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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. 


