

 

 

Figure 3-19: Unchanged axonal aggregation of Na+ channel α-subunits in the hippo-
campus proper following status epilepticus. 

(A), Representative immunohistochemical sections from both sham control rats (left) and pi-
locarpine treated animals (right) showing double labelling of a monoclonal Ankyrin G (Ank G) 
antibody, a marker for AIS (green, leftmost panels) that colocalizes with the labelling of polyc-
lonal antibody directed against all Na

+
 channel subunits (PanNaV, green, right panels, merge in 

the in the middle panel). The PanNaV antibody also produces a labelling of neuronal somata. 
(B), Average AIS fluorescence intensity of NaV1.6 relative to Ank G in sham controls (white bar, 
10 AIS analyzed in each of 4 slices obtained from 4 animals) and pilocarpine treated rats (black 
bars, 10 AIS analyzed in each of 7 slices obtained from 7 animals, n.s.). For a detailed descrip-
tion of the semi-quantitative analysis see methods chapter 2.3.1. 
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Figure 3-20: Axonal aggregation of NaV1.6 in the hippocampus proper following status 
epilepticus. 

(A), Representative immunohistochemical sections from both sham control (left) and pilo-
carpine treated rats (right). The labelling of a monoclonal Ankyrin G (Ank G) antibody, a marker 
for AIS (red, leftmost panels), colocalizes with the labelling of polyclonal antibody directed 
against NaV1.6 (green, right panels, merge in the in the middle panel). (B), Average AIS fluores-
cence intensity of NaV1.6 relative to Ank G in sham controls (white bar, 10 AIS analyzed in each 
of 4 sections obtained from 4 animals) and pilocarpine treated rats (black bars, 10 AIS analyzed 
in each of 7 slices obtained from 7 animals, n.s.). For a detailed description of the semi-
quantitative analysis of PanNaV staining at AIS see methods chapter 2.3.1. Axonal NaV1.6 pro-
tein levels at the AIS of CA1 pyramidal neurons are not altered by epileptogenesis. 

 

3.14 Changes in Na+ currents of CA1 pyramidal neurons 
following status epilepticus  

Are there specific alterations in Na+ currents that affect intrinsic membrane properties 
and thereby contribute to the conversion of regular firing neurons to burst firing neurons 
[Sanabria et al. , 2001, Chen et al. , 2009]? Earlier studies, performed in electrical sti-
mulation based models for epilepsy, found an increase in Na+ current density and shifts 
in the voltage dependence of activation and inactivation [Vreugdenhil et al. , 1998, Ke-
telaars et al. , 2001]. In the pilocarpine model of epilepsy, the only difference found in a 
study performed in our laboratory analyzing transient Na+ currents of CA1 pyramidal 
neurons was a slight increase in time-dependence of recovery from inactivation 
[Schaub et al. , 2007]. Interestingly, in this work neither the voltage dependence of ac-
tivation nor the voltage dependence of inactivation was changed after status epilepti-
cus. However, in another study from our group, various blockers of INaP were shown to 
also block the ADP in sharp microelectrode recordings performed in rats [Yue et al. , 
2005]. Therefore, we decided to compare INaP between sham control and pilocarpine 
treated rats in the acute slice preparation (see figure 3-21). To do this we evoked INaP 
by applying the same protocols and analysis as in the mouse recordings (for compari-
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son see figure 3-4). Our experiments revealed a significant increase of the maximal 
conductance of INaP in the epileptic rats (3.21 ±0.42 nS, n = 18) compared to sham con-
trols (2.07 ±0.25 nS, n = 19, p<0.05). This corresponds to a 55% increase in INaP ampli-
tude. Comparing INaP kinetics, we found no differences in the averaged fit parameters 
for the voltage of half maximal activation (V1/2) between pilocarpine treated rats 
(V1/2 = -43.53 ±1.35 mV) and sham controls (V1/2 = -47.24 ±1.41 mV, n.s.) as well as in 
the slope factor (km) (3.34 ±0.21 mV and 3.74 ±0.31 mV, n.s., respectively). This in-
crease in INaP amplitude could be an important factor which contributes to the increase 
number of burst firing neurons in sharp microelectrode recordings. 

 

 
Figure 3-21: Increase in the persistent Na

+
 current 12-20 d after status epilepticus 

(A), In recording solutions designed to reduce other types of inward and outward currents 
(see methods 2.6.5), voltage ramps (50 mV/s, panel a) were applied to elicit INaP. Panel Ab de-
picts a representative current trace elicited under control conditions in an intact CA1 neuron in 
the slice preparation in a sham control rat in the absence (black trace) and presence of 0.5 µM 
TTX (gray trace). The TTX-sensitive INaP was isolated by subtraction (subtracted trace in panel 
Ac). (Ba), Diagram depicting conductance versus voltage created from the exemplary current 
trace from panel Ac. (Bb), Conductance versus voltage plotted for a representative pyramidal 
neuron recorded from pilocarpine treated rat. (Bc) and (Bd), Conductance versus command 
voltage recorded from a sham control and pilocarpine treated rat with 1 mM spermine included 
in the pipette, respectively. (C), Bar graphs showing the 55% increase in averaged maximum 
conductance in pilocarpine treated rat compared to sham treated controls (n = 18, black bar and 
n = 19, white bar, respectively, panel Ca). Inclusion of spermine in the intracellular solution did 
not affect INaP amplitude in controls (light gray bar, n = 12) whereas the increase in INaP in pilo-
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carpine treated rats (dark gray bar, n = 11) vanished. Voltage dependence of activation of INaP 
recorded in sham controls (black curve) and pilocarpine treated (red curve) constructed from the 
averaged fits parameters of the individual Boltzmann fits. Fit parameters for the slope factor 
(panel Cc) and the half maximal voltage of activation (panel Cd) of the Boltzmann curve fits 
were not different between the four groups. 

3.15 Discharge behavior of CA1 pyramidal neurons following 
status epilepticus 

The high threshold bursting persists after a pharmacological block of the low thre-
shold bursting and can be blocked by application of TTX and riluzole [Chen et al. , 
2009]. Since these studies were performed using sharp microelectrodes and in a dif-
ferent rat strain, we performed a series of current clamp recordings in Wistar rats 
14 to 21 days following status epilepticus in whole-cell configuration (see figure 3-22 A-
F) for better comparability with the experiments performed in Scn8amed and Scn8awt 
mice (see figure 3-07). Most of the action potential parameters did not vary significantly 
between sham control and pilocarpine treated animals. Average membrane resistance 
(91.40±14.34 MΩ and 84.81±7.39 MΩ, n.s.) and membrane time constant 
(18.06 ±1.14 ms and 19.38 ±3.82 ms, n.s.) were not different between sham control 
(n = 8) and pilocarpine treated rats (n = 7), respectively. The action potential amplitude, 
measured from holding potential to peak potential (102.50 ±3.01 mV and 
102.42 ±4.29 mV; n.s.), maximal rate of rise (351.13 ±36.01 mV/s and 330.71 ±23.59 
mV/s; n.s.), and maximum rate of decay (-83.92 ±6.10 mV/s and -84.20 ±7.67 mV/s; 
n.s.) were also found not to be altered following the pilocarpine induced epileptogene-
sis.  

 

 

Figure 3-22: Discharge behavior of intact CA1 pyramidal neurons recorded in the slice 
preparation in whole-cell configuration in pilocarpine treated rats. 
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(A), (B), and (C), Example traces of single spikes elicited by brief (4 ms), just supra-
threshold current injection recorded in a sham control (panel A) or pilocarpine treated rat (pan-
el B). A burst discharge recorded in a pilocarpine treated rat (panel C). Lower traces depict the 
corresponding current injection. Steady state current injections were used to set the membrane 
potential to -75 mV. (D), (E), and (F), Responses to prolonged current injections (600 ms) from 
the same neurons shown in panels A, B, and C. Note the pronounced AHP following the initial 
burst discharge in panel F. (G), Average values obtained for the spike threshold with short cur-
rent injections (compare panels A, B, and C) in sham control (open symbols, n = 8) and pilocar-
pine treated rats (closed symbols, n = 7, n.s.). (H), Average values for spike thresholds obtained 
during prolonged current injections (compare panels D, E, and F). The first nine spikes were 
analyzed binned according to their spike history. Spike thresholds were not significantly different 
between genotypes within all bins. (I), Amplitude of the first (axonal) peak in the second deriva-
tion of the voltage trace is not decreased between sham control and pilocarpine treated rats 
(compare figure 3-11). (J), Comparison of action potential gain of CA1 neurons by plotting the 
number of spikes during the 600 ms current injection versus the magnitude of the current injec-
tion (sham control, n = 8 and pilocarpine treated rats, n = 7, n.s.). 

 

The occurrence of burst firing can also not be explained by a general increase in 
the input output relation of pyramidal CA1 neurons in epileptic animals. We found nei-
ther an increase in spike gain (see figure 3-22 J), nor a decrease of the action potential 
threshold. Average threshold of action potentials elicited with brief 4 ms just supra-
threshold current injections was -57.38 ±1.13 mV in sham controls and 
-54.67 ±2.16 mV in pilocarpine treated rats (n.s., action potentials triggered from 
-75 mV). In addition, threshold for spikes evoked by prolonged 600 ms current injec-
tions was not significantly changed between both groups (see figure 3-22 H). Consider-
ing the initiation of action potentials (see chapter 1.5), in both epileptic and control 
group CA1 pyramidal neurons, action potentials were found to be reliably triggered in 
the AIS as apparent from two peaks visible in the second derivative of voltage traces 
(data not shown). Moreover, we did not find significant differences in the temporal se-
paration of the two peaks (data not shown) or in the steepness of the onset phase 
(`kink´) of the action potential (see figure 3-22 I). This stability of spike initiation is in 
good agreement with the lack of changes in axon initial segment morphology following 
status epilepticus (see chapter 3.13). In conclusion the shape of the fast spike seems 
to remain largely unaffected by the pilocarpine induced epileptogenesis.  

 

 
Figure 3-23: The spike afterdepolarization is increased in whole-cell recordings of CA1 pyra-
midal neurons in epileptic rats. 
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(A), (B), and (C), Example traces before (black) and after (red) the wash-in of 10 µM rilu-
zole of spikes elicited by brief (4 ms) current injection recorded in a sham control (panel A) or 
pilocarpine treated rat (panel B). Notice the block of the spike doublet after the wash-in (pan-
el C). Lower traces depict the corresponding current injection. Steady state current injections 
were used to keep the membrane potential to -75 mV. (D), Mean ADP peak voltage is signifi-
cantly increased in pilocarpine treated (n = 7) compared to sham control animals (open sym-
bols, n =8; p<0.05) recorded in whole-cell configuration (G), Plot of the in ADP peak voltage 
before (left) and after (right) the wash-in of 10 µM riluzole in sham control (open symbols, n = 6) 
and pilocarpine treated cells (closed symbols, n = 6). While in sham controls riluzole did not 
systematically affect the ADP (n.s.) in cells recorded from pilocarpine treated animals the ADP 
peak voltage was significantly reduced (p<0.01, paired t-test). 

 

In sharp microelectrode recordings from epileptic rats a large percentage of 
neurons respond to short current with a high frequency burst discharge [Chen et al. , 
2009]. In these burst-firing neurons the first spike is followed by subsequent spikes that 
ride on the ADP of the first spike. Since this discharge behaviour is increased in 
epileptic animals we expected the ADP to be increased in CA1 pyramidal neurons from 
pilocarpine treated rats. Indeed, average peak ADP was significantly increased in 
pilocarpine treated rats (-61.51 ±1.45; n = 7) when compared to sham controls 
(-64.96 ±0.75, n = 8, p<0.05). Subtraction of the passive responses and thereby 
analysis of the active proportion of the ADP as we did in the mouse recordings (see 
figure 3-8) was not feasible, because the passive response recorded were in some 
cases larger than the ADP. This issue was already mentioned by Brown and Randall 
[2009], who performed whole-cell recordings of rat CA3 pyramidal neurons. In sharp 
microelectrode recordings high threshold bursting [Chen et al. , 2009] and the ADP 
[Yue et al. , 2005] are readily blocked by 10 µM riluzole, a substance known to block 
the persistent Na+ current [Yue et al. , 2005]. We also tested how riluzole affects the 
ADP in whole-cell current clamp recordings. To our surprise 10 µM riluzole failed to 
reduce the ADP in CA1 cells from sham control animals (difference before and after 
application 0.28 ±0.80 mV, n = 6, n.s., paired t-test, figure 3-23 A and E). However, in 
epileptic neurons riluzole did reduce the peak amplitude of the ADP significantly 
(2.27 ±0.55 mV, n = 6, p<0.01, paired t-test, figure 3-23 B, C, and E). In particular in a 
neuron responding with a spike doublet to a brief 4 ms current injection the application 
of riluzole blocked the second action potential triggered by the ADP. 
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4. Discussion 

4.1 Neuronal expression and subcellular localization of 
NaV1.6  

In our analysis of the mRNA levels of voltage gated Na+ channels in rat CA1 
microslices (see results, chapter 3.11) we detected the Na+ channel α-subunits most 
prominently expressed in the central nervous system, namely  NaV1.1, NaV1.2, NaV1.3, 
and NaV1.6 [Diss et al. , 2004, Vacher et al. , 2008]. Compared to humans expression 
of NaV1.3 seems to be lower in rodents and is confined to the somatic and dendritic 
regions [Westenbroek et al. , 1992, Whitaker et al. , 2001]. Additionally, we also 
detected very low expression levels of NaV1.5 mRNA (data not shown), which is in 
good agreement with data analyzing dentate gyrus microslices by Ellerkmann et al. 
[2001]. Neuronal expression of the NaV1.5 mRNA at higher levels was already reported 
for the mouse limbic system [Hartmann et al. , 1999]. Until now, presence of NaV1.5 
protein was only detected by immunohistochemistry at axonal membranes of neurons 
in the cerebral cortex, hypothalamus, thalamus, basal ganglia and brainstem [Wu et al. 
, 2002]. 

 On the protein level, we pronounced expression of NaV1.2 and NaV1.6 in Western 
blots of CA1 microslices (see figure 3-18). We investigated the subcellular distribution 
of Na+ channel α-subunits with immunohistochemical techniques. We utilized the 
PanNaV antibody and found pronounced aggregation of Na+ channels at the axon initial 
segment of rat and mouse CA1 pyramidal neurons (see figure 3-2 and figure 3-19). To 
demarcate axon initial segments we chose an antibody directed against Ankyrin G 
[Jenkins & Bennett, 2001]. We also found that the NaV1.6 subunit is present in high 
concentration at the axon initial segment in Scn8awt mice (see figure 3-1, panels Aa 
and Ab) and rats (see figure 3-20). In Scn8amed mice, lacking NaV1.6, the Ankyrin G 
aggregation was unaffected (see figure 3-1B). 

Apart from Na+ channels, voltage gated K+ channels are aggregated at the axon 
initial segment [Garrido et al. , 2003a, Pan et al. , 2006, Lorincz & Nusser, 2008]. 
Among these the KV7 K+ channels were shown to share the Ankyrin G binding motif 
with Na+ channels. This fact is suggestive of a competition between different ion 
channels for the binding to Ankyrin G and therefor localization at the axon initial 
segment. This hypothesis is strengthened by the possibility to experimentally direct 
dendritic K+ ion channels to the axon initial segment by including the Ankyrin G binding 
motif into its sequence [Garrido et al. , 2003a, Garrido et al. , 2003b]. Recently, the 
distribution of ion channels within a single axon initial segment was shown to be 
polarized with an increasing density of NaV1.6 towards the distal part of the axon [Wart 
& Matthews, 2006a, Lorincz & Nusser, 2008]. The mechanism responsible for the 
generation of this gradient is still unknown. 

4.2 The role of axonal NaV1.6 channels in action potential 
initiation 

Previous studies have shown that spike initiation occurs within the distal portion of 
the AIS in cortical neurons [Meeks & Mennerick, 2007, Palmer & Stuart, 2006] or the 
first node of Ranvier in Purkinje neurons [Clark et al. , 2005]. Several factors likely 
endow these subcellular compartments with a particularly low spike threshold. First, the 
passive electrical properties of axon versus soma may play an important role: 
modelling and physiological studies suggest that charging of the AIS capacitance by 
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inward current is rapid, with the much larger somatic capacitance being charged with a 
significant delay [McCormick et al. , 2007, Meeks & Mennerick, 2007, Shu et al. , 2007, 
Yu et al. , 2008]. Second, several studies have shown a high density of Na+ channel 
proteins at the AIS [Boiko et al. , 2001, Boiko et al. , 2003, Hossain et al. , 2005, Pan 
et al. , 2006, Wart & Matthews, 2006b], but how far this correlates with AIS Na+ current 
density is a matter of ongoing debate [Colbert & Pan, 2002, Palmer & Stuart, 2006, 
Kole et al. , 2008]. Last, more negative activation potentials of axon initial segment Na+ 
channels are thought to lower spike threshold [Colbert & Pan, 2002]. Clearly, these 
factors are not mutually exclusive; rather, it is likely that these factors in combination 
localize the spike trigger zone to the AIS.  

Action potentials recorded in CA1 pyramidal neurons of mice and rats are reliably 
initiated at the axon initial segment (see figure 3-11 and figure 3-22 I). From this site of 
initiation the spike propagates in orthodromic direction along the axon. The action po-
tential also back propagates into the soma, where it triggers the initiation of a somatic 
spike. This phenomenon becomes apparent in a biphasic shape of the upstroke of the 
action potential and a very high steepness of the initial increase in the spike [Coombs 
et al. , 1957, Meeks & Mennerick, 2007, Naundorf et al. , 2006, Yu et al. , 2008]. The 
biphasic shape of the initial part of the action potential is also apparent in the cell-
attached recordings in Scn8amed and Scn8awt mice, where spike discharges were eli-
cited by synaptic activity and the intracellular milieu remained unperturbed (see figure 
3-6 A and B). Initiation of the action potential remote from the soma causes the initial 
voltage increase of the action potential to appear step-like. This feature was termed 
‘kink’ [Naundorf et al. , 2006]. Both ‘kink’ and temporal separation of the two biphasic 
components depend on the distance of the back propagation along the cylindrical axon 
and the subsequent entering of the larger soma [Yu et al. , 2008]. 

Regarding spike initiation, we found three major changes in Scn8amed mice. Firstly, 
we observed a significant depolarizing shift in spike threshold in mice lacking NaV1.6 
channels (see figure 3-7 D and G). Secondly, absence of NaV1.6 significantly reduced 
the temporal separation between axonal and somatic components of spike initiation 
during prolonged firing (see figure 3-11 D). The third characteristic affected by the 
mutation was a pronounced reduction in the ‘kinkiness’ of the action potentials initial 
phase (see figure 3-10 Ab and Bb). This feature was quantified by calculating the slope 
of the initial voltage rise of the action potential (see figure 3-11 C). 

What are the reasons for the changes in spike initiation in mice lacking NaV1.6?  

Passive membrane properties, such as capacitance and input resistance were not 
different between Scn8amed and Scn8awt mice (see methods 2.6.3). Furthermore, axon 
initial segment morphology appeared unaltered in the Ankyrin G immunolabellings (see 
figure 3-2 A leftmost panels). Therefore, the contributions of passive membrane proper-
ties and neuronal morphology to action potential initiation are unlikely to contribute to 
the changes observed in the absence of NaV1.6.  

The second factor localizing spike initiation to the axon initial segment is the high 
density of Na+ channels. In Scn8awt mice, NaV1.6 strongly contributes to Na+ channels 
aggregation at the AIS (see figure 3-1 A, while in Scn8amed mice aggregation of Na+ 
channels is not reduced (see figure 3-2). This is in good agreement with the finding that 
the amplitude of the transient Na+ current (INaT) in acutely isolated neurons is also not 
reduced in Scn8amed mice (see results 3.2). However the exact contribution of axonal 
membranes to the currents recorded in this preparation might differ, but proximal parts 
of the axon are preserved [Yue et al. , 2005]. Due to incomplete voltage clamp, the 
determination of INaT amplitude in somatic recordings in the slice preparation, contain-
ing intact axons, is not feasible. Another way to asses INaT density at the axon initial 
segment would be by performing direct cell-attached recordings [Kole et al. , 2008]. 
However, we did not manage to establish electrophysiological recordings from axon 
initial segments of mouse CA1 pyramidal neurons. Therefore, we decided to analyze 
the impact of axonal Na+ currents on action potential initiation over a wide range INaT 
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densities by computational modeling (see results chapter 3.10 and below for discus-
sion).  

Even though we found transient Na+ currents to be preserved in Scn8amed mice, 
persistent Na+ current (INaP)) amplitudes were significantly reduced in the recordings 
performed in the slice preparation (see figure 3 -4). The persistent Na+ current is mainly 
generated at the proximal part of the axon [Yue et al. , 2005, Astman et al. , 2006] and 
rapidly activates at subthreshold membrane potentials [French et al. , 1990, Yue et al. , 
2005]. Therefore a reduction in INaP is well suited to contribute to the changes observed 
in threshold and spike initiation in Scn8amed mice. To analyze this we conducted our 
modeling experiments also with reduced INaP amplitudes (compare figure 3-14 with fig-
ure 3-15 and figure 3-16). These experiments show that INaP indeed influences spike 
threshold. This influence is particularly strong when INaP is reduced in both soma and 
axon initial segment and when INaT densities are low (compare figure 3-14 Bb with fig-
ure 3-15 Ab, open symbols). Changing INaP amplitude attenuates the influence of a shift 
in INaT activation on spike initiation as long as current densities are comparable be-
tween soma and axon initial segment  (compare figure 3-14 Ba with figure 3-15 Aa and 
figure 3-16 Aa , grey symbols). 

Finally, distinguished biophysical properties of Na+ channels at the axon initial 
segment are thought to be important for the localization of spike initiation and setting of 
the action potential threshold [Colbert & Pan, 2002, Naundorf et al. , 2006]. In our re-
cordings of INaT in Scn8amed mice, we found a significant depolarizing shift in the voltage 
dependence of activation caused by the lack of functional NaV1.6 (see figure 3-3). The 
biophysical properties of Na+ channel α-subunits have been analyzed in great detail 
utilizing various expression systems. The results obtained in such experiments differ to 
a great extent dependent on the transfected cell-type and the presence of accessory 
subunits. Our findings are consistent with studies that have examined the properties of 
NaV1.2 or NaV1.6 in neurons by expressing them in mammalian DRG neurons that 
express accessory β-subunits. These experiments have indicated that the voltage 
dependence of activation and inactivation of NaV1.6 channels is shifted in a 
hyperpolarized direction compared to NaV1.2 [Rush et al. , 2005]. For unknown 
reasons, such a shift in voltage dependence was not observed when NaV1.2 and 
NaV1.6 were co-expressed with β-subunits β1 and β2 in Xenopus laevis oocytes [Smith 
et al. , 1998]. However, expression of the NaV1.6 α-subunit in oocytes alone produced 
a voltage dependence of activation and inactivation that was shifted to unusually 
depolarized potentials.  

Neurons from Scn8amed mice were recorded previously in different regions of the 
CNS with varying results. A shift in the voltage dependence of activation was not 
observed in globus pallidus neurons [Mercer et al. , 2007], cerebellar neurons [Raman 
et al. , 1997], or mesencephalic trigeminal neurons [Enomoto et al. , 2007]. This feature 
of the transient Na+ current, mediated by NaV1.6, is exclusively described in CA1 
pyramidal neurons in this work. Regarding the voltage dependence of inactivation of 
INaT however, we found no changes in Scn8amed mice. This is in good agreement with 
observations from other cell types in mice [Enomoto et al. , 2007, Mercer et al. , 2007], 
but see [Raman et al. , 1997]. The reasons for these disparate findings are currently 
unknown but indicate the importance of cell-specific modulation of NaV1.6 channels, as 
well as differences in potential compensatory changes following the loss of NaV1.6 
channels in Scn8amed mice.  

In our opinion, the observed depolarizing shift in the voltage dependence of Na+ 
channel activation contributes strongly to the significant increase in the threshold for 
action potential generation in Scn8amed mice. We also propose that activation at 
hyperpolarized potentials at the axon initial segment is well suited to localize spike 
initiation to this site. This hypothesis is supported by the fact, that action potential 
initiation was shown to occur at the most distal part of the axon initial segment [Palmer 
& Stuart, 2006, Meeks & Mennerick, 2007] and that this site displays the highest 
concentration of NaV1.6 [Van Wart et al. , 2007, Lorincz & Nusser, 2008].  
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We systematically assessed the influence of a hyperpolarizing shift in the voltage 
dependence of activation at the axon initial segment over a range of Na+ current 
densities in our computational model (see figure 3-14). In these experiments, we found 
that such a shift exerts a large influence on the threshold for action potentials (see 
figure 3-14 Cb). Additionally, localization of spike initiation to the axon initial segment 
was strongly augmented over a wide range of current densities tested (see 
figure 3-14 Ca). This important role of the voltage dependence of axonal Na+ channels 
was also apparent when we adjusted the model to account for the reduced persistent 
Na+ currents observed in Scn8amed mice (see figure 3-15 and figure 3-16).  

Taken together, we conclude that NaV1.6 subunits expressed at the axon initial 
segment by their hyperpolarized voltage of activation localize action potential initiation 
to this subcellular compartment and also set the voltage threshold for action potential 
generation. Localization of spike initiation and a hyperpolarized spike threshold can 
also be achieved by higher densities of INaT at the axon initial segment compared to the 
soma (see figure 3-14 Ba and Bb, closed symbols and figure 3-14, Ca and Cb, 
rightmost part). Nevertheless, under conditions of prolonged depolarization and high 
frequency firing total Na+ channel availability is reduced. Under such conditions the 
specialized biophysical properties of NaV1.6 would show increased influence in 
determining spike threshold and initiation. This interpretation is in good agreement with 
the very low firing rates observed in Scn8amed mice in cell-attached recordings 
(see figure 3-6). 

4.3 The contribution of Na+ currents to spike gain 
In Scn8amed mice we found a pronounced reduction in the spike gain, which is con-

nected to the increased action potential threshold. The resurgent Na+ current (INaR) and 
the persistent Na+ current (INaP) have been shown to affect repetitive firing and spike 
gain [Levin et al. , 2006, Mercer et al. , 2007, Raman & Bean, 1997]. We showed that 
in CA1 neurons from Scn8amed mice INaP is reduced by 42% and INaR by 71% [Royeck 
et al. , 2008]. It is already known that NaV1.6 contributes to INaP and INaR in various 
neurons of the central nervous system. However, the extent and the relative proportion 
of the reduction in INaP and in INaR vary considerably in neurons recorded from Scn8amed 
mice. This is similar to the results reported for mesencephalic trigeminal neurons in 
NaV1.6 null mice (39% reduction in INaP, 76% reduction in INaR, [Enomoto et al. , 2007]), 
DRG neuron cultures (complete ablation of INaR, [Cummins et al. , 2005]), subthalamic 
nucleus neurons (63% reduction in INaR, 55% reduction in INaP, [Do & Bean, 2004]), or 
cerebellar neurons [Raman et al. , 1997]. Only in globus pallidus neurons of Scn8amed 
mice INaP amplitude is independent of NaV1.6, however INaR is still reduced [Mercer 
et al. , 2007]. The reasons for these differences are not very well understood, but 
suggest modulation of these currents. 
 
What are the consequences of reductions in INaP and INaR on spike gain?  

Most data suggest that INaR and INaP conspire to augment repetitive firing [Levin 
et al. , 2006, Mercer et al. , 2007, Raman & Bean, 1997]. The release of the open 
channel block following a spike that underlies INaR by itself depolarizes the cell, thus 
activating the subthreshold INaP. The depolarization mediated by these two currents 
help the cell to reach threshold again. In contrast to this, Vervaeke et al. [2008a] 
proposed an opposite effect of INaP on spike gain. From experiments that utilized 
dynamic clamp they conclude that the depolarization mediated by INaP depolarizes the 
cells in between two action potentials and thereby prevents inactivated Na+ channels 
from recovery. The reduced availability of Na+ channels would then attenuate spike 
gain.  

This explanation is contrary to our experiments. We never observed an increase 
but a progressive reduction in the number of spikes evoked when we monitored the 
wash-in of 1 µM riluzole (a blocker of INaP, see figure 3-23) with 600 ms current 
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injections  (not shown). We therefore propose that in the absence of NaV1.6 the 
reduced amplitudes of INaR and INaP together with the shift in INaT activation together 
reduce reduce output gain in CA1 neurons. These results are also interesting because 
they imply that a substantial portion of INaP and INaR may be generated at the spike 
initiation zone at the AIS, as was shown in some types of neurons with physiological 
techniques [Astman et al. , 2006, Castelli et al. , 2007].  

 
 

4.4 The contribution of Na+ currents to the spike 
afterdepolarization 

 
We found that the increased amplitude of INaP in pilocarpine treated rats coincides 

with greater amplitudes of the spike afterdepolarization (see figure 3-23). This is in 
good agreement with experimental evidence that INaP contributes strongly to in adult rat 
CA1 pyramidal neurons [Yue et al. , 2005]. In contrast to the whole-cell current clamp 
data presented in this work, application of various blockers of INaP also reduced the 
spike ADP in non epileptic rats in sharp microelectrode recordings (see figure 3-23 A 
and D).  Additionally to the difference in pharmacology of the ADP, burst discharges 
also seem to occur at higher frequency in sharp microelectrode recordings than in 
whole-cell configuration (compare Chen et al., [2009] with this study). The reasons for 
this discrepancy are unclear but the contribution of INaP to the amplitude of the ADP 
might differ between sharp microelectrode and whole-cell patch clamp recordings. 
Another study published by Metz et al. [2005] proposed a pronounced contribution of 
voltage gated Ca2+ currents to the amplitude of the ADP in whole-cell patch clamp 
recordings. One hypothesis is that the substitution of the cytosol by the intracellular 
pipette solution disrupts or modulates currents affecting the amplitude of the ADP, 
whereas such a lysis is less pronounced in sharp microelectrode recordings. 

In young rats of comparable age to the mice used in the first part of this study, not 
only INaP, but also dendritic voltage gated Ca2+ currents strongly amplify spike 
afterdepolarizations and cause the generation of spike bursts also in sharp 
microelectrode recordings [Chen et al. , 2005]. In this age range, region 
pharmacologically blocking either voltage gated Ca2+ currents at the dendrites or INaP in 
the perisomatic reduces spike afterdepolarizations and associated burst discharges. 
Surprisingly, spike afterdepolarizations were not reduced in Scn8amed mice, despite a 
reduction of INaP by 42%. One explanation for this unexpected finding might be that a 
partial reduction of INaP in young animals, as used in this study, is not sufficient to affect 
the magnitude of the spike afterdepolarization, given the important contribution of 
voltage gated Ca2+ currents at this age [Chen et al. , 2005] and in whole-cell 
configuration [Metz et al. , 2005]. Another explanation for the stability of the ADP 
amplitude might be due to a compensatory mechanism. Indeed, the functional deletion 
of NaV1.6 in Scn8amed mice was shown to cause a compensatory upregulation of 
T-type Ca2+ currents in Purkinje neurons [Swensen & Bean, 2005]. In contrast, 
changes in K+ channels were subtle in Scn8amed mice, with only small changes in the 
voltage dependence of K+ currents highly sensitive to tetraethylammonium [Khaliq et al. 
, 2003]. We did not find a compensatory upregulation of T-type Ca2+ currents in CA1 
neurons (see figure 3-5), indicating that different compensatory changes may be in-
voked in different neuron types.  
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4.5 Compensatory or homeostatic changes in mice lacking 
functional NaV1.6 channels 

Interestingly Na+ channel α-subunit aggregation persisted in Scn8amed mice, thus 
indicating compensation (see figure 3-2). The most probable candidate countervailing 
for the loss of NaV1.6 in Scn8amed mice is NaV1.2. This subunit has been already 
reported to colocalize with Ankyrin G (Ank G) in retinal ganglion cells [Boiko et al. , 
2003] and share the Ank G binding motif with NaV1.6. A developmental shift from 
NaV1.2 to NaV1.6 expression in the postnatal mouse development was recently 
described [Wart & Matthews, 2006a]. Therefore the compensation by NaV1.2 could 
occur due to a delayed reduction of NaV1.2 expression in Scn8amed mice. This 
hypothesis is supported by Western blot analysis of heterozygous Scn8awt/med mice, 
which had reduced NaV1.6 expression paired with increased NaV1.2 expression 
compared to Scn8awt mice [Vega et al. , 2008]. Finally, aggregation of NaV1.2 at axon 
initial segments was shown in cortical, retinal, and cerebellar neurons of Scn8amed mice 
[Wart & Matthews, 2006b]. 

 

In this context it might also be interesting to look at K+ channels expressed at the 
axon initial segment. So far, KV1.1, KV1.2 [Inda et al. , 2006, Lorincz & Nusser, 2008], 
as well as KV7.2 and KV7.3 [Pan et al. , 2006] have been reported to be concentrated at 
the axon initial segment of CA1 pyramidal neurons. Application of the two specific KV7 
channel blockers XE991 and linopirdine failed to significantly affect spike threshold for 
single action potentials [Yue & Yaari, 2004, Peters et al. , 2005], whereas both blockers 
drastically increased the amplitude of the ADP and induced burst firing in CA1 
pyramidal neurons [Yue & Yaari, 2004]. This observation is in good agreement with the 
stability of the ADP and with the increased action potential threshold in Scn8amed mice. 
Additionally, the KV7 channels are candidates for homeostatic regulations occurring in 
the absence of NaV1.6 since they share the motif for Ank G interaction [Pan et al. , 
2006]. However, also other currents could be regulated in the absence of NaV1.6, such 
as Na+- and Ca2+-dependent K+ currents, as well as the A- and D-type voltage gated K+ 
currents [Swensen & Bean, 2005, Khaliq et al. , 2003].   

4.6 Na+ channels in chronic epilepsy 

There is a tight connection between Na+ channels and epilepsy. On one hand, 
several antiepileptic drugs used in the treatment of epilepsy influence the biophysical 
properties of Na+ currents [Reckziegel et al. , 1999, Köhling, 2002, Remy et al. , 2003, 
Schaub et al. , 2007]. Therefore, investigating the contribution of individual Na+ channel 
α-subunits to neuronal discharge properties in the healthy and diseased nervous sys-
tem can help in the development of drugs with a more selective mode of action. On the 
other hand, there is evidence for causal relation of mutations in Na+ channel genes with 
genetic epilepsies [Köhling, 2002, Meisler & Kearney, 2005, Yu et al. , 2006]. For ex-
ample, NaV1.1 mutations are found in more than 70 % of patients with severe myoclon-
ic epilepsy of infancy (SMEI) [Fukuma et al. , 2004]. Generalized epilepsy with febrile 
seizures plus (GEFS+) has been associated with mutations in the accessory β1-
subunit [Wallace et al. , 1998, Moulard et al. , 1999, Wallace et al. , 2001, Spampanato 
et al. , 2004] and the α-subunit NaV1.2 [Haug et al. , 2001, Baulac et al. , 1999]. Muta-
tions in the NaV1.2 gene are also detected in Benign Familial Neonatal-Infantile Sei-
zures (BFNIS) [Heron et al. , 2002]. Recently, also mutations in the NaV1.3 gene were 
detected in patients suffering from genetic epilepsy [Holland et al. , 2008]. So far, no 
mutations in the gene encoding NaV1.6 have been found in epileptic patients. A recent 
work in genetic mouse models of GEFS+ and SMEI reported that mutations in NaV1.6 
can act as a modifier of disease severity [Martin et al. , 2007]. However, mutations in 
NaV1.6 have been causally related with other genetic diseases in humans, such as 
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cognitive impairment, cerebellar atrophy, and ataxia [Meisler & Kearney, 2005, Tru-
deau et al. , 2006]. 

Interestingly, several epileptogenic mutations in Na+ channels mediate an in-
creased persistent Na+ current (INaP) in expression systems when compared to wild-
type channels. Increases in INaP amplitude were reported to be caused by mutations of 
genes encoding NaV1.1 [Lossin et al. , 2002, Lossin et al. , 2003, Rhodes et al. , 2004] 
and NaV1.3 [Holland et al. , 2008], while mutations affecting NaV1.2 [Kamiya et al. , 
2004, Scalmani et al. , 2006] or the accessory β1-subunit [Wallace et al. , 1998, Mea-
dows et al. , 2002] rather modulate transient Na+ currents leading to hyperexcitability. 
However, an epileptogenic mutation affecting the β1-subunit was recently shown to 
increase INaP amplitude through an interaction involving the β4-subunit [Aman et al. , 
2009]. Furthermore, a mutation affecting NaV1.2 in mice increased INaP amplitude and 
led to the development of epileptic seizures in conjunction with gliosis and hippocampal 
cell loss.  

In the pilocarpine model of epilepsy we found a significant upregulation of the am-
plitude of INaP in CA1 pyramidal neurons (see figure 3-21). What underlies this upregu-
lation of INaP? Analysis of mRNA expression of the Na+ channel α-subunits NaV1.1, 
NaV1.2, NaV1.3, and NaV1.6 failed to detect any upregulation (see figure 3-17 B).  Our 
Western blot analysis also points to stable expression of Na+ channel α-subunits (see 
figure 3-18 Bb, rightmost bars) and rather a downregulation of NaV1.6 (see fig-
ure 3-18 Bb). Our immunohistochemical experiments argue for stable expression of 
NaV1.6 Na+ channels in general at the axon initial segment following status epilepticus 
(see figure 3-19 and figure 3-20, respectively). Hence, we propose that a simple in-
crease in one of the Na+ channel α-subunits cannot be responsible for the increase in 
INaP amplitude.  

Accessory Na+ channel β-subunits might be regulated following pilocarpine induced 
epileptogenesis, as well. Such a regulation could affect biophysical properties or sub-
cellular targeting of Na+ channels [Isom, 2002]. Changes in β-subunit expression fol-
lowing status epilepticus were already investigated in the dentate gyrus, where early 
downregulation of β2-subunits was followed by downregulation of β1-subunits in the 
chronic phase of epilepsy [Ellerkmann et al. , 2003]. The authors suggest that this 
downregulation could mediate the depolarizing shift in voltage dependence of inactiva-
tion, which they report to occur in dentate gyrus granule cells. This shift is not observed 
in CA1 pyramidal cells [Schaub et al. , 2007]. Despite of this, regulation of β-subunit 
expression in CA1 in epilepsy might still occur mediating other changes dependent on 
the associated Na+ channel α-subunit isoform or subcellular location of the β-subunit. In 
this context it might be interesting to analyze the expression of the β4-subunit, which 
was shown to influence INaP [Aman et al. , 2009] and is expressed at low levels in the 
healthy hippocampus [Yu et al. , 2003]. 

What else might lead to the increase in INaP amplitude? One reason could be 
changes in the expression of alternatively spliced Na+ channel isoforms. Some of these 
Na+ channel isoforms are normally expressed during development. Na+ channel splic-
ing, including that of NaV1.6, often leads to the generation of a truncated mRNA of un-
known functionality [Plummer et al. , 1997, Diss et al. , 2004]. Another kind of splicing 
leads to functional isoforms, which sometimes only differ in a single amino acid [Diss 
et al. , 2004, Kerr et al. , 2004]. Such a variant of NaV1.2 displays a hyperpolarized shift 
in the voltage dependence of activation and inactivation [Auld et al. , 1990]. There is 
already some evidence that upregulation of Na+ channel splice variants occurs both in 
humans suffering from epilepsy [Heinzen et al. , 2007] and in animal models of epilep-
sy [Gastaldi et al. , 1997]. Our experiments analyzing Na+ channel mRNA and protein 
expression in epileptic rats were not suited to distinguish between Na+ channel splice 
variants. Therefore, changes in the ratio of Na+ channel splice variant expression could 
in principle contribute to the increase in INaP amplitude.  
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4.7 Modulation of persistent Na+ currents by intracellular 
spermine 

Including 1 mM of the polyamine spermine into the pipette solution completely 
blocked the upregulated portion of INaP in epileptic rats (see figure 3-21). Modulation of 
INaP by cytosolic polyamines was recently described in cortical neurons by Fleidervish 
et al. [2008]. Spermine is a derivative of the amino acid ornithine. Ornithine is decar-
boxylated by the ornithine decarboxylase. This enzyme is considered to be rate limiting 
in the metabolism of polyamine production and can be irreversibly inhibited by the the 
ornithine analogon α-difluoromethylornithine (DFMO) [Gilad & Gilad, 2003, Wallace 
et al. , 2003].  Fleidervish et al. [2008] showed that preincubation of slices with DFMO 
lead to an increase in the amplitude of INaP which was then sensitive to spermine.  

What could be responsible for the de novo appearance of a spermine sensitive por-
tion of INaP in epilepsy? One hypothesis would be a reduction in spermine levels within 
neurons, possibly by regulation of enzymes involved in polyamine metabolism, such as 
ornithine decarboxylase (ODC), spermine synthase (SS), S-adenosylmethionine de-
carboxylase (SAM-DC), or the catabolic enzyme spermidine/spermine 
N1-acetyltransferase (SSAT). Such regulations were reported to occur in ischemia, 
Alzheimer’s disease, as well as in electrical and chemical animal models of epilepsy 
[for review see Bernstein & Müller, 1999]. Transcription of these enzymes and polya-
mine levels, particularly those of putrescine, show a transient increase shortly after 
seizures or ischemia. This phenomenon is termed the polyamine stress response 
[Gilad & Gilad, 2003]. Interestingly, a reduction in spermine content was observed in 
human hippocampal tissue from patients with temporal lobe epilepsy [Laschet et al. , 
1992, Laschet et al. , 1999]. However, it has to be considered that polyamines and re-
lated metabolic enzymes are present in all cells of the brain including endothelial, neu-
ronal and glial cells [Fujiwara et al. , 1997, Laube & Veh, 1997, Krauss et al. , 2007, 
Laube et al. , 2002, Bernstein & Müller, 1999]. This is especially important in epilepsy 
where neuronal cell death is paired with a proliferation of glial cells. Furthermore, po-
lyamines were shown to modulate voltage gated Ca2+ and Na+ channels [Scott et al. , 
1993, Huang & Moczydlowski, 2001, Chen et al. , 2007], as well as inward rectifier K+ 
channels and glutamate receptors [for review see Taglialatela et al. 1995 and Williams, 
1997]. Therefore, any interpretation connecting physiological effects with data from 
compound polyamine measurements or analysis of changes in enzyme regulation has 
to be done carefully. In fact, differences in polyamine content might be important on the 
subcellular level, because of the high metabolic turnover of polyamines could result in 
differential subcellular distribution of polyamines, thus exerting local effects on ion 
channels [Bernstein & Müller, 1999, Krauss et al. , 2007]. However, the molecular rea-
sons underlying the occurrence of the spermine sensitive INaP require further investiga-
tion.  

4.8 Changes in intrinsic firing properties in chronic epilepsy 

Is the upregulation of the persistent Na+ current (INaP) in epilepsy reflected in altered 
CA1 pyramidal cell discharge properties? Utilizing whole-cell patch clamp recordings in 
current clamp mode we found an increase in burst firing of CA1 neurons in pilocarpine 
treated rats (see figure 3-22). The occurrence of burst firing was accompanied by an 
increase in the amplitude of the spike afterdepolarization (ADP, see figure 3-23 D). All 
other spike properties analyzed were unaffected by the pilocarpine treatment (see fig-
ure 3-22 G-J). Application of the INaP blocker riluzole significantly reduced the ADP am-
plitude in epileptic rats without affecting the ADP in sham control rats. We thus con-
clude that the upregulation of INaP in epilepsy is associated with an increase in the ADP 
amplitude and contributes to the occurrence of burst firing. However, this data is partly 
in contrast to findings by Yue et al. [2005] who show utilizing sharp microelectrodes, 
that the INaP mediates the ADP also in CA1 neurons from healthy animals. The most 
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probable explanation for this discrepancy is that the contribution of INaP to the ADP is 
sensitive to the dilution of the cytosol in whole-cell configuration.  

The increased intrinsic burst firing in epilepsy and the underlying mechanisms have 
been investigated previously. A study published by Becker et al. [2008] shows that an 
upregulation of CaV3.2 Ca2+ channels mediating T-type Ca2+ currents contributes to 
increased excitability. Using sharp microelectrode recordings they show that applica-
tion of low concentrations of Ni2+ blocks the ADP and attenuates burst firing in epileptic 
animals. 

More recently, a submitted study provides evidence that also alterations in Na+ cur-
rents contribute to the increased excitability in epilepsy [Chen et al. , 2009]. The au-
thors of that study show that two distinct mechanisms conspire in order to generate the 
pathologic increase in burst firing observed in CA1 pyramidal cells. One burst mechan-
ism, termed low threshold bursting, is sensitive to low concentrations of Ni2+ and attri-
buted to the upregulation of T-type Ca2+ currents mentioned above. After blocking of 
this low threshold bursting, most neurons still displayed burst discharges upon stronger 
and prolonged depolarization. This high threshold bursting was sensitive to somatic 
applications of blockers acting on persistent Na+ currents [Chen et al. , 2009] and is 
therefore probably mediated by the de novo INaP component appearing in epileptic rats, 
which is described in this study (see figure 3-21). 

 In conclusion, we propose that an epilepsy induced spermine sensitive INaP contri-
butes to the augmented intrinsic excitability and increases high threshold bursting pro-
pensity in CA1 pyramidal neurons. Furthermore, we propose that this additional portion 
of INaP is not associated with an upregulation of Na+ channel α-subunits but rather 
caused by posttranscriptional or posttranslational modifications.  
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