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Preface 

Voltage-gated Na+ channels are crucial for the generation and propagation 

of action potentials and they play an important role in neuronal excitability. 

Furthermore, voltage-gated Na+ channels are therapeutic targets of some 

most common AEDs such as carbamazepine (CBZ), phenytoin (DPH) and 

lamotrigine (LTG). However, 20-40% of epilepsy patients are 

pharmacoresistant (Brodie & Kwan, 2002; Loscher & Schmidt, 2002; 

Schmidt & Loscher, 2005; Picot et al., 2008). The expression levels of 

different brain Na+ channel α-subunits have been shown to change in 

epilepsy. In addition, the subunit-specific interactions with AEDs could 

possibly contribute to pharmacoresistance. Although the interactions 

between AEDs and Na+ channels have been described in several studies 

(Kuo & Bean, 1994; Kuo et al., 1997; Kuo & Lu, 1997; Goldin, 2001; 

Catterall et al., 2005), a systematic comparison of the effects of AEDs on 

different Na+ channel α-subunits is lacking so far. Also relatively few 

studies have ever investigated whether different neuron types have different 

sensitivity to AEDs, although epilepsy is a disorder in which disturbed 

network excitability occurs. This led us to study the effects of AEDs at two 

different levels: (1) the interactions between AEDs and Na+ channel α-

subunits NaV1.1, NaV1.2, NaV1.3 and NaV1.6 stably expressed in HEK293 

cells; (2) the effects of LTG on action potential firing in excitatory 

pyramidal neurons and inhibitory interneurons in the hippocampal CA1 area. 

The third topic studied in this thesis is the spatial and temporal protein 

expression of different Na+ channel α-subunits in epilepsy. Although 

previous studies have shown that the mRNA expression of different Na+ 

channel α and β-subunits were changed in epilepsy, these studies did not 

provide detailed information about where, when and which Na+ channel α-
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subunits are altered in epilepsy. We thus examined the regional and 

(sub)cellular protein expression of different Na+ channel α-subunits (NaV1.1, 

NaV1.2 and NaV1.6) at 1 day, 3 weeks and 2 months after kainic acid – 

induced status epileptus in a rat model for temporal lobe epilepsy. 

1. Voltage-gated Na+ channels 

1.1 Nomenclature and molecular structure of voltage-gated Na+ 

channels 

Voltage-gated Na+ channels consist of one primary α-subunit associated 

with one non-covalently (β1 or β3) and one covalently (β2 or β4) linked 

auxiliary β-subunit (Johnston et al., 2003; Catterall et al., 2005). In the 

current nomenclature (Catterall et al., 2005), an individual Na+ channel 

name is composed of (1) the chemical symbol of the principal permeating 

ion (Na); (2) the principal physiological regulator (voltage) (NaV); (3) the 

number after the subscript indicating the gene family (currently only one 

family NaV1); (4) the number after the full point indicating the channel 

isoform number (e.g. NaV1.1). The channel isoform number has been given 

according to the order in which each isoform was identified; (5) splice 

variants of each channel isoform are indicated as lowercase letters after the 

last numbers (e.g. NaV1.1a). Nine mammalian Na+ channel isoforms 

(NaV1.1-1.9) have been identified and functionally expressed. NaV1.1-1.5 

isoforms are encoded by genes SCN1A – SCN5A, and NaV1.6-1.9 isoforms 

are encoded by genes SCN8A – SCN11A, respectively. In addition to these 

nine channel isoforms, a tenth Na+ channel protein (NaX) has been cloned 

from mouse, rat and human which may not function as a voltage-gated Na+ 

channel but it could have a role in sensing plasma salt levels (Watanabe et 

al., 2000; Catterall, 2012). In mammals, genes SCN1B – SCN4B encode β1, 

β2, β3 and β4, respectively. 
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Every α-subunit is composed of four homologous domains (I-IV) which are 

separated by loops of different lengths (Fig. 1). Each domain has six α-

helical transmembrane segments (S1-S6). A hairpin-like loop called a re-

entrant pore loop between S5 and S6 is found in each domain. The α-

subunits have large intracellular loops connecting the four domains and also 

the N-terminal and C-terminal domains are located intracellularly (Fig. 1) 

(Catterall et al., 2005; Catterall, 2012). Auxiliary β-subunits contain an 

extracellular N-terminal immunoglobulin G-like domain, one 

transmembrane domain and an intracellular C-terminal domain (Fig. 1) 

(Catterall et al., 2005; Catterall, 2012). 

 

Fig. 1 Structures of the α and β-subunits of a single voltage-gated Na+ channel. 
The extracellular domains of the β1 and β2 subunits are shown as 
immunoglobulin-like folds, which interact with the loops in the α-subunit as shown. 
Roman numerals indicate the domains of the α-subunit; segments 1-6 indicate the 
transmembrane spanning regions of each domain. Segments 5 and 6 are the pore-
lining segments and the S4 helices make up the voltage sensors. Circles in the 
intracellular loops of domains III and IV indicate the inactivation gate IFM (I1488, 
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F1489 and M1490) motif and its receptor (h, inactivation gate); P, 
phosphorylation sites (in circles, sites for protein kinase A; in diamonds, sites for 
protein kinase C). The circles in the re-entrant loops (segment 5 and 6) in each 
domain represent the amino acids that form the ion selectivity filter (Yu & 
Catterall, 2003). 

 

1.2 Functional role of voltage-gated Na+ channels 

The action potential is a sudden and transient depolarization of the 

membrane potential. Voltage-gated Na+ channels are responsible for the 

rising phase of the action potential. The ionic basis for the action potential 

in the nervous system was first elucidated in the squid giant axon by 

Hodgkin and Huxley (Hodgkin & Huxley, 1952d). They found that two 

different and independent voltage-dependent currents underlie the action 

potential: an early transient inward Na+ current depolarizing the membrane 

potential, and a delayed outward K+ current responsible for repolarization. 

Based on this finding, subsequent experiments led to a quantitative model of 

action potentials (Hodgkin & Huxley, 1952d; Hodgkin & Huxley, 1952c; 

Hodgkin & Huxley, 1952a; Hodgkin & Huxley, 1952b; Hodgkin et al., 

1952). 

1.3 Expression of voltage-gated Na+ channels 

Ten mammalian Na+ channel α-subunits (NaV1.1-1.9 and NaX) have been 

identified and nine of them (NaV1.1-1.9) have been functionally expressed. 

They are distributed differentially throughout electrically excitable tissues. 

NaV1.1, NaV1.2, NaV1.3 and NaV1.6 are widely expressed in the central 

nervous system whereas NaV1.7, NaV1.8 and NaV1.9 are preferentially 

expressed in the peripheral nervous system. NaV1.4 and NaV1.5 are 

primarily expressed in skeletal muscle and in heart (Goldin et al., 2000). 

NaV1.5 was also shown to be present in the brain (Hartmann et al., 1999; 
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Wu et al., 2002; Wang et al., 2009), but relatively few studies have 

described its protein expression patterns and functional roles in the brain. 

The tenth Na+ channel (NaX) may not function as a voltage-gated Na+ 

channel (Catterall, 2012) and may be involved in controlling salt intake in 

the central nervous system (Watanabe et al., 2000; Catterall, 2012). β1 and 

β3 bind noncovalently with associated α-subunits and resemble each other 

in amino acid sequence. β2 and β4 form disulfide bonds with α-subunits and 

also resemble each other closely. β-subunits are randomly associated with α-

subunits with no strict expression specificity in certain types of tissue or 

cells (Catterall, 2012).         

NaV1.1, NaV1.2, NaV1.3 and NaV1.6 are the four α-subunits which comprise 

brain Na+ channels. Chapter 2 and Chapter 3 are focused on the 

biophysical and pharmacological properties of these four isoforms and the 

regional and (sub)cellular expression of NaV1.1, NaV1.2 and NaV1.6 in 

epilepsy. Therefore, in Table 1 (see the end of General Introduction), I 

summarized most of recent studies about the cellular and subcellular 

distribution of the four isoforms in both rodent and human brain. Some 

findings are not consistent with each other (for example, Gong et al. (1999) 

found that NaV1.1 was expressed in somata of CA1 pyramidal neurons 

whereas Lorincz & Nusser (2010) found no expression of NaV1.1 in these 

neurons). In general, NaV1.1 has recently been shown to primarily localize 

in GABAergic interneurons (Yu et al., 2006; Ogiwara et al., 2007; Tang et 

al., 2009; Martin et al., 2010). NaV1.2 is mainly located along axons and on 

presynaptic terminals (Westenbroek et al., 1989; Gong et al., 1999; Lorincz 

& Nusser, 2010). In rodents NaV1.3 mRNAs have highest levels in the 

embryonic and early postnatal brain whereas they become negligible in the 

adult brain. In human, however, NaV1.3 mRNAs (Whitaker et al., 2000) and 
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proteins (Whitaker et al., 2001b) are extensively expressed in the adult brain. 

Finally, NaV1.6 is robustly expressed at high densities in nodes of Ranvier 

of myelinated axons (Caldwell et al., 2000; Boiko et al., 2001) and the axon 

initial segment (Boiko et al., 2003; Lorincz & Nusser, 2008). NaV1.6 was 

also found to exist in hippocampus CA1 pyramidal cell dendrites with a 

gradual decrease in density along the proximodistal axis of the dendritic tree 

(Lorincz & Nusser, 2010). 

2. Epilepsy 

Epilepsy can be considered as a set of chronic neurological disorders 

characterized by recurrent and unprovoked seizures (Chang & Lowenstein, 

2003). Epileptic seizures arise from abnormal, excessive or 

hypersynchronous neuronal activity in the brain (Fisher et al., 2005). There 

are basically two major groups of seizures: partial and generalized seizures. 

Partial seizures start in one area of the brain and they can affect a person’s 

awareness or consciousness, perceptions, thinking or other cognitive 

functions, sensation, movement, or other bodily functions. Generalized 

seizures affect the whole brain from the beginning. There are different forms 

of generalized seizures and the most common ones are tonic clonic and 

absence. Tonic-clonic seizures are a form of primary generalized epilepsy 

and affect both sides of the brain at once, or begin in one area of the brain 

and spread to affect the whole brain. Absence seizures are brief episodes of 

staring. They are relatively brief, and during these episodes awareness and 

responsiveness are impaired.  

2.1 Genetic mutations in voltage-gated Na+ channels and epilepsy 

Epilepsy can result from a genetic mutation in one or more genes which 

encode ion channels or neurotransmitters or can be acquired as a result of an 
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insult to the brain such as trauma, infection, stroke or a tumor (Chang & 

Lowenstein, 2003). Around 700 mutations in genes SCN1A, SCN2A, SCN3A 

and SCN8A encoding α-subunit isoforms NaV1.1, NaV1.2, NaV1.3 and 

NaV1.6 respectively, have been identified in patients with inherited and 

sporadic epilepsy (Meisler et al., 2010). The majority of these mutations 

occur in SCN1A (around 670 mutations), making it the most commonly 

mutated Na+ channel gene in human epilepsy. Of the four genes SCN1B – 

SCN4B encoding the β-subunits, only mutations in SCN1B have been 

reported to be associated with epilepsy (Patino & Isom, 2010).  

2.2 Abnormal changes in voltage-gated Na+ channels and epilepsy 

Except genetic mutations in voltage-gated Na+ channels, abnormal changes 

in the gating behavior and expression levels of Na+ channels have been 

observed in human patients and animal models of epilepsy. In Table 2, I 

summarized key findings in most of these studies. These animal models of 

epilepsy are induced by different protocols (i.e. kindling-, electrically-, 

kainate- or pilocarpine-induced) and Na+ channels are investigated at 

various time points after the induction of status epilepticus (SE). In general, 

a relatively common feature in changes in the gating behavior in epileptic 

conditions is that the steady-state inactivation relationship is shifted to 

depolarizing potentials, which may contribute to hyperexcitabililty 

(Vreugdenhil et al., 1998; Ketelaars et al., 2001; Ellerkmann et al., 2003; 

Hargus et al., 2011). Alterations in the expression of mRNAs or proteins of 

α-subunits have been observed in both epileptic human brain (Lombardo et 

al., 1996; Whitaker et al., 2001a) and animal models of epilepsy 

(Bartolomei et al., 1997; Gastaldi et al., 1997; Aronica et al., 2001). The 

expression of the β1 and β2 subunits decreased in the pilocarpine animal 

model of epilepsy (Ellerkmann et al., 2003). In another study in which a 
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chronic epileptic syndrome develops after electrically induced status 

epilepticus (SE), the expression of the β1 subunit was found to be increased 

(Gorter et al., 2002a). It is difficult to determine whether these alterations 

are a cause, resulting in altered cellular excitability that contributes to 

epileptogenesis and seizures, or a consequence, secondary to seizure activity 

or drug treatment, which is not directly related to the underlying key 

pathophysiology.  

3. Antiepileptic drugs (AEDs)  

3.1 AEDs applied in the experiments of this thesis  

AEDs are drugs that are prescribed to prevent the occurrence of epileptic 

seizures. To exhibit its antiepileptic activity, a drug must interact with one 

or more targets in the brain. Voltage-gated Na+ channels are therapeutic 

targets of AEDs like CBZ, DPH and LTG (Fig. 2).   

DPH (diphenylhydantoin) effectively protects against all kinds of partial and 

generalized tonic-clonic seizures, but it fails to inhibit generalized absences 

(Lason et al., 2011). The remarkable property of DPH is that it is capable of 

preventing seizures without producing sedation. DPH was thus the first 

AED to approach the therapeutic ideal of inhibiting abnormal brain activity 

characteristic of seizures, without appreciably interfering with normal brain 

activity.  

CBZ is a dibenzoazepine derivative. It exhibits a spectrum of anticonvulsant 

activity very similar to that of DPH (Rogawski & Porter, 1990; Lason et al., 

2011). In patients, it is effective against partial and generalized tonic-clonic 

seizures, but not against absence seizures (Ragsdale & Avoli, 1998).     

LTG [6-(2,3-Dichlorophenyl)-1,2,4-triazine-3,5-diamine] has proven to be 

effective against partial and generalized tonic-clonic seizure (Rogawski & 
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Porter, 1990; Yuen, 1994). In addition, it may also have utility in the 

management of primary generalized epilepsy with absence attacks 

(Ragsdale & Avoli, 1998). 

                              

              Carbamazepine                                        Lamotrigine 

                                    

                                             Phenytoin 

Fig. 2 Structures of AEDs used in this thesis. 

 

3.2 Pharmacological mechanisms of Na+ channel-targeting AEDs 

A large number of studies have addressed the antiepileptic mechanisms of 

Na+ channel-targeting AEDs. When membrane potentials are hyperpolarized, 

these AEDs block Na+ currents weakly (Matsuki et al., 1984; Willow et al., 

1985; Ragsdale et al., 1991; Xie et al., 1995; Remy et al., 2003). However, 

when membrane potentials are more depolarized, there is an increase in the 

degree of Na+ current block by these AEDs (i.e. a shift of the steady-state 

inactivation curve towards the hyperpolarizing direction with increasing 
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AED concentrations) (Rogawski & Loscher, 2004). Moreover, these AEDs 

block Na+ currents in a use-dependent manner in which the block 

accumulates with prolonged or repetitive depolarizations (Xie et al., 1995; 

Rogawski & Loscher, 2004). This use-dependent manner allows Na+ 

channel-targeting AEDs to selectively prevent high frequency firing. 

These properties are explained by the preferential binding of AEDs to 

inactivated Na+ channels (Kuo & Bean, 1994; Kuo et al., 1997; Kuo & Lu, 

1997). During repetitive action potential firing, voltage-gated Na+ channels 

undergo the open and inactivated states during each action potential 

followed by a recovery from the inactivated state during the inter-spike 

interval. These Na+ channel-targeting AEDs have a higher affinity for the 

inactivated state and stabilize Na+ channels in this non-conducting state, 

thus effectively blocking the Na+ conductance. These drugs have been 

revealed to bind to a common binding site on Na+ channels (Kuo, 1998). 

Although the structures of these three AEDs are quite different, they share a 

common motif of two phenyl groups separated by one or two C – C or C – 

N single bonds. These two phenyl groups are thought to be the crucial 

binding elements (Rogawski & Loscher, 2004). 

Although the development of AEDs has improved therapeutic efficacy and 

tolerability, about 20-40% of epilepsy patients are pharmacoresistant and 

continue to have seizures (Brodie & Kwan, 2002; Loscher & Schmidt, 2002; 

Schmidt & Loscher, 2005; Picot et al., 2008). The consequences of 

uncontrolled seizures are associated with increased morbidity and mortality 

(Loscher & Schmidt, 2004). Alterations in the expression of mRNAs or 

proteins of α-subunits have been observed in both epileptic human brain 

(Lombardo et al., 1996; Whitaker et al., 2001a) and animal models of 

epilepsy (Bartolomei et al., 1997; Gastaldi et al., 1997; Aronica et al., 2001). 
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One possible factor contributing to pharmacoresistance is that the four brain 

Na+ channel α-subunits interact with AEDs with a different pharmacological 

efficacy. The changed expression patterns of Na+ channel α-subunits may 

thus lead to diminished pharmacological response during the development 

of epilepsy. Although the interactions between AEDs and Na+ channels 

have been described in several studies (Kuo & Bean, 1994; Kuo et al., 1997; 

Kuo & Lu, 1997; Goldin, 2001; Catterall et al., 2005), a systematic 

comparison of the effects of AEDs on different Na+ channel α-subunits is 

presently not available. With epilepsy being a disorder in which disturbed 

network excitability occurs, a system biology-based perspective and 

network-level pharmacology are needed for the treatment of epilepsy and 

future AED development. However, only a few studies have ever 

investigated whether different neuron types display comparable AED 

sensitivities. Therefore in this thesis we studied the effects of AEDs using 

two different preparations: (1) the interactions between AEDs and Na+ 

channel α-subunits NaV1.1, NaV1.2, NaV1.3 and NaV1.6 stably expressed in 

HEK293 cells (Chapter 2); (2) the effects of LTG on action potential firing 

in excitatory pyramidal neurons and inhibitory interneurons in the 

hippocampal CA1 area (Chapter 4). Although previous studies have shown 

that the mRNA expression of different Na+ channel α and β-subunits were 

changed in epilepsy, these studies did not provide detailed information 

about where, when and which Na+ channel α-subunits are altered in epilepsy. 

We thus systematically studied the hippocampal regional and (sub)cellular 

expression of three Na+ channel α-subunits (NaV1.1, NaV1.2 and NaV1.6. No 

data of NaV1.3 expression during the development of epilepsy were shown, 

due to the lack of an appropriate antibody (Chapter 3). 
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4. Outline of this thesis  

Chapter 2: We aimed to answer the question whether there are any 

differences in the biophysical and pharmacological properties between 

different Na+ channel α-subunits. We studied the biophysical properties of 

the four human brain Na+ channel α-subunits (NaV1.1, NaV1.2, NaV1.3 and 

NaV1.6) and the interactions between three AEDs (CBZ, LTG and DPH) 

and these four α-subunits. The heterologous expression system (HEK293 

cells) provided a constant and controllable environment to perform 

standardized sets of experiments and the results objectively reflected the 

biophysical and pharmacological properties of the primary α-subunits. 

Chapter 3: We aimed to answer the question which alterations in the 

regional and (sub)cellular protein expression of different Na+ channel α-

subunits occur in epilepsy. We systematically studied the hippocampal 

regional and (sub)cellular expression of three Na+ channel α-subunits 

(NaV1.1, NaV1.2 and NaV1.6) during the development of epilepsy (1 day, 3 

weeks and 2 months after kainic acid – induced status epileptus) in a rat 

model for temporal lobe of epilepsy. 

Chapter 4: We aimed to answer the question whether there are any 

differences in the sensitivity to LTG between different neuron types. We 

used 5HT3aR-BACEGFP transgenic mice in which the population of the 5-

HT3AR-expressing interneurons is brightly labeled with green fluorescence 

protein (GFP). With tissue preparations (slices and acutely dissociated 

neurons), we could distinguish this subpopulation of interneurons in the 

hippocampal CA1 area and compare them with pyramidal neurons. We 

tested how LTG affected spike firing of these two neuronal types. 
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Table 1 Cellular and subcellular expression of NaV1.1, NaV1.2, NaV1.3 and 
NaV1.6 in the rodent and human brain. 

Subunit 

type 

Tissue & area Cell type Subcellular 

distribution 

References 

NaV1.1 Rodent Adult HC DG: GCs and interneurons Somata (Gong et al., 
1999) 
Rat CA1: PyCs and interneurons Somata and 

proximal 

dendrites 

CA1: KV3.1b-positive 

interneurons 

NOT in somata and AIS of 

PyCs 

Small axons and 

AIS 

(Lorincz & 
Nusser, 2010) 
Rat 

CA1: interneurons (especially 

parvalbumin-positive) 

NOT in AIS of PyCs 

Proximal AIS (Lorincz & 
Nusser, 2008) 
Rat 

CA1: NOT in AIS of PyCs  (Van Wart et 
al., 2007) Rat 

CA3: KV3.1b-positive 

interneurons 

Proximal 

dendrites 

(Lorincz & 
Nusser, 2010) 
Rat 

CA3: interneurons (especially 

parvalbumin-positive) 

NOT in AIS of PyCs 

Proximal AIS (Lorincz & 
Nusser, 2008) 
Rat 

CA3: a subset of neurons 

NOT in AIS of most PyCs 

Proximal AIS (Van Wart et 
al., 2007) 
Rat 

Developing 

HC (P14-

16) 

CA1: non-PyCs (largely 

parvalbumin-positive 

interneurons) 

NOT in somata of PyCs 

Somata,and 

proximal and 

distal axons 

(Ogiwara et 
al., 2007) 
Mouse 

Adult 

cortex 

L2/3 and L5: interneurons 

(especially parvalbumin-

positive) 

NOT in AIS of PyCs 

Proximal AIS (Lorincz & 
Nusser, 2008) 
Rat 

NOT in AIS of PyCs  (Van Wart et 
al., 2007) 
Rat 

Developing 

cortex 

Parvalbumin-positive 

interneurons 

NOT in AIS of PyCs 

AIS (Ogiwara et 
al., 2007) 
Mouse 
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Subunit 

type 

Tissue & area Cell type Subcellular 

distribution 

References 

NaV1.1 Rodent Adult 

cerebellum 

NOT in AIS of PurCs 

NOT in AIS of cells in GC 

layer 

 (Van Wart et 
al., 2007) 
Rat 

Molecular layer: interneurons Proximal AIS (Lorincz & 
Nusser, 2008) 
Rat 

PurCs Somata (Vega-Saenz de 
Miera et al., 
1997) 
Guinea pig 

Developing 

cerebellum 

(P14-16) 

Molecular layer: basket cells Distal axons (Ogiwara et al., 
2007) Mouse 

PurCs Proximal AIS (Ogiwara et al., 
2007) Mouse 

Retina Ganglion cells Proximal AIS (Van Wart et 
al., 2007) Rat 

Main 

olfactory 

bulb 

Short-axon cells in external 

plexiform layer and deep short-

axon cells in GC layer 

NOT in AIS of mitral and 

tufted cells (excitatory cells) 

Full AIS of 

short-axon cells 

and proximal 

AIS of deep 

short-axon cells 

(Lorincz & 
Nusser, 2008) 
Rat 
 

Human Adult HC DG: small cells in GC layer 

and cells in dentate hilus (not 

clearly defined) 

 (Whitaker et al., 
2001b) 

CA2 and CA3: pyramidal 

shaped cells in stratum 

pyramidale 

 

Adult 

cortex 

Weak homogeneous neuropil 

staining in the grey matter of 

the cortex. Pyramidal shaped 

cells in L 3 and L5/6 

Somata and 

proximal 

processes 

Adult 

cerebellum 

GC layer and molecular layer: 

neuropil staining 

 

PurCs Somata 
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Subunit 

type 

Tissue & area Cell type Subcellular 

distribution 

References 

NaV1.2 Rodent Adult HC Neuropil staining associated with 

axons and terminals NOT in somata 

of CA PyCs NOT in somata of 

dentate GCs 

 (Gong et 
al., 1999) 
Rat 
 

CA1: neuropil in SLM, SR and SO 

associated with vGluT1-positive 

presynaptic axons. NOT with Kv4.2-

positive dendritic shafts or spines of 

PyCs 

 (Lorincz & 
Nusser, 
2010) 
Rat 

CA1: PyrCs Proximal AIS 

 NOT in somata 

and dendrites 

Adult 

cortex 

Prefrontal cortex: PyCs Proximal AIS (Hu et al., 
2009) 
Rat 

Human Adult HC Neuropil staining associated with 

axons and terminals  

NO staining in somata or processes of 

cells  

 (Whitaker 
et al., 
2001b) 

Adult 

cortex 

Neuropil staining 

NO staining in somata or proximal 

processes of cells  

 

Adult 

cerebellum 

Neuropil staining in molecular layer 

and GC layer 

NO staining in Purkinje cells, stellate 

or basket cells 

 

NaV1.3 Rodent mRNA studies: highest levels in  embryonic and early postnatal brain. Few 

detailed protein studies 

(Vacher et 
al., 2008) 

Human Adult HC  Neuropil  staining and cells in the 

hilus and CA PyCs 

Somata of 

expressing cells 

(Whitaker 
et al., 
2001b) 

Adult 

cortex 

L3: PyCs Somata and 

proximal apical and 

basal processes 

Adult 

cerebellum 

Granular layer and molecular layer: 

neuropil 

NO cell staining 
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Subunit 

type 

Tissue & area Cell type 

 

Subcellular distribution References 

NaV1.6 Rodent 

 

Adult HC DG: GCs Somata and dendrites (Krzemien et 
al., 2000) 
Rat CA1: PyCs Somata and dendrites 

CA1: PyCs AIS and nodes of Ranvier 

(intense), somata and apical 

dendrites (weak) 

(Lorincz & 
Nusser, 2010) 
Rat 

CA1: PyCs AIS: a gradual increase from 

the proximal to the distal 

(Lorincz & 
Nusser, 2008) 
Rat 

CA3: PyCs Somata and dendrites (Krzemien et 
al., 2000) Rat 

CA3: PyCs AIS: a even distribution (Lorincz & 
Nusser, 2008) 
Rat 

Adult 

cortex 

Prefrontal cortex: 

PyCs 

Distal AIS (Hu et al., 
2009) 
Rat 

L2/3: PyCs AIS: a gradual increase from 

the proximal to the distal 

(Lorincz & 
Nusser, 2008) 
Rat 

L5: PyCs AIS: a even distribution 

PyCs Somata and dendrites (Krzemien et 
al., 2000) 
Rat 

Interneurons AIS (Lorincz & 
Nusser, 2008) 
Rat 

Adult 

cerebellum 

PurCs AIS: a even distribution (Lorincz & 
Nusser, 2008) 
Rat 

PurCs Somata and dendrites (Krzemien et 
al., 2000) 
Rat 

Molecular layer: 

interneurons 

Evenly distributed in distal 

AIS 

(Lorincz & 
Nusser, 2008) 
Rat 

Molecular layer : 

radial astrocytes 

NOT in astrocytes 

in granular layer 

 (Schaller & 
Caldwell, 2000) 
Mouse and Rat 

Retina Ganglion cells Distal AIS (Van Wart et 
al., 2007) Rat 
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Subunit 

type 

Tissue & area Cell type Subcellular 

distribution 

Reference 

NaV1.6 Rodent Main 

olfactory 

bulb 

Mitral and tufted cells 

(excitatory cells) 

AIS  

NOT in somata and 

apical dendrites 

(Lorincz & 
Nusser, 2008) 
Rat 

External plexiform layer and 

GC layer: short-axon cells and 

deep short-axon cells 

AIS 

Olfactory 

epithelium 

and bulb 

Olfactory receptor neuron Somata, dendrites 

and axons 

(Krzemien et 
al., 2000) 
Rat 
 

Sciatic 

nerve and 

optic nerve 

 Nodes of Ranvier (Schaller & 
Caldwell, 
2000) 
Mouse and 
Rat 

Human Adult HC DG: closely packed cells in GC 

layer (not clearly defined). 

Neuropil staining in SM. 

Polymorphic cells in dentate 

hilus against neuropil staining 

Somata of 
expressing cells 

(Whitaker et 
al., 2001b) 

CA: PyCs (presumably) in SP 

against neuropil staining 

Somata 

Adult 
cortex 

Diffuse neuropil staining and 

PyCs in L5 and 6 

Somata and 

proximal processes 

Adult 

cerebellum 

Neuropil staining in molecular 

layer and GC layer. PurCs 

against neuropil staining 

Somata and 

proximal processes 

 

Abbreviations in Table 1 

AIS: axon initial segment; DG: dentate gyrus; GC: granule cell; HC: 
hippocampus; L: layer; PurC: Purkinje cell; PyC: pyramidal cell; SLM: stratum 
lacunosum-moleculare; SM: stratum moleculare; SO: stratum oriens; SP: stratum 
pyramidale; SR: stratum radiatum  
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Table 2 Abnormal changes in the gating behavior and expression levels of Na+ 
channels. 

Tissue 

and model 

Voltage-gated Na+ current 

behavior 

Expression References 

mRNA Protein 

 

Rat, KA,  

α-subunit  

 NaV1.3 increased in DG at 3h after 

induction to a maximum at 6h. Later 

it increased in CA1 and CA3. The 

increase in DG lasted for at least 

24h. 

NaV1.2 increased in the same areas 

to a peak at 3h after induction and 

returned to control by 24h. NaV1.1: 

no changes. 

 (Bartolomei et 
al., 1997) 

 

Rat, KA, 

α-subunit 

 Neonatal NaV1.2 and NaV1.3 

increased in DG and CA1 (transient, 

to maximum at 6h after induction, 

disappearing between 12h and 48h 

after induction). 

 (Gastaldi et al., 
1997) 

 

Rat, KI, CA1 

PyCs 

1 day and 5 weeks after induction: slow 

and fast inactivation was shifted to 

depolarizing potentials. 5 weeks after 

induction: Na+ current amplitude 

increased by 20%. The activation was not 

changed. 

  (Vreugdenhil et 
al., 1998) 

 

Rat, KI, CA1 

PyCs 

1 day after induction: reduced effects of 

CBZ on shifting the inactivation curve in 

kindling animals compared to controls. 5 

weeks after induction: no difference 

between two groups. 

  (Vreugdenhil & 
Wadman, 1999) 

 

Rat, EL, CA1 

PyCs  

The activation curve was shifted to 

hyperpolarizing potentials. Window 

current was increased. No difference in 

dentate GCs. 

  (Ketelaars et 
al., 2001) 

 

Rat, EL, 

CA PyCs and 

dentate GCs, α-

subunit 

 Weak neonatal NaV1.2 and NaV1.3 

in controls. They increased at 4h 

after induction. 

 (Aronica et al., 
2001) 

 

Rat, PI, 

Dentate GCs, 

α-subunit 

The inactivation curve was shifted to 

depolarizing potentials. The activation 

curve was shifted to hyperpolarizing 

potentials. Window current was increased. 

DG microslices: NaV1.2 and NaV1.6 

were persistently decreased up to 30 

days after induction. 

 (Ellerkmann et 
al., 2003) 

 

Rat, PI, 

CA1, α-subunit 

 CA1: 60 days after induction, 

NaV1.6 was increased compared 

with controls. No change in NaV1.1. 

Somatic NaV1.6 in 

CA1 PyCs was 

increased. NaV1.6-

postive cells in 

CA1 increased.    

(Chen et al., 
2009) 
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Tissue 

and model 

Voltage-gated Na+ 

current behavior 

Expression References 

mRNA Protein 

 

Rat, EL,  

EC layer II 

neurons, α-

subunit 

Spike firing frequencies 

increased. Na+ channel 

conductance increased. The 

inactivation curve was shifted 

to depolarizing potentials. 

Persistent (INaP) and resurgent 

(INaR) Na+ currents increased. 

 NaV1.6 in AIS increased. NaV1.2 

in somata increased. Somatic 

expression of NaV1.1 and NaV1.3 

was found and no changes in 

these two isoforms. 

(Hargus et al., 
2011) 

 

HP, α-

subunit 

 NaV1.1/NaV1.2 ratio in CA and 

DG increased by 3 folds in 

epileptic tissue. 

 (Lombardo et al., 
1996) 

 

HP, α-

subunit 

 Reduced NaV1.2 in the remaining 

PyCs of CA1-CA3. Increased 

NaV1.3 in CA4 PyCs. No 

differences were found in NaV1.1 

and NaV1.6. 

 (Whitaker et al., 
2001a) 

 

Rat, PI, 

Dentate 

GCs, β-

subunit 

 β1 was persistently decreased up 

to 30 days following induction. 

β2 was transiently decreased on 

the first and third day following 

induction. 

 (Ellerkmann et al., 
2003) 

 

Rat, EL, β-

subunit 

 

 β1 increased within 1 week after 

induction in reactive astrocytes. 

This increase persisted up 

to 3 months after induction. 

 (Gorter et al., 
2002a) 

 

HP, β-

subunit 

  Immunoblot: β3 decreased in the 

HC, but not in the cortex of non-

HS (hippocampal sclerosis) 

patients when compared to HS 

patients. Immunohistochemistry: 

β3 decreases in all principal 

neurons of the HC. 

(van Gassen et al., 
2009) 

 

Abbreviations in Table 2 

AIS: axon initial segment; DG: dentate gyrus; EC: Entorhinal cortex; EL: 
electrically-induced; GCs: granule cells; HC: hippocampus; HP: human patients; 
KA: kainate-induced; KI: kindling-induced; PI: pilocarpine-induced; PyCs: 
pyramidal cells. 
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Abstract 

Voltage-gated Na+ channels are the therapeutic targets of the antiepileptic 

drugs (AEDs) carbamazepine (CBZ), phenytoin (DPH) and lamotrigine 

(LTG). Neuronal Na+ channels in the brain contain one out of four distinct 

α-subunits: NaV1.1, NaV1.2, NaV1.3 and NaV1.6. This study provides a 

systematic comparison of the biophysical properties of these four α-subunits 

and it characterizes the interaction of CBZ, DPH and LTG with these four 

α-subunits. Na+ currents were recorded in voltage-clamp mode in HEK293 

cells stably expressing one of the four α-subunits. CBZ, DPH and LTG were 

bath applied. NaV1.2 and NaV1.3 subunits have a relatively slow recovery 

from inactivation as compared to the NaV1.1 and NaV1.6 subunits. Of the 

four subunits the NaV1.1 subunit generates the largest window current. LTG 

evokes a larger maximal shift of the steady-state inactivation relationship 

than CBZ and DPH and CBZ shows a faster binding rate to the α-subunits 

than LTG and DPH. LTG binding to the NaV1.1 subunit is faster than to the 

other α-subunits and LTG unbinding from the α-subunits is approximately 

two times slower than that of CBZ and DPH. The four α-subunits show 

subtle differences in their biophysical properties. This can contribute to 

differences in membrane excitability, depending on the (sub)cellular 

expression patterns of Na+ channel α-subunits. The difference in LTG 

binding to the four α-subunits suggests a subunit-specific response to LTG. 

This can have relevance for AED effects on neuronal excitability, depending 

on α-subunit (sub)cellular expression patterns. 
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Introduction 

Voltage-gated Na+ channels play an important role in cellular excitability 

and are responsible for the rising phase of the action potential. The Na+ 

channel protein consists of a pore-forming α-subunit associated with 

auxiliary β-subunits (Catterall, 2000; Catterall et al., 2005). Expression of 

the α-subunit alone is sufficient for the formation of a functional Na+ 

channel, but β-subunits (so far four types have been identified: β1 through β4) 

can modulate the kinetics and trafficking of the channel (Isom, 2001; Patino 

& Isom, 2010). Of the ten known α-subunits, only NaV1.1, NaV1.2, NaV1.3 

and NaV1.6 are found in the brain (Yu & Catterall, 2003; Vacher et al., 

2008).  

The four brain Na+ channel α-subunits have different cellular and 

subcellular expression patterns which crucially determine their functional 

role. NaV1.1 has recently been shown to be primarily expressed in 

GABAergic interneurons in the hippocampus (Yu et al., 2006; Ogiwara et 

al., 2007; Lorincz & Nusser, 2010) and cortex (Ogiwara et al., 2007; Martin 

et al., 2010). Mutations of NaV1.1 cause the epileptic phenotype due to the 

decreased inhibition of GABAergic interneurons (Yu et al., 2006; Ogiwara 

et al., 2007; Tang et al., 2009; Martin et al., 2010). NaV1.2 is primarily 

expressed along axons and on nerve terminals (Gong et al., 1999; Lorincz & 

Nusser, 2010). This localization suggests that NaV1.2 may be involved in 

axonal propagation of action potentials and relevant for neurotransmitter 

release. In rodents, NaV1.3 mRNAs have the highest levels in the embryonic 

and early postnatal brain, whereas NaV1.3 mRNAs (Whitaker et al., 2000) 

and proteins (Whitaker et al., 2001b) are extensively expressed in adult 

human brain. NaV1.6 is highly expressed in axon initial segments and in 

nodes of Ranvier along axons (Debanne et al., 2011) where it has a key role 
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in action potential initiation and propagation. NaV1.6 is also moderately 

expressed in the somata and the dendrites of CA1 pyramidal neurons 

(Lorincz & Nusser, 2010) and can play an essential role in dendritic 

excitability. 

Voltage-gated Na+ channels are key players in cellular excitability and they 

are the therapeutic target of the antiepileptic drugs: carbamazepine (CBZ), 

phenytoin (DPH) and lamotrigine (LTG). These drugs modulate voltage-

gated Na+ channels in a use- and voltage-dependent manner which allows 

them to selectively prevent high frequency firing, with little effect on single 

action potential firing. CBZ, LTG and DPH all have a much higher affinity 

for the inactivated state than for the closed and open states of the Na+ 

channel and therefore stabilize the inactivated state, effectively blocking the 

Na+ conductance (Ragsdale & Avoli, 1998; Rogawski & Loscher, 2004).  

In the majority of epileptic patients this is an effective mechanism to reduce 

or even prevent epileptic seizures, however, for unknown reasons it also 

fails in a substantial fraction of them. One possible cause could lie in subtle 

differences in the interactions of the drugs with specific sodium channel 

subtypes in combination with their regional and subcellular distribution. The 

interactions between the AEDs and Na+ channels or different Na+ channel α-

subunits have been described in several studies (Kuo & Bean, 1994; Kuo et 

al., 1997; Kuo & Lu, 1997; Goldin, 2001; Catterall et al., 2005), but a 

systematic comparison of the interactions of CBZ, DPH and LTG with the 

four major brain Na+ channel α-subunits NaV1.1, NaV1.2, NaV1.3 and 

NaV1.6 using the same expression system and identical recording conditions 

is lacking.   

In this study we will first compare the biophysical properties of the NaV1.1, 

NaV1.2, NaV1.3 and NaV1.6 pore forming α-subunits, stably expressed in 
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HEK293 cells. Next we will determine their interactions with CBZ, DPH 

and LTG in a comparative way. 

Methods 

Stably transfected HEK293 cell lines 

All experiments were performed in HEK293 cell lines stably expressing 

human NaV1.1, NaV1.2, NaV1.3 or NaV1.6 α-subunits (a kind gift of 

GlaxoSmithKline, UK) that have previously been described (Chen et al., 

2000; Burbidge et al., 2002; Mantegazza et al., 2005). The cell lines were 

generated using the pCIN5 vector (Chen et al., 2000; Burbidge et al., 2002). 

Cell culture 

The HEK293 cell lines were cultured in minimum essential medium (Gibco), 

containing 10% fetal calf serum (Gibco), 1% L-glutamine (200 mM, Gibco) 

and 1% penicillin/streptomycin (Gibco). Cells were grown in a 95% O2/5% 

CO2 atmosphere at 37oC and with 95% humidity. One to two days prior to 

electrophysiological recordings, the cells were plated on glass coverslips. 

Whole-cell voltage-clamp recordings 

Cells grown on glass coverslips were placed in a recording chamber with 

0.5 ml extracellular solution containing (in mM): NaCl 140, KCl 5, CaCl2 2, 

MgCl2 1, HEPES 10, and glucose 11; pH was adjusted to 7.4. The patch 

electrodes had resistances of 2-3 MΩ and were filled with pipette solution 

containing (in mM): CsF 140, EGTA 10, HEPES 10, NaCl 5, MgCl2 2; the 

pH was adjusted to 7.3. Voltage-gated Na+ currents were recorded in whole-

cell voltage-clamp mode at room temperature (20-22oC). After the whole-

cell configuration was established, the cell was perfused with extracellular 

solution for ~10 minutes allowing Na+ currents to stabilize, and then moved 

into either control or drug-containing extracellular solution emitted from the 
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application pipette using the Fast-Step Perfusion system (SF-77B, Warner 

Instrument Corporation, Hamden, USA). Voltage-step protocols were 

applied by a personal computer-controlled Axopatch 200A amplifier. The 

membrane capacitance was read from the amplifier dials and used to 

indicate membrane surface. Compensation circuitry was used to reduce the 

series resistance error by at least 75%. The calculated liquid junction 

potential was 8.5 mV but no corrections were undertaken. The holding 

membrane potential was set at –70 mV and currents were sampled at a 

frequency of 5 kHz and analyzed using custom-made software. Each 

protocol (lasting 2-2.5 min) was performed at least twice in each 

extracellular solution (control or drug-containing). The control extracellular 

solution was applied before and after the drug-containing solution to detect 

possible slow run-down. Only cells that showed little current rundown over 

the recording time were incorporated in the analysis. Preferably, more than 

one concentration per cell was tested (with a maximum of three 

concentrations per cell). The currents were corrected off-line for linear non-

specific leak and residual capacitive current. 

Drugs and reagents 

CBZ (Sigma), DPH (Sigma) and LTG (GlaxoSmithKline, UK) were 

dissolved in dimethylsulfoxide (DMSO, Sigma) to make stock solutions of 

400 mM, 100 mM and 333 mM, respectively. They were then diluted in 

extracellular solutions to reach their final concentrations. DMSO 

concentrations in CBZ-, DPH- and LTG- containing extracellular solutions 

were respectively 0.05%, 0.2% and 0.3%; no DMSO effects on Na+ currents 

were observed. 
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Data analysis 

Data are given as the mean ± standard error of the mean (S.E.M). Multiple 

groups were compared using an (one or two factor) ANOVA followed by a 

post-hoc Fisher Least Significant Difference (LSD) test. For comparison of 

the binding data a test for homogeneity of regression coefficients was 

applied. Unless otherwise stated, Student’s t-test was used for the direct 

comparison of two groups of parameters. P<0.05 was considered to indicate 

a significant difference. 

Results 

Biophysical properties of Na+ currents carried by NaV1.1, NaV1.2, NaV1.3 

and NaV1.6 α-subunits  

Voltage-dependent activation Na+ currents were activated by a voltage-

step protocol that depolarized the cell to different voltages after complete 

removal of inactivation at -120 mV (Fig. 1Aa, inset). The peak amplitude of 

the Na+ current was determined for each step and the current-voltage 

relationship (I-V curve) was constructed for each cell. The mean data points 

(I(V)) as a function of voltage (V) were fitted using a modified Goldman-

Hodgkin-Katz current equation (Hille, 2001) in which a Boltzmann function 

is used to describe the voltage dependence of the Na+ permeability 

(Fig. 1Ab): 

( ) )Vexp(1
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 ]Na[VF P
)V(I outin

V
VV
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+
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++

−

+

    Eq. 1 

Where α = F/RT with F the Faraday constant, R the gas constant and T the 

absolute temperature. [Na+]out and [Na+]in are the extracellular and 

intracellular sodium concentrations. P0 is the maximal Na+ permeability and 

the voltage dependence of the conductance is described with a Boltzmann 
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function characterized by the potential of half-maximal activation (Vh) and a 

slope parameter (Vc). For practical measurements we prefer to substitute P0 

F α [Na+]out = Gmax where Gmax is the maximal conductance. The I-V curve 

for each cell was fitted to Eq 1 and the resulting values for Vh, Vc and Gmax 

for the four α-subunits are given in Table 1. 

 

Fig. 1 Voltage-dependent activation and steady-state inactivation of Na+ currents 
through the NaV1.1, NaV1.2, NaV1.3 and NaV1.6 α-subunits stably expressed in 
HEK293 cells. (A) Voltage-dependent activation. (a) Example traces of NaV1.3 
currents. Na+ currents were activated by 25-ms depolarizing voltage steps ranging 
from –70 mV to +10 mV, following a 500-ms hyperpolarizing pre-pulse to –120 
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mV (protocol given as inset). (b) The mean current amplitudes for each α-subunit 
are plotted as function of membrane voltage and fitted to the GHK equation (Eq. 1). 
(B) Voltage-dependent steady-state inactivation. (a) Example traces of Na+ 
currents. Na+ currents were activated by a depolarizing voltage step to –10 mV for 
25-ms following 2500-ms hyperpolarizing pre-pulses ranging from –150 mV to –35 
mV (protocol given as inset). (b) The mean available fraction (I/Imax) values for 
each α-subunit are plotted as function of membrane voltage and fitted to the 
Boltzman function (Eq. 2). Error bars indicate S.E.M. 

 

Voltage-dependent steady-state inactivation Na+ currents were activated 

by a voltage-step protocol where the same depolarization to –10 mV 

followed different prepotential steps (Fig. 1Ba, inset). The peak amplitude 

of the Na+ current evoked by the standard depolarization was determined for 

each pre-pulse voltage. The mean data points (I(V)) as a function of 

prepotential V were fitted with a Boltzmann function: 
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    Eq. 2 

The available fraction is given as I(V)/Imax (Fig. 1Bb). Vh is the potential of 

half-maximal inactivation and Vc is the slope parameter. The data points of 

each cell were fitted with Eq. 2 and the resulting values for Vh and Vc for the 

four α-subunits are also given in Table 1. 

Window currents The voltage range where activation and inactivation 

overlap defines the so-called window current: in this range the activated Na+ 

current will not completely inactivate and presents itself as a small voltage-

dependent persistent current (Patlak, 1991; Johnston, 1995). Using the mean 

values for Vh and Vc for activation as well as inactivation (Table 1) we 

constructed for NaV1.1 the inactivation curve (available fraction) and the 
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activation curve (open fraction) as a function of membrane voltage (Fig. 2A). 

From these two curves the window current for NaV1.1 can be constructed 

analytically and the procedure was repeated for the other subunits (Fig. 2B). 

For statistical comparison of the magnitude of the window currents we 

calculated the area under the curves between -100 mV and 0 mV: NaV1.1: 

371 ± 46 pA·mV (n=34), NaV1.2: 91 ± 10 pA·mV (n=34), NaV1.3: 

223 ± 19 pA·mV (n=30) and NaV1.6: 146 ± 37 pA·mV (n=37). NaV1.1 is 

capable of generating a larger window current than the other three subunits 

(p<0.01; ANOVA, Fisher’s LSD post-hoc test). This is consistent with the 

observation that the difference between Vh for activation and inactivation is 

smallest in NaV1.1 (Table 1). Furthermore, the NaV1.3 window current had a 

larger magnitude than that of the NaV1.2 (p<0.01) and NaV1.6 (p<0.05) α-

subunits. We determined at which membrane voltage the window currents 

peaked: NaV1.1: -47.6 ± 1.1 mV, NaV1.2: -44.1 ± 1.5 mV, 

NaV1.3: -35.0 ± 1.5 mV and NaV1.6: -47.8 ± 1.2 mV, where NaV1.3 peaked 

at a significantly higher value than all the others (p<0.01; ANOVA, Fisher’s 

LSD post-hoc test). The peak of the NaV1.2 window current was at a 

slightly more depolarized potential than those of the NaV1.1 and NaV1.6 

subunits (p<0.05). 

 

0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

-120 -100 -80 -60 -40 -20 0

act
inactA
va

ila
bl

e 
fr

ac
tio

n 

Voltage (mV)

O
p

en fra
ction 

Na
V
1.1

-12

-10

-8

-6

-4

-2

0

1.1

1.2

1.3

1.6

-100 -80 -60 -40 -20 0 20

A
m

p
lit

ud
e 

(p
A

)

Voltage (mV)A B



Chapter 2 
 

41 

Fig. 2 Construction of window currents carried by the four α-subunits. (A) The 
mean normalized activation curve (Boltzman term of eq. 1) and the mean 
normalized inactivation curve (same as in Fig. 1Bb) in NaV1.1-expressing cells 
(n=34). (B) The window currents of the four α-subunits were constructed (as the 
product of the activation and inactivation functions; see A) for each cell by using 
the Vh and Vc parameters of the activation and inactivation curves and the Gmax 
value. The average window currents carried by the four α-subunits NaV1.1 (n=34), 
NaV1.2 (n=34), NaV1.3 (n=30), NaV1.6 (n=37) are shown. Error bars indicate 
S.E.M. 

 

Table 1 Activation and steady-state inactivation properties of Na+ currents 
carried by NaV1.1, NaV1.2, NaV1.3 and NaV1.6 α-subunits. 

 
 
 

Activation Inactivation 
 

 

 
Type 

 

 
Vh (mV) 

 
Vc (mV) 

 
Gmax (nS) 

 
Vh (mV) 

 
Vc (mV) 

 
ΔVh (mV) 

1.1 
(34) 

–27.1±0.8aa,bb 

 
5.4±0.2aa,bb 

 
74.1±4.2aa,bb 

 
–59.4±0.9aa 

 
–5.5±0.3aa 

 
32.4±1.0aa,bb,cc 

 

1.2 
(34) 

–24.3±1.0aa 

 
4.7±0.2aa,cc 

 
76.1±4.4cc,dd 

 
–60.5±0.8bb 

 
–4.9±0.1aa,bb,cc 

 

 
36.2±0.9a,aa 

 
 

1.3 
(30) 

–23.0±0.7bb,cc 

 
4.6±0.2bb,dd 

 
98.4±5.5aa,cc,ee 

 
–58.6±0.5cc 

 
–5.9±0.1bb 

 

 
35.6±0.7b,bb 

 
 

1.6 
(37) 

–25.9±0.4cc 

 
5.6±0.1cc,dd 

 
55.8±2.7bb,dd,ee 

 
–64.3±0.5aa,bb,cc 

 
–5.7±0.1cc 

 

 
38.4±0.5a,b,cc 

 
 

ΔVh indicates the difference between the activation Vh and inactivation Vh values. 
Cell numbers are given in brackets. a, b indicate p<0.05. aa, bb, cc, dd, ee indicate 
p<0.01. (ANOVA followed by Fisher’s LSD post-hoc test). 

 

Recovery from inactivation Na+ currents were activated by a double-pulse 

protocol (Fig. 3A, inset). The amplitude of the Na+ current activated by the 

second depolarization and normalized to the first one is a function of the 
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time interval (∆t) between them and can be fit with a single-exponential 

function (Fig. 3Ad): 









τ
Δ−−=Δ

V

t
exp1)t(R

    Eq. 3 

Where τV is the time constant that depends on the voltage during the 

removal of inactivation. The mean values for τV for the four α-subunits are 

given in Fig. 3B where it can be seen that the recovery from inactivation is 

voltage-dependent (two-factor ANOVA, p<0.001). 
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Fig. 3 Voltage-dependent recovery from inactivation of Na+ currents. (A) The 
time course of recovery from inactivation was determined by a double-pulse 
protocol (protocol given as inset). The variable pulse interval (∆t = 3.4, 6.8, 12.6, 
25, 50, 100 or 200 ms, during which the current was allowed to recover) between 
two 25-ms depolarizing voltage steps to –25 mV, was used to determine the 
recovery from inactivation at the membrane voltages –80 mV, –90 mV, and –100 
mV. Example traces of Na+ currents are shown in (a) (∆t = 100 ms), (b) (∆t = 25 
ms) and (c) (∆t = 3.4 ms). (d) The ratio of the peak amplitudes activated by the first 
and second pulses was plotted as a function of ∆t and fitted with a mono-
exponential function (Eq. 3). (B) Time constant values of NaV1.1 (n = 32), NaV1.2 
(n = 34), NaV1.3 (n = 32) and NaV1.6 (n = 38) currents at the three membrane 
voltages. The recovery from inactivation was voltage- and subunit-dependent (two-
factor ANOVA, p<0.001). Error bars indicate S.E.M. For comparison between 
different α-subunits at the same membrane potential, * and ** respectively indicate 
p<0.05 and p<0.01. For comparison of the same α-subunit at different membrane 
voltages, aa, bb, cc indicate p<0.01 (Fisher’s LSD post hoc test is performed for 
both comparisons). Due to non-homogeneity of variance, the statistical analysis 
was performed on the log-transformed data. 

 

Pharmacology of NaV1.1, NaV1.2, NaV1.3 and NaV1.6 α-subunits  

Frequency-dependent inhibition by CBZ. CBZ modulates voltage-gated 

Na+ currents in a frequency- and use-dependent manner due to its high 

affinity specific for the inactivated state (Rogawski & Loscher, 2004). The 

functional consequence of this phenomenon is that the current gives a 

strongly frequency-dependent response to repetitive depolarizations (Fig. 4). 

Na+ current was activated by 3-ms depolarizations at either 10 Hz or 50 Hz 

depolarization steps. Even without any drug the evoked current slowly 

decays due to incomplete recovery from inactivation at such frequencies 

(Fig. 4Aa,c). In the presence of 50 μM CBZ that reduction is larger as 

binding of CBZ to the inactivated state will refrain a fraction of the channels 

from responding to the depolarization (Fig. 4Ab). The development of the 

CBZ block was isolated by subtracting the two responses; the resulting 
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curve (Fig. 4Ad) can be fit with a single exponential function (Eq. 3) to give 

the time constant of the process (164 ms). 

CBZ block developed faster at 50 Hz than at 10 Hz and it was also faster for 

the higher CBZ concentration (200 μM). Although the overall trend is 

similar for all α-subunits, there are subtle differences in the time course of 

their responses (Fig. 4B, multi-factor ANOVA for frequency, concentration 

and subunit; P<0.001). Using the ratio of the time constants at 10 and 50 Hz 

we could also demonstrate that the frequency sensitivity of the block is 

independent of the CBZ concentration and consistent for the four α-subunits 

(Fig. 4C). In the following we will analyze in detail the interactions between 

the four α-subunits and CBZ, DPH and LTG. 

 

Fig. 4 Frequency-dependent block of Na+ currents by CBZ and LTG. (A) 
Examples of Na+ current traces, evoked with 20 3-ms voltage steps to –10 mV; 
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pulse interval at –80 mV was 20 ms) before (a), during (b) and after (c) CBZ 
(50 μM) application. Protocol given as inset: pulse interval was 20 ms (“50 Hz”) 
or 100 ms (“10 Hz”). These frequencies reflect the pulse interval frequencies and 
not the actual pulse frequencies (which were ~44 HZ and ~8 Hz, respectively. (d) 
The blocked current amplitudes were plotted as a function of time and fitted with a 
mono-exponential function (Eq. 3) to yield the time constant describing the 
development of drug block. (B) Average time constants describing the development 
of CBZ (50 and 200 μM) block of Na+ currents activated with the 10 Hz or 50 Hz 
stimulation protocol (n=5-10). (C) Frequency sensitivity of CBZ block (ratio of 
tau10 and tau50 values from B) for 50 and 200 μM CBZ (n=5-10). CBZ showed a 
frequency- and concentration-dependent block (multi-factor ANOVA, p<0.001). 
Error bars indicate S.E.M., * and ** indicate p<0.05 and p<0.01 respectively for 
comparison of different α-subunits; “a” and “b” indicate p<0.01 and p<0.05 
respectively for comparison of the same α-subunit at different stimulation 
frequencies but at the same concentration; “c” indicates p<0.01 for comparison of 
the same α-subunit at different concentrations but at the same stimulation 
frequency (all Fisher’s LSD post-hoc test). 

 

AED effects on the inactivation properties of the Na+ currents The 

voltage-dependent preferential block of LTG (300 μM) to the inactivated 

state is demonstrated using Na+ currents evoked by a depolarization to -

10 mV after a pre-pulse of either –130 mV or –80 mV (Fig. 5Aa). It is clear 

that the LTG binding at -80 mV is much more effective than the one at -

130 mV (Fig. 5Aa).  

The steady-state inactivation protocol (details in Fig. 1B) was used to 

systematically investigate the concentration dependence of this phenomenon. 

Increasing LTG concentrations (10-1000 μM) shift the inactivation curve of 

the Na+ current carried by NaV1.2 to more hyperpolarizing potentials (Fig. 

5Ab). The major effect is on the Vh parameter of the Boltzmann fit. The 

shift in respect to the control situation without LTG (∆Vh) was determined 

as a function of the applied LTG concentration ([LTG]) and this relation 

was well fit by a first order logistic function: 
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h +

Δ=Δ
    Eq. 4 

where ∆Vhmax is the shift of Vh for saturating concentration and EC50 is the 

concentration of half-maximal ∆Vh (Fig. 5Ac; NaV1.2, n=36). The analysis 

was repeated for all subunits and the three AEDs; the associated 

concentration response curves are given in Fig. 5B and the data are 

summarized in Table 2. These results confirmed the suggestions drawn from 

Fig. 4: the overall profile of the interaction between these drugs and the Na+ 

channel subunits was similar, but for this property  (Vh) LTG had a higher 

efficacy than CBZ or DPH and there were subtle subunit-specific 

differences. The latter were evaluated using the parameters given in Table 2, 

but as the EC50 and the ∆Vhmax are not independent, we only accepted the 

conclusions if they were supported statistically by a model-free comparison 

of the responses at one or two single concentrations. NaV1.6 is strongest 

modulated by CBZ, while NaV1.3 is the weakest. For CBZ none of the 

differences between EC50 values reached significance. LTG also has its 

strongest effect on NaV1.6, while NaV1.2 is most sensitive to LTG (it has a 

lower EC50 values than all others). For DPH the strongest modulation is via 

the  affinity (EC50), where NaV1.2 is more sensitive to DPH than all other 

subunits. 

The direct consequence of the change in rate constants that is responsible for 

the shift in the inactivation curve is that it most likely also leads to a change 

in the time constant for the removal of inactivation. This is illustrated for 

CBZ at -80 mV (Fig. 6A) and -90 mV (Fig. 6B), based on experiments 

using the protocols given in Fig. 3A. CBZ concentration-dependently and 

subunit specific slowed the recovery from inactivation at –80 mV and –

90 mV (multifactor ANOVA, p<0.01). DPH and LTG have much slower 
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binding rates than CBZ (see below), so that it was impossible to detect and 

compare their effect on the recovery from inactivation using the same 

protocol with brief (25 ms) depolarization steps. 

 

Fig. 5 AED effects on the inactivation properties of Na+ currents. (A) (a) 
Example traces of Na+ currents evoked at the testing potential of –10 mV following 
a 2500-ms hyperpolarizing pre-pulse at –130 mV or –80 mV in control, the 
presence of 300 μM LTG and wash (protocol given as inset). (b) The mean 
normalized steady-state inactivation curve was shifted to more hyperpolarizing 
direction with increasing concentrations of LTG (10-1000 µM). Na+ currents were 
evoked and analyzed in the same way as in Fig. 1B. (c) The absolute ∆Vh values 
were plotted against the concentration of LTG and the individual data points were 
fitted with a logistic function (Eq. 4). (B) The average data points of the absolute 
∆Vh values induced by CBZ (10, 20, 50, 100 and 200 μM) (left panel), DPH (10, 20, 
50, 100 and 200 μM) (middle panel) and LTG (10, 30, 100, 300 and 1000 μM) 
(right panel) were fitted with the logistic function. Error bars indicate S.E.M. 
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Table 2 AED effects on the inactivation properties of Na+ currents carried by 
the NaV1.1, NaV1.2, NaV1.3 and NaV1.6 α-subunits. 

 
Type 
 

DPH LTG CBZ 

EC50 

(μM) 
 

ΔVh-max 
(mV) 

EC50 (μM) ΔVh-max 
(mV) 

EC50 (μM) ΔVh-max 
(mV) 

 

 
NaV1.1 

 
35.4±9.5  

(25) 

 
16.6±1.4 

 
245.0±58.7a  

(24) 

 
29.8±2.4aa 

 
134.6±41.3 

(34) 

 
17.2±2.6 

 
NaV1.2 

 
16.7±3.7aa,a  

(24) 

 
13.7±0.9aa,a 

 
123.8±16.8a,b,cc 

 (36) 

 
27.0±1.0bb,cc 

 
106.0±30.7 

(37) 

 
16.8±2.3 

 
NaV1.3 

 
54.9±6.9aa,b  

(40) 

 
17.3±0.8aa 

 
217.2±39.8b  

(36) 

 
33.3±2.0bb,dd 

 
49.2±19.8 

(17) 

 
9.7±1.5aa 

 
NaV1.6 

 
31.3±4.9a,b 

 (28) 

 
16.6±0.8a 

 
230.8±31.9cc  

(36) 

 
43.0±2.1aa,cc,dd 

 
116.4±28.5 

(18) 

 
20.5±2.3aa 

Numbers of individual data points are indicated in brackets. a, b indicate P < 0.05; 
aa, bb, cc, dd indicate P < 0.01 for comparison between effects of the same AED 
on different α-subunits (Student’s t-test). 

 

 

Fig. 6 Concentration-dependent CBZ effects on the recovery from inactivation of 
Na+ currents. (A) Time constants describing the recovery from inactivation at the 
recovery potential of –80 mV (see Fig. 3) in the absence and presence of CBZ (10, 
50 and 100 μM). (B) Time constants describing the recovery of the inactivation 
process at the recovery potential of –90 mV (note different Y-axis scales in A and 
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B). Error bars indicate S.E.M. At both potentials CBZ evoked a concentration-
dependent slowing of the recovery from inactivation for all four α-subunits (two-
factor ANOVA, p<0.01; n=4-12). Error bars indicate S.E.M. 

 

AED effects on the window currents Changes in the activation and 

inactivation function affect the window current. The AED effects described 

here mainly shift the inactivation in hyperpolarizing direction, which 

implies that they always reduce the window current, and often also change 

its shape as illustrated in Fig. 7A for the NaV1.1 subunit and the three drugs 

at relevant concentrations. We quantified the effect using the same "area 

under the curve" measure (between -100 and 0 mV) as in Fig. 2B. This may 

underestimate the consequences of strong changes in the shape of the I-V 

curve, but it allows to relate the percentage block to the drug concentration. 

Quantification was attained as in Fig. 5B, using Eq. 4 in a slightly modified 

form (Fig. 7B). The EC50 values are given in Table 3. Not surprisingly the 

effects have a tendency to follow the results obtained in Table 2, as the 

inactivation curve forms an essential part of the window-current. The 

window-current block by DPH is quite comparable to the modulation of the 

inactivation curve. LTG is a stronger modulator of the inactivation than 

DPH and the larger shifts imply that complete block of the window current 

is reached at much lower concentrations than the maximum shift, which 

explains the substantial higher sensitivity for LTG. 
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Fig. 7 Effects of CBZ, DPH and LTG on the window currents carried by NaV1.1, 
NaV1.2, NaV1.3 and NaV1.6 α-subunits. (A) Examples of partly blocked window 
current carried by NaV1.1 by 20 μM CBZ (left panel; n=7), 20 μM DPH (middle 
panel; n=3) and 100 μM LTG (right panel; n=4). (B) Concentration-response 
relationships of CBZ (left panel), DPH (middle panel) and LTG (right panel) for 
blocking the window currents carried by the four subunits. The average data points 
were fitted with a logistic function (Eq. 5). Error bars indicate S.E.M. 

 

Table 3 AED effects on the window currents carried by the NaV1.1, NaV1.2, 
NaV1.3 and NaV1.6 α-subunits. 

Types DPH LTG CBZ 

 EC50 (μM) EC50 (μM) EC50 (μM) 

Nav1.1 19.9 ± 2.0a,aa,* (22)  83.4 ± 27.5* (21) 80.2 ± 30.0 (31) 

Nav1.2 10.4 ± 4.0a,bb,** (21) 39.1 ± 16.9* (26) 91.8 ± 12.8*,** (31) 

Nav1.3 52.5 ± 6.2aa,bb,cc,* (31) 96.4 ± 35.6 (20) 84.7 ± 17.8* (16) 

Nav1.6 20.0 ± 3.5cc (26) 81.5 ± 36.1 (34) 54.6 ± 23.6 (16) 

Numbers of individual data points are indicated in brackets. a indicates P<0.05 
and aa, bb, cc indicate P<0.01 for comparison between effects of the same AED on 
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different α-subunits (Student’s t-test). * indicates P<0.05 and ** indicate P<0.01 
for comparison between effects of different AEDs on the same α-subunit (Student’s 
t-test).  

 

Binding rates of AEDs to the inactivated Na+ channel α-subunits The 

pharmacological profiles reported above all depend on the binding rates of 

the AEDs to the inactivated Na+ channel, which can be determined using a 

voltage-step protocol (Fig. 8A, inset) (Kuo & Lu, 1997). The Na+ channel 

was exposed to a depolarizing voltage step at –40 mV of varying duration 

(30–2500 ms), which determined, given a specific binding rate, which 

fraction of the channels in the high affinity inactivated state would be bound 

by the AED (Fig. 8A). Next this depolarization was followed by a 5 ms 

hyperpolarization at –120 mV sufficient to remove inactivation from all 

unbound channels. Finally the latter fraction was exposed to a 25-ms 

depolarization to -10 mV. Subtracting the amplitude of this current from the 

one evoked in the absence of the AED yielded the blocked current. This 

procedure also corrected for a reduction in current amplitude due to a slow 

inactivation process (Fig. 8B). For first order blocking kinetics the relation 

between blocked current amplitude and pre-pulse duration should follow a 

single exponential function (comparable to Eq. 3) (Fig. 8B). Then, the 

reciprocal time constant (i.e. rate) is a linear function of the concentration 

and its slope represents the binding rate constant (Fig. 8C); this procedure 

was repeated to provide the binding rate constants of DPH, CBZ and LTG 

for all four α-subunits (Fig. 8D, Table 4). The CBZ binding rate constant 

was approximately three times larger than that of LTG or DPH (Table 4, 

p<0.01), while the latter two were not distinguishable. The NaV1.1 channel 

subtype had the largest binding rate constant with all three AEDs, although 
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the difference with the other three subunit types only reached significance 

for LTG. 

 

Fig. 8 AED binding to the inactivated state of the four Na+ channel α-subunits. 
(A) Example traces of Na+ currents evoked with the test potential step to –10 mV 
following a 30-, 250-, and 2500-ms pre-pulse to –40 mV in (a) the absence of and 
(b) the presence of 50 μM DPH. Pre-pulse durations (Δt) were 30, 62.5, 125, 250, 
500, 1000, 1500 and 2500 ms. Before the test potential step to –10 mV the voltage 
was stepped back for 5 ms to –120 mV to allow the drug-free channels to recover 
from inactivation (protocol given as inset). (B) The blocked Na+ current amplitude 
was determined by subtracting the current recorded in the presence of DPH from 
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the control current and was plotted against Δt. The data points were fitted with a 
mono-exponential function to determine the time constant (Tau) for development of 
block in the presence of 10, 20, 50, 100 and 200 μM DPH. (C) The binding rates 
(1/Tau, s-1) in individual NaV1.1-expressing cells are plotted against the DPH 
concentration. The slope of the linear regression gives the binding rate constant of 
14200 M-1s-1 to NaV1.1 for DPH (n=27). The binding rate constants of CBZ, DPH 
and LTG for the four α-subunits are given and compared in Table 4. (D) The mean 
binding rates of CBZ (left panel), DPH (middle panel) and LTG (right panel) to the 
four α-subunits, fitted with a linear equation. Error bars indicate S.E.M. 

 

Table 4 Binding rate constants of AEDs to the NaV1.1, NaV1.2, NaV1.3 and 
NaV1.6 α-subunits. 

 Binding rate constant (x 103 M-1 s-1) 

Types DPH CBZ LTG 

NaV1.1 14.0 ± 2.0** (27) 31.7 ± 2.3a (25) 15.4 ± 0.8**;aa,bb,cc (18) 

NaV1.2 8.0 ± 1.2** (18) 28.8 ± 3.6 (33) 9.2 ± 1.0**;aa (30) 

NaV1.3 10.5 ± 1.2** (29) 26.1 ± 1.4 (14) 9.3 ± 0.3**;bb (17) 

NaV1.6 8.5 ± 1.9** (23) 23.3 ± 0.9a (24) 8.4 ± 0.1**;cc (30) 

Numbers of individual data points are indicated in brackets. a indicates p<0.05; 
aa, bb, cc indicate p<0.01 for comparison between subunits and ** indicates 
p<0.01 for comparison with CBZ (test for homogeneity of regression coefficients). 

 

Unbinding rates of AEDs from the Na+ channel α-subunits The affinity 

of an AED is a combination of the binding rate of the drug and the rate at 

which the drug dissociates from its binding site. The latter was determined 

with a voltage-step protocol that resembled the one used in Fig. 8: a 

depolarization from –120 mV to –40 mV lasted 2 seconds and allowed 

complete binding of the AED to the inactivated channels (Fig. 9A, inset). In 

the following hyperpolarization to –120 mV the unbinding of the drug is 

rate limiting as it is much slower than the removal of voltage dependent 
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inactivation. Varying the duration of the hyperpolarization (5-500 ms), 

testing the result with a standard depolarization to –10 mV and subtracting 

the current evoked in the absence of the drug, allowed to determine the 

single exponential that relates blocked current to pulse duration (Fig. 9Ac). 

The reciprocal of the time constant (i.e. the off-rate) is independent of drug 

concentration and defines the subunit-specific unbinding rate for CBZ, LTG 

and DPH (at –120 mV, Fig. 9B). The off rates were determined for each 

drug using two concentrations which always gave the same result (DPH: 20 

& 100 μM, CBZ: 20 & 100 μM, LTG: 30 & 300 μM). The off rate of LTG 

is much lower than that of DPH and CBZ (Fig. 9B; p<0.01). The off-rates 

for all AEDs were always the lowest for the NaV1.6 α-subunit. For LTG the 

off-rate for NaV1.3 was also lower than that for the NaV1.1 and NaV1.2 

α-subunit. 

Discussion  

In the present study we performed a detailed comparison of the biophysical 

and pharmacological properties of human NaV1.1, NaV1.2, NaV1.3 and 

NaV1.6 α-subunits stably expressed in HEK293 cells. Although these have 

previously been characterized individually (Goldin, 2001; Catterall et al., 

2005), only subtle functional differences have been described and it is 

unclear from these studies whether these are tangible differences or whether 

they can be attributed to differences in cell host systems (e.g. CHO cells vs. 

HEK cells), transfection methods (transient, vs. stable) and/or recording 

solution compositions. Our study therefore represents the first systematic 

comparison of the four major brain Na+ channel α-subunits using the same 

expression system and identical recording conditions. We compared the 

biophysical properties of the four α-subunits and subtle differences were 

observed (Table 1). 
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Fig. 9 Unbinding rates of AEDs from the inactivated NaV1.1, NaV1.2, NaV1.3 and 
NaV1.6. (A) Example traces of NaV1.3 currents evoked with a testing step potential 
to –10 mV, following 5-, 30-, and 500-ms pre-pulses to –120 mV in the absence (a) 
and presence (b) of 50 μM CBZ. The membrane was held at –40 mV for 2000 ms to 
permit drug binding to the inactivated channels, followed by a step to a recovery 
potential at –120 mV with a variable time duration Δt to facilitate channels to 
recover from inactivation and to allow drug dissociation (protocol shown as inset). 
The blocked current was determined by subtracting the current recorded in the 
presence of CBZ from the control current (measured in the absence of CBZ) and 
plotted against the time duration of the recovery Δt (c). The data points were fitted 
with a mono-exponential equation to determine the time constant (Tau) of CBZ 
unbinding, showing that the unbinding rate is concentration-independent (tau 
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~18 ms for 50 and 200 μM CBZ). (B) CBZ, LTG and DPH unbinding rates from all 
four α-subunits. These off rate values were determined by calculating the 
reciprocal of the time constants. For all four α-subunit subtypes, LTG showed a 
slower off rate than CBZ and DPH (multi-factor ANOVA followed by Fisher’s LSD 
post-hoc test). * indicates p<0.05 and ** indicates p<0.01 for comparison between 
different drugs dissociating from the same α-subunit. a indicates p<0.05 and aa, bb 
and cc indicate p<0.01 for comparison between different α-subunits from which 
the same drug dissociates. Error bars indicate S.E.M. Due to non-homogeneity of 
variance, the statistical analysis was performed on the log-transformed data. 

 

The recovery from inactivation for the NaV1.1 and NaV1.6 subunits were 

relatively fast. The faster recovery from inactivation for the NaV1.1 subunit 

may also contribute to the fast-spiking feature of NaV1.1-expressing 

interneurons. NaV1.6 is present at high densities in axon initial segments and 

nodes of Ranvier (Boiko et al., 2001; Ogiwara et al., 2007; Lorincz & 

Nusser, 2008). The faster recovery from inactivation may facilitate action 

potential initiation and propagation along axons. The NaV1.2 and NaV1.3 

subunits displayed a slower recovery from inactivation, which could result 

in a reduced excitability at the (sub-cellular) site where these subunits are 

present. For example, the presence of the NaV1.3 subunit in neonatal 

neurons may help provide new-born mammals with a neuroprotective 

mechanism against hypoxic conditions (Park & Ahmed, 1991; Cummins et 

al., 1994). Alternatively, this property may balance the increased 

excitability due to the presence of a window current and a persistent Na+ 

current through the NaV1.3 subunit at relatively depolarized membrane 

potentials (see above). Together with knowledge of precise distribution 

patterns of the four Na+ channel α-subunits, our data can provide more 

insight into neural computation and signal processing of single neurons. 
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The smaller difference between Vh for activation and Vh for inactivation for 

the NaV1.1 subunit results in a larger window current (Patlak, 1991; 

Johnston, 1995). The window current for the NaV1.1 subunit is indeed larger 

than those of the other three subunits. This may indicate that the cellular or 

subcellular locations where the NaV1.1 subunit is densely expressed are 

more excitable. Recent studies showed that the NaV1.1 subunit is primarily 

expressed in GABAergic interneurons and largely co-expressed in 

parvalbumin- and KV3.1b-positive interneurons (Yu et al., 2006; Ogiwara et 

al., 2007; Lorincz & Nusser, 2010; Martin et al., 2010). The larger window 

current for the NaV1.1 subunit might contribute to the fast-spiking feature of 

these interneurons. Although not as large as the NaV1.1 window current, the 

NaV1.3 subunit was also found to generate a considerable window current. 

The peak of the NaV1.3 subunit was at a relatively depolarized membrane 

potential (~ -35 mV, whereas the peaks of the window currents through the 

other subunits were at ~ -45 mV). In addition to the window current that is 

present at relatively depolarized membrane potentials, the NaV1.3 subunit is 

also capable of generating a persistent Na+ current, which peaks at even 

more depolarized membrane potentials (Sun et al., 2007). Therefore, in cells 

expressing the NaV1.3 subunit, the presences of a window current and a 

persistent Na+ current through this channel that are active at depolarized 

membrane potentials, will have profound consequences for neuronal 

excitability. 

We further compared the interactions of CBZ, DPH and LTG with the four 

α-subunits. The AED binding sites are located on the α-subunits of the Na+ 

channels (Rogawski & Loscher, 2004). However, it has to be kept in mind 

that β-subunits can influence AED efficacy (Lucas et al., 2005; Uebachs et 

al., 2010). 
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The AEDs we studied block voltage-gated Na+ channels in a frequency- or 

use-dependent manner. Higher frequency activity causes Na+ channels to 

accumulate in the inactivated state and these AEDs have much higher 

affinity for the inactivated state than for the closed and open states 

(Macdonald & Kelly, 1995; Rogawski & Loscher, 2004). This was 

illustrated by the observation that CBZ blocked Na+ currents faster with 

higher frequency depolarization steps (50 Hz vs. 10 Hz) in a concentration-

dependent manner. The increase in the degree of block from 10 Hz to 50 Hz 

was not influenced by the concentration of CBZ, suggesting that within the 

concentration range used (50 µM and 200 µM), CBZ binding rate is fast 

enough to effectively block Na+ currents with either protocol (50 Hz vs. 

10 Hz). Therefore the development of CBZ block depends solely on the 

fraction of available (i.e. inactivated) channels. No differences in the 

frequency-dependent increase in the degree of CBZ block were found 

between the four α-subunits.  

The frequency- or use-dependent block of these AEDs is attributed to their 

preferential affinity for inactivated Na+ channels. They are able to 

concentration-dependently shift the steady-state inactivation curves of the 

Na+ currents to more hyperpolarizing potentials and to slow the recovery 

from inactivation process. When comparing the effects of the three AEDs, 

we observed that the maximal shift of the Vh (ΔVhmax) value for steady-state 

inactivation evoked by LTG was larger than that of CBZ and DPH (~30 mV 

vs. ~15 mV). When comparing AED affinities for the four subunits subtle 

differences were observed. It appeared that the affinity of CBZ for the 

NaV1.3 subunit was somewhat higher (lower EC50 value) than that for the 

other three subunits. Furthermore, the affinities of DPH and LTG for the 

NaV1.2 subunit were found to be higher (lower EC50 values). We also 
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observed that the efficacy of CBZ and DPH in blocking the window current 

was in the same range as the effects on the steady-state inactivation. 

However, it appeared that for LTG the EC50 values were smaller than those 

obtained for shifting the steady-state inactivation relationship (Tables 2 and 

3). This could be explained by a relatively slow unbinding of LTG (as 

compared to CBZ and DPH), which could induce a more efficient block of 

the window current. This indicates that the sensitivity of neurons of 

different brain areas for AEDs could be distinctly different, dependent on 

the variant Na+ channel make-up of neurons present in these brain areas 

(Clare et al., 2000; Trimmer & Rhodes, 2004). 

In order to test the hypothesis that differences in binding rates to the α-

subunits may underlie the different frequency sensitivity of AED block we 

measured binding rates experimentally. As expected we found that CBZ had 

a (much) higher binding rate to inactivated Na+ channels than DPH and 

LTG and the magnitude of these rates (CBZ: 25~30×103 M-1sec-1, DPH: 

8~14×103 M-1sec-1, LTG: 8~15×103 M-1sec-1) are in the range previously 

described for native voltage-gated Na+ channels (Kuo & Bean, 1994; Kuo et 

al., 1997; Kuo & Lu, 1997). Thus the high CBZ binding rate can explain 

why the development of CBZ block (for all four α-subunits) has a relative 

small frequency and concentration dependency. The difference in the 

binding rate constants of these three AEDs may underlie differences in their 

efficacy to control epileptic discharges. The therapeutic concentrations in 

the cerebrospinal fluid are ~8 µM for DPH (Sherwin et al., 1973; Richens, 

1979; Kuo et al., 1997), 5 ~ 13 µM for CBZ (Kuo et al., 1997) and ~20 µM 

for LTG (Kuo & Lu, 1997). So the macroscopic binding rates are 0.06~0.12 

sec-1 for DPH, 0.33~0.39 sec-1 for CBZ and 0.16~0.30 sec-1 for LTG (the 

product of drug concentration and the binding rate constant). With the 
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slowest binding rate, DPH would require a prolonged depolarization for at 

least a few hundred milliseconds in clinical situations to exert its 

antiepileptic action. Such a pharmacological property may ensure that DPH 

inhibits ictal discharges on sustained depolarization without affecting 

normal action potential firing, but it may also make DPH relatively 

ineffective in prohibiting shorter ictal depolarizations. In contrast to DPH, 

CBZ has the fastest binding rate, which may make it more effective than 

DPH against ictal discharges with relatively short depolarizations. The 

patients who respond well to CBZ, but not to DPH might have bursts of 

discharges with shorter depolarization phases. 

Another parameter relevant for AED efficacy is the dissociation rate. The 

lower LTG off rate may explain why LTG is able to induce a larger shift of 

the steady-state inactivation curve as compared to the effects of CBZ and 

DPH since it occupies its binding site for a longer period, allowing it to 

evoke a larger larger shift of Vh and consequently a larger block. This may 

also explain the more efficient block by LTG of the window current (see 

above).    

The use-dependent manner of these AEDs suggests that they preferentially 

inhibit high-frequency discharges. Based on the necessity of high-frequency 

discharges for Na+ current block to occur, one may reason that the drugs 

could also exert their blocking effect on Na+ currents when high-frequency 

discharges occur in inhibitory interneurons. During a seizure onset of 20 to 

30 Hz oscillations, principal neurons in deep and superficial layers of the 

entorhinal cortex did not generate action potentials during fast activity at 

ictal onset, whereas sustained firing was observed in putative interneurons 

(Gnatkovsky et al., 2008). It is possible that the drugs also inhibit sustained 

firing in these interneurons, which might have an important consequence on 
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the whole network excitability at the crucial time point of interictal-ictal 

transition. Our results show that LTG has a faster binding rate to the NaV1.1 

subunit than to other three subtypes. Some recent studies indicate that 

NaV1.1 is a predominant sodium channel subtype in certain subpopulations 

of inhibitory interneurons (Yu et al., 2006; Ogiwara et al., 2007; Lorincz & 

Nusser, 2008). Combining these two findings, we suggest that the drugs 

might have different binding kinetics to distinct neuronal types. Therefore it 

would be of interest to investigate if a neuron-type dependent sensitivity for 

AEDs exists. 

Our study shows that subtle differences exist between the biophysical 

properties of the four major Na+ channel α-subunits, which – depending on 

the channel make-up of neurons and/or subcellular compartments – can be 

important for differences in neuronal excitability. Furthermore, the also 

subtle differences between AED-Na+ channel interaction may – again in the 

light of α-subunit composition of neurons and/or subcellular compartments 

–  have relevance for AED efficacy. 
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Abstract  

Voltage-gated Na+ channels are crucial for action potential generation and 

propagation. Using immunocytochemistry this study investigates the spatial 

and temporal (sub)cellular expression patterns of three Na+ channel α-

subunits NaV1.1, NaV1.2 and NaV1.6 during epileptogenesis in the dentate 

gyrus (DG), CA3 and CA1 at 1 day, 3 weeks and 2 months after a status 

epilepticus (SE) induced by kainic acid. NaV1.1 immunoreactivity was 

persistently reduced during epileptogenesis in CA3 and CA1 and about 50% 

of NaV1.1-positive interneurons were lost after SE. Compared to control, 

immunoreactivity for NaV1.2 in the inner molecular layer of the DG was 

decreased at 1 day after SE. It increased at 3 weeks and 2 months after SE, 

in association with mossy fiber sprouting. NaV1.6 immunoreactivity in the 

dendritic region of CA3 and CA1 was persistently reduced at all the time 

points during epileptogenesis. In addition to changes in expression of α-

subunits in the neuropil and neurons, astrocytes also expressed NaV1.1 and 

NaV1.6 at 3 weeks after SE. Our results show that the hippocampal 

(sub)cellular expression patterns of NaV1.1, NaV1.2 and NaV1.6 are altered 

during epileptogenesis in a time and location specific way, which would 

affect hippocampal excitability. 
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Introduction  

Voltage-gated Na+ channels are essential for the generation and propagation 

of action potentials in excitable tissue. These channels are protein 

complexes composed of one α-subunit and two auxiliary β-subunits 

(Catterall, 2000). The primary α-subunit forms the central pore of a voltage-

gated Na+ channel and serves as the voltage sensor. The auxiliary β-subunits 

modulate the gating kinetics of the associated α-subunits. They are also 

involved in the cell surface expression of the associated α-subunits (Patino 

& Isom, 2010). In mammalian cells, nine α-subunit isoforms (NaV1.1-

NaV1.9) are expressed (Goldin et al., 2000; Catterall et al., 2005) and they 

have different spatial distributions: NaV1.1, NaV1.2, NaV1.3 and NaV1.6 are 

predominantly expressed in the central nervous system (CNS) whereas 

NaV1.7, NaV1.8 and NaV1.9 are preferentially expressed in the peripheral 

nervous system. NaV1.4 and NaV1.5 are primarily expressed in skeleton 

muscle and in heart (Goldin et al., 2000). Voltage-gated Na+ channels are 

therapeutic targets for most antiepileptic drugs (AEDs) such as 

carbamazepine (CBZ), phenytoin (DPH) and lamotrigine (LTG). These 

AEDs target voltage-gated Na+ channels in a use- and voltage-dependent 

manner which allows them to selectively prevent high frequency firing, with 

much less effects on normal action potentials.  

In the rodent hippocampus, NaV1.1 is initially found in the somata and 

proximal dendrites of principal cells and in GABAergic interneurons (Gong 

et al., 1999). Recent studies, however, show that NaV1.1 is primarily 

expressed in interneurons and loss-of-function mutations in NaV1.1 cause 

the epileptic phenotype due to reduced inhibition of interneurons (Yu et al., 

2006; Ogiwara et al., 2007; Lorincz & Nusser, 2010; Martin et al., 2010). 

NaV1.2 is mainly expressed along axons and on axon terminals (Gong et al., 
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1999; Lorincz & Nusser, 2010) and involved in neurotransmitter release. In 

rodents NaV1.3 has the highest expression levels in the embryonic and early 

postnatal brain and its expression decreases to negligible levels in the adult 

brain, whereas NaV1.3 is strongly expressed in adult human brain (Whitaker 

et al., 2000; Whitaker et al., 2001b). NaV1.6 is strongly expressed in axon 

initial segments and nodes of Ranvier of axons (Debanne et al., 2011) and 

moderately expressed in the somata and dendrites of CA1 pyramidal cells 

(Lorincz & Nusser, 2010). This localization suggests that NaV1.6 is 

involved in the initiation and propagation of action potentials along axon as 

well as in the backpropagation of action potentials in dendrites.  

Nearly 700 mutations in genes SCN1A, SCN2A, SCN3A and SCN8A 

(encoding α-subunit isoforms NaV1.1, NaV1.2, NaV1.3 and NaV1.6) have 

been identified in patients with inherited and sporadic epilepsy (Meisler et 

al., 2010). Changes in biophysical properties of voltage-gated Na+ currents 

have also been reported in various animal models of epilepsy (Vreugdenhil 

et al., 1998; Vreugdenhil & Wadman, 1999; Ketelaars et al., 2001; 

Ellerkmann et al., 2003). Alterations in the mRNA expression of some α-

subunits have been observed both in the epileptic human brain where the 

NaV1.1/NaV1.2 ratio increased (Lombardo et al., 1996) and in animal 

models of epilepsy in which changes in NaV1.2 and NaV1.3 were found 

(Bartolomei et al., 1997; Gastaldi et al., 1997; Aronica et al., 2001). 

However, it is not known when, where and which specific sodium channels 

change during epileptogenesis. Therefore we examined for NaV1.1, NaV1.2 

and NaV1.6 the temporal expression during epileptogenesis and the spatial 

distribution over hippocampal sub-regions. NaV1.3 was not included in the 

study as we did not have a reliable specific antibody against this subunit. In 

animals epileptogenesis starts after status epilepticus (SE) has been evoked 
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by electrical or chemical stimulation. The resulting epilepsy is considered a 

valid experimental model for human temporal lobe epilepsy and displays 

many of the characteristic neuropathological aspects of the syndrome: 

hippocampal sclerosis, synaptic reorganization such as mossy fiber 

sprouting, gliosis and the recurrence of seizures. Following SE induction, 

spontaneous seizures develop after a latent period, and the frequency of 

occurrence increases progressively (Gorter et al., 2001). To obtain sample 

points from the most characteristic time points in epileptogenesis (Williams 

et al., 2009), we analyzed the expression patterns in rats 1 day, 3 weeks and 

2 months after SE representing the acute phase, the early chronic phase 

(when rats start to have recurrent spontaneous seizures) and the late chronic 

phase (when epilepsy is established and frequent spontaneous seizures are 

observed). 

Materials and Methods 

Animals 

Adult male Sprague Dawley rats (Harlan CPB laboratories, Zeist, the 

Netherlands) (body weight: 350-550 grams) were used. The rats were 

housed individually in a controlled environment (21±1°C; humidity: 60%; 

light on: 8:00 AM-8:00 PM; food and water available ad libitum). The 

experimental protocols followed the EU directive 2010/63/EU for animal 

experiments and the Dutch Experiments on Animal Act (1997), and were 

approved by the Dutch animal welfare committee (DEC). 

Status epilepticus 

In order to evoke a status epilepticus (SE), rats were given hourly injections 

of kainic acid (KA; 5 mg/kg i.p., Tocris, U.K.), or saline. The total amount 

of KA that was injected per rat varied from 10 to 20 mg/kg. Seizure activity 
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was scored during the injection period and at least four hours thereafter 

according to Racine’s scale (class I-V seizures). KA injections were 

continued until class IV and V seizures were elicited for ≥3 hours. Seizures 

were not terminated. 

Electrode implantation and EEG recording  

Rats were anesthetized with an intramuscular injection of ketamine (57 

mg/kg; Alfasan, Woerden, The Netherlands) and xylazine (9 mg/kg; Bayer 

AG, Leverkussen, Germany), and placed in a stereotactic frame. In order to 

record hippocampal EEG in four rats, a pair of insulated stainless steel 

electrodes (70 µm wire diameter, tips 800 µm apart) was implanted into the 

left dentate gyrus under electrophysiological control as previously described 

(Gorter et al., 2001). A pair of stimulation electrodes was implanted in the 

angular bundle. Two weeks after recovery from the operation, each rat was 

transferred to a recording cage (40x40x80 cm) and connected to a recording 

and stimulation system (NeuroData Digital Stimulator, Cygnus Technology 

Inc, USA) with a shielded multi-strand cable and electrical swivel (Air 

Precision, Le Plessis Robinson, France). A week after habituation to the 

new condition, were injected with kainic acid to induce SE. To determine 

seizure frequency, continuous EEG recordings (24 hours/day) were made in 

these rats (n=4). Hippocampal EEG signals were amplified (10x) via a field 

effect transistor that connected the headset to an amplifier (20x; CyberAmp, 

Axon Instruments, Burlingame, CA, USA), band-pass filtered (1-60 Hz) and 

digitized by a computer. A seizure detection program (Harmonie, Stellate 

Systems, Montreal, Canada) sampled the incoming signal at a frequency of 

200 Hz per channel. All EEG recordings were visually screened and 

seizures were confirmed by trained human observers.  

Tissue preparation and histology  
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Rats were killed at 1 day, 3 weeks and 2 months after SE. After the rats 

were deeply anesthetized with pentobarbital (Nembutal, intraperitoneally, 

60 mg/kg), they were perfused through the ascending aorta with 300 ml 0.37% 

Na2S solution followed by 300 ml 4% paraformaldehyde + 0.2% 

glutaraldehyde in 0.1 M phosphate buffer (pH 7.4). The brains were post-

fixed in situ overnight at 4°C, dissected and cryoprotected in 30% 

phosphate-buffered sucrose solution (pH 7.4). After overnight incubation at 

4°C, the brains were frozen in isopentane (-25°C) and stored at -80°C until 

sectioning. Horizontal brain sections of 40 µm thickness from 5100 to 5600 

µm below cortex surface (mid level) were cut on a sliding microtome. A 

part of the sections were mounted on gelatin-coated slides and air-dried 

overnight at room temperature. Other sections were transferred to 0.1 M 

phosphate buffer (pH 7.4). As mossy fiber sprouting is commonly observed 

in epilepsy, we performed Timm staining to examine mossy fiber sprouting 

and its correlation with Na+ channel expression. Sections were stained by 

using the Timm sulfide silver histochemical procedure of Danscher 

(Danscher, 1981), modified by Sloviter (Sloviter, 1982). Slide-mounted 

sections were dehydrated, placed in xylene and cover-slipped for histologic 

examination of mossy fiber sprouting.        

Immunocytochemistry  

Free floating horizontal brain sections of rats (control: n=6; 1 day: n=6; 3 

weeks: n=5; 2 months: n=9) were washed in 0.05 M phosphate buffered 

saline (PBS), pH 7.4. The sections were incubated for 30 minutes in 0.3% 

hydrogen peroxide in 0.05 M PBS to inactivate endogenous peroxidase. The 

sections were then washed in 0.05 M PBS (3 x 10 minutes) and thereafter in 

0.5% Triton-X 100 and 0.4% bovine serum albumin (BSA) in 0.05 M PBS 

(1 hour). The sections were incubated with rabbit anti-NaV1.1 (1:50; 
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Alomone Labs, Jerusalem, Israel), rabbit anti-NaV1.2 (1:500; Alomone Labs, 

Jerusalem, Israel), rabbit anti-NaV1.6 (1:200; Alomone Labs, Jerusalem, 

Israel) or mouse anti-NeuN (Neuron Specific Nuclear Protein; 1:1000, 

MAB377, Millipore, Amsterdam, the Netherlands) in 0.1% Triton-X 100 

and 0.4% BSA in 0.05 M PBS at room temperature for 1 hour and then at 

4°C overnight. After overnight incubation with the primary antibodies, the 

sections were washed in 0.05 M PBS (3 x 10 minutes) and then incubated 

for 1.5 hours with biotinylated secondary antibodies which are diluted 

(1:200) in 0.1% Triton-X 100 and 0.4% BSA in 0.05 M PBS. The sections 

were washed in 0.05 M PBS (3 x 10 minutes) and incubated for 30 minutes 

with AB-mix (Vectastain ABC kit, Peroxidase Standard pk-4000, Vector 

Laboratories, Burlingame, CA, USA). The sections were washed (3 x 10 

minutes) in 0.05 M Tris-HCl, pH 7.9 and then were stained with DAB 

solution. Components of DAB solution: 3,3’-diaminobenzidin 

tetrahydrochloride (30 mg, Sigma-Aldrich, Zwijndrecht, the Netherlands) 

and 750 µl 1% hydrogen peroxide in a 100 ml solution of 0.05 M Tris-HCl, 

pH 7.9. The staining reaction was stopped by washing the sections in 0.05 

M PB. After mounting on superfrost plus slides, the sections were air dried, 

dehydrated in alcohol and xylene and coverslipped with Entellan (Merck, 

Darmstadt, Germany).  

We also incubated sections with rabbit anti-NaV1.3 (1:50; Alomone Labs, 

Jerusalem, Israel), however no staining was visible in control or epileptic 

tissue. Therefore we excluded the data that were obtained using this 

antibody. 

Fluorescent immunocytochemistry  

To identify whether NaV1.1 was expressed in interneurons, we performed 

double labeling of rabbit anti-NaV1.1 (1:50, Alomone Labs, Jerusalem, 
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Israel) with mouse anti-GAD 67 (GAD 67, a GABAergic marker; 1:500, 

Millipore, Amsterdam, the Netherlands). To identify whether NaV1.1 and 

NaV1.6 were expressed in astrocytes, we performed double labeling of 

rabbit anti-NaV1.1 (1:50, Alomone Labs, Jerusalem, Israel) or rabbit anti-

NaV1.6 (1:200, Alomone Labs, Jerusalem, Israel) with mouse anti-GFAP 

(glial fibrillary acidic protein, the astrocyte marker; 1:500, Boehringer 

Mannheim Biochemica, Germany) or mouse anti-CD11b/c (the microglia 

marker; OX-42, 1:100, PharMingen, CA, USA). To identify dendrites, a 

MAP2 staining was performed (1:2000, Sigma-Aldrich, Zwijndrecht, The 

Netherlands). Free-floating sections were incubated with 0.5% Triton-X 100 

and 0.4% bovine serum albumin (BSA) in 0.05 M PBS (1 hour) followed by 

incubation with the above primary antibodies in 0.1% Triton-X 100 and 0.4% 

BSA in 0.05 M PBS at room temperature for 1 hour and then at 4°C 

overnight. After being washed in 0.05 M PBS (3 x 10 minutes), the sections 

were incubated with Alexa Fluor 488 (goat anti-mouse IgG Alexa, 1:200, 

Invitrogen-Life Technologies, Breda, the Netherlands) and Alexa Fluor 546 

(goat anti-rabbit IgG Alexa, 1:200, Invitrogen-Life Technologies, Breda, the 

Netherlands) for 1.5 hours. After washing in 0.05 M PBS (3 x 10 minutes), 

the sections were mounted on slides and coverslipped with Vectashield.  

Data analysis  

The immunoreactivity of NaV1.1, NaV1.2 and NaV1.6 in DAB stained 

sections was characterized semi-quantitatively on the following nominal 

scale: 1=minimal, 2=weak, 3=moderate, 4=strong, 5=very strong.  

The number NaV1.1-positive neurons were counted in sections of the hilus, 

CA3 and CA1 delineated by cytoarchitectonic characteristics. The border 

between CA1 and CA3 could be identified because mossy fibers of dentate 

gyrus (DG) granule cells terminate in the stratum lucidum of the CA3 area, 
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while the CA1 subfield does not have this projection. In addition, neurons of 

the CA3 pyramidal cell layer are larger and more loosely packed compared 

to those of the CA1 area. Each subfield was further divided into different 

layers, as described by Paxinos (Paxinos, 2004). We also quantified the total 

number of NeuN-positive hilar cells per section. We did not count NeuN 

cells in the granule cell layer or the pyramidal cell layer, since 40 µm 

sections are too thick for a proper analysis of these dense cell layers. The 

calculated surface of the section of the DG, CA3 and CA1 was not different 

in any phases of epileptogenesis (no details given), so that comparisons 

were based on the counted number of NaV1.1 and NeuN neurons in each 

subfield section. 

Statistical analysis  

Values are given as mean ± s.e.m. (standard error of the mean) or as median 

and range. The one-way ANOVA followed by a post-hoc Fisher Least 

Significant Difference test was performed to compare the counted number 

of neurons as a function of time after SE. The Kruskall-Wallis test followed 

by a pairwise Mann-Whitney test was performed to compare the semi-

quantitative immunoreactivity scores as a function of time after SE. The 

Wilcoxon Signed-Rank Test was performed to compare the number of 

seizures as a function of time after SE. P<0.05 was assumed to indicate a 

significant difference. 

Results 

Development of spontaneous seizures 

Rats in which the EEG was recorded continuously (n=4) experienced on 

average the first seizure 9±1 days after SE. A progressive increase in seizure 

frequency was observed throughout the twelve weeks of EEG monitoring 
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(Figure 1), which was evident from week seven onwards. The average 

seizure frequency reached a plateau around ten weeks after SE and 6±4 

seizures/day were recorded twelve weeks after SE. 

 

Figure 1. Development of spontaneous seizures after kainic acid induced 
epilepsy. Rats in which the EEG was recorded continuously (n=4) experienced on 
average the first seizure 9±1 days after SE. A progressive increase in seizure 
frequency was observed throughout the twelve weeks of EEG monitoring, which 
was evident from week seven onwards. The average seizure frequency reached a 
plateau around ten weeks after SE and 6±4 seizures/day were recorded twelve 
weeks after SE. The Wilcoxon Signed-Rank Test was performed to compare the 
number of seizures/day between 1 week during which no seizures were observed 
and the following weeks. ** indicates p<0.01. 

 

Expression of NaV1.1 in hippocampal subregions  

In controls, NaV1.1 immunoreactivity was observed in the middle molecular 

layer of the DG (weak), around the pyramidal cell layer of CA3 and CA1 

(weak) and in stratum lacunosum-moleculare of CA1 (weak; Figure 2A, 

Table 1). This is in agreement with previous findings (Yu et al., 2006; 

Ogiwara et al., 2007; Lorincz & Nusser, 2010). Compared to controls the 
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expression of NaV1.1 around the pyramidal cell layer of CA3 and CA1 was 

lower at all epileptic stages (Figure 2B-D, Table 1).  

 

Figure 2. Hippocampal expression of NaV1.1 in control (A), at 1 day (B), 3 weeks 
(C) and 2 months (D) after status epileptus (SE). Insets: 8 times higher 
magnification of the CA1 pyramidal cell layer. Note the presence of  NaV1.1 
immunoreactive neurons in controls (arrows in A) and the decline of these cells 
during the development of epilepsy (B, C and D). A NaV1.1 immunoreactive plexus 
is present around the CA pyramidal cell layer which almost disappeared during the 
development of epilepsy (insets). Many NaV1.1 immunoreactive cells with glial 
morphology are present at 3 weeks after SE (arrowheads in C, inset). 
pcl=pyramidal cell layer, slm=stratum lacunosum-moleculare, mml=middle 
molecular layer. Scale bar: 250 µm. 

 

NaV1.1 immunoreactivity was also found in a small population of cells 

scattered throughout the hippocampus which according to their morphology 
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and location, were presumably interneurons (Figure 2A inset). All NaV1.1-

positive cells co-expressed GAD67 (Figure 3) but only a small fraction 

(estimated ~5%) of GAD67-positive cells co-expressed NaV1.1, suggesting 

that the NaV1.1-positive neurons are only a small fraction of the interneuron 

population. Because the surface area of the DG, CA3 and CA1 was the same 

in all phases of epileptogenesis, we compared the counted number of 

NaV1.1-positive cells per sectional region. (Figure 4A). Compared to 

controls there were less NaV1.1-positive cells in the hilus 3 weeks and 2 

months after SE and in the CA3 and CA1 region at all the time points during 

epileptogenesis. To compare this cell loss with the overall loss of neurons 

normally observed after SE, we counted NeuN-positive hilar cells at the 

three relevant time points (Figure 4B) and found also their number lower 

than controls at all the time points during epileptogenesis. However the 

fraction of the NaV1.1-positive cells in the hilus was never different from 

controls (Figure 4C). This indicates that NaV1.1-positive cells were not 

preferentially lost or spared. Interestingly, one day after SE the number of 

NeuN-positive hilar cells had already decreased, while the number of 

NaV1.1-positive hilar neurons had not. This suggests a cell type-specific 

time course of neurodegeneration, but our time-resolution is not high 

enough to draw final conclusions. 

NaV1.1 was also expressed in cells with glial morphology that were only 

abundantly present at 3 weeks after SE throughout all subfields of the 

hippocampus (Figure 2C). NaV1.1 was then co-expressed with the astrocytic 

marker GFAP whereas no co-expression of NaV1.1 with microglia marker 

CD11b/c was detected (Figure 3), from which we conclude that the NaV1.1-

positive cells are astrocytes and not microglia. 
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Figure 3. Co-localization of NaV1.1 with GAD67, GFAP or CD11b/c. NaV1.1 co-
localized with GAD67 positive interneurons (A-C) in the hippocampus of a control 
rat. However, not all GAD67 positive interneurons were NaV1.1 positive (D-F). 
NaV1.1 is co-expressed with the astrocytic marker GFAP at 3 weeks after SE (G-I), 
but not with the microglial marker CD11b/c (J-L). 
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Figure 4. Quantification of NaV1.1 and NeuN immunoreactive neurons. (A) The 
number of NaV1.1 immunoreactive neurons per section in the DG, CA3 and CA1 in 
controls (n=6), 1 day after status epilepticus (SE) (n=6), 3 weeks after SE (n=5) 
and 2 months after SE (n=5). In all regions the number of NaV1.1 immunoreactive 
neurons in the epileptic groups is lower than that in the control group. (B) The 
number of NeuN immunoreactive neurons per section in the hilus of controls (n=6), 
1 day after SE (n=6), 3 weeks after SE (n=5) and 2 months after SE (n=5). The 
number of NeuN immunoreactive neurons in the epileptic groups is lower than that 
in the control group. (C) The percentages of NaV1.1 immunoreactive neurons to 
NeuN immunoreactive neurons in the hilus in control condition (n=6), 1 day after 
SE (n=6), 3 weeks after SE (n=5) and 2 months after SE (n=5). There are no 
differences between the epileptic groups and the control group. The one-way 
ANOVA followed by a Fisher Least Significant Difference test was performed to 
compare the numbers of neurons in control, 1 day, 3 weeks and 2 months after SE.  
* indicates p<0.05; ** indicates p<0.01. Error bars represent s.e.m. 
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Table 1 Expression of NaV1.1 in hippocampal subregions 

Nav1.1 Dentate gyrus 
IML MML OML GCL Hilus 

Control 1 2 1 1 1 
1 day 1 2 1 1 1 

3 weeks 1 2 1 1 1 
2 months 1 2(1-2) 1 1 1 

 CA3 
SO PCL SL SR 

Control 1 2a, aa 1 1 
1 day 1 1(1-2)a 1 1 

3 weeks 1 1(1-2) 1 1 
2 months 1 1aa 1 1 

 CA1 
SO PCL SR SLM 

Control 1 2a, aa 1 2 
1 day 1 1(1-2)a 1 2 

3 weeks 1 1(1-2) 1 2 
2 months 1 1aa 1 2 

Immunoreactivity was quantified as: 1=minimal, 2=weak, 3=moderate, 4=strong, 
5=very strong; summary data are given as median scores. Variation within a 
group is indicated as: (minimum-maximum score). The Kruskall-Wallis test 
followed by the Mann-Whitney test was performed to compare the 
immunoreactivity scores of controls (n=6), 1 day (n=6), 3 weeks (n=5) and 2 
months (n=9) after status epilepticus. Two time points that are different in a pair 
wise comparison share the same letter: a, b, c indicate p<0.05; and aa, bb, cc 
indicate p<0.01. 

 IML=inner molecular layer, MML=middle molecular layer, OML=outer 
molecular layer, GCL=granule cell layer, SO=stratum oriens, PCL=pyramidal 
cell layer, SL=stratum lucidum, SR=stratum, SLM=stratum lacunosum-moleculare 

 

Expression of NaV1.2 in hippocampal subregions  

In the DG of controls (Figure 5A, Table 2), NaV1.2 staining was present in 

the hilus (very strong), in the middle and outer molecular layer (both 

moderate) and in the inner molecular layer (weak; Figure 5A inset left). In 

CA3 NaV1.2 staining was present in stratum lucidum (very strong). In CA3 
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and CA1 NaV1.2 immunoreactivity was observed in stratum oriens and 

stratum radiatum (strong). Moderate NaV1.2 staining was observed in CA1 

stratum lacunosum-moleculare. The pyramidal cell layer of CA3 and CA1 

and the granule cell layer of the DG show minimal NaV1.2 staining (Figure 

5A inset left). The expression pattern of NaV1.2 in controls is consistent 

with previous studies (Gong et al., 1999; Lorincz & Nusser, 2010). 

 

Figure 5. Hippocampal expression of NaV1.2 in controls (A), at 1 day (B), 3 
weeks (C) and 2 months (D) after status epileptus (SE). Insets show 8 times 
higher magnification of the DG granule cell layer, inner and middle molecular 
layers. Note NaV1.2 immunoreactivity in the inner molecular layer (insets and 
arrows in A-D) where it almost disappeared at 1 day after SE while it reappeared 
at 3 weeks and 2 months after SE. A Timm staining shows that mossy fibers are 
only present in the hilus in the control condition (inset in A, right) but densely 
invaded into the inner molecular layer at 2 months after SE (inset in D, right), 
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indicating mossy fiber sprouting. This coincides with increased NaV1.2 
immunoreactivity in this region. Also note NaV1.2 immunoreactivity in the outer 
molecular layer (arrows in B-D) where it became weak at 1 day after SE (the 
upper arrow in B) and became strong again at 3 weeks and 2 months after SE (the 
upper arrow in C and D). mf=mossy fibers, oml=outer molecular layer, 
mml=middle molecular layer, iml=inner molecular layer, gcl=granule cell layer. 
Scale bar: 250 µm. 

 

One notable difference in NaV1.2 immunoreactivity in SE animals compared 

with controls is observed in the inner molecular layer of the DG. At 1 day 

after SE, NaV1.2 staining almost disappeared (minimal) compared to 

controls (Figure 5B inset, Table 2), but NaV1.2 staining was higher 

(moderate) at 3 weeks and 2 months after SE (Figure 5C-D inset, Table 2). 

Since mossy fibers can specifically innervate the inner molecular layer of 

the DG after SE, we performed a Timm staining to identify whether the 

increase of NaV1.2 in the inner molecular layer at three weeks and 2 months 

after SE could be associated with mossy fiber sprouting. Indeed, the Timm 

staining showed that mossy fibers densely invaded the inner molecular layer, 

which overlapped with the NaV1.2 staining (Figure 5D inset right). Another 

difference in NaV1.2 immunoreactivity was noticed in the outer molecular 

layer. NaV1.2 immunoreactivity in this region at 1 day after SE was lower 

than that in controls (Figure 5A-B, Table 2). However, the NaV1.2 

expression became higher at 3 weeks and 2 months after SE (Figure 5C-D, 

Table 2). 
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Table 2 Expression of NaV1.2 in hippocampal subregions 

Nav1.2 Dentate gyrus 
IML MML OML GCL Hilus 

Control 2a, b, aa 3 3a, aa 1 5 
1 day 1(1-2)a, bb, cc 3 2(2-3)a, bb 1 5 

3 weeks 4(2-4)b, bb 3 4(2-4) 1 5 
2 months 3(3-4)aa, cc 3 4aa, bb 1 5 

 CA3 
SO PCL SL SR 

Control 4 1 5 4 
1 day 4 1 5 4 

3 weeks 4 1 5 4 
2 months 4 1 5 4 

 CA1 
SO PCL SR SLM 

Control 4 1 4 3 
1 day 4 1 4 3 

3 weeks 4 1 4 3 
2 months 4 1 4 3 

See legends in Table 1 

 

Expression of NaV1.6 in hippocampal subregions  

In controls, NaV1.6 staining (moderate) was observed in the CA3 pyramidal 

cell layer, stratum lucidum and stratum radiatum and in the CA1 pyramidal 

cell layer and stratum radiatum (Figure 6A, Table 3). NaV1.6 was expressed 

in the somata and the apical proximal dendrites of the CA pyramidal cells 

(Figure 6A inset and Figure 7D-F), which is in agreement with a previous 

study (Lorincz & Nusser, 2010). Minimal NaV1.6 immunoreactivity was 

observed in the apical proximal dendrites at all time points during 

epileptogenesis (Figure 6B-D inset and Figure 7G-I), while dendrites were 

still present as shown by MAP2 staining (Figure 7G-I). NaV1.6 was 

expressed in cells with glial morphology that were abundantly present at 3 

weeks after SE (Figure 6C). Such cells were not found in controls or at other 
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epileptic stages. Since NaV1.6 was co-expressed with GFAP at 3 weeks after 

SE, but not with CD11b/c (Figure 7A-C), these results indicate that the 

NaV1.6-positive cells observed at 3 weeks after SE are astrocytes. 

 

Figure 6. Hippocampal expression of NaV1.6 in control (A), at 1 day (B), 3 weeks 
(C) and 2 months (D) after status epilepticus (SE). Insets show 8 times higher 
magnification of the CA1 pyramidal cell layer and stratum radiatum. (arrows in A 
and C, insets). In the control condition, NaV1.6 immunoreactivity is observed in the 
somata and apical dendrites of the CA pyramidal cells (arrows in A, inset). At 1 
day after SE, NaV1.6 immunoreactivity in the apical dendrites and the DG inner 
molecular layer became obscure (arrow in B). At 3 weeks and 2 months after SE, 
NaV1.6 immunoreactivity in the apical dendrites almost disappeared (arrows in C, 
inset). Many cells with glial morphology are present throughout the hippocampus 
at 3 weeks after SE (arrowheads in C inset). pcl=pyramidal cell layer, sr=stratum 
radiatum, sl=stratum lucidum, iml=inner molecular layer. Scale bar: 250 µm. 
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Figure 7. Co-localization of NaV1.6 with GFAP, CD11b/c or MAP2. In controls 
(A), co-localization of NaV1.6 and the astrocytic marker GFAP was not found. 
However, at 3 weeks after SE NaV1.6 was co-expressed with GFAP (B) whereas it 
was not co-localized with the microglial marker CD11b/c (C). In controls, NaV1.6 
co-localized with MAP2 positive dendrites, but was also detected next to dendrites 
(D-F). During epileptogenesis, NaV1.6 staining decreased, particularly in stratum 
radiatum (H), although MAP2 positive dendrites were still present (G), indicating 
that NaV1.6 did not only decrease as a result of dendritic loss in this region. 

 

Discussion 

In the present study, we investigated the expression of Na+ channel α-

subunits NaV1.1, NaV1.2 and NaV1.6 in DG, CA1 and CA3 at 1 day, 3 

weeks and 2 months after kainate induced epilepsy.  



Chapter 3 
 

84 

Table 3 Expression of NaV1.6 in hippocampal subregions 

Nav1.6 Dentate gyrus 
IML MML OML GCL Hilus 

Control 3aa 2 2 3 2 
1 day 1(1-2)aa, bb, cc 2 2 3 2 

3 weeks 3bb 2 2 3 2 
2 months 3cc 2 2 3 2 
 CA3 

SO PCL SL SR 
Control 2 3 3aa, bb, cc 3aa, bb, cc 

1 day 2 3 2aa 2aa 
3 weeks 2 3 2bb 2bb 

2 months 2 3 2bb 2cc 
 CA1 

SO PCL SR SLM 
Control 2 3 3aa, bb, cc 2 

1 day 2 3 2aa 2 
3 weeks 2 3 2bb 2 

2 months 2 3 2cc 2 
See legends in Table 1 

 

The main findings are: 

1) NaV1.1 immunoreactivity around the pyramidal cell layer of CA3 and 

CA1 was persistently reduced during epileptogenesis and about 50% of 

NaV1.1-positive interneurons was lost after SE. Because the number of 

NaV1.1-positive interneurons in the hilus as a fraction of the total 

number of hilar cells was not different at any stage of epileptogenesis, 

we conclude that the interneurons are not selectively degenerating or 

spared. 

2) NaV1.2 immunoreactivity in the molecular layer of the DG almost 

disappeared at 1 day after SE, but it gradually recovered at 3 weeks and 

2 months after SE. Spatially the pattern correlated with mossy fiber 
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sprouting, which suggests that it follows first the axonal degeneration 

and then the sprouting in this region. 

3) NaV1.6 immunoreactivity in the apical dendrites of the CA pyramidal 

cells was persistently reduced during epileptogenesis. 

4) Astrocytes express high levels of NaV1.1 and NaV1.6 specifically at 3 

weeks after SE. The functional role of these channels in astrocytes is not 

yet clear. 

NaV1.1 expression in interneurons and in CA3 and CA1 pyramidal cell 

layer 

The number of NaV1.1-positive interneurons decreased during 

epileptogenesis. However, as a fraction of the total number of hilar cells, 

their number did not change at any stage of epileptogenesis, from which we 

conclude that NaV1.1-positive interneurons in the hilus are not preferentially 

lost or spared during epileptogenesis. In contrast, the immunoreactivity of 

NaV1.1 around the CA pyramidal cell layer almost disappeared during 

epileptogenesis, while pyramidal cells were still present. Recent studies 

show that NaV1.1 is primarily expressed in interneurons and loss-of-function 

mutations in NaV1.1 cause the epileptic phenotype due to reduced activity in 

the interneurons (Yu et al., 2006; Ogiwara et al., 2007; Lorincz & Nusser, 

2010; Martin et al., 2010). Decreased NaV1.1 immunoreactivity, especially 

around pyramidal cells, could well be associated with altered excitability in 

the CA3 and CA1 region. 

NaV1.2 expression in the molecular layer of the DG 

NaV1.2 is predominantly localized in axonal terminals (Gong et al., 1999). 

The immunoreactivity observed in the inner and outer molecular layer of the 

DG may primarily originate from axonal terminals of hilar projections (to 
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the inner molecular layer) and from lateral entorhinal cortex projections (to 

the outer molecular layer) (van Strien et al., 2009). The strong decrease in 

NaV1.2 immunoreactivity at the acute stage after SE could reflect 

degeneration of axonal terminals from these projections. 

At later stages after SE NaV1.2 staining increased in the inner as well as the 

outer molecular layer. The enhanced NaV1.2 expression in the inner 

molecular layer spatially overlapped with the Timm staining, which 

suggests that the NaV1.2 expression is localized in the sprouted fibers.  

NaV1.2 localization in the axon terminals has been linked to a role in 

regulating neurotransmitter release (Vacher et al., 2008). The robust NaV1.2 

expression in excitatory mossy fibers could lead to strong glutamate release 

and higher local glutamate levels, with consequences for DG excitability. 

Previously we have reported a permanent down regulation of the neuronal 

glutamate transporter EAAC1 in the inner molecular layer (Gorter et al., 

2002b) in the same kainic acid epilepsy model, suggesting a higher 

excitability in the DG. Enhanced NaV1.2 expression in the outer molecular 

layer could also reflect a larger excitatory input from lateral entorhinal 

cortex projections.  

NaV1.6 expression in the dendritic region of CA3 and CA1 

During epileptogenesis NaV1.6 immunoreactivity was lost in the dendritic 

region of CA3 and CA1. This could either reflect degeneration of dendrites, 

or it could result from reduced expression because MAP2 staining indicated 

that dendrites were still present. Because NaV1.6 is the main subunit 

expressed in the dendrites of CA1 pyramidal cells (Lorincz & Nusser, 2010), 

reduced dendritic expression could compromise the backpropagation of 

action potentials. It could also decrease excitability, because NaV1.6 is an 
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important factor for regulation of synaptic transmitter release (Caldwell et 

al., 2000). Double heterozygous mice (SCN1a null heterozygous and SCN8a 

mutation heterozygous) have a higher threshold for flurothyl-induced 

seizures than SCN1a null heterozygotes (Martin et al., 2007). The proposed 

mechanism states that reduced NaV1.6 function in excitatory neurons 

decreased their excitability and compensated for the loss of NaV1.1 in 

inhibitory neurons. SCN8a null heterozygotes also had a higher threshold 

for kainate- or fluorethyl-induced seizures than wild-type littermates (Martin, 

et al. 2007). They kindled more slowly than wild-type littermates and their 

kindling-induced seizures were shorter (Blumenfeld, et al. 2009). These data 

suggest that there are several mechanisms by which loss of NaV1.6 reduces 

excitability.  

NaV1.1 and NaV1.6 expression in astrocytes 

Although glial cells are traditionally considered to be not electrically 

excitable, expression of voltage-gated Na+ channels is reported in most glial 

cells in the central nervous system (Sontheimer et al., 1996; Verkhratsky & 

Steinhauser, 2000). Small voltage-gated Na+ currents have also been 

recorded in astrocytes in hippocampal slices (Sontheimer & Waxman, 1993). 

In addition, increased Na+ current density has been observed in astrocytes 

during epileptogenesis (Bordey & Sontheimer, 1998; O'Connor et al., 1998; 

Bordey & Spencer, 2004), but the molecular identity of the Na+ channels 

involved in these changes is not known (Steinhauser & Seifert, 2002). Our 

study demonstrates astrocytes with NaV1.1 and NaV1.6 immunoreactivity 

specifically at three weeks after SE and not at any other time point. The 

enhanced expression of NaV1.1 and NaV1.6 in astrocytes could contribute to 

increased excitability (O'Connor et al., 1998), but the functional 

implications and their role in epileptogenesis are not clear. 
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Changes of sodium channels in relation to epileptogenesis 

This study focused on the expression of NaV1.1, NaV1.2 and NaV1.6. 

Besides insight in the α-subunits, a full functional interpretation also needs 

to include changes in Na+ channel β-subunits which regulate the gating 

behavior of their associated α-subunits, contribute to the pharmacological 

profile and also help to determine excitability. 

One day after SE, in the acute phase, we observed already changes in 

NaV1.1, NaV1.2 and NaV1.6 expression, which suggests that they are a direct 

consequence of SE. These changes persisted in the early chronic phase (3 

weeks after SE, when recurrent seizures start to appear) and in the late 

chronic phase (2 months after SE).  

The enhanced expression of NaV1.2 coincided with mossy fiber sprouting 

and could alter excitability in the DG. Expression further increased during 

epileptogenesis, therefore we suspect a more intricate relation between 

NaV1.2 and epileptogenesis than only initiation by SE. 

The reduced expression of NaV1.1 around the pyramidal cell layer of CA3 

and CA1 and the changes observed in NaV1.1 expression in inhibitory 

interneurons are also expected to affect excitability, although the net 

outcome is not easy to predict. 

Functional changes in sodium currents have been established in several 

models of epilepsy, although no direct relation with subunit composition has 

been determined. After kindling epileptogenesis, which does not lead to 

spontaneous seizures, a positive shift of the inactivation curve was found in 

CA1 pyramidal cells (Vreugdenhil et al., 1998). Two months after kainic 

acid induced SE, considerable changes in voltage dependent activation and 

inactivation of the sodium current resulted in an increased sodium window 
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current and explained the enhanced excitability in CA1 pyramidal cells 

(Ketelaars et al., 2001). After pilocarpine induced SE, a down regulation (up 

to 30 days after SE) was found in NaV1.1 and NaV1.6 mRNA in DG granule 

cells which was associated with a larger window current (Ellerkmann et al., 

2003).  

Taken together, these facts suggest that it is very likely that the observed 

changes in sodium channel expression have functional consequences. 

However, there are so many different aspects involved that the net outcome 

for excitability is not easy to infer. The same change at a different location 

(principal cell versus interneuron; excitatory connection versus inhibitory 

connection) may result in opposite effects. And if the changes in the various 

underlying processes occur at different time points, the dynamics of the 

resulting change in excitability could be quite complex. The main purpose 

of this study was to characterize potential changes in subunit distribution as 

a function of time after SE induction, covering the most important stages of 

epileptogenesis, from induction to the chronic stage. We fully realize that 

static analysis of four time points is not at all sufficient to characterize the 

complex dynamics of excitability changes, but our observations strongly 

suggest that epileptogenesis involves an intricate reorganization of 

excitability in which many components participate, which as a final result 

will lead to the enhanced likelihood for seizures. 

Conclusions 

The expression of Na+ channel α-subunits NaV1.1, NaV1.2 and NaV1.6 in the 

hippocampal subfields DG, CA1 and CA3 is quite distinct, which suggests 

functional relevance in particular for the regulation of excitability. The 

reduced expression of NaV1.1 in inhibitory interneurons and around the 

pyramidal cell layer of CA3 and CA1, together with increased expression of 
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NaV1.2 in the inner molecular layer of the DG (associated with reorganized 

excitatory mossy fibers) are expected to increase excitability. However, 

decreased expression of NaV1.6 in pyramidal cell dendrites is expected to 

reduce excitability. With the given techniques we can say little about 

causality: are these changes underlying the susceptibility to seizures or are 

they the consequence of substantial seizure activity? Also of functional 

interest is the upregulation of sodium channel expression specifically in 

astrocytes early during epileptogenesis. The observed non-uniform region 

and cell specific changes in subunit expression underscores the importance 

of the circuit approach when correlating cellular changes with 

epileptogenesis. 
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Abstract 

Disturbances in the excitation-inhibition balance of neuronal networks play 

a role in disorders like epilepsy. Anti-epileptic drugs (AEDs) such as 

lamotrigine (LTG) suppress epileptic seizures by preferentially binding to 

inactivated Na+ channels. Relatively little is known whether AEDs affect 

firing properties of diverse network components (pyramidal neurons and 

interneurons) differently. Therefore we investigated the LTG sensitivity of 

pyramidal neurons and (5-HT3AR-expressing) interneurons of the mouse 

hippocampus. When depolarized, interneurons displayed higher firing rates 

with less adaptation than pyramidal neurons. Furthermore, interneurons 

have narrower action potentials and their Na+ currents have a faster recovery 

from inactivation. The combinational effects of these factors may cause 

interneurons to have a smaller fraction of inactivated Na+ channels. This 

may underlie the observation that LTG (100 µM) was more effective in 

reducing the firing rate of pyramidal neurons than that of interneurons. 

When comparing LTG effects (100-1000 µM) on Na+ currents of acutely 

dissociated neurons, we observed that the LTG-induced shift of the steady-

state inactivation relationship to hyperpolarized potentials was similar in 

pyramidal neurons and interneurons. Also the binding and unbinding 

kinetics of LTG to and from inactivated Na+ channels of both neuron types 

were not different. This indicates that the higher LTG sensitivity of 

pyramidal neurons may be caused by differences in the availability of 

inactivated Na+ channels, rather than on differences in direct LTG-channel 

interactions. Our data reveal a previously unknown neuron type-specific 

response to LTG, which may have important consequences for circuit 

excitability when AED treatment is applied. 
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Introduction 

The mammalian brain is comprised of different types of neurons which are 

intricately interconnected to form complicated neuronal circuits. These 

different types of neurons spatiotemporally cooperate for the coding and 

processing of information. In brain regions such as the cerebral cortex and 

the hippocampus, neuronal circuits consist of two broad types of neurons: 

excitatory principal (pyramidal) neurons and inhibitory interneurons. 

Excitatory pyramidal neurons constitute the vast majority of the neurons 

that make up neuronal circuits and they provide an excitatory input to their 

postsynaptic target cells. Inhibitory interneurons, which use γ-aminobutyric 

acid (GABA) as their neurotransmitter, control circuit activity through 

feedforward and feedback inhibition and play important roles in network 

oscillations, synaptic integration and action potential generation in 

pyramidal neurons and epileptic synchronization (Freund & Buzsaki, 1996; 

McBain & Fisahn, 2001; Freund, 2003; Buzsaki et al., 2004).  

GABAergic interneurons are heterogeneous with respect to their 

morphology, molecular expression profile and electrophysiological 

properties (Ascoli et al., 2008). In contrast to the more homogeneous 

pyramidal neuronal population, GABAergic interneurons display a diverse 

repertoire of action potential characteristics and firing patterns (Ascoli et al., 

2008). Ion channel compositions of neurons of a population (e.g. pyramidal 

neurons and interneurons) determine their electrophysiological features. 

Although action potential shape and firing frequency are largely determined 

by voltage-gated K+ channels (Zhang & McBain, 1995; Martina et al., 1998; 

Erisir et al., 1999; Lien et al., 2002), also properties of voltage-gated Na+ 

channels play a role in action potential firing. In different neuronal 

populations these Na+ channels can have distinct properties. In the 
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hippocampus, compared with Na+ channels in pyramidal cells, those in 

basket cells have a steeper steady-state inactivation curve with a positive 

potential shift (Martina & Jonas, 1997). With respect to inactivation kinetics, 

voltage-gated Na+ currents in basket cells have a slower onset and a faster 

recovery from inactivation (Martina & Jonas, 1997). During trains of action 

potential firing voltage-gated Na+ channels cycle through three states, i.e. 

close, open and inactivated. Different action potential shapes and firing 

frequencies (depending on the neuron type) will cause distinct fractions of 

Na+ channels residing in the inactivated state by the end of an action 

potential (Carter & Bean, 2009; Carter & Bean, 2011).       

Disturbances in the excitation-inhibition balance of neuronal networks play 

a role in disorders like epilepsy. Dysfunctions in ion channels may underlie 

these disturbances. Nearly 700 mutations in Na+ channels have been 

identified in patients with inherited and sporadic epilepsy (Meisler et al., 

2010). Loss-of-function mutations in SCN1A encoding NaV1.1 cause severe 

myoclonic epilepsy of infancy (SMEI) because NaV1.1 is primarily 

expressed in interneurons and the hypofunction of this protein leads to 

reduced inhibition (Yu et al., 2006).  Moreover, changes in expression 

levels and/or biophysical properties of Na+ channels were found in both 

epileptic human brain and animal models of epilepsy (Lombardo et al., 1996; 

Bartolomei et al., 1997; Gastaldi et al., 1997; Vreugdenhil et al., 1998; 

Aronica et al., 2001; Ketelaars et al., 2001; Ellerkmann et al., 2003).   

Anti-epileptic drugs (AEDs) such as carbamazepine (CBZ), phenytoin 

(DPH) and lamotrigine (LTG) target Na+ channels in a use- and voltage-

dependent manner. This allows them to selectively prevent extreme high 

frequency firing, with much less effects on normal action potential firing 

(Rogawski & Loscher, 2004; Meldrum & Rogawski, 2007). CBZ, LTG and 
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DPH all have a much higher affinity for the inactivated state than for the 

closed or open state of Na+ channels and therefore stabilize the channel in 

the inactivated state, effectively blocking the conductance (Ragsdale & 

Avoli, 1998). Since Na+ channels in various neuronal populations have 

shown distinct properties and different dynamic states after an action 

potential, AEDs may have different pharmacological efficacy on pyramidal 

neurons and interneurons. The consequence may be important for the circuit 

excitability maintained by pyramidal neurons and interneurons. However, 

whether different neuronal types have distinct pharmacological sensitivity 

towards AEDs has not been examined.  

In the present study, we characterized action potential characteristics and 

firing patterns of pyramidal neurons and a subpopulation of interneurons, 5-

HT3AR-expressing interneurons, in the mouse hippocampal CA1 area. The 

serotonin 5-hydroxytryptamine 3A (5-HT3A) receptor is preferentially 

expressed in interneurons in the central nervous system (Chameau & van 

Hooft, 2006). We used 5HT3aR-BACEGFP transgenic mice, in which the 

population of the 5-HT3AR-expressing interneurons is brightly labeled with 

green fluorescent protein (GFP). With tissue preparations (brain slices and 

acutely dissociated neurons), we could distinguish this subpopulation of 

interneurons in the hippocampal CA1 area and compare them with 

pyramidal neurons. Using the same transgenic mice, a recent study 

demonstrated that the 5-HT3AR-expressing interneurons include the entire 

spectrum of Caudal Ganglionic Eminences (CGE)-derived interneurons and 

mainly co-express neuropeptide Y (NPY), calretinin, vasoactive intestinal 

peptide (VIP) and cholecystokinin (Lee et al., 2010). Using hippocampal 

brain slices of the 5HT3aR-BACEGFP transgenic mice we tested LTG effects 

on action potential firing of pyramidal neurons and interneurons. In addition, 
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in acutely dissociated neurons we examined (the effects of LTG on) the 

biophysical properties of Na+ channels of both neuron types. 

Materials and Methods 

Animals 

5-HT3A/enhanced green fluorescent protein transgenic Swiss mice 

(GENSAT, www.gensat.org) at postnatal day (P) 14-21, both males and 

females, were used in this study. The experimental procedures were 

approved by the Animal Welfare committee of the University of Amsterdam. 

Brain slice experiments  

Slice preparation 

The mouse was decapitated after being anesthetized with isoflurane (dose!). 

The brain was quickly removed and 300 µm-thick coronal slices were cut at 

the level of the hippocampus with a vibroslicer (Leica VT1000S) in ice-cold 

slicing solution containing (in mM): Choline chloride (120), KCl (3.5), 

CaCl2 (0.5), MgSO4 (6), NaH2PO4 (1.25), NaHCO3 (25), glucose (25), 

continuously bubbled with 95%O2-5%CO2 (pH=7.4). Slices were incubated 

at 32⁰C for 1 hour in ACSF containing (in mM): NaCl (120), KCl (3.5), 

CaCl2 (2.5), MgSO4 (1.3), NaH2PO4 (1.25), NaHCO3 (25), glucose (25), 

continuously bubbled with 95%O2-5%CO2 (pH=7.4). 

Current clamp recordings 

During current clamp recording, slices were continuously superfused with 

ACSF at room temperature (20 – 22⁰C). Recording pipettes (2-3 MΩ) were 

pulled from thin-wall borosilicate glass capillary tubes (1.5 mm outer 

diameter; Science Products GmbH, Germany). The pipette solution 

contained (in mM) K-gluconate (130), KCl (10), EGTA (5), HEPES (10), 
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Mg-ATP (4), Na-GTP (0.4) pH=7.3. Current clamp recordings were made 

using an EPC9 patch-clamp amplifer controlled by PULSE software (HEKA 

Electronic GmbH, Germany) and an in-house software written in Matlab. 

Signals were filtered at 5-10 kHz and sampled at 10-20 kHz. The liquid 

junction potential was calculated to be 10 mV for which no correction was 

applied. We used a slow feedback system that monitored and controlled 

background current injection to guarantee that current clamp measurements 

started at -60 mV. Current injections (800 ms) were applied in 10 pA 

increments (with 5-s intervals) from -100 pA to +400 pA in both the 

absence and presence of LTG (100 µM). These current injections were 

applied several times under control conditions to establish a stable response, 

after which LTG was bath applied. Ten min after the start of the LTG 

application the response of the neuron to current injections was again 

determined. 

Acutely dissociated cell experiments 

Cell preparation 

The mouse was decapitated after being anesthetized with isoflurane. The 

brain was quickly removed and cooled in an oxygenated PIPES buffered 

dissociation solution containing (in mM): NaCl (120), KCl (5), CaCl2 (2), 

MgCl2 (1), PIPES (20), D-glucose (25); pH 7.0. The hippocampi were 

dissected out and transverse slices (300 μm thick) were cut with a tissue 

chopper. From each slice the CA1 area including stratum pyramidale and 

stratum radiatum was cut and transferred to an incubation chamber with a 

magnetic stirrer. The incubation chamber contained oxygenated dissociation 

solution and 0.5 mg/ml protease (Sigma-Aldrich). The tissue cubes were 

enzymatically treated for 30 minutes at 32 ⁰C. They were then washed with 
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oxygenated dissociation solution and maintained in this solution at room 

temperature (20 ⁰C) until use. Neurons were dissociated by trituration of a 

tissue cube in 0.5 – 1 ml dissociation solution through a series of Pasteur 

pipettes with decreasing diameter and brought into a perfusion chamber of 

an inverted microscope (Nikon). Pyramidal cells were selected by 

morphology: a pyramidal shaped cell body with a single apical dendrite 

from the apex of the pyramidal cell body. In some cases, the proximal part 

of basal dendrites emerging from the base of the cell body is visible. 

Interneurons containing the 5HT3A receptor were distinguished using the 

green fluorescent protein label. Only neurons with a bright and smooth 

appearance and with no visible organelles were selected for 

electrophysiological recordings.  

Voltage clamp recordings 

Voltage-gated Na+ currents were recorded in the whole-cell voltage-clamp 

mode with an Axopatch 200A amplifier (Axon Instruments) at room 

temperature (20-22 ⁰C). Recording pipettes (2-3 MΩ) were pulled from 

thin-wall borosilicate glass capillary tubes (1.5 mm outer diameter; Science 

Products GmbH, Germany) with a Brown/Flaming puller (Model–P–87; 

Sutter Instruments Co.). The pipette solution contained (in mM) CsF (110), 

NaCl (5), EGTA (10), HEPES (10), MgCl2 (2), TEACl (25), MgATP (5) 

and  NaGTP (0.1). The pH was adjusted to 7.3. Once the whole-cell 

configuration was successfully achieved, compensation circuitry was used 

to reduce the series resistance error by at least 75%. The holding membrane 

potential was set at -70 mV and the dissociation solution in the recording 

chamber was replaced by the continuous perfusion with the extracellular 

solution. The extracellular solution contained (in mM):  Choline-Cl (95), 

NaCl (20), HEPES (10), CaCl2 (2), MgCl2 (1), KCl (5), TEACl (25), 4-AP 
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(5), CdCl2 (0.1) and D-glucose (25). The pH was adjusted to 7.4. The liquid 

junction potential was calculated to be 8.5 mV for which no correction was 

applied. Voltage-clamp protocols were applied with an in-house recording 

and analysis software written in Matlab. Pulse intervals were 1 s, with the 

exception of the binding and unbinding protocols, where the interval was 5 s. 

The currents were filtered at 1 kHz and sampled at a frequency of 5 kHz. 

During the recording, neurons were perfused with either extracellular 

solution (control condition) or LTG-containing extracellular solution (drug 

application) emitted from perfusion pipettes which were connected to a 

Fast-Step Perfusion system (SF-77B, Warner Instrument Corporation, 

Hamden, USA). In each extracellular solution (control or LTG-containing) 

protocols were applied twice, and the control solution was applied before 

and after the LTG application. This allows to compensate  for small changes 

in parameter values (e.g. a drift of the voltage dependence of steady-state 

inactivation) during time.   

Drug 

LTG (GlaxoSmithKline, UK) was dissolved in dimethylsulfoxide (DMSO) 

to make a stock solution of 333 mM. Then it was diluted in extracellular 

solution to reach the final concentrations required (100, 300, 600 and 1000 

μM). The final concentration of DMSO was 0.05% (also in control 

condition), which had no significant effects on Na+ currents and quality of 

the neurons. 

Data analysis 

Data are given as mean ± standard error of the mean (S.E.M.). Statistical 

comparisons of multiple groups were performed with a two-way ANOVA 

(followed by the Fisher Least Significant Different post-hoc test). Student’s 
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t-test was used for the direct comparison of two groups of parameters. The 

binding data was compared with a test for homogeneity of regression 

coefficients. P<0.05 is assumed to indicate a significant difference. 

Results 

 Action potentials in pyramidal neurons and interneurons 

Action potentials and firing patterns of pyramidal neurons and interneurons 

were characterized, using current-clamp recordings in the two neuronal 

populations in brain slices of the hippocampal CA1 area including stratum 

pyramidale and stratum radiatum. Action potentials were evoked with 800-

ms current injections ranging from -100 pA to +400 pA with 10-pA 

increments. We compared passive properties including membrane potential, 

input resistance and capacitance between pyramidal neurons and 

interneurons (Table 1) and no differences in these parameters between the 

two neuronal populations were found. To quantify action potential 

characteristics, four parameters of the first action potential evoked by a 150-

pA current injection were determined (Fig. 1A): the threshold (mV), the 

half-width (ms) and the duration (ms) of the rising (depolarization) and 

decay phase (repolarization) of the action potential (Table 1). Pyramidal 

neurons generate wider action potentials, with the half-width and the decay 

time being significantly longer than action potentials in interneurons. 

Compared with pyramidal neurons, interneurons have a ~5 mV more 

depolarized membrane voltage for action potential triggering .    

Current injections of 50 pA and larger evoked in both neuron types 

repetitive firing behaviour, with the pyramidal neurons displaying more 

adaptation during the current injections than the interneurons (Fig. 1B). For 

a further characterization of these firing patterns, we measured the number 
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of spikes, the instantaneous frequency of the first two spikes and the 

instantaneous frequency of the last two spikes. Fig. 1C shows the number of 

spikes plotted against current injections. The number of spikes evoked by 

depolarizing current injections (150-350 pA) in interneurons were 

significantly higher than those in pyramidal neurons. The instantaneous 

frequencies of the first two spikes and the last two spikes of interneurons 

were generally higher than those in pyramidal neurons (Figs. 1D and 1E). 

Differences in biophysical properties of voltage-gated Na+ channels present 

in pyramidal neurons and interneurons may underlie the different action 

potential characteristics, which was investigated in a series of voltage clamp 

experiments. 

Table 1 Passive and active (action potential) properties of interneurons and 
pyramidal neurons recorded in acute hippocampal slices 

Neuron 
type 

Membrane 
potential 

(mV) 

Input 
resistance 

(MΩ) 

Capacitance 
(pF) 

Threshold 
(mV) 

Half 
width 
(ms) 

Rise time 
(ms) 

Decay 
time (ms) 

Interneurons 

(n=6) 
-49.7±3.6 392±51 6.6±1.2 -38.8±0.8** 1.2±0.1** 0.89±0.04 1.8±0.2* 

Pyramidal 
neurons 

(n=6) 

-59.6±3.0 250±48 7.9±1.1 -43.6±0.6 1.8±0.1 0.84±0.04 4.8±0.9 

Data are shown as mean ± S.E.M. The Student’s t-test was performed to compare 
values of interneurons and pyramidal neurons; * indicates P<0.05, ** indicates 
P<0.01. 

 

Biophysical properties of voltage-gated Na+ channels 

Voltage-gated K+ and Na+ channels are involved in action potential 

characteristics and firing patterns, where voltage-gated Na+ channels are 

crucial for the initiation and propagation of action potentials. To investigate 

whether Na+ channels in pyramidal neurons and interneurons have different 

biophysical properties we compared voltage-dependent activation, steady-



Chapter 4 
 

102 

state inactivation and recovery from steady-state inactivation of voltage-

activated Na+ channels in acutely dissociated pyramidal neurons and 

interneurons. 

 

Figure 1 Action potential characteristics and firing patterns of hippocampal 
pyramidal neurons and interneurons. A. The first action potential evoked by a 
800-ms 150-pA current injection evoked in a pyramidal neuron. Indicated are how 
four action potential characteristics are determined (see Table 1): threshold: the 
membrane potential where the action potential is triggered; rise time: the duration 
from the time point when the depolarization reaches the threshold to the time point 
of the action potential peak; decay time: the duration from the time point of the 
action potential peak to the time point when the repolarization reaches the 
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threshold level; half-width: the width of the action potential at the middle of the 
action potential. B. Example traces of spike trains evoked with 100 pA current 
injections (lasting 800 ms) in a pyramidal neuron (left) and an interneuron (right). 
C. Current injections (lasting 800 ms) ranging from 50 pA to 350 pA evoke a 
larger number of action potentials in interneurons than in pyramidal neurons 
(significantly different with 150-350 pA current injections). D. The first two evoked 
action potentials display in interneurons a higher instantaneous frequency than 
those evoked in pyramidal neurons and they are significantly different with 200, 
300 and 350 pA current injections. E. The last two evoked action potentials display 
in interneurons a higher instantaneous frequency than those evoked in pyramidal 
neurons and they are significantly different with 100, 150, 250 and 400 pA current 
injections. *P<0.05, **P<0.01, unpaired Students t-test; error bars indicate S.E.M. 

 

Voltage dependent activation A voltage step protocol (Fig. 2A, inset) was 

used to evoke voltage-dependent Na+ currents. The currents were activated 

by 25-ms depolarization steps from -70 mV to +10 mV following a 500-ms 

pre-pulse potential of -150 mV. The depolarization steps evoked transient 

inward Na+ currents which first increased in peak amplitude because the Na+ 

conductance increases with depolarizing voltage steps. Na+ currents then 

decreased in peak amplitude with the Na+ conductance reaching the 

maximum value, while the driving force constantly decreased (Fig. 2A). We 

determined the peak amplitude of the evoked Na+ current at each voltage 

step and calculated the Na+ current density by dividing the current 

amplitude by the cell capacitance. The mean Na+ current density-voltage 

relationships for pyramidal neurons and interneurons are shown in Fig. 2B. 

These were fitted with the Goldman-Hodgkin-Katz current equation using a 

Boltzmann function to describe the Na+ permeability as a function of 

membrane voltage (V): 
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Where α = F/RT with F the Faraday constant, R the gas constant and T the 

absolute temperature. [Na+]out and [Na+]in are the extracellular and 

intracellular sodium concentrations. P0 is the maximal Na+ permeability and 

the voltage dependence of the conductance is described with a Boltzmann 

function characterized by the potential of half-maximal activation (Vh) and a 

slope parameter (Vc). For practical measurements we prefer to substitute P0 

F α [Na+]out = gmax where gmax is the maximal conductance. Fitting the peak 

Na+ current values with eq. 1 yielded Vh, Vc and gmax values for each neuron 

and the normalized conductance was calculated by dividing the gmax value 

by the cell capacitance (nS/pF) (Table 2). Although the dissociated 

pyramidal neurons were larger than the interneurons (cell capacitance values 

were 6.4 ± 0.4 pF and 4.7 ± 0.4 pF, respectively; P<0.01), the average 

normalized conductance value in the two neurons types was not much 

different. The same holds for the slope parameter, but the mean Vh value of 

interneurons was more depolarized (~5 mV) than that of pyramidal neurons 

(Table 2). 

Table 2 Activation and steady-state inactivation properties of Na+ currents 
recorded in acutely dissociated hippocampal interneurons and pyramidal 
neurons 

Neuron type Activation Inactivation 

Vh (mV) Vc (mV) Gmax (nS/pF) Vh (mV) Vc (mV) 

Interneurons 
(n=23) 

-34.9±1.1** 5.0±0.2 12.5±1.6 -72.0±1.3* -5.2±0.1** 

Pyramidal 
neurons 
(n=14) 

-40.4±1.7 4.8±0.2 15.2±2.1 -76.7±2.0 -6.0±0.3 

Data are shown as mean ± S.E.M. The Student’s t-test was performed to compare 
values of interneurons and pyramidal neurons; * indicates P<0.05, ** indicates 
P<0.01. 
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Steady-state inactivation The voltage-dependent steady-state inactivation 

of Na+ channels was studied with a voltage step protocol where a 2500-ms 

hyperpolarizing pre-pulse from -150 to -35 mV was followed by a 25-ms 

depolarization test voltage step to -10 mV (Fig. 2C, inset). We determined 

the peak amplitude of the Na+ current evoked by the 25-ms depolarization 

step for each pre-pulse voltage step and plotted the normalized amplitudes 

(to the maximal peak amplitude of the Na+ current evoked after the pre-

pulse of -150 mV) as a function of the pre-pulse potentials (Fig. 2D). The 

current-voltage relationship for each neuron was fitted with a Boltzman 

equation (Equation 2.):  
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    Eq. 2 

Where Imax is the maximal peak amplitude, Vh is the potential of half-

maximal inactivation and Vc is proportional to the slope of the inactivation 

curve. The averaged Vh and Vc values for the two neuronal types are shown 

in Table 2. The mean Vh value of the interneurons was more depolarized 

(~5 mV) than that of pyramidal neurons. The smaller Vc value of 

interneurons points to a steeper steady-state inactivation curve of the 

interneurons (Fig. 2D). 

 

 

 

 

 



Chapter 4 
 

106 

 

Figure 2 Voltage-dependent activation and inactivation of Na+ currents of 
hippocampal pyramidal neurons and interneurons. A. Example traces of Na+ 
currents evoked with 25-ms depolarization steps following a 500-ms 
hyperpolarizing pre-pulse of -150 mV; VH was -70 mV (protocol given as inset). B. 
The mean Na+ current density-voltage relationships of pyramidal neurons (n=14) 
and interneurons (n=23) are plotted as function of the membrane voltage and fitted 
with the Goldman-Hodgkin-Katz current equation (Eq. 1). The Vh and Vc values 
obtained with this fitting procedure were -40.1 ± 3.2 mV and 6.0 ± 2.1 mV for 
pyramidal neurons and -35.4 ± 3.5 mV and 5.7 ± 2.2 mV for interneurons. C. 
Example traces of Na+ currents evoked by a 25-ms depolarization test voltage step 
to -10 mV following 2500-ms hyperpolarizing pre-pulse voltage steps ranging 
from -150 mV to -35 mV (protocol given as inset). D. Steady-state inactivation 
relationships for pyramidal neurons (n=14) and interneurons (n=23). The 
available current fraction was defined as the normalized peak current amplitude, 
relevant to the peak current amplitude evoked after the pre-pulse to -150 mV. 

5 ms

1 nA

-70 mV

10 mV

 500 ms

25 ms

-150 mV

0

0.1

0.2

0.3

0.4

0.5

0.6 interneurons

pyramidal neurons

-60 -40 -20 0 20

C
ur

re
nt

 d
en

si
ty

 (
nA

/p
F

)

Voltage (mV)

5 ms

1 nA

BA

C D

-35 mV

-150 mV
2500 ms

25 ms
-10 mV

-70 mV

0

0.2

0.4

0.6

0.8

1

-120 -100 -80 -60 -40

interneurons

pyramidal neurons

A
va

ila
bl

e 
F

ra
ct

io
n

Voltage (mV)



Chapter 4 
 

107 

These values were plotted as function of the pre-pulse voltage levels and fitted with 
a Boltzmann equation (Eq. 2). The Vh and Vc values obtained with this fitting 
procedure were -76.5 ± 0.3 mV and 7.3 ± 0.2 mV for pyramidal neurons and -71.6 
± 0.2 mV and 6.2 ± 0.2 mV for interneurons. Error bars indicate S.E.M. 

 

Recovery from inactivation The time course of the recovery from 

inactivation of Na+ channels was determined by applying a double-pulse 

protocol (Fig. 3A, inset). The intervals Δt (during which Na+ channels were 

allowed to recover from the inactivated state) between two 25-ms 

depolarization steps (to -10 mV) were varied from 1.8 to 200 ms. The 

interval membrane potentials were -80, -90 and -100 mV. The ratios of the 

peak amplitudes of the Na+ currents evoked by the second pulses to those 

evoked by the first pulses were determined and plotted as a function of Δt. 

The ratio-interval relationship was fitted with a single-exponential function 

of the form: 

  








τ
Δ−−=Δ

V

t
exp1)t(Ratio

    Eq. 3 

Where τv is the (voltage-dependent) time constant describing the recovery 

from inactivation of Na+ channels (Fig. 3B). The mean τv values for 

pyramidal neurons and interneurons at the interval membrane potentials of -

80, -90 and -100 mV are presented in Fig. 3C. The recovery from 

inactivation of Na+ currents in both neuron types was faster at more 

hyperpolarized potentials. Furthermore, the recovery of inactivation was 

faster in interneurons than in pyramidal neurons at the same membrane 

potential. 
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Figure 3 Voltage-dependent recovery from inactivation of Na+ channels in 
pyramidal neurons (n=16) and interneurons (n=25). A. The time course of 
recovery from inactivation of Na+ channels was determined by a double-pulse 
protocol (given as inset). Two 25-ms depolarization steps (to -10 mV) were applied 
with varying pulse intervals (Δt = 1.8, 3.6, 7, 12.5, 25, 50, 100 or 200 ms) at three 
membrane voltages  -80 mV, -90 mV and -100 mV. Example traces of Na+ currents 
evoked by the double-pulse protocol with the intervals (100 ms, 25 ms and 3.6 ms) 
are shown. B. The ratios of the peak amplitudes of the Na+ currents of an 
interneuron evoked by the second pulses to those evoked by the first pulses were 
determined and plotted as a function of the interval Δt. The ratio-interval 
relationship was fitted with a single-exponential function to produce a time 
constant τ describing the recovery from inactivation (at the interval membrane 
potential of -90 mV). C. The average τ values for recovery of inactivation at the 
interval membrane potentials (-80 mV, -90 mV and -100 mV) in pyramidal neurons 
and interneurons. The recovery from inactivation was voltage-dependent in the two 
neuronal types (P<0.001) and it was faster in interneurons (P<0.05) (two-factor 
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ANOVA, performed on the log transformed data due to non-homogeneity of 
variance). Error bars indicate S.E.M. and ** indicate P<0.01 for comparison of 
the τ values of interneurons and pyramidal neurons at the three membrane 
potentials (Fisher’s LSD post-hoc test). 

 

LTG modulates the steady-state inactivation properties of Na+ channels 

Anti-epileptic drugs like lamotrigine (LTG) interact with voltage-gated Na+ 

channels by preferently binding to the inactivated state of the channels. 

Through this mechanism LTG can stabilize the Na+ channels in this non-

conductive state and as such reduce high frequency firing activity (Meldrum 

& Rogawski, 2007). To compare LTG effects on the steady-state 

inactivation of Na+ channels of acutely dissociated pyramidal neurons and 

interneurons, we evoked Na+ currents with a voltage step protocol (Fig. 4A) 

which is the same as the one described in Fig. 2C (inset). Na+ currents 

evoked after the pre-pulse voltage step to -150 mV were hardly blocked by 

LTG (600 µM) since at this pre-pulse potential most Na+ channels are in the 

closed state (Fig. 4A,B). However, Na+ currents evoked after the pre-pulse 

voltage step to -80 mV were effectively blocked by LTG as more Na+ 

channels are in the inactivated state at this more depolarized membrane 

potential (Fig. 4A). The steady-state inactivation curves shifted to the 

hyperpolarizing direction with increasing LTG concentrations (Fig. 4B). 

The shift of the curve midpoints (ΔVh) in Fig. 4C was determined in each 

neuron by the difference of Vh in the absence and presence of LTG and 

plotted as a function of LTG concentration ([LTG]). The data points were 

fitted with a logistic function of the form: 

( ) [ ]LTGEC1

V
]LTG[V

50

maxh
h +

Δ
=Δ

    Eq. 4 
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where ΔVhmax is the maximal shift of Vh, EC50 is the LTG concentration for 

half maximal effect. There are no differences in the mean values for ΔVhmax 

and EC50 of pyramidal neurons and interneurons (Fig. 4C & D). Remarkably, 

if we compare the values at 100 µM, LTG induced in interneurons a larger 

shift of the steady-state  inactivation curve (p<0.01), implying a higher 

sensitivity of interneurons to LTG with this concentration, but also more 

complex binding kinetics, which could not be validated using the current 

data. 

 

Figure 4 Voltage shift of steady-state inactivation of Na+ currents by LTG in 
pyramidal neurons and interneurons. A. Example traces of Na+ currents evoked 
by a 25-ms depolarization step to -10 mV following a 2500-ms hyperpolarizing 
pre-pulse of -150 mV or -80 mV.  Na+ currents were evoked in the absence and 
presence of LTG (600 µM) (the protocol is given as an inset). B. The normalized 
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inactivation curves shift to the hyperpolarizing direction with increasing LTG 
concentrations; as example the curves in the presence of 100 and 1000 µM LTG 
are given. The normalized inactivation curves were constructed as described in 
Fig. 2D. Error bars indicate S.E.M. C & D. The shift of the Vh values (ΔVh) were 
determined by the difference of Vh in the absence and presence of LTG in each 
neuron and these values are plotted against the LTG concentration (100, 300, 600 
and 1000 µM). The data points were fitted with a logistic function (equation 4) to 
yield ΔVh-max and EC50 values for pyramidal neurons (C; n=16) and interneurons 
(D; n=17). There are no differences in ΔVh-max and EC50 between the two neuronal 
populations (two-tailed Student’s t-test). However, 100 µM LTG induced in 
interneurons a larger shift of the steady-state inactivation curve (P<0.01, two-
tailed Student’s t-test). 

 

Binding rate of LTG to inactivated Na+ channels 

We investigated the binding rate at which LTG binds to inactivated Na+ 

channels of pyramidal neurons and interneurons by using a protocol 

described in Fig. 5A (inset). Na+ channels were first exposed to a 

depolarization step (to -40 mV) of different durations (31 – 1500 ms). This 

depolarization allows Na+ channels to become inactivated and when in this 

state, LTG can bind to the channel. A 5-ms repolarization step to -120 mV 

was applied to allow the fraction of Na+ channels not blocked by LTG to 

recover from inactivation. Na+ currents evoked by the 25-ms depolarization 

test step (-10 mV) were efficiently blocked by LTG (600 µM) with the 

longer pre-pulse depolarization steps (to -40 mV) (Fig. 5A). To determine 

the binding rates of LTG to inactivated Na+ channels, we subtracted the 

current peak amplitudes in the presence of LTG from the current peak 

amplitudes in the absence of LTG, yielding the blocked current amplitudes. 

The blocked current (BC) as a function of the pre-pulse durations (Δt) was 

well fitted by a single exponential : 

BC(Δt) = Bmax (1-exp (-Δt/τ))     Eq. 5. 
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where Bmax is the maximum current  that can be blocked and τ is the time 

constant of the Na+ channel block at -40 mV (Fig. 5B). The binding rate at 

each LTG concentration was determined by taking the reciprocal of the time 

constant. The binding rates were plotted as a function of LTG concentration 

and the plot was fitted with a linear function. The slope of the fitted linear 

relationship represents the binding rate constant. With higher LTG 

concentrations, this block developed more rapidly (Fig. 5C). The binding 

rate constants of LTG to Na+ channels of pyramidal neurons and 

interneurons were not statistically significantly different. 

 

Figure 5 LTG binding to the inactivated state of Na+ channels in pyramidal 
neurons and interneurons. A. Example traces of Na+ currents evoked by a 25-ms 
depolarization step of -10 mV following a 31-, 250- or 1500-ms pre-pulse step 
of -40 mV in the absence and presence of LTG (600 µM). The pre-pulse step with 
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varying durations (31-, 62-, 125-, 250-, 500-, 1000-, 1500-ms) was followed by a 
5-ms repolarization step to -120 mV to allow drug-free Na+ channels to recover 
from inactivation. The whole protocol is given as inset. B. The blocked current 
amplitudes were determined by subtracting the current amplitudes in the presence 
of LTG (300 µM and 600 µM) from the current amplitudes in the absence of LTG. 
For each concentration, the blocked current amplitudes are plotted as a function of 
the pre-pulse durations and fitted with a mono-exponential function (Eq. 5) to yield 
a time constant (τ) describing the time course of the development of Na+ channel 
block. C & D. The binding rates (s-1) were determined by taking the reciprocals of 
their corresponding time constants (see B) and then plotted as a function of the 
LTG concentration. The data points were fitted with a linear function, with the 
slope yielding the LTG binding rate constant for the pyramidal neurons (C; n=16) 
and the interneurons (D; n=14). A test for homogeneity of regression coefficients 
revealed that the binding rates of LTG to inactivated Na+ channels of both neuron 
types were not different. 

 

Unbinding rate of LTG from inactivated Na+ channels 

Another important determinant of LTG efficacy is the unbinding rate at 

which LTG dissociates from its binding site. The unbinding rates of LTG 

from Na+ channels of pyramidal neurons and interneurons were determined 

by using a protocol shown in Fig. 6A (inset). The membrane potential was 

first depolarized to -40 mV for 2000 ms, to achieve LTG binding to 

inactivated Na+ channels. The membrane potential was subsequently 

repolarized to -120 mV for varying durations (10-500 ms) to remove the 

inactivation. Another depolarization step (25 ms, to -10 mV) was 

subsequently applied to test the fraction of available (unblocked) Na+ 

channels. With longer repolarization steps more Na+ channels will recover 

from inactivation, resulting in a dissociation of LTG from its binding site; 

Na+ currents evoked with short repolarization steps remained efficiently 

blocked by LTG (Fig. 6A). The current peak amplitudes in the presence of 

LTG were subtracted from those in control condition, thus yielding the 
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blocked current amplitudes. The LTG-blocked current amplitudes were 

plotted against the repolarization durations to -120 mV and the data points 

were fitted with a single exponential function (Eq. 5) where τ is now the 

time constant of unbinding (Fig. 6B). The reciprocal of this time constant 

represents the rate at which LTG dissociates from Na+ channels. Since 

unbinding is a concentration independent process, we pooled the unbinding 

rates obtained from experiments with 100, 300, 600 and 1000 µM LTG. 

When comparing the unbinding rates of LTG from Na+ channels of 

pyramidal cells with those of interneurons (Fig. 6C) no statistical difference 

between the two neuronal populations was found to exist. 

 

Figure 6 Unbinding of LTG from Na+ channels in pyramidal neurons and 
interneurons. A. Example traces of Na+ currents of a pyramidal neuron evoked by 
a 25-ms depolarization step (to -10 mV) following 5-, 50- and 500-ms 
repolarizations (to -120 mV) after a 2000-ms pre-pulse to -40 mV. The whole 
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protocol is given as an inset. Na+ currents were evoked in control condition and in 
the presence of 600 µM LTG. B. Unblocking of Na+ currents (same neuron as in A) 
in the presence of 600 µM LTG when repolarizing the membrane potential 
from -40 to -120 mV for 10, 25, 50, 100, 300 or 500 ms. Blocked current peak 
amplitudes were determined by subtracting the current peak amplitudes in the 
presence of LTG from the ones in the control condition. Blocked current peak 
amplitudes are plotted as a function of the repolarization duration and the plot was 
fitted with a mono-exponential function to yield a time constant (τ) describing the 
time course of the LTG unbinding process from inactivated Na+ channels. C. 
Comparison of the LTG unbinding rates from Na+ channels of pyramidal neurons 
and interneurons. The unbinding rates were determined by taking the reciprocal of 
the time constants (see B). There is no difference in the LTG unbinding rates of 
pyramidal neurons (8.4 ± 1.0 s-1; n=18) and interneurons (6.9 ± 0.7 s-1; n=14) 
(two-tailed Student’s t-test). Error bars represent S.E.M. values. 

 

LTG reduces the firing rate of pyramidal neurons more efficiently 

To investigate LTG effects on the firing patterns of pyramidal neurons and 

interneurons, we compared LTG (100 µM) effects on the instantaneous 

firing frequency of pyramidal neurons and interneurons. Action potentials in 

the two neuron types were evoked with 800-ms current injections ranging 

from to + 30 to +400 pA in increments of 10 pA. In general, interneurons 

displayed action potentials with a higher firing frequency which adapted 

less as compared with that of pyramidal neurons (Fig. 1B). In the presence 

of LTG the firing rate of both neuron types was reduced, where it seems that 

this LTG effect on pyramidal neurons was larger than that on interneurons 

(Fig. 7A). We analyzed this in more detail by determining the instantaneous 

firing frequency at every inter-spike interval for the different current 

injections in both the absence and presence of LTG. The instantaneous 

frequencies for all inter-spike intervals were plotted against current injection 

amplitude. Fig. 7B shows as example the instantaneous frequencies for the 

first and fourth inter-spike intervals in a pyramidal neuron and an 
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interneuron in the absence (open circles) and presence (filled circles) of 

LTG. We then calculated the ratio of the instantaneous frequency in the 

presence and absence LTG for each current injection (Fig. 7B, filled 

squares). Although the instantaneous frequencies increased with larger 

current injections, the ratios were independent of the magnitude of the 

current injection. We could therefore average the ratios from all current 

injections to quantify the LTG effect for each inter-spike interval. In Fig. 7C, 

the mean ratios at the different inter-spike intervals in a pyramidal neuron 

and an interneuron (same neurons as in Fig. 7B) are plotted against time and 

were fitted with a linear function. For the time scale, we determined for each 

inter-spike interval the relative time point from all current injections in the 

absence of LTG (the time point of the first inter-spike interval was set at “0” 

ms). For this we averaged the time points at the same inter-spike intervals 

from all current injections which yields the (mean) time point of each inter-

spike interval. The linear function generates a slope parameter describing 

the development of LTG-induced attenuation of action potential firing 

during depolarizing current injections (Fig. 7C). These slope values were 

determined for all measured neurons and the average values for pyramidal 

neurons and interneurons are shown in Fig. 7D. The slope parameters of 

pyramidal neurons were significantly steeper than those of interneurons, 

showing that LTG is more efficient in reducing the action potential firing 

frequency of pyramidal neurons than that of interneurons. 



Chapter 4 
 

117 

 

Figure 7 Effects of LTG on action potential firing of pyramidal neurons (n=6) 
and interneurons (n=6). A. Example traces of action potentials of a pyramidal 
neuron (left panels) and an interneuron (right panels) evoked by a 100-pA current 
injection in the absence and presence of LTG (100 µM). B. LTG effects on different 
inter-spike intervals of action potentials. The instantaneous firing frequency in the 
absence (open circles) and presence (closed circles) of LTG for the first and fourth 
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inter-spike interval of a pyramidal neuron (left panels) and an interneuron (right 
panels) are plotted against the current injection amplitude. The ratio (filled 
squares) of the instantaneous frequency in the absence and presence of LTG was 
also plotted as function of the current injection amplitude. The mean ratio value for 
all current injections is given at the right top of each panel. C. LTG efficacy in 
reducing action potential firing for the two neurons of B. The mean ratio values for 
all inter-spike intervals are plotted against the time they occurred in the control 
condition (see text for details) for each neuron and the plot was fitted with a linear 
function to produce a slope parameter. D. LTG efficacy on pyramidal neurons 
(n=6) and interneurons (n=6). The average slope values obtained for the  
pyramidal neurons (-1.2 ± 0.1 s-1) were significantly steeper than those of 
interneurons (-0.6 ± 0.2 s-1) (two-tailed Student’s t-test, * indicates P<0.05).  Error 
bars indicate S.E.M. 

Discussion 

In the present study the effects of the AED LTG were investigated on firing 

properties and voltage-gated Na+ currents of mouse hippocampal pyramidal 

neurons and a subpopulation of interneurons, 5-HT3AR-expressing 

interneurons. In these two neuron populations we observed (1) different 

action potential characteristics and firing patterns, (2) different biophysical 

properties of voltage-gated Na+ channels, (3) different LTG effects on 

action potential firing and (4) similar LTG sensitivity towards steady-state 

inactivation of Na+ channels and LTG-Na+ channel binding and unbinding 

kinetics. The neuron type-specific responses to LTG suggest a complicated 

pharmacological mechanism underlying epilepsy treatment with LTG. 

Understanding this mechanism is of significant importance for clinical use 

of AEDs and future AED development. frequency of pyramidal neurons 

than that of interneurons. 

Differences in action potential firing and voltage-gated Na+ channels 

between pyramidal neurons and interneurons 
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We characterized action potential characteristics and firing patterns in 

pyramidal neurons and interneurons. Several parameters of action potential 

characteristics including threshold, half-width, rise time and the decay time 

were determined. The half-width and the decay time in pyramidal neurons 

are significantly longer than those in interneurons (Table 1). In addition, 

upon depolarization interneurons fired action potential at a higher frequency 

with less adaptation. These results are consistent with previous findings that 

most pyramidal neurons show a regular firing pattern characterized by 

moderate firing frequencies and a strong degree of adaptation during 

prolonged stimuli whereas GABAergic interneurons often have higher firing 

frequencies with less frequency adaptation during prolonged stimuli 

(McCormick et al., 1985; Kawaguchi, 1995; Nowak et al., 2003; Bean, 

2007). Furthermore, the smaller action potential width and faster decay time 

of interneurons are consistent with previous observations that there is a 

rough correlation of firing frequency with action potential width, with 

higher frequencies having relatively narrower action potentials compared 

with those of pyramidal neurons (McCormick et al., 1985; Connors & 

Gutnick, 1990; Erisir et al., 1999; Tateno et al., 2004).  

Action potential width and decay time are mainly determined by K+ 

channels. The fast-spiking phenotype has been related to expression of the 

Kv3 family of voltage-gated K+ channels (Rudy & McBain, 2001; Lien & 

Jonas, 2003). The other player in action potential firing is the voltage-gated 

Na+ channel. We found that the steady-state inactivation curve in 

interneurons is shifted to the more depolarized direction and that the 

recovery from inactivation in interneurons is faster. This is consistent with 

previous research (Martina & Jonas, 1997) and these properties may 

contribute to the higher firing frequency of interneurons. The availability of 
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Na+ channels (so Na+ channels in the closed state) by the end of an action 

potential in interneurons is greater than that in pyramidal neurons (Carter & 

Bean, 2009; Carter & Bean, 2011). Although subtle differences in the 

kinetics of inactivation may contribute to the different availability of Na+ 

channels after action potentials, Na+ channels inactivate incompletely 

because of the “narrower” action potentials in interneurons (Carter & Bean, 

2009).  

Pyramidal neurons and interneurons have different sensitivity to LTG 

The firing rates of pyramidal neurons were more efficiently reduced by LTG 

than those of interneurons during prolonged stimuli. During the repetitive 

firing of action potentials, voltage-gated Na+ channels cycle through closed, 

open and inactivated states. During the interspike intervals the Na+ channels 

(partly) recover from inactivation and become available for activation. Like 

other AEDs (e.g. CBZ and DPH) LTG suppresses the excessive firing of 

neurons by targeting voltage-gated Na+ channels and it has a much higher 

affinity for the inactivated state than for the closed or open states (Meldrum 

& Rogawski, 2007). When bound, LTG stabilizes Na+ channels in the 

inactivated state, thereby effectively blocking channel conductance. The 

different LTG sensitivity observed in pyramidal neurons and interneurons in 

the present study may result from multiple factors: the interaction of LTG 

with inactivated Na+ channels, the degree of inactivation and binding 

occurring during and after the action potential and the intrinsic kinetics of 

inactivation and recovery from inactivation of Na+ channels.  

To examine the LTG-Na+ channel interaction we tested the effect of LTG on 

steady-state inactivation and we determined the binding and unbinding in 

both neuron populations. For steady-state inactivation we found no 

differences in the maximal ΔVh and the EC50 value.  Also the binding and 
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unbinding kinetics of LTG to and from inactivated Na+ channels were not 

different between pyramidal neurons and interneurons.  

Although K+ ion efflux largely underlies the repolarization phase of the 

action potentials, a fraction of Na+ channels remain open and there is still 

Na+ influx during this phase. Fast-spiking cortical interneurons and 

cerebellar Purkinje cells were shown to have a significant fraction of Na+ 

channels available (not inactivated) immediately after the action potential 

whereas Na+ channels in cortical and CA1 pyramidal cells reached complete 

inactivation by the end of the action potential (Carter & Bean, 2009). The 

difference is largely independent of Na+ channel kinetics, but arises from the 

“narrower” timing of the action potential in interneurons. In the present 

study we observed that the half-width and the repolarization phase of the 

action potential in pyramidal cells were 1.4- and 2.6-fold longer than those 

in interneurons (Table 1). The wider action potential could result in a larger 

fraction of Na+ channels to become inactivated and provide LTG with more 

binding substrates during the action potential. 

Another factor contributing to the different LTG sensitivity may arise from 

the faster recovery from inactivation of the voltage-gated Na+ channels in 

interneurons. Na+ channels of interneurons recover from inactivation 1.5-

fold faster than those of pyramidal cells. The slower recovery from 

inactivation of the Na+ channels of pyramidal cells could give LTG more 

time to bind to the inactivated Na+ channels.  

So the wider action potential of pyramidal neurons combined with the 

slower recovery of inactivation of the voltage-gated Na+ channels of these 

neurons could lead, during action potential firing, to a relatively large 

fraction of inactivated Na+ channels (as compared with interneurons). We 

did not observe differences in LTG-Na+ channel interactions (steady-state 
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inactivation and binding and unbinding kinetics) between the two neuron 

types. So during action potential firing the larger fraction of inactivated Na+ 

channels of pyramidal neurons could account for the observed larger LTG-

induced reduction of the firing rate. By preferably reducing the activity of 

the principle (excitatory) neurons of a network – while leaving the activity 

of the (inhibitory) interneurons relatively unaffected – LTG (and other 

AEDs like CBZ and DPH) can display the desired mechanism of action for 

alleviating the excitability of hyperactive neuronal networks. It remains to 

be determined whether AEDs like LTG have another neuron type specific 

profile when modulating neuronal activity in epileptic networks. 

Furthermore, the neuron-type specific effects may be an important aspect to 

investigate when testing the efficacy of newly developed AEDs. 

Concluding remarks 

In conclusion, action potential firing of hippocampal pyramidal neurons is 

more sensitive to the inhibitory effects of LTG than that of 5-HT3AR-

expressing interneurons. The different sensitivity is not due to different 

LTG-Na+ channel interactions, but may be caused by the action potential 

shape and the intrinsic properties of Na+ channels. Our results reveal a 

previously unknown neuron type-specific response to AEDs, which may 

have important consequences for network excitability when AED treatment 

is applied. Furthermore, these findings indicate that for AED development it 

has to be considered that not only the AED-Na+ channel interactions are 

relevant but also the physiological properties of targeted neurons. 
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The main theme of this thesis is to study the antiepileptic action of Na+ 

channel-targeting antiepileptic drugs (AEDs). About 20-40% of epilepsy 

patients are pharmacoresistant and continue to have seizures (Brodie & 

Kwan, 2002; Loscher & Schmidt, 2002; Schmidt & Loscher, 2005; Picot et 

al., 2008). Alterations in the expression of mRNAs or proteins of α-subunits 

have been observed in both epileptic human brain (Lombardo et al., 1996; 

Whitaker et al., 2001a) and animal models of epilepsy (Bartolomei et al., 

1997; Gastaldi et al., 1997; Aronica et al., 2001). One possible factor 

contributing to pharmacoresistance is that different Na+ channel α-subunits 

interact with AEDs with different pharmacological efficacy. The changed 

expression patterns of Na+ channel α-subunits may thus lead to a diminished 

pharmacological response during the development of epilepsy. Furthermore, 

the current knowledge of this class of AEDs is that they have a higher 

affinity for inactivated Na+ channels, stabilize Na+ channels in this non-

conducting state and prevent epileptic discharges by selectively inhibiting 

high frequency spike firing, with much less effects on normal action 

potential firing (Ragsdale & Avoli, 1998; Rogawski & Loscher, 2004). 

However, this understanding only focuses on the AED – target (i.e. 

inactivated Na+ channel) interaction at the molecular level without 

considering pharmacological responses of networks which are composed of 

different neuron types. Therefore we aimed to answer two main questions: 

(1) are there any differences between the biophysical and pharmacological 

properties of different Na+ channel α-subunits? (2) Are there any differences 

in the sensitivity of spike firing to AEDs between different neuron types? 

To answer the first question, we compared the interactions between three 

Na+ channel-targeting AEDs (CBZ, DPH and LTG) and the four main brain 

Na+ channel α-subunits (NaV1.1, NaV1.2, NaV1.3 and NaV1.6) stably 



Chapter 5 General discussion 
 

126 

expressed in HEK293 cells in Chapter 2. To answer the second question, 

we investigated effects of LTG on spike firing in excitatory pyramidal 

neurons and inhibitory GABAergic interneurons in the hippocampal CA1 

area in Chapter 4. As inhibitory GABAergic interneurons are extremely 

diverse with respect to their morphology, electrophysiological features and 

molecular composition, we chose a relatively homogeneous subpopulation 

of inhibitory GABAergic interneurons (i.e. 5HT3AR-expressing interneurons) 

to compare with pyramidal neurons. Furthermore, to gain more insight into 

Na+ channel-related alterations during the development of epilepsy, we 

investigated the regional and (sub)cellular protein expression of different 

Na+ channel α-subunits (NaV1.1, NaV1.2 and NaV1.6) in the hippocampus at 

1 day, 3 weeks and 2 months after kainic acid-induced status epileptus (SE) 

in a rat model for temporal lobe epilepsy in Chapter 3.           

1. Properties of Na+ channel α-subunits  

1.1. Molecular mechanisms   

As confirmed in the study described in Chapter 2 of this thesis, the 

biophysical properties of the four α-subunits are quite similar. The nine 

functionally expressed α-subunits known so far are more than 50% identical 

in amino acid sequence in the transmembrane and extracellular domains and 

the four α-subunits tested in Chapter 2 are less than 10% different 

(Catterall et al., 2005). Further analyses of their phylogenetic relationship 

revealed that NaV1.1, NaV1.2, NaV1.3 and NaV1.7 are the most closely 

related group and their genes are located on human chromosome 2q23-24. 

NaV1.5, NaV1.8 and NaV1.9 are also a closely related group with the genetic 

location on human chromosome 3p21-24. NaV1.4 and NaV1.6 are set apart 

from the other two closely related groups and are located on human 
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chromosomes 17q23-25 and 12q13, respectively (Catterall et al., 2005). The 

comparisons of amino acid sequence and phylogenetic relationship lead to 

the conclusion that all members of the voltage-gated Na+ channel family are 

members of a single family of proteins and that they have arisen from gene 

duplications and chromosomal rearrangements relatively recently in 

evolution (Catterall et al., 2005). On the other hand, the different 

biophysical properties of the four α-subunits observed in Chapter 2 (e.g. 

NaV1.1 and NaV1.6 display a faster recovery from inactivation than NaV1.2 

and NaV1.3) may result from amino acid sequence differences. NaV1.1, 

NaV1.2 and NaV1.3 are less than 5% different in amino acid sequence, and 

NaV1.6 is about 8% different from the other three brain isoforms. These 

differences in amino acid sequence between the four α-subunits contribute 

to their different biophysical properties. Another factor affecting the 

different biophysical properties may arise from three-dimensional structure 

differences. Although recent studies revealed a three-dimensional structural 

basis of voltage-dependent gating in model Na+ channels from bacteria 

(DeCaen et al., 2009; DeCaen et al., 2011; Payandeh et al., 2011; Yarov-

Yarovoy et al., 2012), no crystal structure of a mammalian Na+ channel is 

currently available. One of the obstacles to constructing the crystal structure 

of a mammalian Na+ channel is its stability under solubilization with 

detergents and difficulty in synthesizing high levels of functional Na+ 

channels (England & de Groot, 2009).            

The subtle different pharmacological responses of the four α-subunits 

observed in Chapter 2 (e.g. LTG shows a faster binding rate to NaV1.1 than 

to the other three isoforms) suggest that there may exist differences in AED 

interactions with the four α-subunits. Amino acid residues in the S6 

segments of the III and IV domains form the AED binding site (Ragsdale et 
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al., 1994; Ragsdale et al., 1996; Yarov-Yarovoy et al., 2001; Liu et al., 

2003). However, these amino acid residues are conserved across all nine 

functionally expressed α-subunits (Ragsdale et al., 1994; Ragsdale et al., 

1996). The sequence identity suggests that the subtle different 

pharmacological properties of the four α-subunits most likely do not arise 

from the amino acid sequence in the AED binding site. Future constructing 

the crystal structure of different mammalian Na+ channels would provide 

more insights into the three-dimensional structural basis of the AED binding 

site of the distinct Na+ channels. The differences in the conformational 

structure may cause distinct degrees of binding site exposure, and thus lead 

to different pharmacological properties.      

1.2. Functional implications  

1.2.1. Functional implications of the different properties of Na+ channel 

α-subunits  

Subtle differences in the biophysical properties of the four α-subunits were 

described in Chapter 2. The amplitude of the window current of NaV1.1 

was larger than those of the other three subunits. This could contribute to 

increasing the excitability of the (sub)cellular compartments where NaV1.1 

is densely expressed. Recent studies showed that NaV1.1 is primarily 

expressed in GABAergic interneurons and mainly in parvalbumin- and 

KV3.1b-positive neuron types (Yu et al., 2006; Ogiwara et al., 2007; 

Lorincz & Nusser, 2010; Martin et al., 2010). The larger window current of 

NaV1.1 might contribute to the fast-spiking behavior of these interneurons. 

Furthermore, the recovery from inactivation for NaV1.1 and NaV1.6 were 

relatively fast. The faster recovery from inactivation for NaV1.1 may also 

contribute to the fast-spiking feature of NaV1.1-expressing interneurons. 

NaV1.6 is present at high densities in AISs and nodes of Ranvier (Boiko et 
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al., 2001; Ogiwara et al., 2007; Lorincz & Nusser, 2008). The faster 

recovery from inactivation of this subunit may facilitate action potential 

initiation and propagation along axons. Compared to NaV1.1 and NaV1.6, 

NaV1.2 and NaV1.3 displayed a slower recovery from inactivation, which 

could result in a reduced excitability at the (sub-cellular) sites where these 

subunits are present. For example, the presence of NaV1.3 in neonatal 

neurons may help to provide new-born mammals with a neuroprotective 

mechanism against hypoxic conditions (Park & Ahmed, 1991; Cummins et 

al., 1994).  

In Chapter 2, LTG was found to bind to NaV1.1 faster than to the other 

three isoforms. As mentioned above, NaV1.1 is primarily expressed in 

interneurons and NaV1.1 knockout mice displayed an epileptic phenotype 

(Yu et al., 2006; Ogiwara et al., 2007; Lorincz & Nusser, 2010). Compared 

with wild-type mice, NaV1.1 knockout heterozygous mice displayed reduced 

Na+ currents in interneurons, whereas no significant differences in Na+ 

currents in pyramidal neurons were found between wild-type and knockout 

mice (Yu et al., 2006). Thus reduced Na+ current densities in interneurons 

cause the decreased excitability of interneurons and the epileptic phenotype. 

The faster binding rate of LTG to NaV1.1 we observed suggests that LTG 

could preferentially bind to Na+ channels in these NaV1.1-expressing 

inhibitory interneurons. CBZ and DPH did not show different binding rates 

to the four α-subunits, which suggests that these two drugs would bind to 

Na+ channels in both inhibitory interneurons and excitatory neurons and 

could reduce the excitability of inhibitory interneurons as well as that of 

excitatory neurons. Epilepsy is a disorder in which seizures arise from 

abnormal excitability in the brain. How networks composed of diverse 

components (including excitatory neurons and inhibitory interneurons) 
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respond to AEDs is thus of importance for clinical AED application (see the 

discussion in the section “Factors contributing to AED efficacy”). 

1.2.2 Na+ channel β-subunits  

Voltage-gated Na+ channels in the brain contain a primary α-subunit 

associated with one non-covalently (β1 or β3) and one covalently (β2 or β4) 

linked β-subunit (Yu & Catterall, 2003; Catterall et al., 2005). Na+ channel 

β-subunits have been shown to modulate the gating behavior of their 

associated α-subunits in HEK293 cells. The β1 subunit shifts the voltage 

dependence of activation, fast and slow inactivation of NaV1.2 in a 

depolarizing direction (Qu et al., 2001; Xu et al., 2007). Co-expression of 

the β1 subunit facilitates recovery from inactivation of the skeletal muscle 

Na+ channel α-subunit (Tammaro et al., 2002). The β2 and β3 subunits have 

been found to shift the voltage dependence of activation and inactivation of 

NaV1.2 and NaV1.3 in a depolarizing direction (Qu et al., 2001; Cusdin et al., 

2010; Merrick et al., 2010), and β3 accelerates recovery from inactivation of 

the Na+ current carried by NaV1.2 (Merrick et al., 2010). Furthermore, the 

β3 subunit is unique in causing increased persistent Na+ currents (Qu et al., 

2001).  

Although β-subunits likely affect the biophysical and pharmacological 

properties of Na+ channels via modulating the gating behavior of α-subunits, 

the transmembrane α-subunit of the brain Na+ channels is sufficient for 

expression of functional Na+ channels (Goldin et al., 1986; Isom, 2002). 

The AED binding site resides in the S6 segments in the III and IV domains 

of a Na+ channel α-subunit (Ragsdale et al., 1994; Ragsdale et al., 1996). 

We investigated interactions between three AEDs and the four α-subunits. A 

heterologous system (HEK293 cells) allowed us to perform the experiments 

in a constant and controllable environment. Therefore, the results 
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objectively reflected the biophysical and pharmacological properties of the 

primary α-subunits. 

 2. Factors contributing to AED efficacy  

As shown in the study described in Chapter 2, Na+ channel-targeting AEDs 

bind to all four α-subunits. NaV1.1 has been shown to be primarily 

expressed in inhibitory interneurons (Yu et al., 2006; Ogiwara et al., 2007; 

Lorincz & Nusser, 2010). These findings suggest that Na+ channel-targeting 

AEDs could inhibit the excitability of both inhibitory interneurons and 

excitatory neurons. However, so far it was not known whether there exists a 

neuron-type specific interaction with AEDs. Therefore, we investigated how 

different neuron types respond to Na+ channel-targeting AEDs in Chapter 4. 

We performed current-clamp recordings in brain slices to study the effects 

of LTG on action potential firing in pyramidal neurons and 5-HT3AR-

expressing interneurons in the hippocampal CA1 area. Spike firing in 

pyramidal neurons was more inhibited by LTG than interneurons. This 

neuron type-specific response suggests a complicated mechanism 

underlying the treatment of epilepsy with LTG and other AEDs. Under 

voltage-clamp conditions, we examined AED – Na+ channel interactions in 

terms of AED effects on steady-state inactivation of Na+ channels and AED 

binding to and unbinding from Na+ channels. These parameters were found 

to be not different between these two neuron types, which suggest that other 

factor(s), instead of a direct AED – Na+ channel interaction, contributes to 

this neuron type-specific response to LTG. Since LTG and other Na+ 

channel-targeting AEDs have a high affinity for inactivated Na+ channels, 

the efficacy of LTG is also determined by the fraction of Na+ channels 

which are inactivated during spike firing.  
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One possible factor contributing to the fraction of Na+ channels which are 

inactivated during spike firing is the timing or shape of the action potential. 

Two recent studies investigated Na+ entry and Na+ channel availability 

(non-inactivated Na+ channels) during the action potential in different 

neuron types (Carter & Bean, 2009; Carter & Bean, 2011). They first 

recorded the action potential in a neuron and then used it as the voltage 

command in voltage-clamp recording to record the evoked ionic currents 

(Carter & Bean, 2009). Na+ entry was almost completely confined to the 

rising phase of the action potential in hippocampal CA1 and cortical 

pyramidal neurons, whereas a large portion of Na+ entry was still present in 

the falling phase in cerebellar Purkinje cells and cortical interneurons. This 

finding suggested that a large fraction of Na+ channels reached complete 

inactivation during the falling phase in pyramidal neurons (Carter & Bean, 

2009). The average half-maximal spike widths in pyramidal neurons 

(cortical pyramidal neurons 1.2 ms and hippocampal pyramidal neurons 0.8 

ms) were wider than those in cortical interneurons (0.3 ms) and Purkinje 

cells (0.2 ms) (Carter & Bean, 2009). To further investigate whether the 

difference in Na+ entry arises from the shape of the action potential, they 

measured Na+ entry in each neuron type using the pre-recorded action 

potential waveforms from all four neuron types and found that the 

difference in Na+ entry largely depended on the shape of the action potential. 

For example, all four neuron types showed a large portion of Na+ entry 

during the falling phase of an applied Purkinje cell action potential, while 

with a cortical pyramidal neuron action potential, Na+ entry was almost 

confined to the rising phase in all four neuron types (Carter & Bean, 2009). 

Furthermore, they investigated Na+ channel availability (non-inactivated 

Na+ channels) during and after the action potential by applying an action 
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potential waveform followed by a test pulse to -8 mV at various times 

during the falling phase (Carter & Bean, 2009). The average minimum 

availability in Purkinje cells (0.15) and cortical interneurons (0.07) was 

higher than those in pyramidal neurons (0.003 for cortical pyramidal 

neurons and 0.02 for hippocampal pyramidal neurons). In Purkinje neurons 

and cortical interneurons, availability returned to >75% within 2.5 ms 

whereas in pyramidal neurons, availability was still < 75% after 5 ms 

(Carter & Bean, 2009). They further applied the action potential waveforms 

from all four neuron types followed by a test pulse to -8 mV in each neuron 

type. They found that the difference in Na+ channel availability (non-

inactivated Na+ channels) depended primarily on the shape of the action 

potential (Carter & Bean, 2009). As shown in the study described in 

Chapter 4, the average spike widths in interneurons (half-maximal width 

1.2 ms and decay time 1.8 ms) are narrower than those in pyramidal neurons 

(half-maximal width 1.8 ms and decay time 4.8 ms). Thus the narrow action 

potential in interneurons could contribute to more Na+ channel availability 

(non-inactivated Na+ channels) during spike firing in interneurons and 

therefore provide fewer substrates for LTG to bind to.  

Another possible factor contributing to the reduced sensitivity of 

interneurons to LTG may lie in the intrinsic properties of Na+ channels (i.e. 

recovery from inactivation). The recovery from inactivation in interneurons 

was 1.5 fold faster than that in pyramidal neurons, which could cause fewer 

Na+ channels residing in the inactivated state, and again provide fewer 

substrates for LTG to bind to. 

Taken together, these factors could explain why we found that interneurons 

displayed a reduced LTG sensitivity, as compared with that of pyramidal 

neurons in the hippocampal CA1 area.       
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3. Pharmacological mechanisms of Na+ channel-modulating AEDs 

The current understanding of Na+ channel-targeting AEDs is limited to the 

direct process of the AED – Na+ channel interaction at the molecular level. 

However, epilepsy is a disorder with disturbed network excitability. A 

systems biology-based perspective and network-level pharmacology are 

thus needed for the treatment of epilepsy and future AED development 

(Margineanu, 2012). As a first approach to investigating network-level 

pharmacology of Na+ channel-targeting AEDs, our results revealed a neuron 

type-specific sensitivity to LTG (i.e. spike firing was inhibited by LTG to a 

greater degree in pyramidal neurons than in interneurons). These results 

indicate that even though an AED only targets one set of molecules (i.e. Na+ 

channels), it has different effects on distinct neuron types. This preferential 

inhibition of spike firing in excitatory pyramidal neurons is necessary for 

AEDs to achieve the desired anticonvulsant action against seizure activity. 

We only tested a subpopulation of interneurons (i.e. 5-HT3AR-expressing 

interneurons). The different classes of GABAergic interneurons display a 

diverse repertoire of action potential characteristics and firing patterns 

(Ascoli, Alonso-Nanclares et al. 2008). Future tests on more different 

neuron types are expected to provide insights into how a complete neural 

network, with its feedforward and feedback inhibition components, 

responds to AEDs. Furthermore, action potential shape and firing patterns 

could be pathologically altered in epilepsy. How different neuron types and 

networks respond to AEDs is another important aspect to be investigated in 

animal models of epilepsy in future research.  

4. The protein expression of Na+ channel α-subunits in epilepsy  

Recent studies in normal tissues showed that the protein expression of 

different Na+ channel α-subunits is cell type-specific and subcellular 
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compartment-specific and suggested that different Na+ channel α-subunits 

play distinct functional roles. For example, NaV1.1 is primarily expressed in 

interneurons, thus playing a role in the excitability of interneurons (Yu et al., 

2006; Ogiwara et al., 2007). NaV1.2 is highly expressed along axons and on 

terminals and regulates neurotransmitter release (Gong et al., 1999; Lorincz 

& Nusser, 2010). NaV1.6 is highly expressed in axon initial segments (AISs) 

and nodes of Ranvier and moderately expressed in the somata and dendrites 

of the CA1 pyramidal cells. NaV1.6 is crucial for the propagation of action 

potentials along axons and backpropagation of action potentials in dendrites 

(Lorincz & Nusser, 2010). 

Several studies have examined the mRNA expression levels of Na+ channels 

in both epileptic human brain and animal models of epilepsy. In epileptic 

human brain, the relative quantities of mRNAs encoding NaV1.1 and NaV1.2 

were increased threefold as compared with normal human brain (Lombardo 

et al., 1996). In animal models of epilepsy, increased NaV1.2 and NaV1.3 

mRNA expression levels were observed in neurons of the CA1-CA3 and the 

dentate granule cell layer after electrically-induced status epilepticus (SE) 

(Aronica et al., 2001). During kainate-induced seizures, an increase in 

neonatal NaV1.2 and NaV1.3 mRNA levels was also observed in the 

hippocampus (Bartolomei et al., 1997; Gastaldi et al., 1997).    

However, these mRNA studies do not provide information about the 

regional and (sub)cellular expression of different Na+ channel α-subunits 

and only a few studies give a general profile of the regional and 

(sub)cellular protein expression of different Na+ channel α-subunits during 

the development of epilepsy. In Chapter 3, using a kainic acid rat model for 

temporal lobe of epilepsy, we examined the temporal and spatial expression 

of three voltage-gated Na+ channel α-subunits. The most important findings 
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are: (1) NaV1.1 was expressed in a subpopulation of interneurons and the 

neuropil in the CA pyramidal cell layer in controls. During epileptogenesis, 

the number of NaV1.1-positive interneurons was reduced, but the percentage 

of NaV1.1-positive interneurons to total neurons was not different compared 

with that in controls in the hilar area. In contrast, the NaV1.1-expressing 

neuropil in the CA pyramidal cell layer became reduced during 

epileptogenesis. (2) NaV1.2 expression in the inner molecular layer of the 

dentate gyrus almost disappeared at 1 day after SE, but robustly reappeared 

at 3 weeks and 2 months after SE in association with sprouted mossy fibers. 

(3) NaV1.6 in the dendrites of the CA1 pyramidal cells was lost. This 

NaV1.6 loss most likely arose from reduced NaV1.6 expression instead of 

dendritic loss because MAP2 staining showed that a part of dendrites were 

still present. Reduced NaV1.6 expression is expected to decrease the 

excitability of the CA1 pyramidal cells. These findings suggest two 

possibilities: (1) like in normal tissues, the protein expression of different 

Na+ channel α-subunits is cell type-specific and (sub)cellular compartment-

specific in epilepsy. (2) Although it is difficult to determine whether 

changes in the regional and (sub)cellular protein expression are a cause or a 

consequence of epileptogenesis, it is apparent that these changes could have 

important consequences for hippocampal excitability.  

5. Concluding remarks and future directions  

In Chapter 2 and Chapter 4 we aimed to study the antiepileptic action of 

Na+ channel-targeting AEDs at two different levels (different α-subunits and 

different neuron types). These results indicate that modulation of Na+ 

channels by AEDs is subunit-specific and neuron type-specific. Future 

investigation into the pharmacological responses of more different neuron 

types and networks in animal models of epilepsy from both behavioral and 
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cellular levels are expected to provide more insights into network-level 

pharmacology in epilepsy treatment. Furthermore, since other AEDs like 

CBZ and DPH have different binding rates from LTG, drug testing with 

these AEDs would be of interest for future studies. In Chapter 3, the results 

showed that the expression patterns of distinct Na+ channels are differently 

altered during the development of epilepsy. These alterations in protein 

expression levels are expected to change the excitability in the hippocampus. 

Further investigation into the functional roles of Na+ channel-related 

alterations in epilepsy would help understanding epilepsy pathology and 

improving the treatment of epilepsy by Na+ channel-targeting AEDs. 





References 
 

139 

References 

Aronica E, Yankaya B, Troost D, van Vliet EA, Lopes da Silva FH & Gorter JA 

(2001) Induction of neonatal sodium channel II and III alpha-isoform 

mRNAs in neurons and microglia after status epilepticus in the rat 

hippocampus. Eur J Neurosci 13, 1261-1266. 

Ascoli GA, Alonso-Nanclares L, Anderson SA, Barrionuevo G, Benavides-

Piccione R, Burkhalter A, Buzsaki G, Cauli B, Defelipe J, Fairen A, 

Feldmeyer D, Fishell G, Fregnac Y, Freund TF, Gardner D, Gardner EP, 

Goldberg JH, Helmstaedter M, Hestrin S, Karube F, Kisvarday ZF, 

Lambolez B, Lewis DA, Marin O, Markram H, Munoz A, Packer A, 

Petersen CC, Rockland KS, Rossier J, Rudy B, Somogyi P, Staiger JF, 

Tamas G, Thomson AM, Toledo-Rodriguez M, Wang Y, West DC & 

Yuste R (2008) Petilla terminology: nomenclature of features of 

GABAergic interneurons of the cerebral cortex. Nat Rev Neurosci 9, 557-

568. 

Bartolomei F, Gastaldi M, Massacrier A, Planells R, Nicolas S & Cau P (1997) 

Changes in the mRNAs encoding subtypes I, II and III sodium channel 

alpha subunits following kainate-induced seizures in rat brain. J 

Neurocytol 26, 667-678. 

Bean BP (2007) The action potential in mammalian central neurons. Nat Rev 

Neurosci 8, 451-465. 

Boiko T, Rasband MN, Levinson SR, Caldwell JH, Mandel G, Trimmer JS & 

Matthews G (2001) Compact myelin dictates the differential targeting of 

two sodium channel isoforms in the same axon. Neuron 30, 91-104. 

Boiko T, Van Wart A, Caldwell JH, Levinson SR, Trimmer JS & Matthews G 

(2003) Functional specialization of the axon initial segment by isoform-

specific sodium channel targeting. J Neurosci 23, 2306-2313. 

Bordey A & Sontheimer H (1998) Properties of human glial cells associated with 

epileptic seizure foci. Epilepsy Res 32, 286-303. 



References 
 

140 

Bordey A & Spencer DD (2004) Distinct electrophysiological alterations in dentate 

gyrus versus CA1 glial cells from epileptic humans with temporal lobe 

sclerosis. Epilepsy Res 59, 107-122. 

Brodie MJ & Kwan P (2002) Staged approach to epilepsy management. Neurology 

58, S2-8. 

Burbidge SA, Dale TJ, Powell AJ, Whitaker WR, Xie XM, Romanos MA & Clare 

JJ (2002) Molecular cloning, distribution and functional analysis of the 

NA(V)1.6. Voltage-gated sodium channel from human brain. Brain Res 

Mol Brain Res 103, 80-90. 

Buzsaki G, Geisler C, Henze DA & Wang XJ (2004) Interneuron Diversity series: 

Circuit complexity and axon wiring economy of cortical interneurons. 

Trends Neurosci 27, 186-193. 

Caldwell JH, Schaller KL, Lasher RS, Peles E & Levinson SR (2000) Sodium 

channel Na(v)1.6 is localized at nodes of ranvier, dendrites, and synapses. 

Proc Natl Acad Sci U S A 97, 5616-5620. 

Carter BC & Bean BP (2009) Sodium entry during action potentials of mammalian 

neurons: incomplete inactivation and reduced metabolic efficiency in fast-

spiking neurons. Neuron 64, 898-909. 

Carter BC & Bean BP (2011) Incomplete inactivation and rapid recovery of 

voltage-dependent sodium channels during high-frequency firing in 

cerebellar Purkinje neurons. J Neurophysiol 105, 860-871. 

Catterall WA (2000) From ionic currents to molecular mechanisms: the structure 

and function of voltage-gated sodium channels. Neuron 26, 13-25. 

Catterall WA (2012) Voltage-Gated Sodium Channels at 60:Structure, Function, 

and Pathophysiology. J Physiol. 

Catterall WA, Goldin AL & Waxman SG (2005) International Union of 

Pharmacology. XLVII. Nomenclature and structure-function relationships 

of voltage-gated sodium channels. Pharmacol Rev 57, 397-409. 

Chameau P & van Hooft JA (2006) Serotonin 5-HT(3) receptors in the central 

nervous system. Cell Tissue Res 326, 573-581. 



References 
 

141 

Chang BS & Lowenstein DH (2003) Epilepsy. N Engl J Med 349, 1257-1266. 

Chen YH, Dale TJ, Romanos MA, Whitaker WR, Xie XM & Clare JJ (2000) 

Cloning, distribution and functional analysis of the type III sodium channel 

from human brain. Eur J Neurosci 12, 4281-4289. 

Chen Z, Chen S, Chen L, Zhou J, Dai Q, Yang L, Li X & Zhou L (2009) Long-

term increasing co-localization of SCN8A and ankyrin-G in rat 

hippocampal cornu ammonis 1 after pilocarpine induced status epilepticus. 

Brain Res 1270, 112-120. 

Clare JJ, Tate SN, Nobbs M & Romanos MA (2000) Voltage-gated sodium 

channels as therapeutic targets. Drug Discov Today 5, 506-520. 

Connors BW & Gutnick MJ (1990) Intrinsic firing patterns of diverse neocortical 

neurons. Trends Neurosci 13, 99-104. 

Cummins TR, Xia Y & Haddad GG (1994) Functional properties of rat and human 

neocortical voltage-sensitive sodium currents. J Neurophysiol 71, 1052-

1064. 

Cusdin FS, Nietlispach D, Maman J, Dale TJ, Powell AJ, Clare JJ & Jackson AP 

(2010) The sodium channel {beta}3-subunit induces multiphasic gating in 

NaV1.3 and affects fast inactivation via distinct intracellular regions. J Biol 

Chem 285, 33404-33412. 

Danscher G (1981) Histochemical demonstration of heavy metals. A revised 

version of the sulphide silver method suitable for both light and 

electronmicroscopy. Histochemistry 71, 1-16. 

Debanne D, Campanac E, Bialowas A, Carlier E & Alcaraz G (2011) Axon 

physiology. Physiol Rev 91, 555-602. 

DeCaen PG, Yarov-Yarovoy V, Scheuer T & Catterall WA (2011) Gating charge 

interactions with the S1 segment during activation of a Na+ channel 

voltage sensor. Proc Natl Acad Sci U S A 108, 18825-18830. 

DeCaen PG, Yarov-Yarovoy V, Sharp EM, Scheuer T & Catterall WA (2009) 

Sequential formation of ion pairs during activation of a sodium channel 

voltage sensor. Proc Natl Acad Sci U S A 106, 22498-22503. 



References 
 

142 

Ellerkmann RK, Remy S, Chen J, Sochivko D, Elger CE, Urban BW, Becker A & 

Beck H (2003) Molecular and functional changes in voltage-dependent 

Na(+) channels following pilocarpine-induced status epilepticus in rat 

dentate granule cells. Neuroscience 119, 323-333. 

England S & de Groot MJ (2009) Subtype-selective targeting of voltage-gated 

sodium channels. Br J Pharmacol 158, 1413-1425. 

Erisir A, Lau D, Rudy B & Leonard CS (1999) Function of specific K(+) channels 

in sustained high-frequency firing of fast-spiking neocortical interneurons. 

J Neurophysiol 82, 2476-2489. 

Fisher RS, van Emde Boas W, Blume W, Elger C, Genton P, Lee P & Engel J, Jr. 

(2005) Epileptic seizures and epilepsy: definitions proposed by the 

International League Against Epilepsy (ILAE) and the International 

Bureau for Epilepsy (IBE). Epilepsia 46, 470-472. 

Freund TF (2003) Interneuron Diversity series: Rhythm and mood in perisomatic 

inhibition. Trends Neurosci 26, 489-495. 

Freund TF & Buzsaki G (1996) Interneurons of the hippocampus. Hippocampus 6, 

347-470. 

Gastaldi M, Bartolomei F, Massacrier A, Planells R, Robaglia-Schlupp A & Cau P 

(1997) Increase in mRNAs encoding neonatal II and III sodium channel 

alpha-isoforms during kainate-induced seizures in adult rat hippocampus. 

Brain Res Mol Brain Res 44, 179-190. 

Gnatkovsky V, Librizzi L, Trombin F & de Curtis M (2008) Fast activity at seizure 

onset is mediated by inhibitory circuits in the entorhinal cortex in vitro. 

Ann Neurol 64, 674-686. 

Goldin AL (2001) Resurgence of sodium channel research. Annu Rev Physiol 63, 

871-894. 

Goldin AL, Barchi RL, Caldwell JH, Hofmann F, Howe JR, Hunter JC, Kallen RG, 

Mandel G, Meisler MH, Netter YB, Noda M, Tamkun MM, Waxman SG, 

Wood JN & Catterall WA (2000) Nomenclature of voltage-gated sodium 

channels. Neuron 28, 365-368. 



References 
 

143 

Goldin AL, Snutch T, Lubbert H, Dowsett A, Marshall J, Auld V, Downey W, 

Fritz LC, Lester HA, Dunn R & et al. (1986) Messenger RNA coding for 

only the alpha subunit of the rat brain Na channel is sufficient for 

expression of functional channels in Xenopus oocytes. Proc Natl Acad Sci 

U S A 83, 7503-7507. 

Gong B, Rhodes KJ, Bekele-Arcuri Z & Trimmer JS (1999) Type I and type II 

Na(+) channel alpha-subunit polypeptides exhibit distinct spatial and 

temporal patterning, and association with auxiliary subunits in rat brain. J 

Comp Neurol 412, 342-352. 

Gorter JA, van Vliet EA, Aronica E & Lopes da Silva FH (2001) Progression of 

spontaneous seizures after status epilepticus is associated with mossy fibre 

sprouting and extensive bilateral loss of hilar parvalbumin and 

somatostatin-immunoreactive neurons. Eur J Neurosci 13, 657-669. 

Gorter JA, van Vliet EA, Lopes da Silva FH, Isom LL & Aronica E (2002a) 

Sodium channel beta1-subunit expression is increased in reactive 

astrocytes in a rat model for mesial temporal lobe epilepsy. Eur J Neurosci 

16, 360-364. 

Gorter JA, Van Vliet EA, Proper EA, De Graan PN, Ghijsen WE, Lopes Da Silva 

FH & Aronica E (2002b) Glutamate transporters alterations in the 

reorganizing dentate gyrus are associated with progressive seizure activity 

in chronic epileptic rats. J Comp Neurol 442, 365-377. 

Hargus NJ, Merrick EC, Nigam A, Kalmar CL, Baheti AR, Bertram EH, 3rd & 

Patel MK (2011) Temporal lobe epilepsy induces intrinsic alterations in Na 

channel gating in layer II medial entorhinal cortex neurons. Neurobiol Dis 

41, 361-376. 

Hartmann HA, Colom LV, Sutherland ML & Noebels JL (1999) Selective 

localization of cardiac SCN5A sodium channels in limbic regions of rat 

brain. Nat Neurosci 2, 593-595. 

Hille B (2001) Ionic channels of excitable membrane, 3rd Edition ed. Sunderland, 

MA, Washington, DC.: Sinauer Associates. 



References 
 

144 

Hodgkin AL & Huxley AF (1952a) The components of membrane conductance in 

the giant axon of Loligo. J Physiol 116, 473-496. 

Hodgkin AL & Huxley AF (1952b) Currents carried by sodium and potassium ions 

through the membrane of the giant axon of Loligo. J Physiol 116, 449-472. 

Hodgkin AL & Huxley AF (1952c) The dual effect of membrane potential on 

sodium conductance in the giant axon of Loligo. J Physiol 116, 497-506. 

Hodgkin AL & Huxley AF (1952d) A quantitative description of membrane 

current and its application to conduction and excitation in nerve. J Physiol 

117, 500-544. 

Hodgkin AL, Huxley AF & Katz B (1952) Measurement of current-voltage 

relations in the membrane of the giant axon of Loligo. J Physiol 116, 424-

448. 

Hu W, Tian C, Li T, Yang M, Hou H & Shu Y (2009) Distinct contributions of 

Na(v)1.6 and Na(v)1.2 in action potential initiation and backpropagation. 

Nat Neurosci 12, 996-1002. 

Isom LL (2001) Sodium channel beta subunits: anything but auxiliary. 

Neuroscientist 7, 42-54. 

Isom LL (2002) The role of sodium channels in cell adhesion. Front Biosci 7, 12-

23. 

Johnston D, Christie BR, Frick A, Gray R, Hoffman DA, Schexnayder LK, 

Watanabe S & Yuan LL (2003) Active dendrites, potassium channels and 

synaptic plasticity. Philos Trans R Soc Lond B Biol Sci 358, 667-674. 

Johnston D, Wu, S. M.S. (1995) Foundations of cellular neurophysiology. 

Cambridge, Massachusetts: MIT Press. 

Kawaguchi Y (1995) Physiological subgroups of nonpyramidal cells with specific 

morphological characteristics in layer II/III of rat frontal cortex. J Neurosci 

15, 2638-2655. 

Ketelaars SO, Gorter JA, van Vliet EA, Lopes da Silva FH & Wadman WJ (2001) 

Sodium currents in isolated rat CA1 pyramidal and dentate granule 



References 
 

145 

neurones in the post-status epilepticus model of epilepsy. Neuroscience 

105, 109-120. 

Krzemien DM, Schaller KL, Levinson SR & Caldwell JH (2000) 

Immunolocalization of sodium channel isoform NaCh6 in the nervous 

system. J Comp Neurol 420, 70-83. 

Kuo CC (1998) A common anticonvulsant binding site for phenytoin, 

carbamazepine, and lamotrigine in neuronal Na+ channels. Mol Pharmacol 

54, 712-721. 

Kuo CC & Bean BP (1994) Slow binding of phenytoin to inactivated sodium 

channels in rat hippocampal neurons. Mol Pharmacol 46, 716-725. 

Kuo CC, Chen RS, Lu L & Chen RC (1997) Carbamazepine inhibition of neuronal 

Na+ currents: quantitative distinction from phenytoin and possible 

therapeutic implications. Mol Pharmacol 51, 1077-1083. 

Kuo CC & Lu L (1997) Characterization of lamotrigine inhibition of Na+ channels 

in rat hippocampal neurones. Br J Pharmacol 121, 1231-1238. 

Lason W, Dudra-Jastrzebska M, Rejdak K & Czuczwar SJ (2011) Basic 

mechanisms of antiepileptic drugs and their 

pharmacokinetic/pharmacodynamic interactions: an update. 

Pharmacological Reports 63, 271-292. 

Lee S, Hjerling-Leffler J, Zagha E, Fishell G & Rudy B (2010) The largest group 

of superficial neocortical GABAergic interneurons expresses ionotropic 

serotonin receptors. J Neurosci 30, 16796-16808. 

Lien CC & Jonas P (2003) Kv3 potassium conductance is necessary and kinetically 

optimized for high-frequency action potential generation in hippocampal 

interneurons. J Neurosci 23, 2058-2068. 

Lien CC, Martina M, Schultz JH, Ehmke H & Jonas P (2002) Gating, modulation 

and subunit composition of voltage-gated K(+) channels in dendritic 

inhibitory interneurones of rat hippocampus. J Physiol 538, 405-419. 

Liu G, Yarov-Yarovoy V, Nobbs M, Clare JJ, Scheuer T & Catterall WA (2003) 

Differential interactions of lamotrigine and related drugs with 



References 
 

146 

transmembrane segment IVS6 of voltage-gated sodium channels. 

Neuropharmacology 44, 413-422. 

Lombardo AJ, Kuzniecky R, Powers RE & Brown GB (1996) Altered brain 

sodium channel transcript levels in human epilepsy. Brain Res Mol Brain 

Res 35, 84-90. 

Lorincz A & Nusser Z (2008) Cell-type-dependent molecular composition of the 

axon initial segment. J Neurosci 28, 14329-14340. 

Lorincz A & Nusser Z (2010) Molecular identity of dendritic voltage-gated sodium 

channels. Science 328, 906-909. 

Loscher W & Schmidt D (2002) New horizons in the development of antiepileptic 

drugs. Epilepsy Res 50, 3-16. 

Loscher W & Schmidt D (2004) New horizons in the development of antiepileptic 

drugs: the search for new targets. Epilepsy Res 60, 77-159. 

Lucas PT, Meadows LS, Nicholls J & Ragsdale DS (2005) An epilepsy mutation in 

the beta1 subunit of the voltage-gated sodium channel results in reduced 

channel sensitivity to phenytoin. Epilepsy Res 64, 77-84. 

Macdonald RL & Kelly KM (1995) Antiepileptic drug mechanisms of action. 

Epilepsia 36 Suppl 2, S2-12. 

Mantegazza M, Yu FH, Powell AJ, Clare JJ, Catterall WA & Scheuer T (2005) 

Molecular determinants for modulation of persistent sodium current by G-

protein betagamma subunits. J Neurosci 25, 3341-3349. 

Margineanu DG (2012) Systems biology impact on antiepileptic drug discovery. 

Epilepsy Res 98, 104-115. 

Martin MS, Dutt K, Papale LA, Dube CM, Dutton SB, de Haan G, Shankar A, 

Tufik S, Meisler MH, Baram TZ, Goldin AL & Escayg A (2010) Altered 

function of the SCN1A voltage-gated sodium channel leads to gamma-

aminobutyric acid-ergic (GABAergic) interneuron abnormalities. J Biol 

Chem 285, 9823-9834. 



References 
 

147 

Martin MS, Tang B, Papale LA, Yu FH, Catterall WA & Escayg A (2007) The 

voltage-gated sodium channel Scn8a is a genetic modifier of severe 

myoclonic epilepsy of infancy. Hum Mol Genet 16, 2892-2899. 

Martina M & Jonas P (1997) Functional differences in Na+ channel gating between 

fast-spiking interneurones and principal neurones of rat hippocampus. J 

Physiol 505 ( Pt 3), 593-603. 

Martina M, Schultz JH, Ehmke H, Monyer H & Jonas P (1998) Functional and 

molecular differences between voltage-gated K+ channels of fast-spiking 

interneurons and pyramidal neurons of rat hippocampus. J Neurosci 18, 

8111-8125. 

Matsuki N, Quandt FN, Ten Eick RE & Yeh JZ (1984) Characterization of the 

block of sodium channels by phenytoin in mouse neuroblastoma cells. J 

Pharmacol Exp Ther 228, 523-530. 

McBain CJ & Fisahn A (2001) Interneurons unbound. Nat Rev Neurosci 2, 11-23. 

McCormick DA, Connors BW, Lighthall JW & Prince DA (1985) Comparative 

electrophysiology of pyramidal and sparsely spiny stellate neurons of the 

neocortex. J Neurophysiol 54, 782-806. 

Meisler MH, O'Brien JE & Sharkey LM (2010) Sodium channel gene family: 

epilepsy mutations, gene interactions and modifier effects. J Physiol 588, 

1841-1848. 

Meldrum BS & Rogawski MA (2007) Molecular targets for antiepileptic drug 

development. Neurotherapeutics 4, 18-61. 

Merrick EC, Kalmar CL, Snyder SL, Cusdin FS, Yu EJ, Sando JJ, Isakson BE, 

Jackson AP & Patel MK (2010) The importance of serine 161 in the 

sodium channel beta3 subunit for modulation of Na(V)1.2 gating. Pflugers 

Arch 460, 743-753. 

Nowak LG, Azouz R, Sanchez-Vives MV, Gray CM & McCormick DA (2003) 

Electrophysiological classes of cat primary visual cortical neurons in vivo 

as revealed by quantitative analyses. J Neurophysiol 89, 1541-1566. 



References 
 

148 

O'Connor ER, Sontheimer H, Spencer DD & de Lanerolle NC (1998) Astrocytes 

from human hippocampal epileptogenic foci exhibit action potential-like 

responses. Epilepsia 39, 347-354. 

Ogiwara I, Miyamoto H, Morita N, Atapour N, Mazaki E, Inoue I, Takeuchi T, 

Itohara S, Yanagawa Y, Obata K, Furuichi T, Hensch TK & Yamakawa K 

(2007) Nav1.1 localizes to axons of parvalbumin-positive inhibitory 

interneurons: a circuit basis for epileptic seizures in mice carrying an 

Scn1a gene mutation. J Neurosci 27, 5903-5914. 

Park CC & Ahmed Z (1991) Characterization of sodium current in developing rat 

diencephalic neurons in serum-free culture. J Neurophysiol 65, 1011-1021. 

Patino GA & Isom LL (2010) Electrophysiology and beyond: multiple roles of Na+ 

channel beta subunits in development and disease. Neurosci Lett 486, 53-

59. 

Patlak J (1991) Molecular kinetics of voltage-dependent Na+ channels. Physiol Rev 

71, 1047-1080. 

Paxinos G (2004) the rat nervous system, Third Edition ed: Academic Press. 

Payandeh J, Scheuer T, Zheng N & Catterall WA (2011) The crystal structure of a 

voltage-gated sodium channel. Nature 475, 353-358. 

Picot MC, Baldy-Moulinier M, Daures JP, Dujols P & Crespel A (2008) The 

prevalence of epilepsy and pharmacoresistant epilepsy in adults: a 

population-based study in a Western European country. Epilepsia 49, 

1230-1238. 

Qu Y, Curtis R, Lawson D, Gilbride K, Ge P, DiStefano PS, Silos-Santiago I, 

Catterall WA & Scheuer T (2001) Differential modulation of sodium 

channel gating and persistent sodium currents by the beta1, beta2, and 

beta3 subunits. Mol Cell Neurosci 18, 570-580. 

Ragsdale DS & Avoli M (1998) Sodium channels as molecular targets for 

antiepileptic drugs. Brain Res Brain Res Rev 26, 16-28. 



References 
 

149 

Ragsdale DS, McPhee JC, Scheuer T & Catterall WA (1994) Molecular 

determinants of state-dependent block of Na+ channels by local anesthetics. 

Science 265, 1724-1728. 

Ragsdale DS, McPhee JC, Scheuer T & Catterall WA (1996) Common molecular 

determinants of local anesthetic, antiarrhythmic, and anticonvulsant block 

of voltage-gated Na+ channels. Proc Natl Acad Sci U S A 93, 9270-9275. 

Ragsdale DS, Scheuer T & Catterall WA (1991) Frequency and voltage-dependent 

inhibition of type IIA Na+ channels, expressed in a mammalian cell line, 

by local anesthetic, antiarrhythmic, and anticonvulsant drugs. Mol 

Pharmacol 40, 756-765. 

Remy S, Urban BW, Elger CE & Beck H (2003) Anticonvulsant pharmacology of 

voltage-gated Na+ channels in hippocampal neurons of control and 

chronically epileptic rats. Eur J Neurosci 17, 2648-2658. 

Richens A (1979) Clinical pharmacokinetics of phenytoin. Clin Pharmacokinet 4, 

153-169. 

Rogawski MA & Loscher W (2004) The neurobiology of antiepileptic drugs. Nat 

Rev Neurosci 5, 553-564. 

Rogawski MA & Porter RJ (1990) Antiepileptic drugs: pharmacological 

mechanisms and clinical efficacy with consideration of promising 

developmental stage compounds. Pharmacol Rev 42, 223-286. 

Rudy B & McBain CJ (2001) Kv3 channels: voltage-gated K+ channels designed 

for high-frequency repetitive firing. Trends Neurosci 24, 517-526. 

Schaller KL & Caldwell JH (2000) Developmental and regional expression of 

sodium channel isoform NaCh6 in the rat central nervous system. J Comp 

Neurol 420, 84-97. 

Schmidt D & Loscher W (2005) Drug resistance in epilepsy: putative 

neurobiologic and clinical mechanisms. Epilepsia 46, 858-877. 

Sherwin AL, Wisen AA & Sokolowski CD (1973) Anticonvulsant drugs in human 

epileptogenic brain. Correlation of phenobarbital and diphenylhydantoin 

levels with plasma. Arch Neurol 29, 73-77. 



References 
 

150 

Sloviter RS (1982) A simplified Timm stain procedure compatible with 

formaldehyde fixation and routine paraffin embedding of rat brain. Brain 

Res Bull 8, 771-774. 

Sontheimer H, Black JA & Waxman SG (1996) Voltage-gated Na+ channels in 

glia: properties and possible functions. Trends Neurosci 19, 325-331. 

Sontheimer H & Waxman SG (1993) Expression of voltage-activated ion channels 

by astrocytes and oligodendrocytes in the hippocampal slice. J 

Neurophysiol 70, 1863-1873. 

Steinhauser C & Seifert G (2002) Glial membrane channels and receptors in 

epilepsy: impact for generation and spread of seizure activity. Eur J 

Pharmacol 447, 227-237. 

Sun GC, Werkman TR, Battefeld A, Clare JJ & Wadman WJ (2007) 

Carbamazepine and topiramate modulation of transient and persistent 

sodium currents studied in HEK293 cells expressing the Na(v)1.3 alpha-

subunit. Epilepsia 48, 774-782. 

Tammaro P, Conti F & Moran O (2002) Modulation of sodium current in 

mammalian cells by an epilepsy-correlated beta 1-subunit mutation. 

Biochem Biophys Res Commun 291, 1095-1101. 

Tang B, Dutt K, Papale L, Rusconi R, Shankar A, Hunter J, Tufik S, Yu FH, 

Catterall WA, Mantegazza M, Goldin AL & Escayg A (2009) A BAC 

transgenic mouse model reveals neuron subtype-specific effects of a 

Generalized Epilepsy with Febrile Seizures Plus (GEFS+) mutation. 

Neurobiol Dis 35, 91-102. 

Tateno T, Harsch A & Robinson HP (2004) Threshold firing frequency-current 

relationships of neurons in rat somatosensory cortex: type 1 and type 2 

dynamics. J Neurophysiol 92, 2283-2294. 

Trimmer JS & Rhodes KJ (2004) Localization of voltage-gated ion channels in 

mammalian brain. Annu Rev Physiol 66, 477-519. 

Uebachs M, Opitz T, Royeck M, Dickhof G, Horstmann MT, Isom LL & Beck H 

(2010) Efficacy loss of the anticonvulsant carbamazepine in mice lacking 



References 
 

151 

sodium channel beta subunits via paradoxical effects on persistent sodium 

currents. J Neurosci 30, 8489-8501. 

Vacher H, Mohapatra DP & Trimmer JS (2008) Localization and targeting of 

voltage-dependent ion channels in mammalian central neurons. Physiol 

Rev 88, 1407-1447. 

van Gassen KL, de Wit M, van Kempen M, van der Hel WS, van Rijen PC, 

Jackson AP, Lindhout D & de Graan PN (2009) Hippocampal Nabeta3 

expression in patients with temporal lobe epilepsy. Epilepsia 50, 957-962. 

van Strien NM, Cappaert NL & Witter MP (2009) The anatomy of memory: an 

interactive overview of the parahippocampal-hippocampal network. Nat 

Rev Neurosci 10, 272-282. 

Van Wart A, Trimmer JS & Matthews G (2007) Polarized distribution of ion 

channels within microdomains of the axon initial segment. J Comp Neurol 

500, 339-352. 

Vega-Saenz de Miera EC, Rudy B, Sugimori M & Llinas R (1997) Molecular 

characterization of the sodium channel subunits expressed in mammalian 

cerebellar Purkinje cells. Proc Natl Acad Sci U S A 94, 7059-7064. 

Verkhratsky A & Steinhauser C (2000) Ion channels in glial cells. Brain Res Brain 

Res Rev 32, 380-412. 

Vreugdenhil M, Faas GC & Wadman WJ (1998) Sodium currents in isolated rat 

CA1 neurons after kindling epileptogenesis. Neuroscience 86, 99-107. 

Vreugdenhil M & Wadman WJ (1999) Modulation of sodium currents in rat CA1 

neurons by carbamazepine and valproate after kindling epileptogenesis. 

Epilepsia 40, 1512-1522. 

Wang J, Ou SW, Wang YJ, Kameyama M, Kameyama A & Zong ZH (2009) 

Analysis of four novel variants of Nav1.5/SCN5A cloned from the brain. 

Neurosci Res 64, 339-347. 

Watanabe E, Fujikawa A, Matsunaga H, Yasoshima Y, Sako N, Yamamoto T, 

Saegusa C & Noda M (2000) Nav2/NaG channel is involved in control of 

salt-intake behavior in the CNS. J Neurosci 20, 7743-7751. 



References 
 

152 

Westenbroek RE, Merrick DK & Catterall WA (1989) Differential subcellular 

localization of the RI and RII Na+ channel subtypes in central neurons. 

Neuron 3, 695-704. 

Whitaker WR, Clare JJ, Powell AJ, Chen YH, Faull RL & Emson PC (2000) 

Distribution of voltage-gated sodium channel alpha-subunit and beta-

subunit mRNAs in human hippocampal formation, cortex, and cerebellum. 

J Comp Neurol 422, 123-139. 

Whitaker WR, Faull RL, Dragunow M, Mee EW, Emson PC & Clare JJ (2001a) 

Changes in the mRNAs encoding voltage-gated sodium channel types II 

and III in human epileptic hippocampus. Neuroscience 106, 275-285. 

Whitaker WR, Faull RL, Waldvogel HJ, Plumpton CJ, Emson PC & Clare JJ 

(2001b) Comparative distribution of voltage-gated sodium channel 

proteins in human brain. Brain Res Mol Brain Res 88, 37-53. 

Williams PA, White AM, Clark S, Ferraro DJ, Swiercz W, Staley KJ & Dudek FE 

(2009) Development of spontaneous recurrent seizures after kainate-

induced status epilepticus. J Neurosci 29, 2103-2112. 

Willow M, Gonoi T & Catterall WA (1985) Voltage clamp analysis of the 

inhibitory actions of diphenylhydantoin and carbamazepine on voltage-

sensitive sodium channels in neuroblastoma cells. Mol Pharmacol 27, 549-

558. 

Wu L, Nishiyama K, Hollyfield JG & Wang Q (2002) Localization of Nav1.5 

sodium channel protein in the mouse brain. Neuroreport 13, 2547-2551. 

Xie X, Lancaster B, Peakman T & Garthwaite J (1995) Interaction of the 

antiepileptic drug lamotrigine with recombinant rat brain type IIA Na+ 

channels and with native Na+ channels in rat hippocampal neurones. 

Pflugers Arch 430, 437-446. 

Xu R, Thomas EA, Gazina EV, Richards KL, Quick M, Wallace RH, Harkin LA, 

Heron SE, Berkovic SF, Scheffer IE, Mulley JC & Petrou S (2007) 

Generalized epilepsy with febrile seizures plus-associated sodium channel 



References 
 

153 

beta1 subunit mutations severely reduce beta subunit-mediated modulation 

of sodium channel function. Neuroscience 148, 164-174. 

Yarov-Yarovoy V, Brown J, Sharp EM, Clare JJ, Scheuer T & Catterall WA (2001) 

Molecular determinants of voltage-dependent gating and binding of pore-

blocking drugs in transmembrane segment IIIS6 of the Na(+) channel 

alpha subunit. J Biol Chem 276, 20-27. 

Yarov-Yarovoy V, DeCaen PG, Westenbroek RE, Pan CY, Scheuer T, Baker D & 

Catterall WA (2012) Structural basis for gating charge movement in the 

voltage sensor of a sodium channel. Proc Natl Acad Sci U S A 109, E93-

102. 

Yu FH & Catterall WA (2003) Overview of the voltage-gated sodium channel 

family. Genome Biol 4, 207. 

Yu FH, Mantegazza M, Westenbroek RE, Robbins CA, Kalume F, Burton KA, 

Spain WJ, McKnight GS, Scheuer T & Catterall WA (2006) Reduced 

sodium current in GABAergic interneurons in a mouse model of severe 

myoclonic epilepsy in infancy. Nat Neurosci 9, 1142-1149. 

Yuen AW (1994) Lamotrigine: a review of antiepileptic efficacy. Epilepsia 35 

Suppl 5, S33-36. 

Zhang L & McBain CJ (1995) Potassium conductances underlying repolarization 

and after-hyperpolarization in rat CA1 hippocampal interneurones. J 

Physiol 488 ( Pt 3), 661-672. 

 





Nederlandse samenvatting 
 

155 

Nederlandse samenvatting 

Epilepsie is een ziekte die gekenmerkt wordt door incidenteel optredende 

epileptische aanvallen (“convulsies”) waarbij grote delen van de hersenen 

synchrone hyperactiviteit vertonen. Patiënten krijgen als geneesmiddel 

chronisch anti-epileptica voorgeschreven die erop gericht zijn de kans op 

een epileptische aanval te verminderen. Carbamazepine (CBZ), lamotrigine 

(LTG) en fenytoïne (DPH) zijn veelgebruikte anti-epileptica en hun werking 

is gebaseerd op een gebruiksafhankelijke interactie met 

spanningsafhankelijke natriumkanalen in de celmembraan van neuronen in 

het centrale zenuwstelsel. Bij alle spanningsafhankelijke ionkanalen (voor 

natrium, kalium, calcium en chloride) reguleert het open- en dichtgaan van 

het kanaal de elektrische stroom in de zenuwcel. Als natriumkanalen 

opengaan tijdens een depolarisatie van de membraan, zorgt de 

spanningsafhankelijkheid voor een verdere depolarisatie en deze positieve 

terugkoppeling is uiteindelijk verantwoordelijk voor de actiepotentiaal: een 

kortstondige (~1 ms), grote potentiaalverandering (~100 mV) die de 

elementaire informatie boodschap in het zenuwstelsel is en die ook het 

doorgeven van informatie aan perifere weefsels zoals bv. spieren verzorgt. 

Actiepotentialen zijn kortdurend omdat door de sterke depolarisatie tijdens 

het begin een tweede gate in het kanaal, de inactivatie gate, op een 

vergelijkbare wijze, maar net iets trager sluit. De membraanpotentiaal 

repolariseert ook als gevolg van het openen van spanningsafhankelijk 

kaliumkanalen. De kaliumkanalen gaan trager open dan de natriumkanalen, 

maar ze inactiveren niet, waardoor ze uiteindelijk de membraanpotentiaal 

weer terug brengen naar de rustmembraanpotentiaal.  

Tijdens epileptische aanvallen vuren grote groepen neuronen 

actiepotentialen, meestal synchroon en met een hoge frequentie. 
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Hoogfrequent vuren van de neuronen leidt tot een depolarisatie waardoor de 

spanningsafhankelijke natriumkanalen vaak in de inactieve toestand 

belanden. Anti-epileptica kunnen alleen binden aan natriumkanalen in de 

inactieve toestand. De hier gebruikte anti-epileptica hebben een hoge 

affiniteit voor de inactieve toestand, ze binden nauwelijks aan een kanaal in 

de open of de gesloten toestand. Eenmaal gebonden, zorgen de anti-

epileptica ervoor dat het kanaal niet meer open gaat en kan er dus gedurende 

lange tijd geen nieuwe actiepotentiaal worden gegenereerd. Dit leidt 

uiteindelijk tot de beëindiging van het hoogfrequent vuren van de cel en 

voorkomt het convulsies. Helaas zijn of worden zo’n 30% van de 

epilepsiepatiënten ongevoelig voor anti-epileptica, ze zijn of worden 

“farmaco-resistent”. Een mogelijke verklaring hiervoor is dat bij die 

patiënten in de loop van de tijd de natriumkanalen van eigenschappen 

veranderen. 

Spanningsafhankelijke natriumkanalen zijn grote eiwitten gelegen in de 

membraan van exciteerbare cellen. Het kanaalvormende deel van het eiwit, 

waaraan de anti-epileptica binden, wordt gevormd door de α-subunit en die 

is meestal gekoppeld aan een of meerdere β-subunits, die een rol vervullen 

bij de gevoeligheid van de kanalen voor membraanpotentiaalveranderingen. 

Men onderscheidt vier typen α-subunits in de hersenen: NaV1.1, NaV1.2, 

NaV1.3 en NaV1.6. Er is aangetoond dat in epileptisch hersenweefsel 

veranderingen kunnen optreden in de expressiepatronen van de α-subunits. 

Wanneer er dan verschillen zijn in de interacties tussen anti-epileptica en de 

verschillende α-subunits, zou dit een rol kunnen spelen bij de gevoeligheid 

van deze hersengebieden voor de anti-epileptica.  

Een ander relevant aspect voor de effectiviteit van anti-epileptica in een 

neuronaal netwerk, is dat verschillende soorten neuronen een specifieke 
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gevoeligheid zouden kunnen hebben. Neuronale netwerken zijn opgebouwd 

uit principale exciterende neuronen, die informatie die binnenkomt 

verwerken en weer doorgeven aan andere hersengebieden en inhiberende 

interneuronen, die hoofdzakelijk lokale verbindingen maken met de 

principale neuronen en die via verschillende feedbackmechanismen zorgen 

voor gecontroleerde elektrische activiteit in het netwerk. Als anti-epileptica 

andere interacties aangaan met de natriumkanalen van principale neuronen 

dan met die van interneuronen, zou dit belangrijke consequenties kunnen 

hebben voor de farmacotherapeutische effectiviteit van anti-epileptica. 

In dit proefschrift is het onderzoek naar de werking van anti-epileptica die 

aangrijpen op spanningsafhankelijke natriumkanalen gedaan aan: 

1) HEK293 cellijnen waarin de vier relevante α-subunits specifiek tot 

expressie zijn gebracht, en waarin de interactie met CBZ, LTG en DPH in 

detail kon worden gekarakteriseerd (hoofdstuk 2).  

2) principale neuronen en interneuronen in acute hippocampus plakjes. 

Hierin werden de effecten van LTG gekarakteriseerd door het effect op de 

vuurpatronen van beide neurontypen te bepalen (hoofdstuk 4). 

Een derde onderwerp betrof een onderzoek naar de ruimtelijke en temporale 

expressie van verschillende α-subunits in de hippocampus van ratten tijdens 

epileptogenese (hoofdstuk 3) in een experimenteel model (kaïnezuur) voor 

temporale kwab epilepsie. 

In hoofdstuk 2 onderzochten we de biofysische en farmacologische 

eigenschappen van de vier α-subunits. "Whole-cell voltage-clamp" 

experimenten werden uitgevoerd op HEK293 cellen waarin de α-subunits 

stabiel tot expressie zijn gebracht en de interacties met CBZ, LTG en DPH 

werden bestudeerd en vergeleken. De vier α-subunits vertoonden een aantal 
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subtiele verschillen in biofysische eigenschappen: activatie, inactivatie en 

herstel van inactivatie. Zo bleken de NaV1.1 en NaV1.6 α-subunits een 

sneller herstel van inactivatie te vertonen dan de NaV1.2 en NaV1.3 α-

subunits. Dergelijke eigenschappen zijn van belang voor de functie van de 

kanalen in relatie tot hun (sub)cellulaire expressie. Zo komt bv. het NaV1.6 

α-subunit in relatief hoge expressieniveaus voor in de knopen van Ranvier 

van gemyeliniseerde axonen, waar een snel herstel van inactivatie van 

belang is om een snelle actiepotentiaalgeleiding te faciliteren. Een afgeleide 

biofysische eigenschap die we onderzochten is de window-current: een 

relatief kleine natriumstroom die ontstaat in het voltagebereik waar enige 

activatie voorkomt tegelijk met niet volledige inactivatie. De NaV1.1 

α-subunit genereert van alle α-subunits de grootste window-current en die 

kan resulteren in een relevante verhoogde prikkelbaarheid van neuronen. 

De farmacologische eigenschappen van de vier α-subunits vertonen ook een 

aantal duidelijke verschillen. CBZ bleek, vergeleken met LTG en DPH, een 

hogere bindingssnelheid aan de geïnactiveerde natriumkanalen te hebben. 

Verder bleek LTG, vergeleken met CBZ en DPH, aanleiding te geven tot 

een grotere verschuiving van de inactivatiefunctie in hyperpolariserende 

richting. De oorzaak hiervan is waarschijnlijk de langzame dissociatie van 

LTG van de bindingsplaats op het natriumkanaal. Tot slot vonden we een 

aantal subtiele verschillen in interacties van de anti-epileptica met het 

natriumkanaal. Zo bleek LTG een relatief hoge bindingssnelheid aan de 

geïnactiveerde NaV1.1 kanalen te hebben. De consequenties van al deze 

verschillen is dat de gevoeligheid van neuronen voor een bepaald anti-

epilepticum afhankelijk wordt van welk type natriumkanaal ze tot expressie 

brengen en dat verschillen in expressie in verschillende gebieden aanleiding 
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kan zijn voor een verschil in gevoeligheid met onvoorspelbare 

consequenties voor de respons.  

In hoofdstuk 3 werden met immunohistochemie de veranderingen in 

regionale en (sub)cellulaire α-subunit expressie onderzocht tijdens 

epileptogenese in de hippocampus (kaïnezuur model). Als tijdspunten 

werden 1 dag, 3 weken en 2 maanden na het induceren van een status 

epilepticus (SE) aangehouden. De SE  induceert epileptogenese, waarbij na 

een eerste periode van 2 tot 4 weken zonder epileptische activiteit, de dieren 

spontane epileptische aanvallen krijgen. Deze aanvallen nemen in frequentie 

en heftigheid toe totdat na een aantal maanden de dieren dagelijks 

epileptische aanvallen hebben. In controle dieren werd NaV1.1 

immunoreactiviteit vooral aangetroffen in het neuropil van het CA gebied en 

in interneuronen. De NaV1.1 immunoreactiviteit was tijdens de 

epileptogenese verminderd. Het aantal NaV1.1 immunopositieve 

interneuronen halveerde, maar deze afname komt overeen met de fractionele 

afname van de totale neuronenpopulatie. Immunoreactiviteit voor de NaV1.2 

α-subunit in de binnenste moleculaire laag was afgenomen 1 dag na SE, 

maar nam weer toe 3 weken en 2 maanden na SE, wat geassocieerd leek met 

“mossy fiber sprouting”. NaV1.6 immunoreactiviteit in de dendrieten van 

CA pyramidale neuronen was verminderd, terwijl NaV1.6 

immunoreactiviteit in astrocyten juist was toegenomen 3 weken na SE. Deze 

resultaten wijzen erop dat tijdens epileptogenese in subgebieden van de 

hippocampus de expressie van de verschillende α-subunits verschillend 

wordt beïnvloed wat een rol kan spelen bij de veranderingen in de regionale 

prikkelbaarheid van het hippocampusgebied tijdens epileptogenese.  

In hoofdstuk 4 onderzochten we of principale neuronen en interneuronen 

van de hippocampus een verschillende gevoeligheid hebben voor anti-
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epileptica. Hiertoe werden de effecten van LTG op de natriumstromen en op 

de vuurpatronen van beide celtypen bestudeerd. De experimenten werden 

uitgevoerd met hersenweefsel van 5HT3aR-BACEGFP transgene muizen, 

waarin interneuronen die de serotonine 5HT3A receptor tot expressie 

brengen, gelabeld zijn met groen fluorescerend eiwit (GFP). Hierdoor 

kunnen de schaarse interneuronen goed herkend worden. De stromen 

werden gekarakteriseerd in acuut gedissocieerde neuronen (met whole-cell 

voltage-clamp), terwijl de vuurpatronen werden gemeten in acute 

hersenplakjes (met whole-cell current-clamp). Interneuronen kunnen 

actiepotentialen vuren met een hogere frequentie dan de principale neuronen 

en hun actiepotentialen duren korter dan die van de principale neuronen. De 

natriumstromen van interneuronen herstellen zich eerder van inactivatie dan 

die van principale neuronen, wat verklaart dat LTG beter in staat is om het 

hoogfrequente vuren te onderdrukken van actiepotentialen in principale 

neuronen dan in interneuronen. 

Direct gemeten aan het natriumkanaal heeft LTG in beide celtypen 

vergelijkbare effecten. Zowel de verschuiving van de inactivatiefunctie door 

LTG als de bindingssnelheid van LTG aan, en de dissociatiesnelheid van 

LTG van de natriumkanalen waren vergelijkbaar voor beide neurontypes. 

Daarom vermoeden we dat de verschillen van de LTG effecten op de 

vuurpatronen veroorzaakt worden door verschillen in de vorm van de 

actiepotentiaal in beide celtypen. Andere studies hebben aangetoond dat in 

principale neuronen met trage actiepotentialen meer natriumkanalen in de 

inactieve toestand terecht komen dan in neuronen met snelle 

actiepotentialen. Bij trage actiepotentialen inactiveert een groter deel van de 

natriumkanalen waardoor meer LTG kan binden. Uit onze voltage-clamp 

experimenten bleek verder dat natriumkanalen van interneuronen sneller 
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herstellen van inactivatie dan die van principale neuronen. Beide factoren 

zorgen ervoor dat tijdens het vuren van actiepotentialen, principale neuronen 

meer beïnvloed worden door LTG dan de interneuronen. 

Het in dit proefschrift beschreven onderzoek heeft aangetoond dat de 

interacties tussen anti-epileptica en de vier α-subunits subtiele verschillen 

vertonen (hoofdstuk 2). Dit heeft consequenties voor de effectiviteit van 

anti-epileptica, zeker wanneer de expressiepatronen van α-subunits (tijdens 

epilepsie) aan verandering onderhevig zijn. Met de experimenten 

beschreven in hoofdstuk 3 bevestigden we dat gedurende epileptogenese 

dergelijke veranderingen optreden. Tenslotte beschrijven we in hoofdstuk 4 

dat anti-epileptica als LTG in staat zijn om het hoogfrequent vuren van 

principale neuronen efficiënter te onderdrukken dan dat van interneuronen. 

Omdat tijdens epilepsie zowel veranderingen optreden in expressiepatronen 

van de natriumkanaal α-subunits als in de functionele organisatie van de 

betrokken neuronale netwerken, lijkt het noodzakelijk om de effectiviteit 

van anti-epileptica niet alleen te beoordelen aan de hand van hun interactie 

met een ionkanaal of met een enkel neuron, maar ook in netwerkverband. 

Een dergelijke aanpak zou kunnen leiden tot effectievere medicijnen en 

misschien tot meer begrip van het fenomeen farmacoresistentie. 
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