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CHAPTER ONE 
 

INTRODUCTION 

 

I: VOLTAGE-GATED SODIUM CHANNELS 

 

Voltage-gated sodium channels are key molecular players in cellular electrical 

excitability, and as such are integral components of the rapid and efficient 

generation and conduction of the action potential in excitable cells.  Sodium 

channels are specifically responsible for the rising phase of the action potential in 

nerve, muscle, and other excitable cells.  These complex proteins are 

components of numerous processes involved in excitability, excitotoxicity and 

disease pathology, cell adhesion and development, among many others, and as 

such represent a dynamic, ever-growing, and fascinating field of research. 

 

Sodium channel topology 

Early studies by Hodgkin and Huxley identified the classical sodium conductance 

using electrophysiological methods in studies of giant axons from the squid 

Loligo (Hodgkin and Huxley, 1952).  At this time, they were unaware of the 
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presence of specific ion channels in the membrane of excitable cells.  They 

determined that the conductance they observed was reliant on changes in 

membrane potential but not membrane current.  This conductance required both 

sodium ions for the generation of a rapid and transient inward current and 

potassium ions for the generation of a slower and sustained outward current 

(Hodgkin and Huxley, 1952).  

 

Sodium channels are polytopic, multi-subunit intrinsic membrane proteins 

composed of a single pore-forming α subunit which is capable of conducting 

sodium ions, and one or more auxiliary β subunits that do not form the pore but 

which modulate channel function (Catterall, 2000; Yu et al., 2003).  Sodium 

channels purified to theoretical homogeneity from mammalian brain are 

heterotrimers, composed of one α subunit, one non-covalently linked β subunit 

(β1 or β3) and one disulfide-linked β subunit (β2 or β4) (Hartshorne and Catterall, 

1984; Catterall, 2000; Yu et al., 2003). Sodium channels activate in response to 

local membrane depolarization, allowing sodium ions to flow down their 

concentration gradient, which is physiologically from the extracellular space into 

the interior of the cell. Sodium channel α subunits alone are capable of ion 

conduction when expressed in heterologous systems, but their activation and 

inactivation kinetics and voltage-dependence are dissimilar to native channels 

unless co-expressed with a β subunit (Isom et al., 1994; Isom, 2001). This is 

especially evident when channels are expressed in oocytes from the frog 

Xenopus laevis. Early experiments co-expressed low molecular weight rat brain 



 

3 
 

mRNA with cloned α subunit cDNAs in Xenopus oocytes, resulting in the 

restoration of normal channel kinetics, similar to that observed in neurons (Krafte 

et al., 1988).  The components in the low molecular weight mRNA fraction 

responsible for this restoration of rapid ion conductance were later determined to 

be the sodium channel β subunits, in particular, β1 (Isom et al., 1992). 

 

The mammalian sodium channel α subunit gene family is composed of at least 

10 members, SCN1A through SCN11A (with corresponding mouse orthologs 

Scn1a through Scn11a), encoding the channel proteins Nav1.1 - Nav1.9 and Nax 

(Catterall et al., 2003, 2005). Each α subunit comprises a single polypeptide 

chain with a molecular weight after post-translational modification of 

approximately 260 kDa (Catterall et al., 2005).  Each polypeptide contains four 

homologous domains, entitled domains I-IV, that come together in pseudo-

tetrafold symmetry to form the ion conducting pore. Each domain consists of six 

transmembrane segments entitled S1-S6 (Figure 1.1A).  Segments S5 and S6 

from each domain are found lining the interior of the pore, with a short 

extracellular loop residing at the opening of the pore region, forming the sodium 

ion signature sequence which determines the ion specificity for conduction 

(Catterall, 2000) 
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Figure 1.1

A: Representation of the α and β subunits of the voltage-gated sodium channel.  
The pore-forming α subunit contains four homologous domains designated I – IV 
with the transmembrane-spanning segments designated S1-S6 in each domain.  
The intracellular loop forming the inactivation gate is found between domains III 
and IV.  The β1 and β3 subunits associate non-covalently with the α subunit, and 
the β2 and β4 subunits associate covalently with the α subunit.   

: Topology of the voltage-gated sodium channel. 

B: Representation of the β subunits of the voltage-gated sodium channel.  Each 
β subunit contains an extracellular N-terminus, an extracellular V-type 
immunoglobulin (Ig) loop, a single transmembrane-spanning domain and an 
intracellular C-terminus 

(Adapted from (Yu and Catterall, 2003) and (Brackenbury et al., 2008a)) 
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The process of channel gating follows a set sequence of events beginning with 

activation, then inactivation, then channel closing (process reviewed in (Catterall, 

2000) and in (Grant, 2001)).  Regularly-spaced positively charged residues along 

the S4 segment of each domain serve as voltage sensors and move within the 

membrane according to either a sliding-helix (Guy and Seetharamulu, 1986; 

Catterall, 1992) or a paddle model (Jiang et al., 2003b; Jiang et al., 2003a) in 

response to membrane depolarization to activate or open the channel pore.  This 

shifts a total of 12 charged residues within the membrane to the extracellular face 

of the membrane during the process of channel activation.  Once the channel 

has opened, sodium ions are able to flow down the concentration gradient 

through the pore into the interior of the cell.   

 

The inactivation gate, formed from a short intracellular sequence located 

between domains III and IV, is postulated to swing in a hinged-lid fashion 

(reviewed in (Ulbricht, 2005)) to physically occlude, or inactivate, the channel.  

This occurs spontaneously, within milliseconds of channel opening, in spite of an 

on-going depolarizing stimulus (Catterall et al., 2005).  The specific 

characteristics of inactivation and the extent to which the occlusion of the pore by 

the inactivation loop prevents further ion transmission are characteristic of the α 

subunit (Yu et al., 2003).  Inactivation is also coupled to channel activation due to 

the physical movement of the voltage sensor within the membrane.  
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After inactivation, the channel closes and becomes fully impermeant to further 

ions.  At this point, the channel is in a refractory state and is unavailable to 

engage in further cycles of activation until the membrane has returned to its 

normal resting potential.  Once repolarization has occurred, the channel returns 

to a resting state and is available to engage in another round of activation.  This 

refractory period confers certain physiological advantages such as directional 

conduction of action potentials.    

 

Persistent sodium current describes sodium current which remains after 

inactivation when the majority of the transient current has inactivated (reviewed 

in (Crill, 1996)).  Resurgent current describes additional current which can be 

evoked with a further, usually milder, repolarizing pulse that dislodges a putative 

inactivating particle from the ion-conduction pore.  This current was first 

described in studies of cerebellar Purkinje neurons (Raman and Bean, 1997). 

The molecular identity of this particle is not yet known but has been postulated to 

involve the sodium channel β4 subunit (Grieco et al., 2005b). Both of these 

current types increase firing rates by promoting channel availability or amount of 

current present.  

 

Measurements of sodium current by electrophysiological methods are frequently 

performed in heterologous systems.  These can include oocytes obtained from 

the frog Xenopus laevis, and a variety of mammalian cell lines including HEK293 
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cells, tsA-201 cells and Chinese hamster-derived cell lines.  The specific 

properties of individual sodium channel gene products are often dependent on 

the cell line in which they are being investigated.  For example, co-expression of 

β1 with Nav1.2 α subunits in HEK vs. Chinese hamster lung cell lines results in 

shifts in channel voltage-dependence in opposite directions (Isom et al., 1995a). 

Further, the study of a sodium channel mutation observed in the human 

neuropathic disease erythermalgia, when performed in two different spinal cord 

ganglion cell types, produced both neuronal hyperexcitability and hypoexcitability 

(Rush et al., 2006).  Thus, the intracellular microdomain in which a particular 

sodium channel gene is expressed is critical to its functional phenotype. 

 

Other important tools in characterization and study of sodium channels are the 

neurotoxins saxitoxin (STX) and tetrodotoxin (TTX).  These compounds are 

heterocyclic guanidines and their application serves to entirely occlude the ion-

conducting pore from the extracellular side, preventing ion conduction (Cestele 

and Catterall, 2000).  Both compounds compete for binding to the same site on 

the channel and bind reversibly with high (sub-nanomolar) affinity.  Tetrodotoxin 

is isolated from the puffer fish (‘fugu’) (Cestele and Catterall, 2000).  Saxitoxin is 

obtained from blooming dinoflagellates and was once known as paralytic shellfish 

poison (Schantz, 1986).  It engages in binding with the channel at a 1:1 

stoichiometric ratio. This allows 3H-saxitoxin to be used to measure the number 

of channels present in a given sample. In addition, because 3H-saxitoxin is 

membrane impermeant, it can be used to reliably measure the level of cell 
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surface sodium channels when used in intact cell binding assays (Henderson et 

al., 1973; Cestele and Catterall, 2000). 

 

Sodium channel α subunits form a gene family 

Voltage-gated sodium channels were first purified from eel electroplax in 1978 by 

virtue of their ability to bind both tetrodotoxin and saxitoxin (Agnew et al., 1978).  

This channel was subsequently cloned from eel electroplax by a separate group 

(Noda et al., 1984).  Further studies led to the purification (Hartshorne and 

Catterall, 1984) and molecular cloning (Noda et al., 1986) of sodium channels 

from rat brain (Hartshorne and Catterall, 1984) and other tissue types (Catterall 

et al., 2005). 

 

Each of the channel subtypes composing the sodium channel family exhibit 

slightly different properties and have unique tissue and subcellular localizations.  

Channels can also be classified into subfamilies based on their sensitivity to 

blockade by tetrodotoxin.  Channels designated TTX-resistant require micromolar 

concentrations of tetrodotoxin for effective blockade, while channels designated 

TTX-sensitive require only nanomolar concentrations for blockade.  Early 

publications proposed some channels to be ‘brain type’ channels.  It was later 

demonstrated, for example, that channels found in neuronal tissue are also 

expressed in other tissue types such as cardiac muscle (Maier et al., 2002; 

Malhotra et al., 2004), and 'cardiac' sodium channels are also expressed in brain 



 

9 
 

(Hartmann et al., 1999), suggesting that channel function and diversity are more 

complex than originally believed.   

 

The sodium channel gene family is postulated to have originated from a number 

of early gene duplication events and chromosomal rearrangements.  Genes 

encoding the TTX-sensitive channels (SCN1A/Nav1.1, SCN2A/Nav1.2, 

SCN3A/Nav1.3, SCN9A/Nav1.7) are found in a cluster on human chromosome 

2q23-24 or mouse chromosome 2 (Catterall et al., 2005), while the TTX-resistant 

channels (SCN5A/Nav1.5, SCN10A/Nav1.8, SCN11A/Nav1.9) are clustered 

separately on human chromosome 3p21-24 or mouse chromosome 9 (Catterall 

et al., 2005).  Nav1.4 and Nav1.6 are encoded independently, with SCN4A on 

human chromosome 17q23-25 or mouse chromosome 11 and SCN8A on human 

chromosome 12q13 or mouse chromosome 15 (Catterall et al., 2005).  The 

primary amino acid sequences of all channels are highly conserved and show a 

high degree of similarity.  Nav1.1, Nav1.2 and Nav1.3, for example, show over 

85% sequence similarity.  All nine subtypes share at least 50% sequence identity 

(Catterall et al., 2005). 

 

Sodium channel biosynthesis 

Sodium channel α subunits are synthesized in a highly regulated, multi-step 

process.  The early, unmodified channel polypeptide with a molecular weight of 

approximately 200 kDa is nonfunctional and unable to bind saxitoxin.  The 
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channel then undergoes extensive N-linked glycosylation, after which a pool of 

“free” α subunits, defined as α subunits not covalently linked to β2, remains in 

intracellular stores (Schmidt and Catterall, 1986b).  In order to reach the plasma 

membrane where the channel can be functionally active in ion conduction, these 

"free" α subunits must associate with the β2 subunit.  It is postulated that the final 

step in sodium channel biosynthesis in neurons is association with β2, and that 

this is concomitant with plasma membrane insertion (Schmidt and Catterall, 

1986b). In agreement with this, Scn2b null mice show a 50-60% reduction in cell 

surface sodium channels in neurons (Chen et al., 2002; Lopez-Santiago et al., 

2006a). The proportion of the free pool of α subunits found disulfide linked to β2 

gradually increases during neuronal development, concomitant with the steady 

increase in expression of channel protein, as axon outgrowth proceeds and 

synapses form.  Prior to the third postnatal week in rats, ~50% of channels have 

not associated with a β subunit; by the fourth postnatal week, however, the 

majority of these pooled channels are found in association with β2 (Schmidt et 

al., 1985; Scheinman et al., 1989; Gong et al., 1999).  The primary channel 

subtype found in this pool of free α subunits is Nav1.2.  Nav1.1, in contrast, 

associates with β2 upon its first expression between P16 and P19 in rat brain 

(Gong et al., 1999).  This association step of α with β2 before insertion into the 

plasma membrane serves as the rate-limiting step in channel synthesis (Schmidt 

and Catterall, 1986b).  Insertion of channels into the plasma membrane also 

decreases their rate of turnover, with the half-life of the pool of free α subunits 
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estimated at 30 hours, while the half-life of β2-associated channels in the plasma 

membrane is estimated to be 50 hours (Schmidt and Catterall, 1986b). 

 

Voltage-gated sodium channels are targets for a wide variety of pharmacological 

agents, each of which have specific binding sites on the α subunit.  Seven 

distinct binding sites have been identified (Cestele and Catterall, 2000; Catterall 

et al., 2007).  Of particular interest is neurotoxin-binding site 1, which binds the 

neurotoxins saxitoxin and tetrodotoxin at the extracellular side of the pore region 

(Cestele and Catterall, 2000).  The local anaesthetic binding site is found in the 

inner cavity of the intracellular side of the pore region.  This is a three-

dimensional site requiring a sequence on the S6 segment from all four domains.  

Anaesthetic binding to channels is state-dependent, wherein channels which are 

in the open conformation are more amenable to drug binding (Li et al., 1999).  

These two sites as well as the other neurotoxin binding sites are summarized in 

Table I. 

 

Structural components of myelinated axons 

When examining patterns of localization of sodium channel protein in the central 

nervous system (CNS), two elements must be considered.  Protein expression 

can be described in terms of broader localization within different tissues, such as 

specific brain regions or in particular cell types.  Neurons also contain several 
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cellular subdomains in which proteins can be differentially localized.   What are 

these specialized regions, and what is their function? 

 

One of the primary developmental challenges facing higher organisms is the 

acquisition of the ability to respond rapidly to stimuli, whether this be in terms of 

rapid movement or of rapid cognition.  This has resulted in the development of 

the myelin sheath.  The structure and properties of myelinated axons provide an 

elegant means by which action potentials can be conducted over long distances 

in a rapid and effective manner while minimizing loss of electrical signal.   

The myelin sheath 

 

Nearly all vertebrates display some form of compact myelin, a structure which is 

observed as far back as the ancestors to the modern-day bony fish (teleosts) 

(Hartline and Colman, 2007).  During evolution, the presence of compact myelin 

appears to have developed in parallel with the evolution of the hinged jaw.  This 

suggests that the development of myelin and the need for rapid saltatory 

conduction may have been due in part to evolutionary pressure resulting from the 

predator-prey relationship (Zalc, 2006).   

 

The myelin sheath itself is a multilamellar, lipid-rich structure which ensheathes 

axons of sufficiently large caliber (reviewed in (Sherman and Brophy, 2005)).  
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Typically, myelination requires a minimum axonal caliber of 1 µm in order to 

proceed, with smaller caliber axons in the CNS more permissive for myelination 

than PNS axons (Salzer, 2003).  The relationship between myelin sheath and 

axon then takes on a characteristic ratio, known as the g-ratio, which is the ratio 

of axonal diameter to the diameter of the axon + myelin sheath.  Most g-ratios lie 

between 0.6 and 0.7 (Raval-Fernandes and Rome, 1998; Sherman and Brophy, 

2005).   

 

Myelin is formed when the myelinating glia make contact with the axon and then 

extend ramified processes to wind around the axon in a jelly-roll like manner, 

such that the myelin membranes wrap around the axon multiple times (Baumann 

and Pham-Dinh, 2001).  After several wraps, the cytoplasm is gradually extruded 

and the plasma membranes come into close apposition, forming compact myelin.  

The cytoplasmic surfaces of the membrane fuse and the external leaflets come 

into close contact (McLaurin and Yong, 1995).  The extracellular space in 

compact myelin is only 2 nm thick (Kursula, 2008) and has a periodicity of 12 nm 

(Baumann and Pham-Dinh, 2001). 

 

Myelination in the CNS is precisely controlled both in terms of which regions and 

fiber tracts become myelinated, as well as the timing at which myelination 

proceeds (Baumann and Pham-Dinh, 2001).  Myelination in vertebrates begins 

after birth.  Most myelination is complete within the first year in humans but can 
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continue past the 20th year in some associative regions of the brain (Baumann 

and Pham-Dinh, 2001).  In rodents, myelin formation peaks between days P14 

and P28 (McLaurin and Yong, 1995). 

 

In the CNS, axon ensheathment is performed by oligodendrocytes.  An individual 

oligodendrocyte can ensheathe multiple axons, as many as 40 (McLaurin and 

Yong, 1995; Arroyo et al., 2002; Sherman and Brophy, 2005).  Peripheral 

nervous system (PNS) myelination is performed by Schwann cells which 

generate a single segment of myelin to ensheath a portion of a single axon 

(Arroyo et al., 2002; Sherman and Brophy, 2005; Simons and Trotter, 2007).  

The processes of myelination have been more extensively studied in the PNS 

due to easy access to large myelinated peripheral nerves such as the sciatic 

nerve, as well as more permissive in vitro systems for the study of PNS 

myelination.    

 

Axonal subdomains 

The myelinated axon can be considered to possess alternating structural 

elements along its length: the axon initial segment at which the action potential is 

initiated, followed by the myelin-wrapped axon which is punctated at regular 

intervals with small gaps in the myelin sheath which form the nodes of Ranvier 

(reviewed in (Peles and Salzer, 2000; Arroyo et al., 2002)).  The axon initial 

segment and the node of Ranvier share a number of common features but also 
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have distinct molecular compositions which make them unique from one another 

(Salzer, 2003).  Both of these regions possess an elegant and precise molecular 

architecture which underlies their normal function. 

 

Axons have two means by which they can increase the rate of signal 

propagation: increasing the diameter of the axons, leading to giant axons such as 

those seen in squid, or by the production of an electrical insulator such as myelin 

which will increase resistance while reducing capacitance along the axon 

(Hartline and Colman, 2007).  Nodes of Ranvier are small, regularly spaced gaps 

in the myelin sheath which then serve to sustain the transmission of the axon 

potential as it traverses the length of the axon.  It is estimated that consecutive 

nodes are spaced apart in a manner proportional to axon caliber, an intervening 

length of approximately 100 times the diameter of the axon (Salzer, 2003).  It is 

at the node that the action potential can be regenerated in totality and then 

rapidly jump forward to the next node in a unidirectional, saltatory manner along 

the axon without loss of signal (Salzer, 2003).    

The node of Ranvier, paranode and juxtaparanode 

 

The region of myelinated axon between nodes of Ranvier is termed the internode 

(Arroyo et al., 2002; Quarles, 2002).  This area of axonal membrane is not 

normally electrically active, and is believed to contain low numbers of sodium 

channels under the myelin sheath, on the order of 25 channels/µm2 or less 
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(Waxman, 2002).  The myelin sheath itself has low capacitance and high 

resistance, helping to drive unidirectional current flow and prevent backward 

leakage of current (Baumann and Pham-Dinh, 2001). 

 

The node of Ranvier itself contains a high density of voltage-gated sodium 

channels, along with some associated β subunits (H.O’Malley, unpublished 

observations, (Chen et al., 2004)), which appear as tight clusters in 

immunofluorescent images.  It has been estimated that nodal density exceeds 

12000 channels/µm2 (Waxman and Ritchie, 1993; Poliak and Peles, 2003).  

During early development, nascent nodes contain high concentrations of Nav1.2.  

In adults, the predominant sodium channel subtype located at nodes along 

myelinated axons is Nav1.6 (Boiko et al., 2001b).  This developmental switch is 

dependent on the formation of compact myelin (Kaplan et al., 2001b), and takes 

place in both central and peripheral myelinated axons.  In hypomyelinated 

shiverer mice, Nav1.6 does not appropriately replace Nav1.2 at nodes (Boiko et 

al., 2001b).   In Nav1.6-deficient medJ mice, the transition to Nav1.6 expression at 

nodes is delayed as late as six weeks of age in both PNS and CNS nodes 

(Kearney et al., 2002), while in mice expressing the medtg null allele, Nav1.2 

expression is retained at nodes to compensate for the loss of Nav1.6, and 

animals die at approximately three weeks of age, when the developmental switch 

to Nav1.6 would normally be complete (Vega et al., 2008).  These results suggest 

that, although the properties of Nav1.6 may most effectively conduct action 
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potentials at nodes, compensatory mechanisms exist which promote normal 

numbers of channels at nodes regardless of subtype. 

 

Multiple other proteins are specifically localized to the node of Ranvier, such that 

the clustered sodium channels at the node are part of a macromolecular complex 

(reviewed in (Arroyo et al., 2002; Poliak and Peles, 2003)).  The cytoskeletal 

adaptor protein ankyrin G is recruited to the nodes of Ranvier where it is able to 

bind to the cytoskeletal protein spectrin βIV as well as associating with sodium 

channels, thus serving to anchor the channel complex directly to the 

cytoskeleton.  Ankyrin G binds directly to the α subunit via a short conserved 9 

amino acid dileucine motif in the domain II-III linker (Lemaillet et al., 2003; 

McEwen and Isom, 2004) as well as binding to β1 and β2 subunits (Malhotra et 

al., 2002).  Other proteins enriched at nodes are the cell adhesion molecules 

Nf186, contactin, and NrCAM and the potassium channels KCNQ2 and Kv3.1.   

Cell adhesive interactions at nodes of Ranvier contribute to proper nodal 

formation, including the sequence in which nodal components are recruited 

during development, as well as to the maintenance of nodal structure (Scherer, 

1999; Arroyo et al., 2002).  The extracellular matrix protein tenascin-R (TN-R) is 

also present at the node of Ranvier (Poliak and Peles, 2003).    

 

The paranodal region is located directly adjacent to the node of Ranvier.  This 

specialized structure is the site at which the terminal cytoplasmic loops of the 
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compact myelin sheath come into close apposition with the axonal plasma 

membrane (reviewed in (Peles and Salzer, 2000; Arroyo et al., 2002; 

Rosenbluth, 2009)).  In order to maintain efficient saltatory conduction and avoid 

leakage of current underneath the myelin sheath, the paranode must maintain 

tight contact between axon and glia.  Cell adhesion molecules in the paranode 

create tight septate-like junctions which appear as electron-dense transverse 

bands (Scherer, 1999; Arroyo et al., 2002; Poliak and Peles, 2003).  In this way 

the paranode can contribute to the maintenance of appropriate electrical 

conductivity as well as maintaining the structural integrity of the nodal region.    

The transverse bands are created by cell adhesive interactions between three 

proteins: Caspr (contactin-associated protein, formerly known as paranodin), 

contactin, and the glial isoform of neurofascin, Nf155 (Bhat et al., 2001; Boyle et 

al., 2001; Poliak and Peles, 2003).  Caspr and contactin are both located on the 

axonal membrane and engage in cis heterophilic cell adhesion.  Caspr is a 

transmembrane protein and a member of the neurexin superfamily (Bhat et al., 

2001), while contactin is a glycosyl-phosphatidylinositol (GPI)-anchored protein 

of the immunoglobulin superfamily (Ranscht, 1988; Gennarini et al., 1989; 

Einheber et al., 1997).  These two proteins form a complex that then binds to the 

glial Nf155 protein in trans, with this tripartite complex forming the transverse 

bands (Boyle et al., 2001).  The sodium channel β1 subunit, located in the nodal 

region, is also able to engage in cell adhesive interactions with contactin, 

neurofascin 186, NrCAM, and sodium channel β2 (Ratcliffe et al., 2001; McEwen 

and Isom, 2004).  Association of contactin with sodium channels through β1 
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increases channel expression at the plasma membrane, further promoting 

effective conduction (Kazarinova-Noyes et al., 2001; McEwen and Isom, 2004).  

Mice lacking sodium channel β1 subunits have reduced numbers of nodes of 

Ranvier in the CNS (Chen et al., 2004).  This is postulated to be caused by the 

loss of sodium channel-contactin interactions, resulting in the destabilization of 

cell surface sodium channel complexes at nodes.  

 

Proper paranodal formation is also important in sequestering proteins to their 

normal subcellular domains.  Loss of paranodal integrity leads to alterations in 

the structure and protein localization of the nodal, paranodal and juxtaparanodal 

regions (Rosenbluth, 2009).  In the absence of intact paranodes, sodium channel 

clusters at the node retain their ankyrin-mediated anchoring to the cytoskeleton 

and remain nodal. The nodal cluster in this case is sometimes broadened, since 

the paranode can no longer restrict lateral channel mobility within the membrane.  

Proteins such as voltage-gated potassium channels or Caspr2 which are 

normally located in the adjacent juxtaparanodal or internodal regions are then 

also able to diffuse inward toward the paranode and node.  This is seen, for 

example, in mice deficient in contactin or Caspr (Bhat et al., 2001; Boyle et al., 

2001). 

 

The final element of the nodal region is the juxtaparanode, which is located 

directly adjacent to the paranode and is entirely covered by compact myelin.  
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This region is enriched in the delayed-rectifier voltage-gated potassium channels 

Kv1.1 and Kv1.2 as well as the cell adhesion molecules Caspr2 and contactin-

2/TAG-1 (Arroyo et al., 2002; Poliak and Peles, 2003; Salzer, 2003).  Caspr2 

forms a complex with the potassium channels and their auxiliary β subunits, 

which remains intact during pathological conditions in which the paranode is 

disrupted and juxtaparanodal proteins migrate in toward the node (Poliak et al., 

2001).  The potassium channels present in the juxtaparanode contribute to 

maintenance of the proper resting potential along the membrane between nodes 

and assist in repolarization of the membrane during conductance (Peles and 

Salzer, 2000; Poliak and Peles, 2003).   The juxtaparanode can be considered to 

be a specialized region of the internode. 

 

The axon initial segment (AIS) is a specialized axonal domain adjacent to the 

neural cell body at which the action potential is initially generated.  It shares a 

number of common elements with the node of Ranvier and is present in both 

myelinated and unmyelinated axons (Salzer, 2003).  Like the node, the AIS is a 

nonmyelinated region of the axon containing dense sodium channel clustering 

which is enriched in ankyrin G, allowing proteins to become anchored to the actin 

cytoskeleton.  Also similarly to the node of Ranvier, the AIS expresses 

neurofascin and NrCAM (Salzer, 2003). 

The axon initial segment  
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The AIS contains a high concentration of sodium channels, similar to the 

clustering of channels observed at the node of Ranvier.  It is this high 

concentration of channels that allows for the initiation of the action potential by 

lowering the threshold at which action potential firing can occur (Kole et al., 

2007).  The AIS specifically expresses Nav1.6 at high levels, as well as lower 

levels of Nav1.2 and Nav1.1 (Boiko et al., 2003; Duflocq et al., 2008). Whereas 

the adult node of Ranvier expresses only Nav1.6, the AIS is distinct in its ability to 

concurrently express both Nav1.2 and Nav1.6 (Salzer, 2003).  Interestingly, the 

specific channel complement expressed by the AIS of different neuronal types 

varies, as does the specific position along the AIS at which each channel is 

found, suggesting extensive adaptability of neurons in order to meet particular 

excitability needs (Lorincz and Nusser, 2008).   For example, in cerebellar 

Purkinje neurons which engage in high-frequency firing, the AIS normally 

expresses only Nav1.6.  In GABAergic interneurons, in contrast, Nav1.1 is 

expressed in proximal regions and Nav1.6 is expressed in the majority of the AIS 

(Lorincz and Nusser, 2008). 

 

Localization of sodium channels in brain 

The expression patterns of both mRNA and protein products of the different 

sodium channel genes in the CNS have been studied extensively, both during 

development and in adult tissue.  These studies, when considered as a whole, 

suggest that channel expression is under elegant and careful control, with the 

variety of channels available in the sodium channel gene family offering a means 
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by which cells and tissues can regulate excitability based on specific electrical 

needs at specific times. What sodium channels are commonly expressed in the 

CNS, and what are their patterns of expression? 

 

Targeting of sodium channels to specific domains can occur by multiple means.  

Motifs have been discovered in multiple channels which allow for targeting to 

different locations.  For example, a 9 amino acid motif in the C-terminus of 

Nav1.2 targets the channel to axons (Garrido et al., 2001).  Post-translational 

regulation and association with adapter molecules offer other means for 

targeting.  These can include masking or revealing of degradation motifs, 

association with papin, ERM proteins, or ubiquitin ligases (reviewed in (Shao et 

al., 2009)).  Channels can also be modified by kinases including PKA, PKC and 

calmodulin-dependent kinases (Shao et al., 2009). 

 

Nav1.1, a TTX-sensitive channel, is highly expressed in brain and is a key 

contributor to the maintenance of normal neuronal excitability.  Nav1.1 is 

frequently found to be expressed at the somatodendritic plasma membrane, 

which implicates it more specifically in dendritic excitability.   Localization of 

Nav1.1 is widely conserved between species, further suggesting an essential 

functional role for this subtype (Vacher et al., 2008). 

Nav1.1 
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In the developing rat brain, Scn1a mRNA levels are low at embryonic day E18, 

but increase to moderate levels by P5 as measured by blot and in situ 

hybridization (Beckh et al., 1989; Brysch et al., 1991).  Expression levels 

continue to increase through postnatal day P21, reaching maximal expression by 

P34 before declining to approximately half maximum levels in adulthood (Gordon 

et al., 1987; Gong et al., 1999).  In examination of whole brain, the overall pattern 

of Nav1.1 expression is homogeneous throughout the brain (Westenbroek et al., 

1989).  Scn1a mRNA in rat brain is found at negligible levels in adult 

hippocampus, with a gradient of expression in the Purkinje neuron layer and no 

detectable expression in granule neurons.  Scn1a mRNA is also seen in cells of 

spinal cord grey matter, especially the large motor neurons, primarily in the cell 

body and major proximal processes (Black et al., 1994a).   Nav1.1 is found to be 

expressed at nodes of Ranvier and axon initial segments in spinal cord and brain 

(Duflocq et al., 2008; O'Malley et al., 2009) as well as in cell bodies of Purkinje 

neurons (Kalume et al., 2007). 

 

Mutations in Nav1.1 have been linked to human disease.  These mutations are 

frequently seen in patients with epilepsy, including severe myoclonic epilepsy of 

infancy (SMEI)/Dravet’s Syndrome and GEFS+ (Gambardella and Marini, 2009).  

Deletion of Nav1.1 in mice results in a lethal epilepsy.  Heterozygotes also seize, 

but are viable.  Interestingly, survival of heterozygotes is significantly improved 

when bred on to the 129Sv genetic background, but heterozygotes begin to 

display lethality in 85% of animals by the thirteenth postnatal week when bred on 
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the C57BL/6 genetic background, suggesting the presence of important modifier 

genes (Yu et al., 2006).  These Nav1.1-deficient mice are ataxic, consistent with 

observation of ataxia and motor control in SMEI patients (Kalume et al., 2007).  

Reduction in Nav1.1 levels leads to a decrease in both resurgent and persistent 

current in Purkinje neurons, reducing the extent of fast repetitive firing.  Nav1.1 

deletion also leads to an increase in expression of Nav1.3 in hippocampal 

interneurons, which is likely a compensatory change to counter the reduction in 

excitability (Kalume et al., 2007).  It has been proposed that differing functions of 

Nav1.1 in inhibitory versus excitatory neurons leads to the complex phenotype 

observed.  In Nav1.1 heterozygote or null mice, sodium current is altered in 

inhibitory interneurons including Purkinje neurons, but excitatory pyramidal 

neurons do not display alterations in current (Catterall et al., 2008).  These data 

support the theory that specific cellular localization of sodium channels can play 

a role in their specific functional properties. 

 

In mature rat brain, the TTX-sensitive channel Nav1.2 shows a rostral-caudal 

distribution pattern, with high rostral expression that decreases in caudal regions, 

and high expression in all gray matter.  This is in contrast to the more 

homogeneous distribution and lower levels of protein expression observed for 

Nav1.1 (Westenbroek et al., 1989).  These two channel subtypes have a 

complementary expression pattern in specific cell types.  In cerebellum, Nav1.1 is 

seen in neuronal cell bodies while Nav1.2 is found primarily in fibers, particularly 

Nav1.2 
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unmyelinated fibers (Westenbroek et al., 1989).  Interestingly, the ratio of 

Scn1a:Scn2a mRNA in whole brain is 3:1, while the protein ratio between these 

subunits is 2:1, suggesting careful control of protein translation (Black et al., 

1994a).   

 

Nav1.2 expression is highest in adulthood, reaching maximal levels by the end of 

the first postnatal month (Gong et al., 1999).  Nav1.2 expression is detectable by 

E10 and steadily increases through the first postnatal week, with expression 

thereafter variable depending on brain region (Beckh et al., 1989).  Scn2a mRNA 

is found at high levels in the hippocampal granule and pyramidal cells, cerebellar 

Purkinje neurons, and motor neurons of the spinal cord grey matter as well as 

other grey matter cells (Black et al., 1994a; Garrido et al., 2001). 

 

Nav1.6 is not expressed with a rostral-caudal gradient like Nav1.2 but instead 

displays broad CNS expression (Schaller and Caldwell, 2000).  Nav1.6 

expression increases during development, with little detectable protein in 

embryonic stages and increasing amounts by the third postnatal week. Nav1.6 is 

highly expressed in brain, particularly cerebellum, occipital lobe and frontal lobe 

(Burbidge et al., 2002), with strong expression seen in cerebellar Purkinje cells 

(Schaller and Caldwell, 2000).  Nav1.6 can also be found in spinal cord motor 

neurons, and glial expression is detectable by P21 (Schaller and Caldwell, 2000).  

Nav1.6 
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Nav1.6 is specifically localized to both nodes of Ranvier (Boiko et al., 2001b) and 

axon initial segments in myelinated axons (Boiko et al., 2003). 

 

Nav1.6 is a TTX-sensitive channel which displays rapid gating and a significant 

persistent current.   It activates at more hyperpolarized potentials and has a 

slower rate of recovery from inactivation compared to Nav1.2.   Expression of 

Nav1.6 in retinal ganglion cells appears at the same time as these cells gain the 

ability to engage in repetitive firing.  Mice deficient in Nav1.6 retain this rapid firing 

capacity, but at a reduced rate as compared to wild type animals (Van Wart and 

Matthews, 2006).  Nav1.6 does not elicit resurgent current in HEK293 cells 

(Burbidge et al., 2002), but has been shown to produce large resurgent current in 

cerebellar Purkinje neurons (Raman and Bean, 1997) and DRG neurons in spinal 

cord (Cummins et al., 2005).  

 

Complete loss of Nav1.6 in mice is lethal, while Nav1.6 heterozygotes are viable.  

Studies involving crosses between various Nav1.6 mutant mice show that the 

minimum amount of Nav1.6 required for survival is between 6% and 12% of 

normal levels (Kearney et al., 2002).  Numerous mutant or alternative forms of 

Nav1.6 have been discovered.   Most of these mice display variable amounts of 

muscle atrophy and disorders of movement (Meisler et al., 2004).  The motor 

endplate disease (med, Scn8a med) mutation was identified first, followed later by 

other allelic mutations of Nav1.6.  MedJ mice(Scn8amedJ), which express an 
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aberrantly spliced version of Nav1.6 and only contain approximately 10% of 

normal levels of Nav1.6, display reductions in muscle mass, dystonia, ataxia, 

progressive paralysis and decreased conduction velocity (Kearney et al., 2002)   

Interestingly, the effect of these channel mutations generate different phenotypes 

depending on genetic background, suggesting the presence of modifier genes 

and other factors which contribute to proper channel function. 

 

Scn3a mRNA is expressed weakly or not at all in mature rat brain and is primarily 

found at embryonic and early perinatal time points (Black et al., 1994a).  Some 

Scn3a mRNA is detectable in cortex and other brain regions at E18 via blot 

hybridization, but this is the only time in rodent development at which any 

significant expression is observed (Beckh et al., 1989).  By P5, there is some 

Nav1.3 expression remaining in grey matter, but this decreases as well by 

adulthood (Brysch et al., 1991).  

Nav1.3 

 

Studies examining sodium channel α and β subunit expression in human brain 

tissue demonstrate that patterns of expression are largely similar between 

human and rodent (Whitaker et al., 2001).  A notable exception to this in the 

expression of Nav1.3.  Nav1.3 is nearly absent in mature rodent CNS, yet is found 

at detectable levels in human CNS, reaching comparable expression to Nav1.1 at 

multiple sites within the human brain (Whitaker et al., 2000). 
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Sodium channel β subunits 

Four genes encoding sodium channel β subunits have been identified to date.  

Each β subunit is a type I integral membrane protein with an extracellular N-

terminus, an extracellular V-type immunoglobulin (Ig) loop which identifies it as a 

member of the immunoglobulin superfamily of cell adhesion molecules, a single 

transmembrane-spanning domain and an intracellular C-terminus (Figure 1.1B) 

(reviewed in (Isom, 2001, 2002), also (Isom et al., 1992; Isom et al., 1995c; 

Morgan et al., 2000; Yu et al., 2003).  β1 and β3 associate non-covalently with 

the α subunit, while β2 and β4 are covalently associated with the α subunit via 

disulfide linkages.  In sodium channels purified to homogeneity from brain, α and 

β subunits exist in a 1:1:1 stoichiometric ratio, with one non-covalently linked (β1 

or β3) and one disulfide-linked (β2 or β4) β subunit for each α subunit 

(Hartshorne and Catterall, 1984).   

 

The β1 subunit is encoded by the SCN1B gene in humans and the Scn1b gene 

in rodents (Isom et al., 1992; Makita et al., 1994).  β1 is a 218 amino acid 

polypeptide with a molecular weight of approximately 23kDa before post-

translational modification and 36kDa after N-linked glycosylation (Isom et al., 

1992).  β1 has one known splice variant designated β1A in mouse and β1B in 

human (Kazen-Gillespie et al., 2000; Qin et al., 2003).  A splice variant entitled 

The sodium channel β1 subunit 
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β1.2 was discovered in astrocytes cultured from rat optic nerve and Schwann 

cells cultured from rat sciatic nerve (Oh and Waxman, 1994).  This was later 

determined, however, to be an incompletely spliced product including an intron 

within the 3’ untranslated region (Dib-Hajj and Waxman, 1995) .  Co-expression 

of β1 with an α subunit in heterologous systems results in a hyperpolarizing shift 

of inactivation, increased rates of activation and inactivation, and a significant 

increase in the peak current amplitude due to promotion of cell surface channel 

expression (Isom et al., 1992; Patton et al., 1994; Isom et al., 1995a).  Binding of 

β1 to the α subunit is via a weak non-covalent interaction, which can be easily 

disrupted with mild ionic treatment (Messner et al., 1986). 

 

β1 possesses a number of structural elements which are important for its 

function, beyond the importance of the Ig loop in cell adhesion.  The interactions 

between β1 and ankyrin G are mediated by the phosphorylation state of the 

tyrosine residue Y181 in the intracellular C-terminus (Malhotra et al., 2002).  

Residues in the A/A’ face of the β1 Ig loop are required for its interaction with the 

α subunit (McCormick et al., 1999).  The intracellular domain of β1 is specifically 

required for its interaction with the receptor protein tyrosine phosphatase β 

(RPTPβ), an interaction that does not take place between RPTPβ and β2 

(Ratcliffe et al., 2000).  

 



 

30 
 

Loss of the β1 subunit in mice is lethal.  The phenotype of Scn1b null mice 

includes retardation of normal growth, multiple seizure types, ataxia, a prolonged 

cardiac QT interval, and death by the third postnatal week.  These mice also 

display axonal degeneration, disruption of normal nodal architecture, decreases 

in the number of nodes of Ranvier, and disruptions in neuronal pathfinding and 

fasciculation (Chen et al., 2004; Lopez-Santiago et al., 2007; Brackenbury et al., 

2008b).  

 

The β1B splice variant of β1 contains the same N-terminal domain and Ig loop, 

but the splicing event results in a novel transmembrane domain and C-terminus.  

This alternative splicing involves a retained intron, and the human and rat splice 

variants consequently have significantly different sequences in this region 

(Kazen-Gillespie et al., 2000; Qin et al., 2003).  Co-expression of human β1B 

with Nav1.2 in oocytes results in an increase in sodium current density but does 

not significantly modulate channel gating (Qin et al., 2003).  Co-expression of rat 

β1A with Nav1.2 in mammalian cells, however, leads to a shift in the voltage-

dependence of inactivation as well as increasing sodium current density (Kazen-

Gillespie et al., 2000).  Recent work has implicated mutations in β1B in severe 

myoclonic epilepsy of infancy (SMEI), opening up new lines of investigation to 

determine the role of this novel β subunit.   

 



 

31 
 

The β2 subunit is a 186 amino acid protein encoded by the Scn2b gene located 

on mouse chromosome 9 and rat chromosome 8 (Isom et al., 1995c; Jones et 

al., 1996) and the SCN2B gene located on human chromosome 11q22.  This is 

the same chromosomal region which encodes N-CAM, also a cell adhesion 

molecule of the immunoglobulin superfamily (Eubanks et al., 1997).  The human 

and rat orthologs share 89% sequence identity and 93% sequence similarity, with 

similar predicted structures and retention of four potential N-linked glycosylation 

sites  (Eubanks et al., 1997).  β2 migrates at a molecular weight of approximately 

32kDa on SDS-PAGE gels.  Expression of β2 begins in embryonic development, 

with Scn2b mRNA first detectable at day E9, the same time at which CNS 

neurogenesis begins and just before the appearance of sodium channel α 

mRNA.  β2 is highly expressed in cerebral cortex and cerebellum as detected by 

Northern blot (Isom et al., 1995c).  

The sodium channel β2 subunit 

 

The role of β2 can be further studied using the Scn2b global null mouse (Chen et 

al., 2002; Lopez-Santiago et al., 2006a).  Scn2b null mice exhibit normal 

lifespans, unlike Scn1b null mice.  Deletion of β2 leads to a 50-60% decrease in 

the number of sodium channels localized at the plasma membrane, as detected 

by saxitoxin binding assays and confirmed by measurements of peak sodium 

currents, while not altering the total number of sodium channels present in all 

cellular membranes (Chen et al., 2002; Lopez-Santiago et al., 2006a).  This 

confirms in vivo the role of β2 as a chaperone protein in transduction of the α 
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subunit to the cell surface which was observed in earlier in vitro experiments 

(Schmidt and Catterall, 1986b).  Previous in vitro experiments in Xenopus 

oocytes showed that co-expression of β2 with Nav1.2 led to a promotion of fast 

channel gating and a hyperpolarizing shift in inactivation (Isom et al., 1995c).  

Electrophysiological studies in β2 null mice demonstrate that the normal function 

of β2 in excitability is to produce a positive shift in the voltage dependence of 

inactivation.  Deletion of β2 does not lead to a change in conduction velocity in 

optic nerve, and does not alter axon size or proper formation of nodes of Ranvier 

in sciatic nerve (Chen et al., 2002).  Loss of β2 also does not alter normal nodal 

structure or clustering of sodium channels at nodes of Ranvier in central 

myelinated axons (H. O’Malley, unpublished observations).  Finally, deletion of 

β2 results in an increased susceptibility to induced seizures, potentially due to 

decreases in sodium channel function in inhibitory interneurons (Chen et al., 

2002).  Interestingly, the effect of co-expression of β2 with different α subunits 

may differ, suggesting the presence of mechanisms which can finely tailor 

excitability to cellular needs (Johnson and Bennett, 2006).  Deletion of β2 in brain 

does not lead to compensation by β1, which supports the non-overlapping roles 

that can be inferred by their distinct mechanisms of binding to the α subunit 

(Chen et al., 2002).  β2 also plays a role in pain pathways via the modulation of 

TTX-resistant sodium channels in sensory neurons.  Loss of β2 in dorsal root 

ganglion neurons results in decreased sensitivity to noxious thermal stimuli as 

well as an attenuated response to inflammatory pain.  This is proposed to result 

from the loss of β2-mediated channel plasma membrane insertion as well as β2-
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mediated effects on current inactivation properties, with consequent alterations in 

neuronal excitability (Lopez-Santiago et al., 2006a). 

 

The sodium channel β3 subunit is encoded by the gene SCN3B on human 

chromosome 11q23 (Morgan et al., 2000) and the Scn3b gene on mouse 

chromosome 9 (Qu et al., 2001b), sharing 57% sequence identity with β1 but 

only 40% identity with β2 (Morgan et al., 2000).  Similarly to β1, β3 associates in 

a non-covalent manner with the α subunit.  β3 is expressed broadly within CNS 

tissue and is found at high levels in hippocampus, striatum and the superior 

cervical ganglion (Qu et al., 2001b), where it has a pattern of expression which is 

primarily complementary to that of β1 (Morgan et al., 2000).  Co-expression of β3 

with α results in a hyperpolarizing shift in the voltage-dependence of inactivation, 

similar to β1, which leads to the presence of more channels able to engage in 

fast gating (Morgan et al., 2000).  Additionally, interaction with β3 promotes cell 

surface expression of Nav1.8 in a heterologous system (Zhang et al., 2008).  

Interestingly, despite its homology with β1, β3 does not engage in trans-

homophilic cell adhesion nor does it bind directly to ankyrin G or contactin 

(McEwen et al., 2009). 

The sodium channel β3 subunit 

 

Mice lacking β3 show defects in cardiac ventricular function which resemble 

abnormalities seen in Nav1.5+/- mice.  β3-/- hearts display increases in Scn1b and 
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Scn5a mRNA levels.  They do not display other overt behavioural phenotypes 

(Hakim et al., 2008). 

 

The β4 subunit, a protein 228 amino acids in length, is encoded by the SCN4B 

gene located on human chromosome 11q23 and the Scn4b gene on mouse 

chromosome 9 (Yu et al., 2003).  After N-linked glycosylation, β4 has a molecular 

weight of 38kDa.  It shares 35% sequence identity with β2 and 20-22% identity 

with β1 and β3, retaining the same conserved cysteine residues as β2 and 

forming disulfide bonds with the α subunit.  β4 is primarily found within excitable 

tissues, with high levels of protein in DRG neurons as well as cortex, Purkinje 

neurons, spinal cord, skeletal muscle and heart.  It shares partial colocalization 

with β2, but the two subunits have complementary expression patterns in many 

tissue types (Yu et al., 2003).   

The sodium channel β4 subunit 

 

Co-expression of β4 with α in tsA-201 cells causes a negative shift in the voltage-

dependence of current activation which exceeds that of β2, with no effect on 

inactivation (Aman et al., 2009).  β4 does not promote resurgent current, but 

does increase persistent current, an effect which is moderated by the presence 

of β1 (Aman et al., 2009).  When co-expressed with Nav1.2 in tsA-201 cells, the 

effects of β4 on channel kinetics will over-ride those of either β1 or β3 (Yu et al., 

2003).  In either transfected hippocampal neurons or HEK cells, however, β1 
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exerts a dominant influence over β4 (Aman et al., 2009).  In transfected 

hippocampal neurons or cultured Neuro2A cells, β4 can also induce neurite 

outgrowth (Oyama et al., 2006).  It is likely that in some neurons, the two β 

subunits associated with the sodium channel α subunit are β1 and β4.  In this 

situation, the functions of the two auxiliary subunits serve to balance one 

another, with β1 promoting inactivation and stabilizing the closed state at 

hyperpolarizing potentials, and β4 promoting channel opening and increased 

current amplitudes (Aman et al., 2009).  Scn4b null mice have not been 

generated to date.  

 

Sodium channel β subunits are unique in their ability to function independently of 

the α subunit as cell adhesion molecules, making them multifunctional proteins 

which have distinct properties compared with auxiliary subunits of other voltage-

gated ion channels.   These cell adhesive properties were postulated when the 

structure of the β subunits was found to contain a type-V Ig loop, which places 

the β subunits as members of the immunoglobulin superfamily of cell adhesion 

molecules (Isom et al., 1995c; Isom and Catterall, 1996).  

β subunits are cell adhesion molecules 

 

The β1 subunit engages in a variety of cell adhesive functions and has been 

proposed to be a component of multiple structural and developmental processes 

as a result.  β1 engages in homophilic cell adhesion during which it is able to 
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recruit ankyrin to the location of cell-cell contact (Malhotra et al., 2000a).  This 

interaction with ankyrin is mediated by a tyrosine residue in the intracellular tail of 

β1, residue Y181, and binding is dependent on the phosphorylation state of this 

residue, allowing for careful control of ankyrin recruitment (Malhotra et al., 2002).  

The phosphorylation state of this tyrosine residue may be influenced by the 

ability of β1 to interact during development with RPTPβ, which is able to reduce 

levels of tyrosine phosphorylation and can modulate channel function (Ratcliffe et 

al., 2000).  

 

β1 is capable of engaging in trans-heterophilic cell adhesion with multiple protein 

partners including NrCAM, Nf185, contactin and Nf155.  Additionally, β1 and β2 

can engage in heterophilic cell adhesion via their extracellular domains in an 

interaction that requires the intracellular domain of β2.  β1 and β3 do not engage 

in cell adhesion (McEwen and Isom, 2004).  Both β1 and β2 are capable of 

interacting with the extracellular matrix protein tenascin-R (Srinivasan et al., 

1998; Xiao et al., 1999) which is present at nodes of Ranvier. 

 

β1 is able to play a functional role in neurite outgrowth by virtue of its properties 

as a cell adhesion molecule.  β1-mediated neurite outgrowth requires trans-

homophilic cell adhesion as well as signaling via the fyn kinase signaling 

pathway (Davis et al., 2004; Brackenbury et al., 2008b).  β1 is also involved in 
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neuronal pathfinding and axon fasciculation during development (Brackenbury et 

al., 2008b). 

 

The β subunits, and mutations in the β subunits, have been linked to disease.  

The C121W mutation in β1, which mutates a key cysteine residue within the Ig 

loop, is a cause of generalized epilepsy with febrile seizures plus (GEFS+) 

(Wallace et al., 1998; Meadows et al., 2002).  Other mutations in β1 not within 

the Ig loop which lead to a failure to correctly modulate channel kinetics have 

also been linked to GEFS+ (Xu et al., 2007).  Expression of the β4 subunit is 

reduced by as much as 90% in a mouse model of Huntington’s disease, as 

assayed by microarray data and Northern blotting, and may be involved in 

neurite degeneration in that model (Oyama et al., 2006).  A recently-identified 

homozygous recessive mutation in the human β1 subunit creating a functional 

null mutation was linked to Dravet Syndrome, a form of epilepsy (Patino et al., 

2009). 

 

Interestingly, roles for β subunits in non-excitable cells have also been 

discovered.  Scn1b mRNA can be found in certain cancer cell lines, and β1 

protein expression is higher in weakly metastatic cells than in highly metastatic 

cells (Chioni et al., 2009).  The function of β1 in metastasis appears to be as a 

result of its function as a cell adhesion molecule.  The α subunit has also been 

implicated in cancer.  In a non-small-cell lung cancer cell line, sodium channel 
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function increases metastatic activity, and this metastasis can be blocked by the 

application of tetrodotoxin (Roger et al., 2007). 

 

Evidence has begun to accumulate to implicate sodium channel β subunits as 

substrates for proteolytic cleavage by β- and γ-secretases.  Secretase proteolysis 

occurs as a sequential multi-site cleavage event which first sheds the 

ectodomain of the cleaved protein followed by variable intracellular domains 

(ICD).  Many cleaved proteins are type I membrane proteins involved in cell 

adhesion and/or migration (Kim et al., 2005).  β-site APP-cleaving enzyme 1 

(BACE1), the primary β-secretase involved in cleavage in brain, is a type I 

membrane protein which functions as an aspartyl protease (Huth et al., 2009; 

Willem et al., 2009).  It is expressed at high levels in brain.  BACE1 function 

occurs within acidic endosomes, and in neurons it is transported to the axonal 

plasma membrane and potentially to pre-synaptic terminals.  BACE1 expression 

can be increased in conditions of cellular stress (Willem et al., 2009).   

 

The β2 subunit is a substrate for both BACE1 and γ-secretase cleavage (Kim et 

al., 2005; Huth et al., 2009).  BACE1 can regulate sodium channel activity via 

cleavage of β2 subunits, thus promoting channel turnover.  The released ICD 

fragment then contributes to a feedback mechanism which functions to keep 

channels at lower levels at the plasma membrane (Willem et al., 2009).  β2 

cleavage by γ-secretase results in a C-terminal fragment which is further cleaved 
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to generate a short intracellular domain (Kim et al., 2005). These cleaved 

fragments may play a role in β2-mediated cell adhesion and migration.  For 

example, cleavage of β4 by BACE1 may release an ICD which enhances neurite 

outgrowth (Miyazaki et al., 2007). 

  

II: DEVELOPMENT OF CNS MYELINATING GLIA AND RELATIONSHIP TO 
SODIUM CHANNELS 

 

Oligodendrocytes and glial development 

Glial cells are diverse and populous cells found throughout the nervous system, 

serving as important players in both normal nervous system function and 

development as well as in pathology (Barres, 2008).  The primary glial cell types 

in the CNS are astrocytes, oligodendrocytes and microglia.  Glia can be 

distributed heterogeneously throughout the brain or restricted to a specific region 

(Wang and He, 2009).  During pathology, glial cells can undergo morphological 

changes including hypertrophy and increased numbers of processes, as well as 

display increases in proliferation (Wang and He, 2009)   

 

Astrocytes, identifiable by expression of glial fibrillary acidic protein (GFAP), 

make up a large percentage of CNS glial cells and exhibit a heterogeneous 

distribution.  They associate closely with neurons, including neuronal synapses 

(Hansson and Ronnback, 2003).  Astrocytes are able to form gap junctions and 
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come into contact with the vasculature, implicating them in maintenance or 

communication with the blood-brain barrier (BBB) (Wang and He, 2009).  They 

have been proposed to play a role in CNS metabolism via the transport of 

various soluble factors and nutrients (Hansson and Ronnback, 2003; Wang and 

He, 2009).  Astrocytes also contribute to the maintenance of extracellular ionic 

balance, particularly during neuronal activity, and are able to aid in the recycling 

of neurotransmitters at the synapse (Wang and He, 2009).  

 

Oligodendrocytes are the glial cells responsible for myelination of axons in the 

CNS.  Myelinating oligodendrocytes can be smaller cells which generate thinner, 

shorter segments of myelin on many axons, or larger cells which generate 

longer, thicker segments of myelin on fewer axons (Baumann and Pham-Dinh, 

2001).  Mature oligodendrocytes are multipolar cells with numerous processes, a 

small cell body and dense cytoplasm (McLaurin and Yong, 1995).  They are 

derived from neuroepithelial cells (Fok-Seang and Miller, 1994).  The pools of 

progenitors which give rise to the earliest oligodendrocyte precursor cells (OPCs) 

are located in regions such as the subventricular zone of the brain and the 

ventral region of the neural tube (McLaurin and Yong, 1995; Baumann and 

Pham-Dinh, 2001; Miller, 2002).  The exact zone that specifies OPCs is 

determined by local sonic hedgehog (Shh) signaling (Gao and Miller, 2006).  

Other factors such as bone morphogenetic protein (BMP) may also play a role in 

proper migration (McTigue and Tripathi, 2008).  OPCs retain their mitotic 

character and are highly migratory, being able to travel long distances to their 
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destination (Fok-Seang and Miller, 1994).  As differentiation proceeds, the cells 

gradually become less motile.  Ultimately, the mature oligodendrocyte is non-

migratory and post-mitotic (Baumann and Pham-Dinh, 2001). 

 

Differentiation of oligodendrocytes progresses in a linear fashion through a series 

of intermediate cell types which can be identified and observed using antibodies 

against different cell surface antigens (Figure 1.2).  Development of glial cells 

parallels neuronal development, with commitment to the oligodendrocyte lineage 

occurring as early as embryonic days E10-E12.5 in rodents (Zhang, 2001).  It is 

likely that commitment to the neuronal lineage precedes determination of 

oligodendrocyte fate by a time up to several days (Gao and Miller, 2006). 

 

The first OPCs are bipolar progenitor cells positive for the markers A2B5, 

platelet-derived growth factor receptor α (PDGFRα) and the chondroitin sulfate 

proteoglycan NG2 (Baumann and Pham-Dinh, 2001; Zhang, 2001; Miller, 2002).  

The A2B5 antibody recognizes epitopes on as yet unidentified gangliosides 

(Baumann and Pham-Dinh, 2001).  In rat spinal cord, these A2B5-positive cells 

are visible by day E14, but are restricted to the ventral spinal cord and only 

migrate into the dorsal column over time before undergoing further lateral 

migration (Fok-Seang and Miller, 1994). 



 

42 
 

 

 

Figure 1.2

Oligodendrocyte development follows a linear path in which progenitor cells 
differentiate into pro-oligodendrocytes, followed by oligodendrocytes, which are 
then able to differentiate into myelinating oligodendrocytes upon contact with an 
axon.  PDGFRα: platelet-derived growth factor receptor; CNP: 2’,3’-cyclic 
nucleotide 3’-phosphodiesterase; MBP: myelin basic protein; PLP: proteolipid 
protein; MAG: myelin-associate glycoprotein.  

: Differentiation of oligodendrocytes. 
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These OPCs next differentiate into pre-oligodendrocytes which display a 

multipolar morphology, acquiring the O4 marker, retaining expression of NG2, 

and downregulating expression of the A2B5 and PDGFRα epitopes (Zhang, 

2001).  Interestingly, a number of NG2-positive cells do not continue to 

differentiate but remain within the CNS in small but significant numbers, 

representing 5-8% of all adult CNS cells (Fields, 2008).  They are distributed 

throughout the parenchyma, suggesting that they have a role beyond their 

function as precursor cells.  O4-positive pro-oligodendrocytes can be detected in 

rat spinal cord by day E16 (Fok-Seang and Miller, 1994).  It has also been shown 

that processes of these multipolar NG2-positive cells are able to come into 

contact with the axolemma at nodes of Ranvier (Butt et al., 1999). 

 

Oligodendrocyte numbers within the CNS are highly regulated.   In the presence 

of axonal support, pro-oligodendrocytes are able to differentiate into myelinating 

proteolipid (PLP)-positive cells.  In the absence of axonal connection, however, 

these cells will undergo programmed cell death.  This is a stage-specific means 

by which oligodendrocyte cell numbers can be controlled and is not observed in 

either progenitor cells or terminally differentiated PLP-positive cells (Trapp et al., 

1997).  Axonal contact is specifically required, as shown by in vitro experiments 

using neural-conditioned media without neuronal cells in which programmed cell 

death cannot be averted (Trapp et al., 1997).  In normal circumstances, 

approximately 50% of oligodendrocytes die within 2 to 3 days if they do not make 

contact with an axon (Barres and Raff, 1999).  In this way, the nervous system 
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can ensure that the correct proportion of axon number to oligodendrocyte 

number is preserved.  The presence of fewer axons leads to fewer 

oligodendrocytes whereas the presence of more axons leads to more 

oligodendrocytes (Gao and Miller, 2006).  Local survival factors such as PDGF 

and neuregulin also contribute to the final numbers of oligodendrocytes present 

(Miller, 2002; Simons and Trajkovic, 2006).  This is again stage-specific, since 

post-mitotic oligodendrocytes downregulate expression of PDGF-R and can no 

longer respond to the presence of PDGF as a survival signal (Barres and Raff, 

1999). 

 

NG2-positive pre-oligodendrocytes continue to differentiate into multi-process 

pro-oligodendrocytes lacking NG2 expression.  These cells halt migration along 

fiber tracts before losing their ability to divide (Baumann and Pham-Dinh, 2001).  

Finally, pre-oligodendrocytes can differentiate into mature myelinating 

oligodendrocytes which acquire the O1 marker and lastly begin to express 

myelin-specific proteins (Zhang, 2001).  At this point, oligodendrocytes coming 

into contact with an axon can begin the process of ensheathment.  This is not a 

sequential process, but occurs simultaneously at all axons with which the 

oligodendrocyte has established contact, within a time span of 12-18 hours 

(Barres, 2008). 
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Myelin composition 

The myelin sheath itself contains a large amount of protein, making up 

approximately 30% of the total myelin composition with the majority of the 

remaining 70% consisting of lipid (Baumann and Pham-Dinh, 2001).  Certain of 

these proteins are expressed specifically in the CNS or PNS, while others are 

found in both nervous systems.  The majority are strongly hydrophobic and most 

contain at least one transmembrane domain (Kursula, 2008). 

 

Proteolipid protein (PLP) is found in both PNS and CNS, and is the predominant 

protein component of CNS myelin (Arroyo et al., 2002; Tzakos et al., 2005).  PLP 

is an integral membrane protein containing four transmembrane domains, and 

has a molecular weight of approximately 30 kDa.  It interacts in the cytoplasm 

with myelin basic protein (MBP) in order to maintain correct myelin structure 

(Baumann and Pham-Dinh, 2001; Tzakos et al., 2005). 

 

MBP is also expressed in both PNS and CNS.  It comprises over 25% of total 

CNS protein, but represents only 5 – 15% of PNS protein.  MBP is highly basic 

and is found at the cytoplasmic surface of the myelin membrane (Baumann and 

Pham-Dinh, 2001; Tzakos et al., 2005).  MBP has been proposed to function in 

clustering myelin components during the process of myelin membrane assembly 

and compaction (Simons and Trotter, 2007) 
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The proteins PMP22 and myelin P0 are both found specifically expressed in the 

PNS.  Myelin P0 is the major protein found in PNS myelin, accounting for over 

50% of total PNS protein (Tzakos et al., 2005).  Myelin P0 is responsible for 

maintaining appropriate membrane spacing, engaging in homophilic cell 

adhesion.  This interaction may occur both in trans and in cis (Quarles, 2002).  

PMP22 may also play a role in adhesion during early stages of myelination.  

Mutations in PMP22 have been implicated in Charcot-Marie-Tooth disease type 

1A (CMT1A) (Tzakos et al., 2005). 

 

2’, 3’-cyclic nucleotide phosphodiesterase (CNP) is also found in the cytoplasm in 

both CNS and PNS and comprises approximately 4% of total myelin protein.  It is 

expressed in glial cells during differentiation.  CNP is responsible for the 

hydrolysis of 2’, 3’-cyclic nucleotides into the 2’ forms, but the importance of this 

function has not yet been determined (Baumann and Pham-Dinh, 2001).  CNP 

has been shown to be essential for the maintenance of proper axo-glial contactin 

CNS nodes of Ranvier (Rasband et al., 2005). 

 

Myelin-associated glycoprotein (MAG) is found in non-compact myelin 

membranes in both the PNS and CNS.  It contains multiple Ig loops and can 

thereby function in cell adhesion, potentially with a role in axo-glial interactions 

(Quarles, 2002; Tzakos et al., 2005).  MAG represents only 0.1-1% of total 

myelin protein (Kursula, 2008).  MAG is not essential for myelination, but may be 
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important in the proper formation and maintenance of the myelin sheath 

(Quarles, 2002).  MAG may also be able to inhibit neurite outgrowth (Baumann 

and Pham-Dinh, 2001). 

 

Finally, myelin oligodendrocyte glycoprotein (MOG), a type I integral membrane 

protein, is found in the CNS and is a relatively small component of myelin, 

making up approximately 0.05% of total myelin protein (Baumann and Pham-

Dinh, 2001; Tzakos et al., 2005).  Its sequence is highly conserved.  MOG is 

specifically localized to the outer lamellae of the myelin sheath, the 

oligodendrocyte cell body and processes, placing it in an ideal location to interact 

with the extracellular environment (Baumann and Pham-Dinh, 2001; Quarles, 

2002).  It is expressed late in development and is likely to be involved in 

compaction or maintenance of the myelin sheath (Tzakos et al., 2005). 

 

Ionic current in glial cells 

Oligodendrocytes and OPCs have long been considered to be non-excitable 

cells, ultimately serving only as electrical insulators for the excitable neuronal cell 

they ensheathe.  Evidence has shown that OPCs express multiple voltage-gated 

ion channels, challenging established beliefs and opening the possibility of new 

and previously uninvestigated roles for glial cells in the nervous system. 
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Most studies have approached the question of glial excitability through the 

electrophysiological observation of ionic current in glial cells.  Multiple groups 

have examined the progenitor cell termed the O-2A cell, which has been 

proposed to be a precursor of both oligodendrocytes and type 2 astrocytes 

(Barres et al., 1990b; Williamson et al., 1997).  It remains unclear, however, if the 

O-2A cell exists in vivo.  O-2A cells have been derived from multiple tissue 

locations, including neonatal rat optic nerve (Barres et al., 1990b), adult rat optic 

nerve (Borges et al., 1995), neonatal mouse cortex (Sontheimer et al., 1989) and 

neonatal rat mixed brain (Williamson et al., 1997).  O-2A cells in culture display 

both inward and outward current which can be shown to arise from voltage-gated 

sodium and potassium channels (Barres et al., 1990b) as well as multiple 

voltage-gated calcium channels (Williamson et al., 1997).  In most cases, 

however, these currents do not generate action potentials (Fields, 2008). 

 

The ability of glial cells to generate current appears to be downregulated during 

differentiation and maturation of the progenitor cell (Paez et al., 2008).  An early 

developmental study looked at current expressed in two stages of OPCs as well 

as two stages of more mature oligodendrocytes.  Bipolar A2B5-positive cells 

showed a TTX-sensitive transient inward sodium current, which decreased as 

cells acquired the O4 marker.  Mature oligodendrocytes did not display any 

sodium current (Sontheimer et al., 1989).  Other studies involving mouse brain 

slices displayed sodium current at days P3-P8 but not at P10-P18 (reviewed in 

(Paez et al., 2008)). 
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The focus of many of studies of ionic current in glia has been the multipolar NG2-

positive precursor cell.  These cells are found within the hindbrain and forebrain 

by embryonic day E16-E17 and show large increases in numbers just prior to 

birth (Wang and He, 2009).  NG2 cells in culture generate ionic current, a low 

density current which is TTX-sensitive and displays fast activation and 

inactivation as well as a persistent component (Xie et al., 2007).  NG2 cells also 

express both glutamate and γ-aminobutyric acid (GABA) receptors and can 

synapse with both glutaminergic and GABA-ergic neurons (Wang and He, 2009).  

Current in NG2 cells has been proposed to play a major role in the establishment 

of the glial resting membrane potential (Xie et al., 2007). 

 

Interestingly, a recent study has shown the presence of dual populations of NG2-

positive cells which share a common morphology and capacity to proliferate 

(Karadottir et al., 2008).  One population has the ability to generate multiple TTX-

sensitive action potentials upon depolarization, while the other population does 

not fire any action potentials.  These two cell populations can also be 

distinguished by several other related characteristics.  Cells able to fire action 

potentials displayed immunostaining with the pan-sodium channel antibody which 

recognizes all voltage-gated sodium channel subtypes while non-spiking cells did 

not display sodium channel immunofluorescence (Karadottir et al., 2008).  

Consistent with previous studies showing decreases in current during 



 

50 
 

differentiation (Sontheimer et al., 1989), the ratio of firing to non-firing NG2 cells 

at day P7 was approximately 50:50, while by day P12 this had changed to a ratio 

of 70:30.  The two cell populations also displayed different sensitivities to 

ischemia.  Cells capable of firing action potentials were more susceptible to 

glutamate-mediated excitotoxicity as compared to non-spiking cells (Karadottir et 

al., 2008).  The presence of the spiking current seen in this study is supported by 

an earlier examination of NG2 cells in cortex, which were seen to occasionally 

fire a single action potential in response to depolarizing current (Chittajallu et al., 

2004).  The role of these newly discovered spiking NG2 cells remains unknown, 

and opens new avenues of investigation into ion channel function in glia.   

 

What is the function of ion channels in glia?  This question is still the subject of 

active investigation.  It is possible that channels contribute to the transduction of 

signals during development (Barres et al., 1990b).  Voltage-gated ion channels 

have also been proposed to play a role in cell proliferation (Pardo, 2004; Wu et 

al., 2006) and migration (Paez et al., 2008).  Channels may also contribute to the 

initiation of myelination (Karadottir et al., 2008).  Current in glial cells may be able 

to promote not just early nervous system development but also plasticity in later 

development, with excitable glia offering a means of dynamic communication 

with the neuron (Fields, 2008). 
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III: MULTIPLE SCLEROSIS AND THE ROLE OF SODIUM CHANNELS IN 
DEMYELINATING DISEASE 

 

What is multiple sclerosis? 

Multiple sclerosis (MS) is an inflammatory demyelinating disease of the central 

nervous system which results in progressive neurological dehabilitation.  It is a 

prominent cause of neurological disability in young adults, with patients often first 

diagnosed between the ages of 20-40 (Waxman, 2006a; Courtney et al., 2009).  

MS consists of regions of inflammation, demyelination, axonal damage and 

axonal loss which form lesions within central nervous tissue.     

 

The cause of MS remains unknown, but is likely to be a result of multiple factors 

including environmental and genetic factors.  Two environmental influences 

which have been been frequently proposed include vitamin D deficiency, 

suggested by demographic differences in disease prevalence between regions of 

the world at different latitudes, and exposure to the Epstein-Barr virus (Courtney 

et al., 2009; Goodin, 2009).  The presence of environmental factors in the 

etiology of MS is evident from data obtained from patients who moved between 

areas of differing disease prevalence at different ages.  Children under the age of 

15 who move acquire the risk level of the area into which they subsequently 

reside, while individuals who move after the age of 15 retain the risk level of the 

area from which they moved (Courtney et al., 2009; Goodin, 2009). This 

suggests the presence of some element in the environment which can have a 
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lasting impact that contributes to later disease development.  The prevalence of 

MS in populations in the northern hemisphere is estimated to be 1 in 1000 

(Courtney et al., 2009; Goodin, 2009).  Two- to three-fold more women than men 

are afflicted with MS; males, however, show higher incidence of more severe 

progressive disease forms (Courtney et al., 2009). 

 

Many patients first present clinically with episodes of optic neuritis which reveal 

the presence of demyelinating lesions (Bjartmar et al., 1999).  During the course 

of the disease, visual deficits are a common clinical presentation (Balcer, 2001).  

Early stages of MS often include a sequence of relapses with intervening periods 

of clinical remission.  During reversible disease stages, including relapses, 

patients experience acute inflammation which is receptive to treatment with anti-

inflammatory and immunomodulatory agents.  After an average period of 8-15 

years following the onset of disease, however, most patients begin to display 

irreversible symptoms, and the disease transitions from a relapsing-remitting 

form to a chronic, progressive form (Bjartmar et al., 1999; Courtney et al., 2009). 

In these chronic stages, inflammation is minimal or absent and non-reversible 

damage to axons and axonal loss begins to accumulate.  This is consistent with 

other neurodegenerative diseases such as amyotrophic lateral sclerosis (ALS) or 

Parkinson’s disease which present with early stages of clinically silent neuronal 

loss followed by later neuronal loss that leads to clear disability.  The point at 

which disability becomes inevitable is not currently able to be predicted but likely 

occurs at a point at which compensatory and repair mechanisms within the 
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nervous system can no longer overcome the amount of damage present 

(reviewed in (Bjartmar et al., 2003)).  

 

MS patients can experience both positive and negative symptoms.  Negative 

symptoms are a result of conduction block and include manifestations such as 

paresis and ataxia (Smith, 2007).  Positive symptoms are a result of aberrant 

neuronal firing generated at the lesion, often including electrical hyperexcitability, 

and can involve both paroxysmal (such as painful seizures and intermittent pain) 

and persistent (chronic pain) components (Sakurai and Kanazawa, 1999).  

Symptoms also include variable impairments in cognition, including deficits of 

both memory and learning.  Patients frequently experience clinically significant 

levels of pain which vary depending on disease subtype, with 50-80% of patients 

reporting having suffered from pain (Olechowski et al., 2009). 

 

A characteristic MS lesion is a focal site of demyelination, astrogliosis, loss of 

oligodendrocytes, axonal loss and axonal damage.  Foamy macrophages filled 

with membranous debris are often found at lesion peripheries (Ludwin, 2006).   

Lesions and damage can occur throughout central nervous tissue.  Active lesions 

are typically considered to be acute foci of injury with active inflammation and 

demyelination, whereas chronic lesions no longer involve ongoing inflammation.  

Chronic spinal cord lesions exhibit an average of 68% axonal loss (reviewed in 

(Bjartmar et al., 2003; Ludwin, 2006).  Many lesions, particularly those exhibiting 
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active inflammation, display significant infiltration of microglia and macrophages, 

with the numbers of macrophages present correlating with the extent of injury 

(Ferguson et al., 1997).  Damage to the optic nerve can lead to loss of 40% of 

axons or more, with concomitant reductions in nerve cross-sectional area.  Even 

after resolution of the inflammation which precipitates an attack of optic neuritis, 

nerve pathology can persist for years, with reductions in action potential 

conduction and nerve atrophy (Kolbe et al., 2009).  Patients often show thinning 

of the retinal nerve fiber layer, which is linked to deficits in vision (Shindler et al., 

2008). 

 

MS is often described as an autoimmune disease, and numerous studies have 

examined specific immunologic components of the pathological process.  Many 

current clinical treatments focus on immune modulation or immune suppression.  

However, these treatments are incompletely effective and do not reliably address 

the underlying elements of neurodegeneration and axonal loss.  In order to 

discover therapies which will protect patients from the development of irreversible 

neurological damage and progressive symptoms, it is essential to understand the 

molecular mechanisms which contribute to disease development and 

progression.  This includes axonal pathology and the timing of axonal loss. 
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What pathological elements form the basis of MS clinical symptoms? 

The MS lesion is a focal site including multiple pathological changes, but does 

this lead with certainty to the often-proposed perspective of MS as a lesion-

centric disease?   Damage to nervous system tissue in MS extends through both 

grey and white matter tracts, and although some sites are more prone to lesion 

development, no region of the nervous system is entirely resistant to damage or 

pathological changes (Chard and Miller, 2009).  Additionally, normal-appearing 

tissue not containing an active or chronic lesion may not in fact be ‘normal tissue’ 

when subjected to other means of diagnosis (Bjartmar et al., 2003; Zeis et al., 

2008a).  It becomes more difficult to distinguish the relative importance of lesion 

versus non-lesion tissue when considering that the total amount of CNS tissue 

containing a lesion at any given point in time does not represent the total amount 

which has contained a lesion at any point in the disease course (Trapp et al., 

1998; Bjartmar et al., 2001).  Lesions can be resolved and recovered from, and 

some elements of pathology are more transient than others (Chard and Miller, 

2009).    

 

It has been observed that some patients display clinical symptoms which are 

more severe than would be predicted from the amount of detectable nervous 

system pathology they exhibit.  One of the most common diagnostic methods 

used to evaluate MS patients is magnetic resonance imaging (MRI) which allows 

for the visualization of lesions.  Lesion load, the total number of lesions 

throughout the central nervous system at a given point in time, can be a 
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challenging and potentially misleading tool in diagnosis (Vellinga et al., 2009).  It 

has been theorized that a higher number of lesions leads to more severe 

neurological disease.  However, MRI techniques do not consistently detect 

lesions which are clinically silent, and are unable to detect regions of pathology 

which are located outside of countable lesions.  Additionally, adaptive changes in 

the nervous system which lead to functional recovery may make calculation of 

the number of discrete lesions more difficult (Vellinga et al., 2009).  This makes 

correlations between lesion load and clinical outcome unreliable, and more 

accurate predictors of disease severity and potential for recovery are required 

which do not rely on this means of measurement.   

 

A more significant metric when attempting to correlate lesions and clinical course 

may be the overall distribution and location of lesions.  The corticospinal tract is 

one of the first tissue sites to display progressive damage, and damage in this 

region is a major contributor to disability (DeLuca et al., 2004).  The most 

prevalent location for lesions is in periventricular regions, and this does 

accurately correlate with disease scores (Vellinga et al., 2009).  In further support 

of this perspective, progressive versus remitting forms of the disease do not 

share a consistent lesion distribution.  Primary and secondary progressive forms 

do, however, share a similar pattern of lesion location (Tallantyre et al., 2009). 
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Loss of myelin is a significant element of MS pathology.  Axons which have lost 

their insulating myelin sheath also lose their ability to engage in rapid and 

effective saltatory conduction.  Chronic lesions display a larger number of 

demyelinated axons and numerous astrocytic processes compared to 

progressive lesions, but with little remaining immune involvement (Black et al., 

2007a).  Demyelinated regions also contain a mixture of intact and some 

degenerating axons as the process of degeneration proceeds.  Demyelination 

may begin with delamination of the myelin sheath, along with other alterations in 

axonal components including increases in filamentous structures and changes in 

neurofilaments (Zapryanova et al., 2004).  Loss of myelin can be a result of 

apoptosis or necrosis of oligodendrocytes as well as direct attack on the myelin 

sheath (Ludwin, 2006).  Damage to oligodendrocytes can also occur via a “dying-

back” mechanism which seems to be a result of metabolic damage not directly 

involving the cell body, only the more distal processes (Lassmann et al., 1997).  

Direct and indirect damage to myelin can occur via mechanisms such as immune 

cell attack, excitotoxicity, or damage via reactive oxygen species or other 

enzymatic processes (Ludwin, 2006). 

Myelin damage 

 

Nervous system tissue is classified into two primary types: white matter and grey 

matter (Kandel et al., 2000).  White matter consists primarily of long tracts of 

myelinated axons, deriving its name from the pale colour of the myelin sheath.  

Normal-appearing white matter 
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Grey matter, on the other hand, contains the neuronal cell bodies and the 

neuropil, which is made up primarily of dendrites and nonmyelinated axons 

(Kandel et al., 2000) 

 

Both white and grey matter tracts have been shown to exhibit molecular changes 

at various stages of MS (Zeis et al., 2008b).  Regions of white matter not 

containing an active or chronic lesion or containing focal regions of demyelination 

are often referred to as ‘normal-appearing white matter’ (NAWM).  This term is 

not, however, precisely correct.  Degeneration of the axon occurs distal to the 

location of axon transection, which allows for the retention of myelin in proximal 

regions even in the absence of a fully intact axon.  These empty myelin sheaths 

can persist after earlier damage.  This can result in the misleading appearance of 

‘normal-appearing’ white matter as undamaged tissue, while in fact these regions 

exhibit significant amounts of damage that are not visible via MRI or with 

conventional histological myelin stains such as Luxol fast blue (LFB) (Bjartmar et 

al., 2001; Ludwin, 2006).  It is also possible that non-focal damage in regions of 

NAWM represent nascent lesion sites (Ludwin, 2006).  If these regions are 

developing lesions, it is also possible that the focal inflammation will resolve 

before the transition to an active lesion, further complicating detection (van der 

Valk and Amor, 2009).   
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NAWM may offer a valuable region for the observation of early pathological 

changes, including axonal loss, alterations in the blood-brain barrier, cell 

activation and others.  These regions may exist in a subtle balance between 

active inflammation and neuroprotection.  Genes related to ischemia and 

oxidative stress are upregulated in NAWM, with changes seen in levels of 

transcription factors controlling inflammatory activation as well as anti-

inflammatory components (Zeis et al., 2008b).  NAWM also displays markers of 

oligodendrocyte activation and stress including activation of STAT-6 based 

signaling and increased expression of αB-crystallin, a heat shock protein which 

can activate microglia after release into the cerebrospinal fluid (van der Valk and 

Amor, 2009). 

 

MS has long been perceived as a disease primarily affecting white matter, 

whether this is in terms of the location of injury or of the tissue type which serves 

as the location in which these injuries are initiated.  The examination of white 

matter lesions has consequently long predominated for both diagnostic and 

investigative purposes.  Recent studies, however, have begun to demonstrate 

increasingly that grey matter pathology is of critical importance and can play a 

significant role in patient disability and disease progression.  The factors leading 

specifically to grey matter damage are still not fully understood. 

Grey matter pathology and observations 
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The clinical presentation of MS in grey matter is different than that observed in 

white matter.  For example, grey matter lesions do not contain the extensive 

inflammatory infiltrates seen in white matter but do exhibit large amounts of 

demyelination (Geurts and Barkhof, 2008).  Damaged grey matter shows 

increases in activation of astrocytes, microglia and macrophages, similarly to 

white matter.  Demyelination in grey matter is present to lesser extents in acute 

disease phases, becoming more evident with the onset of chronic disease 

(Geurts and Barkhof, 2008).   As is seen in NAWM, normal-appearing grey 

matter (NAGM) also displays early molecular changes.  Genes involved in 

mitochondrial energy metabolism are downregulated, as well as genes for 

multiple glutamate receptors (NMDA, AMPA, kainite and metabotropic) (Zeis et 

al., 2008b).  

 

Primary progressive MS patients display increasing numbers of cortical lesions 

as their disease course advances.  This increase in cortical lesion load may 

serve as a contributing factor in grey matter atrophy as well as clinical disability 

(Calabrese et al., 2009).  However, relapsing-remitting patients in early disease 

stages begin to show grey matter pathology to a higher extent than would be 

predicted by the minimal lesion load present at that point in time (Inglese et al., 

2004), suggesting that factors in addition to lesion number are determinants of 

the extent of disability.  This is consistent with observations in white matter which 

indicate that lesion load does not always predict clinical outcome.  Cortical 

demyelination is also associated with progressive disease, with lesions in cortex, 
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hypothalamus and hippocampus correlated with disability levels (Geurts and 

Barkhof, 2008). 

 

Another element in disease diagnosis and pathology which may provide a useful 

correlate of clinical outcome is atrophy of central nervous system tissue.  Brain 

atrophy is a more accurate predictor of later neurologic disability than MRI 

assessment.  Additionally, spinal cord atrophy can serve as a predictor of 

physical disability in patients.  These correlations hold true even in patients 

receiving MS treatments (Zivadinov and Bakshi, 2004).  In early stages, grey 

matter atrophy may occur consequently to white matter atrophy, but this 

connection does not hold true in later stages where the two can progress 

independently (Fisher et al., 2008).  Measurements in grey versus white matter 

show that atrophy occurs extensively in both tissue types, and that the rate of 

atrophy increases throughout the disease course.  The extent of grey matter 

atrophy, however, has frequently been reported to be larger (Zivadinov and 

Bakshi, 2004; Fisniku et al., 2008).  When comparing different disease subtypes, 

the level of white matter atrophy remains consistent between all types.  The 

extent to which grey matter atrophy occurs over the course of the disease differs 

between disease type, and correlates well with disease scores (Fisher et al., 

2008).  For example, secondary progressive patients display more grey matter 

atrophy than do relapsing-remitting patients (Fisniku et al., 2008).  Interestingly, 

the total volume of brain grey matter shows a correlation with white matter lesion 

Atrophy 
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load, while white matter brain volume does not show this same correlation 

(Fisniku et al., 2008). 

 

The amount of whole brain atrophy also remains consistent between disease 

types as well as correlating with disability scores, and is primarily driven by grey 

matter atrophy as opposed to white matter atrophy (Fisher et al., 2008).  In 

chronic disease, grey matter pathology begins to take on greater overall 

significance (Geurts and Barkhof, 2008).  In relapsing-remitting patients, whole 

brain atrophy is a predictor of later disease course but can still be ameliorated by 

treatment with anti-inflammatory agents at early stages (Fisher et al., 2008). 

 

What are the models in use for MS research? 

A critical element in the investigation of any human disease or physiological 

process is the development of a model system in which these occurrences can 

be researched in a careful, thorough and controlled manner.  This also allows for 

the translation of information obtained through the study of animal models into 

potential therapies for human patients.  What are the models in current use which 

allow for the study of MS? 

 

The primary animal model of MS is Experimental Allergic Encephalomyelitis 

(EAE).  Several virally-induced models have alternately been used to study MS, 
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which also lead to an inflammatory demyelinating disease, including Theiler’s 

murine encephalomyelitis virus (TMEV) and mouse hepatitis virus (Baumann and 

Pham-Dinh, 2001).  These models do not replicate MS symptoms as completely 

as the EAE model and will not be reviewed here.  EAE can be induced in rodents 

and other mammals by the introduction of CNS tissue homogenate or specific 

peptide antigens.  Many of these antigens have been chosen as a result of 

autoimmune antibodies to these proteins having been found in human disease.  

EAE is commonly induced by the subcutaneous injection of the desired peptide 

or tissue homogenate in suspension conjointly with the mineral oil-based 

Freund’s adjuvant.  This leads to the rapid development of clinical symptoms in a 

short time period, often 10 to 14 days, after a single injection (Gold et al., 2006) 

 

EAE is a disease which can present in multiple clinical forms.  This variability is 

linked both to the antigen used for disease induction as well as to the species 

and/or strain of animal in which induction is performed.  In this way, researchers 

have access to a model system for demyelinating disease and MS which can 

mimic different pathological aspects or clinical courses of human disease.  

Interestingly, subtle differences in clinical presentation can be observed with 

antigens produced by different facilities (Olechowski et al., 2009), further 

supporting the concept that the EAE model has the potential for broad variability 

and can reflect the complex etiology and the multiple contributing pathological 

factors observed in human MS patients. 
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Animals induced with EAE develop a variety of neurological symptoms, often 

within the first 10-14 days after disease induction.  In rodents, the first sign of 

disease begins with limpness of the tail, followed by a gradually worsening 

weakness and then paralysis of the hind limbs.  Eventually, the animal will 

experience paralysis in the front quarters, with severe disease forms resulting in 

an eventual moribund state or death.  Examination of CNS tissue reveals 

variable numbers and extents of inflammatory and demyelinating lesions, axonal 

degeneration and loss, and infiltration of immune cells (reviewed in (Pender, 

1987; Gold et al., 2006; Emerson et al., 2009)).  Mice in the EAE model also 

experience pain responses, consistent with pain reported by MS patients, with 

mice experiencing both cold and tactile allodynia.  These symptoms occur 

independently of symptom severity, and are initiated early in the disease course 

(Olechowski et al., 2009). 

 

Many of the peptide antigens used for the induction of EAE are obtained from the 

myelin proteins described previously (reviewed in (Kuerten and Angelov, 2008)).  

EAE induced by the PLP139-151 peptide in SJL/J mice leads to a chronic-relapsing 

disease course.  The MOG35-55 peptide used to induce EAE in Lewis rats 

(Adelmann et al., 1995) or C57BL/6 mice leads to a severe and chronic disease 

(Bernard et al., 1997).  In NOD/Lt mice, however, MOG35-55 produces a relapsing-

remitting disease course (Slavin et al., 1998).  The MP4 protein, a fusion protein 
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with components of MBP and PLP, when used as an antigen in C57BL/6 mice 

also produces a severe, chronic disease course.  A variety of PLP epitopes lead 

to a mild, transient disease form, with one exception being the severe disease 

induced by the peptide PLP178-191 (Kuerten and Angelov, 2008).  Similarly to this 

widespread resistance to PLP-induced EAE, many strains show resistance to 

MBP-induced EAE, with strains such as B10.PL and PL/J showing more 

susceptibility in contrast (Kuerten and Angelov, 2008).  Interestingly, EAE can 

also be induced using axonal antigens.  Contactin-2/TAG-1, expressed at the 

juxtaparanode by axons, was identified as an antigen in human MS and TAG-1-

specific T cells can be used to induce a form of EAE that primarily afflicts the 

cortex and spinal cord grey matter (Derfuss et al., 2009).  Immunization with 

mouse neurofilament light chain (NF-L), a component of the neuronal 

cytoskeleton, also induces a EAE-like disease with high amounts of axonal 

pathology and grey matter damage (Huizinga et al., 2008).  

 

A comprehensive evaluation of the different EAE models in use in the current 

literature will not be undertaken here, but some examples are presented in order 

to convey the distinct models which are available to researchers.  Specific EAE 

models can reflect a relapsing-remitting course of disease, an acute course of 

disease to reflect events in the early stages of MS onset, or a chronic course of 

disease to allow for the investigation of progressive forms of MS. 
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The C57BL/6 mouse is one of the most common mouse strains used in research, 

being one of the primary strains onto which ‘knockout’ or null mice, along with 

other transgenic modifications, are bred.  This makes C57BL/6 mice particularly 

valuable for use in disease models for the investigation of the effect of precise 

genetic changes on clinical outcome and other factors.  Induction of EAE using 

the MOG35-55 peptide results in a rapid onset, non-remitting disease course which 

results in extensive disability and inflammation (Bernard et al., 1997; Kuerten and 

Angelov, 2008).  The predominant site of pathological changes in MOG-EAE is in 

the spinal cord, which exhibits lesions of inflammation and axonal loss with a 

lesser amount of demyelination.  Remyelination is not observed to any significant 

degree (Bernard et al., 1997; Jones et al., 2008).  The optic nerve also displays 

demyelination and inflammation (Bernard et al., 1997). 

 

In Biozzi mice, induction of EAE with spinal cord homogenate results in a model 

of secondary progressive MS, which begins as a relapsing-remitting disease and 

is then followed by progressive chronic disability.  These mice display worsening 

levels of clinical disability, increases in numbers of reactive astrocytes and glial 

cells, axonal loss, demyelination and remyelination (Hampton et al., 2008).  

Induction of EAE in SJL/J mice using MBP also produces a relapsing-remitting 

disease with severe lesions that display extensive Wallerian degeneration but 

little remyelination(Dal Canto et al., 1995). 
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Axonal degeneration 

Two critical elements in understanding the pathogenesis of MS are the 

processes of axonal damage and degeneration.  Loss of axons is a key factor 

that underlies the development of non-remitting, long-term disability in patients, 

but no current therapy is effective in the prevention of axonal damage (Trapp et 

al., 1998; Black et al., 2007a).  How does axonal loss present in patients?  What 

is the relationship between axonal loss, inflammation and demyelination? 

 

Axonal damage begins early in the disease course in the MS lesion, perilesion 

and NAWM.  This may present in a variety of ways such as transection of axons, 

axon swelling, accumulation of neurofilaments or loss of axons (Trapp et al., 

1998; Bjartmar et al., 1999).  More axonal loss occurs within the lesion than in 

other areas (Herrero-Herranz et al., 2008).  Axonal loss is most pronounced in 

patients with higher disability scores as well as in older lesion sites (Silber and 

Sharief, 1999; Bitsch et al., 2000).  However, fiber density does not show a 

strong correlation with disease duration, suggesting that neuronal loss and 

atrophy can occur at any time point during the disease course, not only with 

advanced disease (Ganter et al., 1999). 

Occurrence of axonal loss 

 

Early damage becomes evident when patients present with optic neuritis afflicting 

the optic nerve and, soon after, other myelinated CNS tissues.  This is reflected 
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in the EAE model, in which optic nerve degeneration and concurrent deficits in in 

visual function begin within the first week following disease induction, suggesting 

similar time courses of axonal damage and demyelination as compared to human 

patients (Hobom et al., 2004; Brown and Sawchenko, 2007).  MS optic nerve and 

optic tract both display reductions in total cross sectional area as well as in the 

total number of axons present (Evangelou et al., 2001). 

 

Aside from the optic nerve, the corticospinal tract is one of the first sites to 

display progressive damage, and is a major contributor to disability.  

Degeneration of the corticospinal tract along with degeneration of the sensory 

tract is observed in multiple degenerative diseases, such as sub-acute combined 

degeneration of the spinal cord, Strumpell’s familial spastic paraplegia and 

Friedreich's ataxia (DeLuca et al., 2004).  In MS, neither tract shows a correlation 

of axonal loss with lesion load, which is true for both active and chronic lesions 

(DeLuca et al., 2006). 

 

Mechanisms of injury may also differ in early versus late stages of MS, leading to 

a need for the investigation of axonal loss in both short and long term animal 

models.  The extent of axonal loss and demyelination also differs between 

disease subtypes, including between primary and secondary progressive forms 

(Tallantyre et al., 2009).  In secondary progressive MS, spinal cord demyelination 

is more extensive, while loss of axons in demyelinated regions is more extensive 
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in primary progressive patients (Tallantyre et al., 2009).  Primary progressive MS 

patients show large amounts of spinal cord pathology, with axonal loss as high 

as 68% in some regions (Wujek et al., 2002).  The most extensive spinal cord 

damage, observed in both white matter and grey matter equally, is at the cervical 

level (Bjartmar et al., 2000).  Interestingly, reductions in spinal cord area and 

fibre density differ between genders at different levels of the spinal cord during 

MS.  Both male and female patients have deficits apparent at thoracic levels, 

while only male patients showed additional pathology at cervical levels (Ganter et 

al., 1999).  This gender difference is consistent with the increased likelihood that 

males will suffer from a more advanced disease course than females. 

 

Damage to axons is not uniform between all nerves present in a given region of 

nervous tissue, but can differentially affect fibers of varying sizes, with small 

caliber myelinated axons typically more vulnerable than large axons.  This 

preferential damage was observed in small axons of the lateral geniculate 

nucleus, spinal cord, and all regions of the corticospinal tract (Ganter et al., 1999; 

Evangelou et al., 2001; DeLuca et al., 2006).  Small caliber fiber losses begin at 

early time points in disease (Papadopoulos et al., 2006).  These observations 

require more detailed investigation as well as the mention of some caveats, 

however.  Focal demyelination can lead to localized reductions in axon caliber 

(Bjartmar et al., 1999).  Smaller axons may be more challenging to visualize 

consistently due to differential staining, and edema and swelling of damaged 

axons may result in normally small diameter axons appearing to be larger, 
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skewing the distribution of fibers between groups.  It is possible that preferential 

damage to different axon calibers is based on some property of the large versus 

small axon.  For example, a large axon may have a higher capability for repair 

due to its size and a larger number of available resources, as well as protection 

from a thicker myelin sheath (Evangelou et al., 2001; Papadopoulos et al., 2006).   

 

In normal tissue, there is a reciprocal interaction between axons and myelin, with 

axons providing factors important for the maintenance of the myelin sheath as 

well as the proliferation and differentiation of the myelinating glia and the myelin 

sheath contributing to axonal structure and function.  What is the connection 

between axonal loss and demyelination, and what role does inflammation play in 

these processes?  It had been postulated that axonal loss occurs as a secondary 

effect consequent to demyelination.  This viewpoint was shown to be incomplete 

after the observation of axonal loss in regions of MS lesions not undergoing 

demyelination.  Some investigators have now begun to propose that axonal 

assault may precipitate subsequent immune responses leading to the loss of 

myelinating glia and subsequent demyelination.  The interconnection of 

neurodegeneration, inflammation and demyelination thus offers an interesting 

subject of investigation.   

Inflammation, demyelination and axonal degeneration 
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In MOG-EAE, axonal loss predates the onset of clinical symptoms by several 

days, at a time when inflammation and demyelination are still low (Papadopoulos 

et al., 2006).  This early loss of axons may amount to only ~10% of normal levels, 

eventually reaching as high as 50-60% in severely affected regions even after 

clinical scores recover (Brown and Sawchenko, 2007; Jones et al., 2008).  Early 

infiltration of T cells not sufficient to lead to significant inflammation may be 

associated with this early damage to axons, as both phenomena continue to 

increase throughout the course of disease (Wang et al., 2005).  Axonal loss also 

increases noticeably at a time point coincident with the infiltration of OX-42-

positive microglia and the development of demyelination (Papadopoulos et al., 

2006). 

 

The timing of damage to axons as compared to inflammation may also differ 

when considering different disease models.  In the experimental allergic neuritis 

model (EAN), inflammation may mediate axonal loss with inflammation occurring 

first, followed quickly by demyelination and loss of retinal ganglion cells as a late 

event (Shindler et al., 2008).  A study of optic pathology in EAE, in contrast, has 

found loss occurring independently of inflammation, with retinal ganglion cell 

damage occurring as a result of apoptosis and at the same time as visual 

impairment begins (Hobom et al., 2004). 
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A study of relapsing-remitting EAE in Biozzi mice demonstrated that loss of 

axons occurs independently of demyelination, appearing before the onset of 

substantial levels of demyelination, and that this loss of axons persists through 

relapses (Jackson et al., 2009).  Early attacks of active disease do show high 

correlations between the extent of spinal cord inflammation and clinical score, 

before significant levels of axonal loss occur.  In chronic stages, inflammation is 

reduced and no longer correlates with clinical score, which now shows a 

correlation with the extent of axonal loss in the spinal cord (Wujek et al., 2002).  

Ultimately, animals experiencing a higher total number of relapses and a higher 

cumulative clinical score also displayed more extensive axonal loss once 

relapses had ceased and animals had entered a chronic disease stage, reaching 

up to 66% loss of axons (Wujek et al., 2002; Papadopoulos et al., 2006; Jackson 

et al., 2009).  Additionally, the location of demyelinated areas changed during the 

course of relapses, with early demyelination observed in lumbar regions of the 

spinal cord, and later stages showing demyelination increasing in the cervical 

spinal cord (Jackson et al., 2009). 

 

Different immune effector cells may play a significant role in the processes of 

axonal damage and loss.  Hypertrophy of astrocytes precedes the onset of 

significant levels of inflammation, and can be seen in regions in addition to those 

experiencing axonal damage, potentially implicating these cells in early 

pathological stages (Wang et al., 2005).  The numbers of inflammatory cells, 

such as T cells and microglia, show increases by the first week after induction of 
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EAE and before visible signs of disease, peaking in number at approximately the 

same time at which clinical symptoms initiate (Brown and Sawchenko, 2007).  At 

the onset of inflammation, the numbers of infiltrating immune cells correlate with 

the size of the lesion and the total extent of inflammation (Ayers et al., 2004). 

Other factors not directly related to inflammation or demyelination may also play 

a role in neurodegeneration.  Edema can contribute to axonal damage via 

increases in extracellular pressure which can disrupt blood flow and promote 

hypoxic/ischemic injury (Bjartmar et al., 1999). 

 

Ultimately, although axonal loss is known to underlie the development of non-

remitting clinical deficits, the point at which this irreversible damage occurs is 

unclear.  The amount of axon loss required to result in permanent motor deficits 

is not known (Jackson et al., 2009).  It has been theorized that there is a 

threshold level of axonal damage after which compensatory mechanisms fail and 

damage is no longer reversible (Wujek et al., 2002).  Interestingly, many more 

progressive MS patients display spinal cord pathology as compared to patients 

experiencing clinical remissions, raising the question of whether the spinal cord is 

less receptive to regenerative processes.  Further studies are required to 

determine the amount of damage sustainable by the central nervous system, as 

well as specific sites or types of tissue which are more or less susceptible to non-

remitting damage.   

 



 

74 
 

What molecular markers exhibit altered expression during MS? 

A variety of different molecular markers and conditions have been shown to 

change during the course of MS.  Some of these offer valuable tools for the 

diagnosis of patients or as means by which a prognosis for clinical outcome can 

be determined. 

 

N-acetyl aspartate (NAA) has been shown to be useful marker for the 

measurement of the extent of axonal loss in patients due to its sensitivity as well 

as by offering a non-invasive means of detecting axonal loss.  NAA is the second 

most abundant amino acid in the CNS, second only to glutamate.  It is normally 

found within neurons and neuronal processes and has a high concentration in 

the cytoplasm.  In spinal cord of chronic MS patients, NAA levels are reduced by 

approximately one-half, in myelinated and demyelinated axons.  This reduction 

also correlates with the extent of axonal loss (Bjartmar et al., 2000). 

NAA 

 

Another marker of axonal damage is amyloid precursor protein (APP), which is 

normally expressed in neurons.  Cleavage of APP is responsible for the 

generation of β-amyloid deposits in Alzheimer’s patients.  Normally, APP 

undergoes fast retrograde axonal transport, and it has been proposed that 

APP 
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deposition of APP in regions of pathology is a result of a failure of transportation 

(Bechtold and Smith, 2005a; Hassen et al., 2008).  

 

Increases in APP expression begin early in the disease course in MOG-EAE, first 

and most intensely in the lesion and to a lesser extent in other regions (Herrero-

Herranz et al., 2008).  Periplaque WM from early MS tissue also shows higher 

APP expression (Bitsch et al., 2000).  APP accumulates within active lesions and 

at the borders of lesions.  Chronic-active lesions display decreases in APP 

staining in central regions of the plaque, while almost no APP is found in chronic 

lesions potentially due to more extensive loss of axons (Ferguson et al., 1997).  

In subacute lesions, the APP signal is reduced, with clusters of APP-positive 

astrocytes observed in clusters at the lesion periphery.  Chronic plaques also 

show dense networks of APP-positive astrocytic processes (Gehrmann et al., 

1995). 

 

APP expression is rapidly induced by microglia, astrocytes and oligodendrocytes 

in response to injury.  Its induction correlates with disease signs, and is likely an 

acute stress reaction, similar to expression of heat shock proteins.  In MS tissue, 

APP is found expressed at increased levels in perivascular regions, including the 

vascular wall, epithelia, lymphocytes, and resident microglia.  In white matter, 

APP-positive glial cells are oriented in short rows along long fibres (possibly 

expressed by oligodendrocytess).  APP-positive lymphocytes, reactive 
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astrocytes, foamy macrophages and microglia are also observed in MS lesions  

(Gehrmann et al., 1995).  Finally, APP expression is also observed in 

perivascular regions (Aboul-Enein et al., 2006). 

 

Neurofilaments are intermediate filaments which form an abundant part of the 

axonal cytoskeleton, composed of heavy, medium and light subunits.  The 

number of neurofilaments as well as their phosphorylation state is a key 

determining factor in axonal caliber as well as, consequently, conduction velocity.  

Myelinated axons have a higher proportion of phosphorylated neurofilament, 

whereas damaged or dysmyelinated axons display a higher complement of non-

phosphorylated neurofilaments (reviewed in (Silber and Sharief, 1999)).  

Normally, phosphorylation of neurofilaments promotes stability of axons and 

larger axon caliber and increases conduction velocity as well as promoting 

processes such as axon guidance and regeneration (Silber and Sharief, 1999; 

Perrot et al., 2008; Shea and Chan, 2008).   

Neurofilaments 

 

Regions of damage show gradual declines in the amount of phosphorylated 

neurofilaments present with a proportional increase in non-phosphorylated 

neurofilaments.  Axons containing phosphorylated neurofilaments are more likely 

to retain intact myelin while axons expressing non-phosphorylated 

neurofilaments display either thin or absent myelin sheaths (Herrero-Herranz et 
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al., 2008).  MS patients also display increased levels of neurofilament light chain 

(NF-L).   This correlates with disability level but not with disease duration, as well 

as having a higher rate of occurrence in patients who have experienced recent 

relapses (Norgren et al., 2004). 

 

Numerous studies have investigated the potential role of nitric oxide (NO) in MS 

pathology.  Normally, neurons synthesize NO and exist in an environment 

containing an extracellular NO concentration of approximately 33 nM.  Under 

pathological conditions, however, activated microglia and astrocytes can 

synthesize micromolar concentrations of NO (Bishop et al., 2009).  High levels of 

NO can be toxic due to its ability to form damaging reactive oxygen species 

(ROS), including peroxynitrite.  MS patients show elevated levels of nitrates and 

nitrites, downstream products of NO, in the cerebrospinal fluid (Garthwaite et al., 

2002).  NO metabolites can also be measured at increased levels in 

hippocampus in EAE (Sajad et al., 2009).  NO can function as a vasodilator 

which is able to increase blood-brain barrier (BBB) permeability (Wu and Tsirka, 

2009).  Importantly, exposure to NO can lead to conduction block, particularly in 

electrically active nerves and demyelinated axons (Kapoor et al., 2003; Smith, 

2007). 

Nitric oxide and NO synthases 
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Neurons, astrocytes and oligodendrocytes do not share similar sensitivity to NO 

release.  Neuronal damage occurrs even at low levels of NO.  Oligodendrocytes, 

on the other hand, are more resistant to NO-mediated damage, potentially due to 

the release of an unidentified secreted factor which can protect neurons in co-

culture systems (Garthwaite et al., 2002; Bishop et al., 2009).  Addition of NO to 

an in vitro system leads to white matter pathology and axonal damage to an 

extent which is relative to the rate of NO addition (Garthwaite et al., 2002).  

These data imply that the mechanism of NO action and damage mediation occur 

at the axon. 

 

NO is synthesized by NO synthase (NOS), with three major isoforms present in 

the CNS: endothelial NOS (eNOS), inducible NOS (iNOS), and neuronal NOS 

(nNOS).  Studies of the effects of NOS inhibitors in disease have produced 

conflicting results.  In grey matter ischemia, all three forms of NOS play a role, 

with eNOS serving as a protective agent and nNOS and iNOS both having 

deleterious effects (Garthwaite et al., 2002).  eNOS can be produced by 

astrocytes and endothelial cells.  eNOS-deficient mice induced with MOG-EAE 

display delayed symptom onset, but symptoms ultimately become more severe, 

demyelination is more extensive, and microglial activation and infiltration are 

increased.  In this way, eNOS expression may promote damage in early stages 

while promoting recovery in late stages (Wu and Tsirka, 2009).  iNOS expression 

in macrophages during EAE correlates with acute axonal injury, with iNOS-

expressing macrophages located in close proximity to injured axons.  In contrast, 
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uninjured axons were only in proximity to iNOS-cells.  In accordance with these 

data, perivascular regions of inflamed vessels showed increased levels of 

nitrotyrosine, a marker for peroxynitrite attack (Aboul-Enein et al., 2006). 

 

Glial fibrillary acidic protein (GFAP), an intermediate filament expressed by 

astrocytes, can be used as a marker for astrogliosis.  GFAP-positive astroglia in 

EAE and MS are reactive astrocytes which are larger than their non-activated, 

stellar counterparts.  In normal spinal cord, GFAP-positive cells have long radial 

processes, and stellate cells are predominantly seen in grey matter (Bannerman 

et al., 2007).  GFAP levels in MS patients are increased, particularly in those with 

progressive disease (Norgren et al., 2004).  Chronic lesions also show specific 

increases in GFAP expression (Bjartmar et al., 2000).  This change in expression 

correlates with patient disability, but not with disease duration (Norgren et al., 

2004).  In the EAE model, regions containing active inflammation at the onset of 

clinical symptoms contain GFAP-positive astrocytes which are undergoing 

activation and beginning to re-enter the cell cycle to become multipolar 

astrocytes (Bannerman et al., 2007). 

GFAP 

 

Activated astroglia are capable of producing pro-inflammatory cytokines to 

contribute to T cell activation and cytokines to promote survival of 

oligodendrocytes (Bannerman et al., 2007).  Increased activation of astrocytes is 
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more extensive in grey matter as compared to white matter (Wu et al., 2008).  

Depletion of reactive astrocytes leads to a reduction in oligodendrocyte survival 

and decreases in regeneration in CNS injury models.  At the same time, reactive 

astrocytes also produce hyaluronan, which can accumulate and serve as an 

inhibitor of oligodendrocyte differentiation, suggesting that astrocytes can play a 

dual role in oligodendrocyte survival and proliferation (Bannerman et al., 2007).  

Additionally, in normal tissue, oligodendrocyte precursor cells are transported to 

their final positions along the processes of radial glia, so the loss of radial glia in 

lesions after activation and transformation into activated multipolar cells may also 

serve to inhibit accumulation of oligodendroglial cells due to impairments in 

trafficking (Bannerman et al., 2007).  

 

What evidence implicates voltage-gated sodium channels in MS 
pathology? 

Studies of demyelination provided early indications that sodium channel function 

may be involved in the pathogenesis of demyelinating disease.  It had been 

observed that, during episodes of myelin loss, remissions and partial recovery of 

function could occur even before the completion of remyelination, implying that 

restoration of conduction is not exclusively reliant on the presence of an intact 

myelin sheath.  Additionally, axons which had undergone demyelination were not 

initially able to overcome conduction block, but were capable of acquiring this 

ability over time (Black et al., 1991).  What property or process formed the 

molecular basis of this recovery? 
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Changes in sodium channel distribution – chemical and genetic models 

Demyelination induced chemically by injection of lysolecithin, although not a 

model of MS, will eventually lead to spontaneous remyelination.  Studies in rabbit 

sciatic nerve showed significant increases in the total amount of saxitoxin bound 

after remyelination had occurred.  This was determined to not be exclusively a 

reorganization of channels already present, but also included synthesis of new 

channels (Ritchie et al., 1981).  Soon after myelin damage occurs subsequent to 

the injection of lysolecithin, macrophages infiltrate to remove myelin debris and 

glial cells begin to proliferate.  Foci of channels (heminodes) are observed at the 

edges of the Schwann cells which are initiating remyelination, with these foci 

eventually fusing to create nascent nodes.  This clustering process is inhibited by 

blocking Schwann cell proliferation (Dugandzija-Novakovic et al., 1995).  Similar 

results were seen in ethidium bromide induced demyelination (another model of 

demyelination which does not model MS), which damages oligodendrocytes and 

astrocytes and, when coupled with irradiation, can prevent the return of glial cells 

to the site of injury.  It was observed that, where glial cells associate with the 

axon, the axolemma develops a dense coating which was proposed to be sodium 

channels forming nascent nodal regions.  When remyelination was initiated, high 

levels of channels were observed throughout the length of the axonal region, and 

were gradually excluded from the internodes into clusters at nodes of Ranvier as 

the myelin sheath reformed (Black et al., 1991). 
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Genetic models of demyelination and dysmyelination further supported these 

early observations.  Axons in the shiverer mouse are hypomyelinated due to a 

mutation in the gene encoding myelin basic protein (MBP), resulting in many 

nonmyelinated axons and a tremor/seizure phenotype (Westenbroek et al., 

1992a).  Saxitoxin binding studies revealed significant increases in channel 

expression in shiverer brain white matter, with less extensive increases seen in 

grey matter.  Importantly, in regions normally lacking myelin, there was little 

difference observed between shiverer mice and their wild type counterparts, 

suggesting that changes in sodium channel expression are directly related to the 

process of myelin loss and not simply to the absence of myelin (Noebels et al., 

1991).  Studies of specific alterations in the expression of Nav1.1, Nav1.2 and 

Nav1.3 in shiverer mice demonstrated preferential increases in Nav1.2 in many 

hypomyelinated regions without concomitant increases in the other subtypes.  

These changes were specific to the axon, and not observed in astrocytes or 

oligodendrocytes (Westenbroek et al., 1992a). 

 

The heterozygotic Plp/- mouse is a genetic model of adult-onset demyelination, 

with normal myelination and sodium channel clustering at nodes of Ranvier 

observed in early development.  Myelin pathology develops by 3 months of age 

with complete myelin loss after 7 months.   Demyelinated axons display diffuse 

immunostaining for Nav1.2 and loss of normal nodal Nav1.6 clusters, with 

increases in protein expression levels of Nav1.2 (Rasband et al., 2003).  This 
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demonstrates that loss of myelin can lead not just to changes in sodium channel 

localization but also to changes in sodium channel protein translation. 

 

Peripheral myelin in the md rat forms normally, but these animals lack CNS 

myelin entirely due to a mutation in the proteolipid protein (Plp) gene.  Axons are 

ensheathed by oligodendrocytes but compact myelin does not form correctly.  md 

rats experience seizures and die by P24-P28.  Studies comparing the relative 

levels of Nav1.1, Nav1.2 and Nav1.3 in hippocampus, DRG neurons, cerebellum 

and spinal cord showed high levels of Nav1.2, followed by Nav1.1, but no cell-

specific pattern changes were seen and differences from control animals were 

not significant (Felts et al., 1995).  Later studies determined that nodal 

components including sodium channels, ankyrin G and tenascin-R were retained 

correctly, but aberrant paranodal formation resulted in mislocalization of the 

juxtaparanodal proteins Kv1.1 and Kv1.2 into the paranode.  Additionally, the 

paranodal proteins Caspr/contactin/NF155 were not confined to the normal tight 

paranodal structure but exhibited diffuse staining patterns instead.  Nodes of 

Ranvier and axon initial segments still correctly expressed predominantly Nav1.6, 

with some abnormal expression in these subdomains of Nav1.2 and Nav1.8 

(Arroyo et al., 2002).  In optic nerve and spinal cord, unmyelinated axons conduct 

action potentials at a slower conduction velocity.  Interestingly, in optic nerve 

from md rats, saxitoxin binding experiments did not show changes in total 

numbers of channels present even in the absence of properly-formed compact 

myelin (Utzschneider et al., 1993).  These studies support the importance of the 



 

84 
 

correct formation of compact myelin in normal localization of sodium channels as 

well as node and AIS formation. 

 

Sodium channel function in ion conductance is also important in the process of 

normal myelination.  In an in vitro system using dissociated neuronal and glial 

cells derived from embryonic OF1 mouse pups, inhibition of channel function by 

application of tetrodotoxin decreased the extent of myelin formation, most 

significantly when tetrodotoxin was applied before the onset of myelination.  

Conversely, the application of α-scorpion toxin to force channel opening and slow 

inactivation led to increases in the amount of myelin formed (Demerens et al., 

1996).   

 

Evidence from sodium channel blockade 

Another important source of evidence implicating sodium channels in the 

pathogenesis of demyelinating disease comes from studies involving sodium 

channel blocking agents in MS and EAE as well as models of hypoxia, ischemia 

and anoxia.   Multiple studies have now approached the question of sodium 

channel involvement in demyelination and nervous system damage through an 

examination of the effect of pharmacological sodium channel blocking agents 

(Table 1.1).  These include the neurotoxins saxitoxin and tetrodotoxin as well as 

local anaesthetics, type 1 anti-arrhythmics, and other compounds. 
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Models of anoxia have offered several intriguing observations regarding sodium 

channels, energy depletion and white matter damage.  Anoxic tissue retains 

blood supply but is deprived of oxygen.  Ischemia, in contrast, is generally a 

result of disruption of blood flow, such as that observed in stroke (Stys et al., 

1992a).  White matter and grey matter tissue tracts are both susceptible to 

damage by anoxia and ischemia, but the mechanisms of damage are different, 

and white matter is more resistant to insult than grey matter (Stys et al., 1992a). 

 

Studies have been performed in in vitro anoxic nerves to assess the effect of 

sodium channel blockade on injury during anoxia (Stys et al., 1992a).  

Concentrations of saxitoxin and tetrodotoxin were used which were below that 

leading to full channel blockade and which did not impair compound action 

potential (CAP) area in controls.  Application of either neurotoxin was protective 

against anoxia-induced damage, leading to higher CAP areas.  Reductions in 

channel activity can thus have a beneficial effect during anoxic injury.     

 

Hypoxia can lead to neuronal death either via necrosis after the interruption of 

normal blood flow, or via apoptosis if oxygen levels are altered.  After the onset 

of hypoxia, potassium ions exit the neuron and calcium and sodium ions enter.  

Sodium channel blockade with tetrodotoxin in a model of hypoxia using cortical 

neurons reduces the extent of apoptosis, thus improving neuronal survival.  This 

can also be observed via a reduction of the extent of caspase-3 activity visible 
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after tetrodotoxin application (Banasiak et al., 2004).  Activation of sodium 

channels with veratridine in a model of anoxia to increase sodium permeability 

led to a reduction in CAP area which was more extensive during anoxia than in 

non-anoxic conditions (Stys et al., 1992a).  Application of veratridine in a 

separate study also resulted in intra-axonal increases in sodium concentration 

and cell damage consistent with damage observed in hypoxia (Banasiak et al., 

2004).  These data implicate sodium channel activity in hypoxia-mediated 

damage as well. 

 

The sodium channel blocking agent phenytoin is commonly used as an anti-

epileptic drug and also possesses additional analgesic effects.  It is able to block 

persistent sodium current and high-frequency firing in axons without interfering 

with the properties of individual action potentials.  The action of phenytoin is not 

limited to voltage-gated sodium channels, but also blocks voltage-gated calcium 

and potassium channels at higher doses (Lo et al., 2003).  Additionally, 

phenytoin may increase vascular permeability, decrease toxicity of natural killer 

cells and suppress immune function (Black et al., 2007b).  Treatment with 

phenytoin protects optic nerve axons from degeneration as well as reducing the 

severity of clinical symptoms in EAE (Lo et al., 2002).  Similar protective effects 

were subsequently observed with spinal cord axons, with concurrent 

improvement in clinical outcome and retention of CAP area (Lo et al., 2003).  In 

longer-term studies involving both chronic and relapsing-remitting models of 

EAE, phenytoin was again shown to have a neuroprotective effect as well as 
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contributing to a decrease in the amount of inflammatory infiltrate (Black et al., 

2006b). 

 

Further support for the theory of neuroprotection conferred by channel blockade 

comes from studies performed utilizing the anti-arrhythmic drug flecainide in a 

chronic-relapsing model of EAE.  Flecainide is a class Ic anti-arrhythmic which 

shows state-dependent channel blockade.  It binds to the local anaesthetic 

binding site preferentially during the open state, and drug binding may also be 

stabilized by the inactivation gate after binding.  Flecainide is also able to block 

persistent late current (Wang et al., 2003).  Flecainide administration protected 

axons from degeneration, reduced demyelination, and increased CAP area.  The 

amount of protection conferred by flecainide treatment was more extensive when 

administered prior to EAE induction rather than coincident with symptom onset.  

The effect of flecainide was most evident during relapses or persistent symptom 

phases, as well as resulting in a decrease in the terminal disability score after the 

series of relapses had concluded (Bechtold et al., 2004).  Flecainide is also 

protective against conduction block in an in vitro system of NO exposure, 

displaying protection against conduction block even at low concentrations 

(Kapoor et al., 2003). 

 

Application of sodium channel blockers also offers therapeutic potential in other 

models of neurological insult or damage, supporting the idea that there is a 
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common mechanism of injury implicating sodium channels in neuronal damage.  

Treatment with phenytoin in a model of spinal cord injury effectively protects 

cellular ultrastructure, reduces edema, and inhibits lipid peroxidation as well as 

protecting axons and promoting functional recovery (Hains et al., 2004; 

Kaptanoglu et al., 2005b).  In a model of glaucoma, phenytoin was also 

protective, with treatment leading to a reduction in loss of retinal ganglion cells 

and protection of optic nerve axons (Hains and Waxman, 2005). 

 

Interestingly, sodium channel blockade may have differing effects in different 

EAE models, suggesting that the pathway by which channels are involved in 

pathogenesis may be complex and involve multiple factors beyond ion 

conductance.  In a relapsing-remitting model of MS using the dark agouti rat, 

treatment with lamotrigine did not have an ameliorative effect on clinical 

symptoms or disease course.  However, a small improvement was observed in 

the extent of pathology remaining at the end of the disease term (Bechtold et al., 

2006). 

 

As a result of the ameliorative effects on clinical symptoms and protection 

against axonal loss and damage, sodium channel blockers have consequently 

been proposed as potential therapeutic agents.  An important cautionary note 

comes, however, from a study using either phenytoin or carbamazepine in the 

EAE model.  These compounds were administered as in previous studies, 
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resulting in the same beneficial effects, and then withdrawn.  Almost immediately 

after treatment was discontinued, animals experienced significant exacerbation 

of symptoms and rapid death, along with increases in inflammatory infiltrates.  

These negative effects were more pronounced with administration and 

withdrawal of phenytoin as opposed to carbamazepine (Black et al., 2007b).  

This study points to the need for a more complete understanding of the molecular 

mechanisms underlying MS and EAE, and the role of sodium channels in these 

processes, in order to develop therapeutics which can be more precisely targeted 

in order to avoid harmful side effects. 

 

A second important consideration in the use of channel blockers in MS patients is 

their potential effect in unmasking previously silent negative symptoms.  The anti-

arrhythmic lidocaine, a short-term state-dependent channel blocker, binds to an 

intramembrane site which is made accessible upon channel opening.  

Consequently, lidocaine binding is high when channels are open or inactivated 

and the membrane is depolarized.  This makes lidocaine an effective agent for 

binding channels which fire at high frequency, such as those found distributed 

diffusely along demyelinated axons.  It is these demyelinated regions and others 

experiencing conduction block which contribute to the development of negative 

symptoms in MS patients.  Lidocaine is effective in the treatment of positive 

paroxysmal symptoms, as is its derivative mexiletine (Sakurai and Kanazawa, 

1999).  Lidocaine is also effective in amelioration of conduction block after spinal 

cord treatment with NO (Kapoor et al., 2003).  However, due to this beneficial 
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effect in regards to conduction block, treatment with lidocaine can unmask 

previously silent negative symptoms, and dosages need to be carefully 

monitored in order to be able to treat positive symptoms with lower doses without 

provoking negative symptoms at higher doses (Sakurai and Kanazawa, 1999).  

Lamotrigine and other channel blockers have also been implicated in this 

uncovering of previously silent lesions (Bechtold et al., 2006). 

 

Changes in nodal structure, channel expression and localization in EAE 

Consequent to the previously-described lines of evidence, extensive studies 

have been undertaken to look specifically at sodium channel expression and 

involvement in both MS and EAE, as well as changes to the axonal subdomains 

and structures in which channels are normally located.  These studies have 

begun to elucidate the story of an intricate pathway to nervous system damage 

and degeneration.   

 

Early saxitoxin binding experiments in MS spinal cord and brain showed retention 

of channels in neocortex and spinal cord grey matter and no increases in channel 

numbers in normal-appearing white matter in comparison to control samples.  

However, in demyelinated lesions, strong increases in saxitoxin binding were 

seen which correlated roughly with the extent of demyelination in those regions.  

These experiments did not distinguish between channels expressed in axons 

versus glia, but regions which also demonstrated extensive axonal loss did not 
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show significant increases in saxitoxin binding, suggesting these changes in 

binding capacity to be specific to axons (Moll et al., 1991).  These studies in MS 

tissue thus recapitulate earlier results seen in models of demyelination, in which 

regions of demyelination exhibit increases in sodium channel numbers. 

Multiple domains along the normally myelinated axon need to be considered 

when investigating the effect of demyelinating disease and the role of sodium 

channels.  The node of Ranvier is a crucial structure in the maintenance of 

saltatory conduction, but the smaller, compact node is also flanked by the 

paranodal and juxtaparanodal structures, each of which has an important role in 

normal conduction.  Additionally, multiple tissue sites through the CNS are 

implicated in disease pathology, each with potential differences in clinical 

presentation and molecular changes – brain, optic nerve and spinal cord. 

 

Due to the structure and molecular specialization of the node of Ranvier, 

changes in other proteins of the nodal region, and their impact on the structure of 

the nodal region, must be also examined when considering a role for sodium 

channels in demyelination.  In normal paranodes, Caspr is present and visible 

with immunofluorescent staining as small, well-defined structures, numerous in 

brain white matter and spinal cord grey matter while less numerous in spinal cord 

white matter.  In lesions, however, many demyelinated axons do not express 

Caspr or other paranodal proteins (Wolswijk and Balesar, 2003).  Lesions which 

do retain expression of paranodal proteins show diffuse distribution of Caspr, 
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Caspr2 and Kv channels without normally-formed aggregates (Coman et al., 

2006).  Demyelinated axons adjacent to lesions retain Caspr expression, often in 

elongated segments and with an increased diameter, and sometimes with a 

higher intensity of fluorescent signal directly adjacent to the node.  This has been 

suggested to be more common at the periphery of chronic lesions as opposed to 

active lesions.  It is possible that retention of Caspr may persist for a time after 

the onset of demyelination, with alterations in localization preceding complete 

loss of myelin.  Axons in regions of damage which display aberrant Caspr 

expression are also more likely to express other markers of injury such as non-

phosphorylated NF (Wolswijk and Balesar, 2003).  These alterations in paranodal 

structure are also seen in studies involving partial nerve axotomy, where lesion 

sites showed disruption of normal Caspr localization (Henry et al., 2006).   

 

During remyelination, patterns observed in normal development of nodes and 

paranodes are recapitulated.  Regions of remyelination, either complete or 

incomplete, contain clusters of nodal, paranodal and juxtaparanodal proteins 

which form before the onset of remyelination, but in incompletely remyelinated 

tissue these clusters are less compact and more elongated (Coman et al., 2006).  

Once myelin is again detectable, the length of these protein clusters decrease as 

compared to demyelinated regions, beginning to more closely resemble the small 

clusters seen in normal tissue (Coman et al., 2006).  This suggests that 

clustering of paranodal and nodal proteins begins at least at a nascent level 

before remyelination occurs, with sodium channels clustering first before Caspr, 
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such that re-formation of normal structure in nodes is followed by the paranode 

and lastly the juxtaparanode (Coman et al., 2006). 

 

Alterations in localization during MS are also observed for both neurofascin 

isoforms, NF155 and NF186.  In NAWM, both proteins are correctly expressed at 

paranodes and nodes, respectively.  In demyelinating lesions, axons retaining 

myelin display elongated or disrupted NF155 expression, while NF186 

expression is elongated in regions devoid of myelin.  Increases in NF155-positive 

regions were more apparent along damaged axons expressing non-

phosphorylated NF.  Observation of these NF155-positive regions show that 

normal nodal length is maintained but the paranodes elongate and begin to 

overlap with the juxtaparanodes and regions of Kv1.2 expression.  Regions 

undergoing severe damage displayed continuous NF155 expression extending 

through the nodal gap.  In areas where NF155 expression was absent, 

expression of sodium channels was also disrupted, suggesting that paranodal 

alterations precede changes in channel localization (Howell et al., 2006).  In 

EAN, a model of inflammatory neuropathy which displays axonal loss and 

conduction block, localization of NF186 and gliomedin are also disrupted prior to 

the onset of clinical symptoms.  Nodes with abnormal neurofascin signal also 

displayed abnormalities in expression of ankyrin G and Nav1.6 (Lonigro and 

Devaux, 2009).  These changes in paranodal proteins thus accompany the 

changes observed in sodium channels.  Proper channel function in the 

propagation of the action potential cannot be sustained in the absence of proper 
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nodal formation, and so these paranodal changes may also play a critical role in 

disease pathogenesis and progression. 

 

What changes are observed in the subcellular localization of sodium channels?  

In myelinated axons in normal adult tissue, the adult node of Ranvier contains 

tight clusters of Nav1.6 channels without detectable levels of Nav1.2.  Normally 

nonmyelinated fibers are Nav1.2-positive, while very few nonmyelinated fibers 

are Nav1.6-positive (Craner et al., 2004b).  In MS and EAE lesions, however, 

immunofluorescent examination of demyelinated axons reveals dramatic 

changes in channel localization.   Normal sodium channel clustering is mostly 

retained in unaffected and periplaque tissue, but in demyelinated regions 

channels are either found in broadened aggregates or spread diffusely along 

axons (Coman et al., 2006).  These changes are a result of specific alterations in 

both Nav1.2 and Nav1.6, which are expressed in extended and diffuse patterns 

along axons even at early disease stages (Craner et al., 2003a; Herrero-Herranz 

et al., 2007).  The number of Nav1.2-expressing axons increases progressively 

over time.  The number of Caspr-flanked nodes decrease, and the numbers of 

Nav1.6-positive nodes decrease while numbers of Nav1.2-positive nodes 

increase (Craner et al., 2003a).  Changes in Nav1.6 occur predominantly in 

axons lacking intact myelin, with myelinated axons showing little or no channel 

redistribution (Herrero-Herranz et al., 2008).  Sodium channel clustering is also 

disrupted in EAN, with reductions in immunofluorescent signal, widening of 

nodes, and diffuse localization of channels (Lonigro and Devaux, 2009).   These 
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alterations have the potential to have significant and deleterious effects on 

neuronal excitability.  Proper generation and conduction of the action potential is 

dependent on the channel composition and channel numbers at the node of 

Ranvier, and alterations in channel subtype or the shape of the channel cluster 

can impair normal conduction. 

 

Changes in channel expression also correlate with other markers of injury.  

Damaged β-APP-positive nerves are predominantly Nav1.6-positive, while only a 

small population of β-APP+ axons are Nav1.2-positive (Craner et al., 2004b; 

Herrero-Herranz et al., 2008).  Changes in chronic lesions differ from active 

lesions.  Chronic lesions contain a higher number of demyelinated axons without 

significant β-APP expression, and the β-APP which is present is not uniformly 

associated with Nav1.6.  Approximately 1/3 of axons in chronic lesions express 

Nav1.6 in non-continuous patches, while the other 2/3 do not express Nav1.6.  

Nav1.2 is generally not expressed in axons in chronic lesions, but can be 

expressed at low levels along astrocytic processes (Black et al., 2007a).  These 

differences confirm that studies of MS and EAE must take into account chronic 

versus active forms of the disease, since the pathology displayed by these 

differing forms is not always identical. 

 

The sodium-calcium exchanger (NCX) is a transporter involved in ion 

homeostasis which exchanges intracellular sodium ions for extracellular calcium 
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ions.  Healthy axons do not express high levels of NCX, while damaged nerves 

display increased levels of NCX expression.  Both Nav1.2 and Nav1.6 colocalize 

with these increases in NCX expression.  However, axons positive for both 

Nav1.6 and NCX also express the damage marker β-APP in the majority of 

cases, while axons expressing both Nav1.2 and NCX are predominantly β-APP-

negative (Craner et al., 2004b).  Interestingly, many NCX-positive processes in 

MS spinal cord are also GFAP+, extending parallel to demyelinated lesions and 

morphologically resembling reactive astrocytes.  Some of these cells also 

express Nav1.2 (Black et al., 2007a), but Nav1.6 does not display significant 

colocalization with GFAP (Herrero-Herranz et al., 2008).  These data raise the 

question of whether Nav1.2 and Nav1.6 have similar or differing functions during 

disease and in damaged axons. 

 

Another line of evidence implicating sodium channels in the broader pathology of 

MS is found in studies of the cerebellum.  MS patients often experience deficits in 

movement such as ataxia, which characteristically arises from problems in the 

cerebellum.  In normal cerebellum, Nav1.8, a slow TTX-resistant channel with 

rapid recovery from inactivation, is not detected.  During both MS and EAE, 

however, cerebellar Purkinje neurons display several molecular changes.  These 

cells abnormally express Nav1.8 and its binding partner annexin II/p11 at higher 

levels in both the soma and proximal dendrites, and Purkinje neurons in EAE 

displayed aberrant spiking patterns (Black et al., 2000; Craner et al., 2003b; 

Damarjian et al., 2004; Saab et al., 2004).  These changes in channel 
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complement in the Purkinje neurons will consequently alter the firing properties of 

these cells, which are critical in the maintenance of normal cerebellar function.   

This was confirmed in studies involving cultured Purkinje cells, where 

transfection with Nav1.8 led to altered spiking activity and action potential 

amplitude (Renganathan et al., 2003). 

 

Aberrant sodium channel expression also underlies changes in PNS conduction 

in the Trembler-J mouse, a model of the inherited demyelinating neuropathy 

Charcot-Marie-Tooth disease type IA.  These mice, which contain a mutation in 

the peripheral myelin gene Pmp22, display demyelination and consequent 

remyelination along with axonal atrophy.  Sodium channels cluster at heminodes 

in unmyelinated regions, and appropriate juxtaparanodal protein sequestration is 

lost.  Peripheral nodes express Nav1.6 correctly, but also show increased 

expression of Nav1.8 (Devaux and Scherer, 2005).  These data lend support to 

the concept that not only do channels need to be clustered correctly for normal 

function, but that the normal complement of channel subtypes needs to be 

retained. 

 

The term ‘channelopathy’ has been coined to describe clinical syndromes which 

are a result of aberrant ion channel function.  This can be a result of mutation or 

of alterations in channel expression (Waxman, 2001; Catterall et al., 2008).  In 

this way, the evidence presented implicating sodium channels in MS leads to the 
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potential classification of MS as a channelopathy, providing a new perspective on 

the etiology, development and pathology of this complex disease. 

 

Sodium channel β subunits. 

The auxiliary sodium channel β subunits have not been extensively studied in 

EAE models or in models of demyelination.  In Lewis rats induced with EAE by 

injection of MBP, small decreases in mRNA for β1and β2 can be detected at later 

stages of disease, but these changes are not visible at early time points (Nicot et 

al., 2003).  In injury to sensory neurons this pattern is reiterated.  Both β1 and β2 

are downregulated in damaged DRG neurons, as is Nav1.9, implicating β 

subunits in neuropathic pain (Coward et al., 2001).  Additionally, loss of β2 in 

DRG neurons decreases sensitivity to certain classes of painful stimuli, such as 

noxious thermal stimuli (Lopez-Santiago et al., 2006a). 

 

Does β2 play a role in abnormal neuronal excitability during injury?  In the spared 

nerve injury (SNI), axon transection, or spinal nerve ligation (SNL) models, there 

are significant increases in β2 expression in both myelinated and unmyelinated 

fibers.  Inflammation alone does not cause this change in β2 levels.  In this way, 

β2 expression may be an attempt to compensate for damage by promoting the 

insertion of channels into the plasma membrane (Pertin et al., 2005). 
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β3 has also been implicated in pathology in pain pathways in the peripheral 

nervous system, with β3 found to be upregulated in spinal cord and medium 

diameter sensory neurons in induced painful diabetic neuropathy in rat (Shah et 

al., 2001).  In the chronic constriction injury pain model, β3 expression is 

increased in small diameter fibers, rather than those of medium diameter (Shah 

et al., 2000). 

 

Sodium channel expression in microglia may play a role in MS 

Microglia, the resident immune cells of the CNS, can function as either regulatory 

or effector cells, while other immune cells are excluded from the CNS.  They bear 

a strong resemblance to macrophages and also have a functional resemblance 

to monocytes due to their cytokine and chemokine signaling pathways (Wang 

and He, 2009).  Microglia represent 5-15% of the brain cell population, and are 

located in key positions for early inflammatory responses (Carson, 2002).   

Microglia are normally quiescent, but are capable of responding to injury or insult 

through activation, which may occur via multiple pathways and stimuli, including 

axonal transection (Newell et al., 2007; van der Valk and Amor, 2009).  Upon 

activation, they proliferate and become capable of migration, adopting a 

hypertrophic morphology, and later adopt the morphology of an ameboid 

phagocytic cell (Wang and He, 2009).  Microglia express multiple types of ion 

channels, including voltage-gated sodium channels (Black et al., 2008). 
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Under normal conditions, microglia express sodium-calcium exchangers in order 

to accomplish outward flux of calcium ions, but this can reverse in pathology as 

well as in situations of increased intracellular sodium concentration.  Membrane 

depolarization can also lead to calcium influx via sodium-calcium exchangers.  

This reverse exchange of ions is a component of the respiratory burst which 

occurs as a result of phagocytosis, subsequently also leading to microglia-

mediated neurotoxicity via the release of ROS (Newell et al., 2007). 

 

In uninjured tissue, microglia remain in a resting state where they do not express 

significant levels of Nav1.6.  After insult or injury, numbers of microglia increase 

coincident with the time of maximal inflammation and clinical deficit, with 

corresponding increases in Nav1.6 expression.  Upregulation of microglial Nav1.6 

expression is particularly noticeable at the edges of MS plaques (Craner et al., 

2005).  Increases in microglial activation occur more extensively in grey matter 

as compared to white matter (Wu et al., 2008).  Microglia may also be present in 

regions in which lesions are in the process of forming, before other pathologic or 

inflammatory elements are visible (van der Valk and Amor, 2009). 

 

Treatment with the sodium channel blocker phenytoin may block activation of 

microglia and macrophages in addition to its action on axonal sodium channels, 

which could potentially ameliorate acute phases of disease but not later stages.  

Alternately, the effect of phenytoin may be distinct in axons as opposed to 
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microglia and macrophages (Black et al., 2006b).  Application of tetrodotoxin to 

microglia in vitro leads to a reduction in phagocytic capacity similar to that 

observed in microglia in the Nav1.6-deficient med mice.  Treatment with 

phenytoin also leads to a decrease in numbers of activated microglia (Craner et 

al., 2005).   Sodium channel blockade also reduces the production of cytokines 

related to microglial activation as well as decreasing the cell’s ability to migrate in 

response to chemoattractant signals (Black et al., 2008). 

 

 

IV: HYPOTHESES OF NEURODEGENERATION - ION CONDUCTANCE, 
EXCITOTOXICITY AND ENERGY DEPLETION 

 

Evidence has accumulated implicating changes in sodium channels and sodium 

conductance in the pathology of multiple sclerosis, other demyelinating and 

dysmyelinating diseases, and related neurological injuries.  What are the 

mechanisms proposed to underlie damage to nervous system tissue during these 

disease and injury processes, and what is the role proposed for voltage-gated 

sodium channels therein? 

 

One of the predominant and most compelling theories of sodium channel 

involvement in multiple sclerosis and EAE integrates improper ionic homeostasis, 

differing properties of channel subtypes and energy failure into an overarching 
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model of damage.  In this model, reorganization of sodium channels along 

demyelinated regions of axons is a means by which the nervous system attempts 

to adapt in order to overcome damage, which ultimately serves as both a 

beneficial and a deleterious occurrence (reviewed in (Bechtold and Smith, 2005a; 

Waxman, 2006a, b; Smith, 2007)). 

 

As previously discussed, sodium channels in myelinated axons are clustered at 

high density in gaps in the myelin sheath called nodes of Ranvier (Arroyo et al., 

2002; Kazarinova-Noyes and Shrager, 2002).  In mature animals, the molecular 

identity of CNS nodal channels is Nav1.6 (Boiko et al., 2001b).  Multiple studies 

have now shown that demyelinated, dysmyelinated, and myelinated axons that 

have become injured contain diffusely-localized sodium channels, and that the 

molecular identity of these channels is primarily Nav1.2 and Nav1.6 (Craner et al., 

2003a; Craner et al., 2004a; Craner et al., 2004b; Black et al., 2007a).  These 

are likely to represent a mixture of channels present along the axon before the 

onset of damage, either those present beneath the intact myelin sheath or 

channels previously located in the axon initial segment or cell body undergoing 

changes in localization, as well as newly-synthesized channels or channels from 

intracellular stores (Smith, 2007).  Differences in current characteristics of Nav1.2 

versus Nav1.6 studied in heterologous expression systems form the basis for a 

model (Figure 3) in which these channels contribute to recovery from conduction 

block or axonal damage, respectively (reviewed in (Waxman, 2006b, a; Trapp 

and Stys, 2009).  Nav1.2 and Nav1.6 are both capable of producing rapidly 
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activating and inactivating currents in heterologous expression systems.  Nav1.6 

reprimes rapidly and, of the two, is able to better sustain high frequency 

impulses.  Importantly, in this model, Nav1.6 is proposed to generate a larger 

persistent current than does Nav1.2 (Waxman et al., 2004).  Because of their 

differential current kinetics, Nav1.2 is proposed to be responsible for recovery 

from conduction block (Figure 3A), while Nav1.6 is proposed to be responsible 

for induction of a signaling cascade leading to axonal damage (Figure 3C). 

 

Conduction block along demyelinated axons is responsible for a multitude of 

symptoms in patients.  Without the ability to engage in saltatory conduction, the 

exposed axon is unlikely to maintain propagation sufficient for the action potential 

to reach the other side of the demyelinated region.  A newly demyelinated axon, 

containing low numbers of sodium channels along the region which was formerly 

ensheathed by myelin, has a low capacity for the maintenance of electrical 

activity (Smith, 2007).  As this exposed region begins to accumulate sodium 

channels, it gains the potential to engage in non-saltatory or continuous 

conduction, which is significantly less efficient than saltatory conduction.  The 

fragile balance along these denuded axons between damage and recovery 

remains highly susceptible to imbalance, which is consistent with the increases in 

negative symptoms observed by many patients after seemingly innocuous 

activities which provoke repetitive use of the damaged axon.  The higher 

conduction requirements along demyelinated axons stimulated by activity, 

exertion or temperature can prompt conduction block which manifest as episodes 
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of disability (Smith, 2007).  Positive symptoms can be a result of hyperexcitability 

or maintained persistent current, resulting in experiences such as tingling or 

aberrant visual experiences such as flashes of light (Bechtold and Smith, 2005a). 

What molecular pathways lead to damage in this model?  During MS and EAE 

Nav1.2, the channel subtype usually expressed along normally non-myelinated 

axons, is more likely to be expressed along uninjured axons, whereas Nav1.6 is 

more likely to be expressed along injured axons (Craner et al., 2004a; Black et 

al., 2007a; Herrero-Herranz et al., 2008).  Increases in Nav1.2 levels are 

postulated to offer the potential for recovery from conduction block by the 

establishment of non-saltatory conduction (Waxman, 2006a).  In contrast, 

persistent current generated by increased levels of Nav1.6, is proposed to result 

in an influx of excess sodium ions into the interior of the axon.  This has the 

potential to force the reverse operation of the sodium-calcium exchanger as an 

attempt to re-establish proper ionic balance, resulting in an accumulation of 

calcium within the axon (Waxman, 2006b, a).  This exchanger normally 

transports sodium ions via the electrochemical gradient, allowing for the 

possibility for this reverse operation to occur in situations of ionic imbalance 

(Bechtold and Smith, 2005a).  This dual model of sodium channel involvement is 

supported by evidence demonstrating both upregulation of the sodium-calcium 

exchanger and the colocalization of Nav1.6 and the sodium-calcium exchanger in 

injured nerves.  
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Once calcium levels within the axon have reached high concentrations, a 

cascade of injury mechanisms is then proposed to lead to axonal loss.  Early 

studies in models of anoxia, a reproducible white matter injury model, were 

among the first to implicate calcium in pathways of axonal damage (reviewed in 

(Stys, 2004).  Increases in calcium levels within the damaged axon are proposed 

to activate calcium-dependent damaging downstream injury pathways, including 

the activation of proteases, lipases and NOS (Waxman, 2006a, b).  Changes 

observed in lesions are consistent with the activity of calcium-dependent 

proteases, including damage to neurofilaments, microtubules and intracellular 

organelles (Dutta et al., 2006).  Calpain has been implicated as one protease 

contributing to axonal damage, and is capable of the degradation of multiple 

neuronal proteins including spectrins, neurofilaments and myelin.  In support of 

this proposed role in damage, inhibition of calpain has been showed to 

ameliorate axonal damage in MOG-EAE (Hassen et al., 2008).   

 

Another key element in this model is energy depletion, which can occur either 

independently or as a consequence of changes in sodium channel expression. 

Increases in NO levels in MS lesions can contribute to inhibition of mitochondrial 

function, thereby depleting stores of ATP (Smith, 2007).  Various mitochondrial 

genes related to ATP synthesis have been shown to be downregulated in lesions 

(Waxman, 2006b; Smith, 2007), further depleting energy stores.  Availability of 

ATP is critical for the maintenance of ionic homeostasis, particularly for the 

operation of sodium-potassium pumps which are major contributors to the 
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maintenance of this ionic balance.  ATP is also required for voltage-gated sodium 

channel function (Trapp and Stys, 2009).  The co-localized increases of both 

Nav1.6 and the sodium-calcium exchanger in damaged axons may, for example, 

lead to localized increases in energy needs.  In this way, an electrically active 

axon has a higher energy requirement than a non-active axon, and increases in 

sodium channel expression along demyelinated axons consequently have the 

potential to exacerbate existing conditions of energy deprivation, promoting the 

likelihood that the axon will be damaged or undergo degeneration even though 

the presence of these excess channels also allows recovery from conduction 

block. 

 

NO has been shown to play a role early in the axonal damage cascade (Bechtold 

and Smith, 2005a).  Application of NO to optic nerve leads to energy depletion, 

which can be ameliorated by the application of tetrodotoxin (Garthwaite et al., 

2002).  Similar results were obtained using the sodium channel blockers 

flecainide or lidocaine in NO-treated spinal roots (Kapoor et al., 2003).  Indeed, 

application of tetrodotoxin in NO-treated optic nerve helped to regulate ATP 

levels, supporting the importance of maintenance of energy stores (Garthwaite et 

al., 2002).  These data suggested that reduced energy requirements from 

reductions in sodium current may have a beneficial effect in spite of the potential 

detrimental effect of decreases in conduction. 
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Interestingly, studies involving blockade of components in this overarching model 

other than sodium channels have often resulted in incomplete amelioration of 

disease symptoms and effects.  Blockade of the sodium-calcium exchanger in a 

model of anoxia did not afford full protection against damage, but interestingly, 

protection was enhanced by co-treatment with TTX (Stys et al., 1992a).  Blockers 

of voltage-gated calcium channels have also been studied, including broad-range 

channel blockers as well as blockers of specific subfamilies such as the L-type 

calcium channels.  One study demonstrated a less severe clinical score, but also 

noted that efficacy of blockade decreased over the disease course and did not 

ameliorate infiltration of immune cells (Brand-Schieber and Werner, 2004). 

 

Sodium channel involvement in demyelinating disease can therefore be seen as 

a significant contributing factor to pathogenesis and axonal damage.  To 

summarize, differing sodium current properties of Nav1.2 versus Nav1.6 are 

proposed to result in differential effects, beneficial versus detrimental, in 

demyelinated lesions.  Increases in Nav1.2 are proposed to contribute to 

recovery from conduction block, while increases in Nav1.6 are proposed to 

promote excess influx of sodium ions into the intra-axonal compartment, leading 

to reverse operation of the sodium-calcium exchanger, consequent accumulation 

of calcium within the axon, and the initiation of damaging downstream injury 

cascades.  These changes are further compounded by energy depletion which 

also contributes to injury and pathology.    
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Figure 1.3

A: Alterations of Nav1.2 expression in demyelinated regions allow for the 
development of non-saltatory conduction and the potential for recovery from 
conduction block.  C: Alterations of Nav1.6 expression in demyelinated regions 
result in a persistent influx of sodium ions into the axon, leading to the reverse 
operation of the sodium-calcium exchanger. The resultant influx of calcium ions 
into the axon activates damaging downstream injury cascades and leads to 
axonal degeneration. 

: Proposed mechanism for the role of β2 in neuroprotection. 

B: Decreases in sodium channel expression at the axonal plasma membrane 
due to the loss of β2 do not lead to alterations in expression of Nav1.2 through 
demyelinated regions, inhibiting the development of non-saltatory conduction and 
the potential for recovery from conduction block.  D: Decreases in sodium 
channel expression at the axonal plasma membrane due to the loss of β2 do not 
lead to alterations of Nav1.6 through demyelinated regions. Persistent influx of 
sodium ions into the axon is decreased, diminishing the effects of excitotoxicity 
and sparing the axon. 

(Adapted from (Waxman et al., 2004)) 
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V: RATIONALE FOR THESIS RESEARCH 
 

At the onset of this thesis project, little to no information had been published 

regarding the role of the sodium channel β subunits in demyelinating disease or 

myelinating glia.  Numerous lines of evidence had implicated the pore-forming 

sodium channel α subunits in the pathogenesis of demyelinating disorders, in 

particular MS and its animal model EAE.  I was interested in the study of the β2 

subunit and its role in both normal development as well as disease. 

 

Our laboratory has previously generated a Scn2b null mouse (Chen et al., 2002).  

In our original characterization of these mice, we determined that they expressed 

40-50% fewer sodium channels at the neuronal plasma membrane, leading to a 

comparable decrease in the peak amplitude of the sodium current.  Evidence had 

additionally begun to demonstrate that axons in MS and EAE specifically 

displayed aberrantly localized sodium channels along demyelinated regions and 

that blockers of sodium channel function were able to be neuroprotective in 

models of demyelinating disease. 

 

I hypothesized that sodium channel β2 subunits could play a role in 

demyelinating disease due to the role of β2 as a molecular chaperone in the 

insertion of sodium channels into the plasma membrane, thereby regulating the 

numbers of channels at the cell surface.  I hypothesized that loss of β2 may be 
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neuroprotective during EAE due to the decreased amount of sodium current 

present in central axons in these mice, which could thus ultimately lead to 

decreases in calcium-mediated excitotoxicity (Figure 3B, D).  I therefore used 

our Scn2b null mice in the EAE model in order to assess the effect of loss of β2 

during demyelinating disease.  I next translated my results in the mouse EAE 

model into tissue from human patients to determine whether the alterations I 

observed in mice could also be detected in humans.   

 

Finally, I aimed to investigate the expression of sodium channel α and β subunits 

in myelinating glia, specifically the oligodendrocytes of the CNS which are critical 

cell types involved in MS.  Information about developmental expression of 

different sodium channel subunits may contribute to our understanding not only 

of myelination in normal systems but may offer new means by which 

remyelination can be promoted during disease. 
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Channel Blocker Effect in EAE Primary Clinical Use 

Phenytoin Neuroprotection, 
reduction of 
inflammation, 
improvement of clinical 
symptoms.  Withdrawal 
leads to rapid worsening 
of symptoms and death 

Anti-epileptic 

Flecainide Neuroprotection, 
reduction of 
inflammation, 
improvement of clinical 
symptoms 

Anti-arrhythmic 

Lamotrigine Neuroprotection, 
reduction of 
inflammation, 
improvement of clinical 
symptoms 

Anti-epileptic 

Carbamazepine Neuroprotection, 
reduction of 
inflammation, 
improvement of clinical 
symptoms.  Withdrawal 
leads to rapid worsening 
of symptoms and death 

Anti-epileptic 

 

Table 1.1

 

: Sodium channel blockers tested in the EAE model. 

(Adapted from (Waxman, 2008b)). 
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Table 1.2

(Reviewed in (Cestele and Catterall, 2000), (Catterall et al., 2007), (Catterall et 
al., 2005)) 

: Sodium channel binding sites.   
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CHAPTER TWO 

LOSS OF NA+ CHANNEL β2 SUBUNITS IS NEUROPROTECTIVE IN A 
MOUSE MODEL OF MULTIPLE SCLEROSIS 

 

SUMMARY 
 

Multiple sclerosis (MS) is a CNS disease that includes demyelination and axonal 

degeneration.  Voltage-gated Na+ channels are abnormally expressed and 

distributed in MS and its animal model, Experimental Allergic Encephalomyelitis 

(EAE).  Up-regulation of Na+ channels along demyelinated axons is proposed to 

lead to axonal loss in MS/EAE.  We hypothesized that Na+ channel β2 subunits 

(encoded by Scn2b) are involved in MS/EAE pathogenesis, as β2 is responsible 

for regulating levels of channel cell surface expression in neurons.  We induced 

non-relapsing EAE in Scn2b+/+ and Scn2b-/- mice on the C57BL/6 background.  

Scn2b-/- mice display a dramatic reduction in EAE symptom severity and lethality 

as compared to wildtype, with significant decreases in axonal degeneration and 

axonal loss.   Scn2b-/- mice show normal peripheral immune cell populations, T 

cell proliferation, cytokine release, and immune cell infiltration into the CNS in 

response to EAE, suggesting that Scn2b inactivation does not compromise 
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immune function. Our data suggest that loss of β2 is neuroprotective in EAE by 

prevention of Na+ channel up-regulation in response to demyelination. 

 

INTRODUCTION 
 

Multiple sclerosis (MS) is an autoimmune, inflammatory CNS disease 

characterized by demyelination and axonal degeneration (Dutta and Trapp, 

2007).  Patients experience multiple symptoms including muscle weakness or 

paralysis, impaired motor coordination, optic neuritis, and cognitive dysfunction.  

Following demyelination in MS, action potential conduction is significantly 

impaired or lost. A population of axons then recovers the ability to conduct action 

potentials in spite of myelin loss, contributing to clinical remission.  In contrast, 

another population of axons degenerates in response to demyelination and this 

process has been implicated as the primary cause of permanent disability 

(reviewed in (Bechtold and Smith, 2005b; Waxman, 2006a)). Neuroprotection is 

a critical goal in the development of MS therapies; if axons are spared, strategies 

for the promotion of remyelination and restoration of saltatory conduction can 

then be initiated. 

 

Evidence is accumulating that intra-axonal accumulation of Na+ leading to Ca2+ 

overload plays a major role in neurodegenerative disease (reviewed in (Bechtold 

and Smith, 2005b; Coleman, 2005; Frohman et al., 2005; Stys, 2005; Waxman, 
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2006a; Smith, 2007)). Up-regulation and diffuse distribution of Nav1.2 along 

demyelinated axons is proposed to have beneficial effects, resulting in recovery 

from conduction block and clinical remission. However, up-regulation and diffuse 

distribution of Nav1.6 along demyelinated axons is proposed to lead to Na+ influx 

mediated by persistent Na+ current (Smith et al., 1998; Burbidge et al., 2002; 

Herzog et al., 2003; Rush et al., 2005), accumulation of intra-axonal Na+, 

activation of reverse Na+-Ca2+ exchange, accumulation of intra-axonal Ca2+, and 

activation of damaging injury cascades (Craner et al., 2004b; Waxman et al., 

2004; Waxman, 2008a, b). Consistent with this, reductions in plasma membrane 

calcium ATPase isoform 2 (PMCA2) levels of activity lead to delays in neuronal 

Ca2+ clearance, neuronal damage, and axonal loss in spinal cord neuronal 

cultures (Kurnellas et al., 2005).  In contrast, but also in agreement with this 

hypothesis, cyclophilin D null mice are neuroprotective in EAE because their 

mitochondria are able to more effectively handle elevated Ca2+ (Forte et al., 

2007).  

 

Other observations support the hypothesis that Na+ influx through voltage-gated 

Na+ channels plays a role in neurodegeneration.  Nitric oxide, which is increased 

in MS lesions, increases the probability of Na+ channel opening and thus 

increases the amplitude of persistent Na+ current in neurons (Li et al., 1998; 

Bielefeldt et al., 1999; Hammarstrom and Gage, 1999; Rush et al., 2005). Low 

doses of Na+ channel blocking agents such as phenytoin and flecanide are 

neuroprotective in EAE and MS (Fern et al., 1993; Dave et al., 2001; Hewitt et 
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al., 2001; Schwartz and Fehlings, 2001; Lo et al., 2002; Sareen, 2002; Lo et al., 

2003; Hains et al., 2004; Hemmings, 2004; Bechtold et al., 2005; Kaptanoglu et 

al., 2005a; Waxman, 2005; Besancon et al., 2008; Kapoor, 2008; Waxman, 

2008b).  In addition, pharmacological blockade of Na+ channels reduces 

secondary injury and increases recovery from trauma following experimental 

spinal cord injury (Kaptanoglu et al., 2005a), results in protection of retinal 

ganglion cells and optic nerve axons in an experimental model of glaucoma 

(Hains and Waxman, 2005), and provides a neuroprotective effect in an animal 

model of hypoxic-ischemic encephalopathy (Papazisis et al., 2008), suggesting 

that blockade of persistent Na+ current may be a general mechanism of 

neuroprotection.   

 

Neuronal Na+ channel up-regulation and/or redistribution following nerve injury or 

demyelination may have both beneficial and detrimental effects, leading not only 

to recovery from conduction block, but also to intra-axonal accumulation of Na+ 

and the initiation of a cascade of signaling events that ultimately result in axonal 

degeneration and permanent disability (England et al., 1990; England et al., 

1991; Moll et al., 1991; Westenbroek et al., 1992b). These observations 

demonstrate that the regulation of cell surface expression and function of Na+ 

channels in injured or demyelinated neurons is critical to neuronal survival and 

recovery in disease.  A complete understanding of these processes is essential 

for the development of novel and more effective neuroprotective agents.  
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We showed previously that deletion of the Na+ channel β2 subunit (encoded by 

Scn2b) in mice results in reduced Na+ channel cell surface expression with a 

corresponding decrease in Na+ current density in both CNS and PNS neurons 

(Chen et al., 2002; Lopez-Santiago et al., 2006b).  In the present study we 

sought to test the hypothesis that β2 subunits play a role in axonal degeneration 

in demyelinating disease via control of Na+ channel expression. We show that 

Scn2b-/- mice have attenuated symptoms and reduced axonal degeneration in an 

animal model of MS, Experimental Allergic Encephalomyelitis (EAE). Scn2b-/- 

mice have normal inflammatory and immune responses in EAE, suggesting that 

the mechanism of neuroprotection in these animals is not immunomodulatory but 

is a direct effect on axons. Finally, we show that, while Nav1.2 and Nav1.6 are 

distributed similarly along demyelinated axons in wildtype and null mice, Nav1.6 

protein expression, which is normally up-regulated in brain in EAE, is attenuated 

in Scn2b-/- mice, suggesting that the level of Nav1.6 mediated current in the 

demyelinated regions of axons may be reduced compared to wildtype. We 

conclude that Scn2b plays a critical role in neurodegeneration and propose that 

Na+ channel β2 subunits may provide a novel target for future drug development 

in neuroprotection. 
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RESULTS 
 

Scn2b-/- mice display attenuated EAE symptom severity and lethality  

We induced EAE in Scn2b+/+ and Scn2b-/- mice using myelin oligodendrocyte 

glycoprotein (MOG)35-55 peptide, an induction protocol that produces a chronic, 

non-remitting disease course in mice bred on the C57BL/6 genetic background 

(Chabas et al., 2001; McQualter et al., 2001).  Scn2b+/+ mice (Fig. 1A, filled 

squares) displayed a disease course in which symptoms began to present 

between days 10 to 15 post-injection and rapidly progressed beyond clinical 

stage 3 (corresponding to full hind limb paralysis), as assessed by daily scoring 

of clinical symptoms using a five-point grading system.  In contrast, Scn2b-/- mice 

(Fig. 1A, open squares) displayed a significantly less severe disease course, with 

symptoms also first appearing between days 10 to 15 post-injection, but with the 

disease course rarely progressing past clinical stage 2 (corresponding to hind 

limb weakness).  Control animals of both genotypes, which received all parts of 

the EAE induction protocol with the exception of the MOG35-55 peptide, did not 

display clinical symptoms at any time during the experimental time course, up to 

70 days post-injection (data not shown). 

 

To account for the possibility that differences in observed clinical symptoms were 

due to alterations in the timing of symptom onset, rather than to an amelioration 

of symptom severity, data were also plotted as mean clinical score assessed at 

each day post-onset of symptoms (Fig. 1B). Scn2b-/- mice (open squares) 
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displayed a consistent and significant reduction in disease severity compared to 

Scn2b+/+ mice (filled squares), consistent with observations made post-injection 

(Fig. 1A).  Thus, a significant improvement in clinical symptom severity was 

observed in the absence of β2, with no observable changes in the time of onset 

of the disease. 

 

Scn2b-/- mice displayed a significant reduction in EAE-induced lethality.  We 

determined the percentage of mice able to develop at least stage 1 clinical 

symptoms (corresponding to a limp tail) and used this as an indication of the 

ability of Scn2b-/- mice to develop EAE (Fig. 1C).  Both genotypes were equally 

susceptible to the onset of EAE; nearly every mouse treated with the MOG35-55 

peptide successfully reached at least clinical stage 1 (96.9% Scn2b+/+ vs. 93.1% 

Scn2b-/-).  We then determined the percentage of mice reaching end stage during 

the experimental time course, with end stage defined as a moribund or dead 

animal.   Only 16.7% of Scn2b-/- mice reached end stage compared to 53.6% of 

Scn2b+/+ mice, representing a 31% decrease in EAE-induced lethality in the 

absence of β2.  This decrease in lethality was also apparent when survival data 

were plotted (Fig. 1D), showing a marked decrease in survival of Scn2b+/+ mice 

compared to Scn2b-/- mice over time. 
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Scn2b-/- mice display decreased axonal degeneration in EAE 

Axonal loss is a characteristic component of EAE and underlies the development 

of clinical symptoms (Stys et al., 1992b; Bjartmar et al., 2003; Waxman, 2006a).   

We used transmission electron microscopy (TEM) to evaluate the extent of 

axonal degeneration and axonal loss in Scn2b+/+ and Scn2b-/- mice during EAE.  

We examined ultrathin cross-sections of optic nerve from all experimental groups 

(peptide and control) at 19 days post-injection (dpi) of the MOG35-55 peptide.  At 

this time point, both genotypes displayed similar clinical symptoms (see Fig. 1A).  

A representative set of electron micrographs is shown (Fig. 2, A-D). To assess 

the extent of axonal loss, we quantified the total number of axons per field of 

view (FOV) in optic nerve cross-sections from each genotype (Fig. 2E). In control 

tissues of both genotypes, optic nerve sections showed normally myelinated, 

large, medium, and small axons (Stys et al., 1991).   In EAE optic nerve, both 

genotypes exhibited axonal loss. Scn2b+/+ optic nerves displayed a 24.0% 

decrease in total axon number/FOV during EAE (at 19 dpi) compared to control 

tissue at the same time point (p < 0.0001).  In contrast, Scn2b-/- EAE tissue 

displayed only a 6.2% decrease in axon number compared to control at this time 

point (p = 0.0003).  When total axon numbers/FOV in Scn2b+/+ and Scn2b-/- optic 

nerves after EAE induction were compared, a significant difference was also 

observed, with 24.75% fewer axons in Scn2b+/+ mice than Scn2b-/- (p < 0.0001).  

There was a small but significant increase in total axon number/FOV in control 

tissue for Scn2b-/- optic nerves compared to Scn2b+/+ (p = 0.0002), suggesting 

that absence of β2 may decrease normal axonal loss during brain development.  
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We next quantified the number of axons that were in the process of degeneration 

for each genotype using the same set of TEM images (Fig. 2G).  Control tissue 

contained few, if any, degenerating axons.  In contrast, after EAE induction, 

nerves displayed axonal degeneration, as well as degeneration of the myelin 

sheath, characteristic of the disease.  As expected, for both genotypes, there 

was a significant increase in the extent of degeneration in EAE tissue compared 

to control: a 456% increase in Scn2b+/+ and a 274% increase in Scn2b-/- (p < 

0.0001 for both). Scn2b+/+ optic nerve during EAE showed an average of 9.3 

degenerating axons/FOV, compared to 5.8 degenerating axons/FOV in Scn2b-/- 

tissue, representing a 1.6-fold difference (p < 0.0001). We thus observed a 

greater extent of pathology in Scn2b+/+ tissue compared to Scn2b-/-, in spite of 

similar symptom severity in these mice at this time point (19 dpi). No differences 

were observed between groups of control nerves, showing that loss of β2 does 

not induce axonal degeneration in the absence of disease. 

 

We calculated the extent of axonal degeneration as a percentage of total axon 

number (Fig. 2H); this value was obtained for each image independently and 

values were then averaged together for each genotype and condition.   This 

measurement confirmed that observed differences in degeneration between 

genotypes were not due simply to the changes in total axon numbers in Scn2b+/+ 

vs. Scn2b-/- mice post-EAE induction. Consistent with the results presented in 
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Fig. 2B, we observed a significant difference in the percentage of axonal 

degeneration between genotypes at 19 dpi during EAE.  12.15% of Scn2b+/+ 

nerves were determined to be undergoing degeneration, compared to 5.34% of 

Scn2b-/- nerves; this represents a 228% difference (p < 0.0001).  There was also 

a significant increase in the level of degenerating axons after EAE induction in 

each genotype as compared to control: 623% for Scn2b+/+ and 286% for Scn2b-/- 

(p < 0.0001 for both).  No differences were observed between control groups. 

 

Finally, we calculated the percent of axons that were demyelinated or thinly 

myelinated (defined by zero, one, or two myelin wraps) in optic nerves of 

Scn2b+/+ vs. Scn2b-/- mice at 19 dpi (Fig. 2F).  We observed an increase in the 

percentage of demyelinated or thinly myelinated axons in both genotypes 

following EAE induction compared to control conditions (p < 0.0001 for both 

genotypes).  Comparing genotypes, we observed a difference in the percentage 

of demyelinated or thinly myelinated axons in EAE: 5.8% of Scn2b+/+ vs. 3.9% of 

Scn2b-/- axons (p < 0.0001). 

 

Scn2b-/- mice exhibit normal inflammatory and immune responses to 
MOG35-55 peptide 

To develop symptoms of EAE, animals must be able to successfully mount an 

inflammatory immune response to the presence of MOG antigen.  Critical 

mediators of this response include pro-inflammatory cytokines and activated T 
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cells.  A possible explanation for the decreased EAE pathology observed in 

Scn2b-/- animals is that Scn2b deletion results in an impaired immune response.  

To test this possibility, we performed experiments to assess the ability of Scn2b-/- 

animals to mount an inflammatory immune response to the MOG35-55 peptide. 

 

Fluorescence-activated cell sorting techniques were used to assess populations 

of peripheral immune cells in naïve mice and mice induced with the EAE protocol 

for both genotypes (Fig. 3).  Animals were sacrificed at 12 dpi and splenocytes 

isolated for immediate analysis.  In EAE animals, spleens from both wildtype and 

null animals were significantly enlarged, as assessed by visual observation, 

compared to spleens from animals not exposed to the MOG35-55 peptide (data not 

shown).  We used cell surface markers to quantify populations of dendritic cells 

(CD11c), B cells (CD19) and T cells (CD4 and CD8a).  Cells obtained from naïve 

animals showed similar population distributions of each of these cell types for 

both genotypes (Fig. 3A), indicating that resting numbers of peripheral immune 

cells in the absence of antigen are not altered as a result of Scn2b deletion.  

Importantly, cells obtained after EAE induction also showed similar distributions 

between wildtype and null mice (Fig. 3B).  Finally, we used Western blot analysis 

to determine whether splenocytes express Na+ channel α or β2 proteins, either 

under naïve conditions or after EAE induction.  As shown in Fig. 3C and Fig. 3D, 

no immunoreactive β2 or Na+ channel bands (Nav1.1, Nav1.2, or Nav1.6), 

respectively, were detected in splenocyte lysates, in contrast to brain 

membranes. Thus, loss of β2 does not measurably affect peripheral immune cell 
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populations, either under control conditions or in the presence of antigen during 

an inflammatory immune response.    

 

The inflammatory response to MOG in vivo may be modulated by cytokine 

release. We therefore examined the ability of splenocytes from Scn2b+/+ and 

Scn2b-/- animals induced with EAE to release cytokines in vitro in response to the 

presence of MOG35-55 peptide.  We used ELISA to quantify levels of cytokine 

release (Fig. 3E).   We monitored IFN-γ to assess levels of pro-inflammatory/Th1-

type cytokines, IL-4 to assess levels of anti-inflammatory/Th2-type cytokines, and 

IL-10 to assess levels of regulatory cytokines.  In all cases, we found no 

significant differences between splenocytes isolated from Scn2b+/+ and Scn2b-/- 

mice.  These data indicate that the Scn2b null mutation does not result in 

impairment of the release of inflammatory mediators in response to antigen. 

 

T cells are critical mediators of the inflammatory process during EAE 

pathogenesis. EAE is considered to be a T cell-mediated autoimmune disease 

model (Kuchroo et al., 2002) and there is some evidence suggesting a role for 

Na+ channels in T cells (Khan and Poisson, 1999; Lai et al., 2000). Abnormal 

activation of T cells is thus another possible explanation for the milder symptoms 

of EAE observed in the null mice. We evaluated the ability of T cells from 

Scn2b+/+ and Scn2b-/- mice to respond to the presence of the MOG35-55 peptide in 

vitro during EAE induction (Fig. 4).  We obtained splenocytes from naïve and 
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EAE-induced Scn2b+/+ and Scn2b-/- mice at 13 dpi and cultured them with 

increasing concentrations of MOG35-55 peptide.   After 72 h in culture, proliferation 

was quantified by [3H]-thymidine incorporation over a 24-hour period.   As 

expected, T cells from naïve animals of either genotype that had not been 

previously exposed to the peptide did not display any significant proliferative 

response.  In contrast, cells from EAE animals (both Scn2b+/+ and Scn2b-/-) 

exhibited a robust proliferative response at all concentrations of peptide.  The 

magnitudes of these responses were similar for wildtype and null cells. Thus, 

Scn2b deletion does not compromise the ability of T cells to proliferate in 

response to antigen and does not result in defects in antigen presentation or 

cytokine production that would influence the induction of MOG-specific T cell 

recall responses in vitro. 

 

Another critical component of the immune response during EAE is the successful 

invasion of immune effector cells into the CNS.  We labeled cross sections of 

spinal cord to visualize the infiltration of cells into the white matter during EAE 

(Fig. 5). Microglia are present in the CNS and can function as macrophages in 

brain.  During EAE, activation of microglia occurs in response to injury and/or 

inflammation and contributes to disease pathogenesis.  Na+ channels have been 

shown to contribute to microglial activation in MS and EAE and phenytoin 

reduces spinal cord infiltrates in mice with EAE by 75% (Craner et al., 2005), 

thus their diminished activation in Scn2b-/- mice is a possible explanation for the 

attenuated symptoms of EAE.  The OX-42 antibody recognizes a shared 
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CD11b/CD11c epitope, the CR3 (C3bi) complement receptor and thereby labels 

microglia, macrophages, monocytes and granulocytes. Cells labeled in the CNS 

are predominantly microglia (Robinson et al., 1986).  In naïve tissue, OX-42 

labeling was undetectable in both Scn2b+/+ (Fig. 5A) and Scn2b-/- (Fig. 5B) spinal 

cord.  During EAE, OX-42 positive cells invaded the white matter in both wildtype 

(Fig. 5C) and null (Fig. 5D) tissue.   Higher magnification views of individual cells 

(inset, Fig. 5C and 5D) show OX-42-positive cells with a characteristic activated 

morphology, having a rounded cell body and few or no processes.  

 

T cells are important mediators during EAE; we have already shown that T cell 

proliferation in vitro in response to the MOG35-55 peptide is similar in cells isolated 

from Scn2b+/+ and Scn2b-/- animals (Fig. 4).  Anti-CD3 antibody recognizes the T 

cell receptor-associated CD3 molecular complex and serves as a marker for T 

cells (Miescher et al., 1989).  Using anti-CD3, we show that activated T cells are 

not detectable in naïve white matter isolated from either Scn2b+/+ (Fig. 5E) or 

Scn2b-/- (Fig. 5F) mice.  During EAE, activated T cells infiltrate into the spinal 

cord in both genotypes with similar patterns (Fig. 5G, 5H; higher magnification 

views of CD3-positive cells, inset, Fig. 5G and 5H). 

 

Coincident with the first appearance of inflammation and clinical deficits in mice 

with MOG-EAE, glial fibrillary acidic protein (GFAP)-positive adult radial glia in 

spinal cord white matter undergo mitosis and phenotypic transformation to 
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hypertrophic, stellate astroglia (Lee et al., 1990; Tani et al., 1996; Holley et al., 

2003; Bannerman et al., 2007). These reactive astrocytes accumulate within and 

at the margins of EAE/MS lesions and function as antigen presenting cells, as 

well as contribute to the synthesis of pro-inflammatory cytokines (Lee et al., 

1990; Tani et al., 1996; Holley et al., 2003; Bannerman et al., 2007). Anti-GFAP 

staining in Scn2b+/+ and Scn2b-/- spinal cord is similar under control conditions 

and in EAE.  GFAP-positive cells in Scn2b+/+ (Fig. 5I) and Scn2b-/- (Fig. 5J) 

control mice are elongated with radially oriented processes.  In contrast, GFAP-

positive cells in Scn2b+/+ (Fig. 5K) and Scn2b-/-   (Fig. 5L) mice in EAE display 

similar patterns, appearing to have lost their radial orientation and taken on an 

enlarged, stellate morphology. 

 

Taken together, these results demonstrate that immune cell infiltration into the 

CNS during EAE occurs normally in Scn2b-/- mice, and that there are no 

significant alterations under control conditions.  Loss of Scn2b does not 

measurably compromise the ability of the immune system to mount an 

appropriate inflammatory response to the presence of the MOG35-55 peptide.  It is 

interesting that Scn2b-/- mice exhibit a lower percentage of demyelinated or thinly 

myelinated axons in optic nerve under conditions of EAE compared to wildtype 

mice, in spite of a normal immune response to the MOG35-55 peptide.  Scn2b is 

expressed in oligodendrocyte precursor cells (OPCs) as well as in neurons 

(Cahoy et al., 2008). Thus, similar to other cell adhesion molecules expressed by 
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OPCs or axons (Gallo and Armstrong, 2008), β2 may participate in inhibition of 

remyelination.  This will be the focus of future investigations. 

 

Na+ channel expression levels are altered in EAE 

Previous studies have reported changes in Na+ channel expression in EAE and 

MS; however, these results were based on immunofluorescence rather than on 

biochemical methodologies that measure protein levels and thus may have 

reflected channel redistribution rather than up-regulation (Craner et al., 2004a; 

Craner et al., 2004b).  To address this issue, we performed a series of 

experiments to investigate changes in protein levels of Na+ channel α and β 

subunits in brain and spinal cord under control conditions and in EAE.  Fig. 6, 

upper panel, shows changes in Nav1.1, Nav1.2, and Nav1.6 expression in 

Scn2b+/+ and Scn2b-/- whole brain homogenates under control conditions and 

under conditions of EAE. Western blots were then stripped and reprobed with 

anti-α-tubulin as a loading control.  Our results show that Nav1.6 expression is 

increased in EAE in Scn2b+/+ brains and that this up-regulation is attenuated in 

Scn2b-/- brains (Fig. 6C). In contrast to predictions from previous 

immunofluorescent studies, we did not observe increases in overall Nav1.2 

expression in brain in EAE in either genotype (Fig. 6B).  We observed that 

Nav1.1 is increased in EAE in Scn2b-/- null brain but is unaffected in Scn2b+/+ 

brain (Fig. 6A). This change in Nav1.1 expression in EAE has not been reported 

previously. In Fig. 6, lower panel, we show that β subunit expression in whole 

brain is not altered in either genotype under control conditions or in EAE (Fig. 6 
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D-G).  Overall, we did not observe significant changes in any of the β subunits in 

brain, with the exception of the absence of β2 in the Scn2b-/- animals.  

 

We next performed Western blot experiments using spinal cord homogenates to 

determine whether comparable changes in Na+ channel expression occurred in 

EAE as shown above (Fig. 7). In contrast to our results in brain, but in agreement 

with previous reports (Craner et al., 2004a; Craner et al., 2004b), we observed 

increased Nav1.2 expression in Scn2b+/+ spinal cord in EAE (Fig. 7B).  Levels of 

Nav1.2 expression in Scn2b-/- spinal cord did not increase in demyelinating 

disease, consistent with our hypothesis that the absence of β2 attenuates Na+ 

channel up-regulation in EAE.  Similarly, we observed increased Nav1.6 

expression under EAE conditions for Scn2b+/+ but not for Scn2b-/- spinal cord, 

again consistent with our hypothesis that β2 contributes to this up-regulation in 

neurons (Fig. 7C).  In contrast to the changes in Nav1.1 expression observed in 

brain, we observed comparable levels of this channel protein in spinal cord when 

comparing control and EAE conditions for each genotype.  

 

Axonal Na+ channel localization is altered similarly in EAE in Scn2b+/+ and 
Scn2b-/- mice 

Diffuse Nav1.2 and Nav1.6 localization along demyelinated axons during EAE has 

been reported previously (Craner et al., 2004a; Craner et al., 2004b).   We 

performed immunofluorescence confocal microscopy using longitudinal frozen 
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sections of  optic nerve (Fig. 8) and spinal cord (Fig. 9) from EAE and control 

animals to determine whether the Scn2b null mutation altered this localization 

pattern.  In all panels of Fig. 8 and Fig. 9, anti-Caspr antibody was used to mark 

the paranodal regions. In Fig. 8, panels A, E, and I, we show that Nav1.1 and 

Nav1.2 are absent from optic nerve nodes of Ranvier in adult wildtype animals 

under control conditions.  As expected (Caldwell et al., 2000; Boiko et al., 2001a; 

Kaplan et al., 2001a), Nav1.6 is the predominant Na+ channel clustered at the 

nodal gap.  This expression pattern is not altered by the Scn2b null mutation 

under control conditions (panels B, F, and J), as previously demonstrated (Chen 

et al., 2002).  In contrast to a previous report using Biozzi mice (Craner et al., 

2003a), we observed the appearance of Nav1.1 at nodes in both genotypes 

under conditions of EAE (panels C and D). In agreement with previous reports 

(Craner et al., 2004a; Craner et al., 2004b), we observed Nav1.2 and Nav1.6 

immunolocalization at nodes as well as along demyelinated regions of wildtype 

optic nerve axons and this localization pattern was similar for Scn2b-/- mice 

(panels G, H, K, and L).  Thus, while the levels of Nav1.1 and Nav1.6 protein 

expression are altered in Scn2b null brain compared to wildtype under conditions 

of EAE, we did not observe differences in the localization patterns of these Na+ 

channels between genotypes in optic nerve under control or EAE conditions.  

 

Fig. 9 demonstrates immunolocalization of Nav1.1, Nav1.2, and Nav1.6 in Scn2b 

null and wildtype spinal cord under control conditions and in EAE.  In both 

genotypes, under control conditions, we observed nodal clustering of 
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predominantly Nav1.1 (panels A and B) and Nav1.6 (panels I and J), with Nav1.2 

observed in a sub-population of nodes (panels E and F).  We observed Nav1.1 

(panel C), Nav1.2 (panel G), and Nav1.6 (panel K) immunolocalization at nodes 

as well as along demyelinated regions in Scn2b+/+ spinal cord in EAE.  A similar 

pattern was observed for Scn2b-/- spinal cord in EAE (panels D, H, and L, 

respectively).  Thus, as observed for optic nerve, the Scn2b null mutation does 

not alter the pattern of Na+ channel localization under control or EAE conditions. 

Taken together, our results suggest that the absence of β2 alters Na+ channel 

protein expression levels but does not affect channel localization in optic nerve or 

spinal cord axons under control conditions or in EAE. 

 

 

DISCUSSION 
 

β2 subunits are critical modulators of neuronal Na+ channel cell surface 

expression and thus, of excitability. Insertion of newly synthesized Na+ channels 

into the plasma membrane in primary neurons is concomitant with α-β2 

association (Schmidt et al., 1985; Schmidt and Catterall, 1986a). Scn2b null 

neurons show a ~50% reduction in the level of functional Na+ channels (Chen et 

al., 2002; Lopez-Santiago et al., 2006b). In Scn2b null optic nerve, the integral of 

the compound action potential is reduced and the threshold for action potential 

generation is increased, consistent with a reduction in the level of functional cell 
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surface Na+ channels at nodes of Ranvier (Chen et al., 2002). The present study 

demonstrates that deletion of Scn2b is neuroprotective in EAE in vivo.  These 

results are consistent with the idea that axonal sparing in Scn2b-/- mice is a result 

of attenuated Nav1.6 upregulation in response to demyelination. In addition, 

these results are consistent with the possibility that, in the absence of Scn2b, 

there is a reduction in persistent Na+ current produced by other Na+ channel 

gene products within the lesions. Previous studies in a heterologous system have 

shown that the combination of β2 + β3 increases the level of persistent Na+ 

current mediated by Nav1.2 expressed in tsA-201 cells while the combination of 

β1 + β2 has no effect on persistent current (Qu et al., 2001a).  Thus, the specific 

combination of Na+ channel α and β subunits is likely critical to determining the 

level of persistent Na+ current in demyelinated axons. 

 

Similar to the mechanism put forth by Waxman and colleagues (Waxman, 

2006a), we propose that in Scn2b wildtype and null mice Nav1.2 is diffusely 

expressed along demyelinated axons in EAE where it supports recovery from 

conduction block. Nav1.6 becomes up-regulated along some demyelinated axons 

in wildtype mice in EAE and contributes to axonal damage via mediation of 

persistent Na+ current followed by accumulation of intra-axonal Na+, activation of 

reverse Na+-Ca2+ exchange, and accumulation of intra-axonal Ca2+.  We propose 

that Scn2b-/- mice are protected from axonal damage during EAE due to 

attenuation of Nav1.6 up-regulation along demyelinated axons, thus reducing the 

harmful effects of the predicted persistent Na+ current. In addition, the absence of 
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β2 may attenuate the level of persistent Na+ current mediated by Na+ channels in 

demyelinated lesions. The observed appearance of Nav1.1 at optic nerve nodes 

of Ranvier in EAE in both genotypes, as well as increased expression of Nav1.1 

protein in Scn2b-/- brain during EAE, compared to Scn2b+/+, provide an intriguing 

avenue of investigation for future work, as the involvement of Nav1.1 in 

demyelination has not been investigated.  The level of persistent current 

generated by Nav1.1 in native optic nerve axons is not known (Lossin et al., 

2003; Spampanato et al., 2004; Vanoye et al., 2006), thus we are unable to 

predict whether an increase in Nav1.1 expression during demyelination would 

lead to axonal degeneration similar to that proposed for Nav1.6.  The reduction in 

axonal loss observed in Scn2b-/- mice compared to Scn2b+/+, however, suggests 

that Nav1.1-mediated Na+ current in the absence of β2 does not activate injury 

cascades, and may instead promote recovery from conduction block, as 

predicted for Nav1.2.  Thus, the role of Na+ channels in demyelinating disease is 

complex, with relative expression levels of different channel genes predicted to 

provide critical modulation of the eventual course of the disease and extent of 

pathology.  Importantly, our results demonstrate that Scn2b-/- mice have normal 

inflammatory and immune responses in EAE, supporting our hypothesis that the 

mechanism of neuroprotection in these mice is due to changes in the expression 

levels of axonal Na+ channels rather than to immunomodulation. Intriguingly, it 

was shown previously that  Scn2b mRNA levels are down-regulated at advanced 

stages of monophasic EAE in rats (Nicot et al., 2003).  This may represent a 

compensatory mechanism in neurons to attenuate the damaging effects of 
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Nav1.6 up-regulation in demyelinating disease and is consistent with the present 

results in Scn2b null mice. 

 

Our results suggest a molecular mechanism for the observed pharmacological 

effects of Na+ channel blocking agents in MS/EAE and may open a novel avenue 

for therapeutic intervention. We propose that administration of drugs targeting 

Na+ channels effectively results in a similar situation in neurons as loss of β2 – a 

significant reduction in the level of functional Na+ channels. Deletion of Na+ 

channel α subunits in mice is lethal (reviewed in (Meadows and Isom, 2005)).  

Administration of Na+ channel pharmacological agents (e.g. anti-convulsants, 

anti-arrhythmics, and local anesthetics), while effective in MS, can also result in 

serious systemic side effects.  For example, recent studies have shown that 

withdrawal of phenytoin can exacerbate symptoms and result in lethality in the 

EAE model (Black et al., 2007b).  Our approach, in contrast, is novel and opens 

the possibility that through targeting β2, the level of cell surface Na+ channel 

expression can be incrementally and perhaps specifically modulated, so that in 

the future safer and more effective therapies for protection against axonal loss 

following neuronal injury and/or demyelination may be realized. 
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EXPERIMENTAL METHODS 
 

Mice: Scn2b+/+ and Scn2b-/- mice were generated in our laboratory on the 

C57BL/6 genetic background (Chen et al., 2002), and have been established as 

congenic strains through repeated backcrossing to C57BL/6 mice for over 15 

generations.  All mice used in this study were female Scn2b+/+ or Scn2b-/- mice 

bred from congenic Scn2b+/-  littermates, between the ages of 12 and 24 weeks of 

age.  All animal procedures were approved by the University of Michigan 

Committee on the Use and Care of Animals and mice were housed in the 

University of Michigan Unit for Laboratory Animal Medicine. 

 

Induction of EAE: MOG35-55 peptide was synthesized and purified by the 

University of Michigan Protein Structure Facility, Ann Arbor, MI or by Auspep, 

Parkville, Australia. Peptides were tested between both facilities to ensure that 

disease progression was identical; individual lots from each facility were also 

tested upon receipt. 150 µg of purified MOG35-55 peptide were emulsified in sterile 

PBS and complete Freund’s adjuvant (CFA; Difco, Franklin Lakes, NJ), and 

supplemented with 4 mg/ml Mycobacterium tuberculosis (Difco).  100 µl of 

emulsion, or emulsion lacking peptide (as a control), were injected 

subcutaneously into each hind flank of the animal.  All animals (peptide and 

control groups) were immediately injected intravenously with 350 ng of 

inactivated pertussis toxin (List Biological Laboratories, Campbell, CA) in sterile 

PBS and again after 48 hours.  Animals were monitored daily for the 
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development of clinical symptoms following induction using a five-point clinical 

scale as follows: 0: no visible impairment, 1: limp tail, 2: limp tail with hind limb 

weakness, 3: hind limb paralysis, 4: ascending paralysis with hind limb paralysis, 

5: moribund or death.  Animals in between two stages were given half scores.   

Animals reaching stage 5 were assigned a score of 5 for the remainder of the 

experimental time course.  Animals experiencing paralysis were given water ad 

libitum, moist chow was placed on the cage floor twice daily, and animals were 

hand-fed when necessary. 

 

Transmission Electron Microscopy: Scn2b+/+ and Scn2b-/- mice (MOG peptide 

and control groups), at time points post-injection indicated in the figure legends, 

were anesthetized and perfused intracardially with 0.1M Sorenson’s buffer (pH 

7.4) followed by 2.5% glutaraldehyde in Sorenson’s buffer.  Nerves were 

carefully dissected and placed in fresh fixative for a minimum of 2 h, rinsed, and 

post-fixed in 1% osmium tetroxide.  Samples were washed in several changes of 

buffer, dehydrated with graded alcohols and embedded in Spurr’s epoxy resin.  

Semi-thin sections were stained with 1% toluidine blue for morphological 

examination and to establish orientation.  Ultrathin (70 nm) transverse sections 

were then stained in uranyl acetate/lead citrate. For analysis, one ultrathin 

section from each of three mice under control or EAE conditions was examined 

using a Phillips CM-100 TEM located in the Microscopy and Image Analysis 

Laboratory (MIAL), University of Michigan.  A minimum of fifty non-overlapping 

fields of view (160.4 µm2 per field of view) from each section were obtained at 
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7900x magnification.  From each image, total numbers of myelinated axons were 

counted manually (including both intact and degenerating axons). In the same 

images, the number of degenerating axons was counted. The percentage of 

degenerating axons was calculated per field of view and values for all fields of 

view in each group of mice were averaged.  A myelinated axon was defined as 

an axon wrapped by two or more layers of myelin.  A degenerating axon was 

defined as a collapsed or delaminated myelinated axon containing membranous 

debris.  Images were digitally recorded using a Kodak 1.6 Megaplus high-

resolution digital camera system.  All values are reported as mean ± SEM. This 

assessment was first performed by the investigator who prepared the samples 

and then was repeated by another investigator who was blind to genotype and 

experimental condition.  Both investigators calculated similar values. 

 

Splenocyte Culture: Spleens were removed from control and peptide groups of 

Scn2b+/+ and Scn2b-/- mice at 12-14 dpi.  The spleens were mechanically 

separated, triturated, and washed to obtain a single-cell suspension of 

splenocytes.  Red blood cells were lysed and splenocytes washed in HBSS.  

Cells were counted and cultured in RPMI supplemented with 5% fetal bovine 

serum (Invitrogen), 1% penicillin/streptomycin (Invitrogen), 200 mM L-glutamine 

(Invitrogen), 100 mM sodium pyruvate (Invitrogen), 10mM non-essential amino 

acids (Invitrogen) and 50µM β-mercaptoethanol (Sigma-Aldrich).  MOG35-55 

peptide was added to all culture wells at a concentration of 20 µg/ml, with the 
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exception of cultures used for T cell proliferation assays, which were cultured 

with varying concentrations of peptide as indicated in the figure. 

 

Fluorescence-activated cell sorting:  For surface staining, spleen cells were 

washed and resuspended at a concentration of 107 cells/ml in FA Buffer (Difco) + 

0.1% NaN3.   Fc receptors were blocked by the addition of anti-CD16/32 (Fc 

block; BD Pharmingen). After Fc receptor blocking, 106 cells were stained in a 

final volume of 120 µl in 12 x 75 polystyrene tubes for 30 min at 4°C.  Leukocytes 

were stained with the following monoclonal antibodies, according to the 

manufacturer's instructions: CD4 (RM4-5), CD8a (53-6.7), CD3 (17A2), CD19 

(ID3), CD11c (HL3) (all BD Pharmingen). Cells were washed twice with FA 

buffer, resuspended in 100 µl buffer, and 200 µl of 4% formalin was added to fix 

the cells.  Cells were gated for live cells by forward scatter (FSC) and side scatter 

(SSC) before analysis.  A minimum of 20,000 events were acquired on a 

FACSCalibur flow cytometer (BD Pharmingen) using CellQuest software (BD 

Pharmingen).  

 

T cell proliferation/ELISA: To assess T cell proliferation, MOG35-55-sensitized 

spleen cells were isolated from Scn2b+/+ and Scn2b-/- mice as described above 

and cultured for 72 h in 96-well, round-bottom microculture plates at a 

concentration of 5 x 106 cells/ml in 0.2 ml of RPMI-complete medium in the 

presence or absence of 5 - 80 µg/ml MOG35-55 peptide. For proliferation, [3H]-
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thymidine (1 µCi/well, MP Biomedicals, Irvine, CA) was added at 72 h, and mean 

incorporation into DNA was measured at 96 h by liquid scintillation counting. To 

measure the levels of Th1 and Th2 cytokines, MOG35-55-immunized spleen cells 

(5 x 106/ml) were cultured in RPMI-complete medium in 6-well plates in the 

presence or absence of 20 µg/ml MOG35-55 peptide.  After 72 h, cells were 

recultured in the presence of MOG35-55 peptide in 24-well plates at 1 x 106/ml.  

After 24 h, the culture supernatants were collected and assessed for cytokine 

production. The levels of Th1 (IFN-γ), Th2 (IL-4) and Th2/Treg (IL-10) cytokines 

in culture supernatants were measured by the ELISA OPTEIA (IL-4 and IL-10; 

BD Pharmingen) or DuoSet (IFNγ; R&D Systems, Minneapolis, MN) system 

according to the manufacturer's instructions.  

 

Immunofluorescence Microscopy: Spinal cords or optic nerves were dissected 

from Scn2b+/+ and Scn2b-/- mice (MOG peptide and control) at the time post-

injection indicated in the figure legends. 10 µm cryosections were generated.  

Sections were fixed with 4% paraformaldehyde, washed 3 times in 0.05 M 

phosphate buffer (PB), and blocked for a minimum of 1 h in PBTGS (0.1M PB, 

0.3% Triton X-100, 10% normal goat serum).  Sections were incubated overnight 

in primary antibody diluted in PBTGS, followed by incubation in goat anti-mouse, 

anti-rabbit or anti-rat secondary antibody as appropriate, coupled to either Alexa 

488 (green) or Alexa 594 (red) (Molecular Probes, Carlsbad, CA) and diluted in 

PBTGS.  Sections were washed three times with 0.1 M PB after each antibody 
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step.  Sections were air-dried and coverslipped using GelMount anti-fade 

mounting medium (Biomeda, Foster City, CA).  Digital images were collected 

using an Olympus FluoView 500 confocal microscope with FluoView software 

located in the Department of Pharmacology, University of Michigan, or an 

Olympus BX51 fluorescent microscope located in the University of Michigan 

Microscopy and Image Analysis Laboratory.  

 

Western blot: Scn2b+/+ and Scn2b-/- mice were sacrificed and brains and spinal 

cords were immediately removed and stored in ice-cold homogenization buffer.  

Membranes were prepared as described previously (Isom et al., 1995b). For 

splenocyte preparations, cells were isolated as described above and lysed with 

RIPA buffer. ‘Complete’ protease inhibitor tablets (Roche Diagnostics, 

Indianapolis, IN) were included in all solutions at twice the recommended 

concentration to prevent Na+ channel degradation. Western blot analysis was 

then performed as described (Malhotra et al., 2000b; Malhotra et al., 2004) to 

detect Na+ channel α and β subunit polypeptides, as described in the figure 

legends.  Briefly, samples were solubilized in SDS-PAGE sample buffer 

containing 1% SDS and 500 mM β-mercaptoethanol, heated for 5 min at 80°C, 

and separated on 4-15% acrylamide SDS-PAGE gradient gels for α subunit 

detection or 10% acrylamide SDS-PAGE gels for β subunit detection.  Proteins 

were transferred to nitrocellulose and probed with specific antibodies followed by 

secondary antibodies conjugated to horseradish peroxidase and visualized using 
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the West Dura or West Femto enhanced chemiluminescence detection system 

(Pierce, Rockford, IL).  Blots which were re-incubated with a second primary 

antibody against α-tubulin (as a loading control) were first stripped with ReBlot 

Plus Antibody Stripping Solution (Chemicon, Temecula, CA) according to 

manufacturer’s instructions.   For quantification of Western blots, densitometric 

analysis of bands was performed using NIH ImageJ software.  Band density was 

normalized to α-tubulin signal for comparison. 

 

Antibodies:  Primary antibodies for Western blotting and immunocytochemistry 

were used as follows:  anti-CD3 (dilution 1:250, BD Pharmingen, San Jose, CA), 

OX-42 (1:100, BD Pharmingen), anti-GFAP (1:500, Molecular Probes, Carlsbad, 

CA), anti-Nav1.1 (1:100-1:250, NeuroMab, Davis, CA), anti-Nav1.2 (1:100-1:250, 

NeuroMab), anti-Nav1.6 (either 1:200 (polyclonal, Western blotting, Sigma-

Aldrich) or 1:200 (monoclonal, immunofluorescence, NeuroMab)), anti-Caspr 

(either 1:1500 (polyclonal, Dr. Elior Peles) or 1:500 (monoclonal, NeuroMab)), 

anti-β1 (anti-scn1ba1 (Fein et al., 2007)), anti-β2ec (a resynthesis of anti-β2ec 

antibody previously characterized in (Chen et al., 2002)), anti-β3 (Chen et al., 

2004), anti-β4 (a polyclonal antibody to β4 was generated against the peptide 

sequence KKLITFILKKTREKKKECLV used in (Grieco et al., 2005a)), and anti-α-

tubulin (1:5000, Cedarlane Laboratories, Hornby, ON). 
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Statistical Analysis: Data were calculated as mean +/- SEM , compared using the 

Student’s t-test, and plotted using GraphPad Prism statistical software.  

Significant differences were defined as p < 0.05. 
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Figure 2.1

Mean EAE clinical score post-injection of MOG35-55 peptide (A) and post-onset of 
clinical symptoms (B). Scn2b+/+ (filled squares), Scn2b-/- (open squares).  For 
post-onset data, day 0 represents the first day on which an individual animal 
displayed clinical symptoms.  For (A) and (B), data points represent the average 
of clinical scores observed on that day for all animals (± standard error).  Mice 
reaching end stage were assigned a score of 5 for the remainder of the 
experimental time course and included in calculations.  (C) Percent of mice 
reaching stage 1 clinical symptoms and end stage EAE (moribund or death).  (D) 
Survival curve post-injection. Scn2b+/+ (dotted line), Scn2b-/- (solid line).  Data 
represent combined observations from 5 independent experiments. * : P < 0.005, 
** : P < 0.05.  For A, C (stage 1) : (n = 32 for Scn2b+/+, n = 29 for Scn2b-/-).  For 
B, C (stage 2) : (n = 31 for Scn2b+/+, n = 27 for Scn2b-/-). 

: Scn2b-/- mice exhibit reduced symptom severity and lethality in 
EAE.   
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Figure 2.2

EAE was induced in Scn2b+/+ and Scn2b-/- mice and optic nerve axons were 
isolated at 19 dpi.  (A-D) Representative transmission electron micrographs of 
optic nerve cross-sections from control and EAE mice.  (A) Scn2b+/+ and (B) 
Scn2b-/- control tissue showing numerous, normally myelinated axons.  (C) 
Scn2b+/+ tissue after EAE induction, displaying extensive axonal loss, grossly 
swollen and degenerating axons (arrows), and myelin debris (arrowhead).  
Oligodendrocyte (O).  (D) Scn2b-/- tissue after EAE induction, displaying 
degenerating axon (arrow) and myelin debris (arrowhead) but a lesser extent of 
axonal loss. Scale bar = 2µM.  All micrographs at 7900x magnification. (E-H) 
Quantification of data obtained from micrographs.  (E) Mean number of axons 
(intact + degenerating) per FOV.  (F) Mean percentage of demyelinated axons 
(relative to total axon number for each image) per FOV. Axons ensheathed by 
zero, one, or two myelin wraps were counted. (G) Mean number of degenerating 
axons per FOV.  (H) Mean percentage of degenerating axons (relative to total 
axon number for each image) per FOV.  *: P<0.0001.  n = 156 FOV Scn2b+/+ 
(EAE), n = 158 FOV Scn2b+/+ (control), n = 162 FOV Scn2b-/- (EAE and control).  

:  Scn2b-/- mice display decreased axonal loss, axonal 
degeneration, and demyelination in optic nerve in EAE.  
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Figure 2.3: 

Scn2b+/+ and Scn2b-/- mice under control and EAE conditions display similar 
populations of peripheral immune cells.  (A) Flow cytometry, naïve animals. 
Naïve Scn2b+/+ (top) and Scn2b-/- (bottom) mice display similar populations of 
immune cells.  Representative dot plots are shown; quadrants are labeled with 
mean percentages (n = 3).  (I) CD11c (dendritic cell) and CD19 (B cell) 
populations.  (II) CD8a and CD4 T cell populations.  (B) Flow cytometry, EAE 
animals. Scn2b+/+ (top) and Scn2b-/- (bottom) mice display similar populations of 
immune cells at 12 dpi.  Cells were pooled from three spleens before single 
analysis.  (I) CD11c (dendritic cell) and CD19 (B cell) populations.  (II) CD8a T 
cell populations.  (III) CD4 T cell populations.  (C,D) Splenocytes do not express 
Na+ channel proteins. Splenocytes from Scn2b-/- and Scn2b+/+ mice under naïve 
and EAE conditions were isolated. Equal aliquots of splenocyte homogenates or 
rat brain membranes (as a control) were analyzed using Western blotting. Lane 
1:  Scn2b+/+ control splenocytes, Lane 2: Scn2b+/+ EAE splenocytes, Lane 3: 
Scn2b-/- control splenocytes, Lane 4:  Scn2b-/- EAE splenocytes. Molecular 
weight markers are shown in kdal.  (C) Probe: anti-β2 antibody. Arrow shows 
immunoreactive Scn2b band. (D) Probe: anti-Nav1 antibodies against Pan-Na+ 
channel protein, Nav1.1, Nav1.2, or Nav1.6.  (E) Cytokine release is similar in 
Scn2b+/+ and Scn2b-/- splenocytes. Splenocytes from Scn2b+/+ and Scn2b-/- mice 
at 13 days post-induction displayed similar levels of antigen-stimulated cytokine 
release after 72h in vitro following stimulation with MOG35-55 peptide.  I: IFN-γ. II: 
IL-4. III: IL-10.   

The Scn2b null mutation does not alter immune cell profiles or 
cytokine release under control or EAE conditions.  
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Figure 2.4

T cells from Scn2b+/+ and Scn2b-/- mice at 13 dpi in EAE display similar levels of 
proliferation in vitro in response to the presence of MOG35-55 peptide at varying 
concentrations.  T cells from naïve mice do not display significant proliferation in 
response to the presence of peptide.  No proliferation was observed in the 
absence of peptide in any group.  n = 3 for EAE animals, n = 1 for controls.  

: T cell proliferation in Scn2b+/+ and Scn2b-/- mice.  
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Figure 2.5

(A-D) Scn2b+/+ and Scn2b-/- mice display similar extents of microglial infiltration 
after induction of EAE and absence of infiltration in control tissue. A, B: Scn2b+/+ 
(A) and Scn2b-/- (B) control spinal cord sections, showing an absence of OX-42 
immunopositive staining.  C, D: Scn2b+/+ (C) and Scn2b-/- (D) spinal cord cross-
sections after EAE induction, displaying significant increases in microglial 
infiltration as observed by increased OX-42 (CD11b/c) immunofluorescence.  
Inset (in C, D) shows OX-42-positive cells with an amoeboid, activated 
morphology. Scale bar, 100µm; inset 20 µm.  (E-H)   Scn2b+/+ and Scn2b-/- mice 
display similar extents of T cell infiltration after induction of EAE, and absence of 
infiltration in control tissue.   E, F: Scn2b+/+ (E) and Scn2b-/- (F) control spinal 
cord sections, showing an absence of CD3-positive staining.  G, H: Scn2b+/+ (G) 
and Scn2b-/- (H) spinal cord cross-sections after EAE induction, displaying 
significant increases in infiltration as observed by increased CD3 
immunofluorescence.  Inset (in G, H) shows CD3-positive cells.  Scale bar, 
200µm; inset 10µm.  (I-L) Increases in reactive astrocyte numbers in both 
Scn2b+/+ and Scn2b-/- mice following EAE induction as compared to controls.  I, 
J: Scn2b+/+ (I) and Scn2b-/- (J) control spinal cord sections, showing GFAP-
positive astrocytes with radial processes around tissue periphery.  K, L: Scn2b+/+ 
(K) and Scn2b-/- (L) spinal cord cross-sections after EAE induction.  Increased 
numbers of GFAP-positive astrocytes with stellate morphology and astrocyte 
invasion to white matter is visible.  Scale bar, 100µm. 

: Cellular infiltration into Scn2b+/+ and Scn2b-/- spinal cord at 19 
dpi in EAE.   
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Figure 2.6

Western blots of mouse brain homogenates were probed with antibodies to 
Nav1.1, Nav1.2 or Nav1.6, or to β1, β2, β3, or β4. Samples were collected 15 dpi 
in EAE. Lanes were loaded with equal amounts of protein; blots were stripped 
and reprobed with anti-α-tubulin as a loading control and this signal is shown at 
~50 kDa in the bottom gel section in each panel. A: Anti-Nav1.1. B: Anti-Nav1.2. 
C: Anti-Nav1.6.  (D-G) Scn2b+/+ and Scn2b-/- mice display no differences in 
expression levels of Na+ channel β subunits under control or EAE conditions.  β2 
was absent in Scn2b-/- brains. No difference in expression of β2 was observed in 
Scn2b+/+ tissue under control conditions vs. EAE conditions. D: Anti-β1. E: Anti-
β2. F: Anti-β3. G: Anti-β4. 

: Expression levels of Na+ channel α and β subunits in Scn2b+/+ 
and Scn2b-/- brain.  
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Figure 2.7: Expression levels of Na+ channel α and β subunits in Scn2b+/+ 

and Scn2b-/- spinal cord.  

Western blots of mouse spinal cord homogenates were probed with antibodies to 
Nav1.1, Nav1.2, Nav1.6, or β2.  Blots were stripped and reprobed with anti-α-
tubulin as a loading control and this signal is shown at ~50 kDa in the bottom gel 
section in each panel. A: Anti-Nav1.1.  B: Anti-Nav1.2.  C: Anti-Nav1.6.  D: β2 was 
absent in Scn2b-/- tissues. No difference in expression of β2 was observed in 
Scn2b+/+ tissue under control conditions vs. EAE conditions. 



 

156 
 

 

 

 

 

 

 

 

 

Figure 2.8: Localization of Na+ channel α subunits in optic nerve.  

Scn2b+/+ and Scn2b-/- mice display alterations in localization of Na+ channel α 
subunits after induction of EAE as compared to controls in longitudinal sections 
of optic nerve.  (A-D) Nav1.1 immunolocalization.   A, B:  Scn2b+/+ (A) and 
Scn2b-/- (B) control optic nerves show an absence of Nav1.1 at the nodal gap.  C, 
D: Scn2b+/+ (C) and Scn2b-/- (D) nerves after EAE induction display Nav1.1 
immunofluorescence along axons as well as at some nodes of Ranvier. Scale 
bar, 10µm.  (E-H) Nav1.2 immunolocalization.  E, F: Scn2b+/+ (E) and Scn2b-/- (F) 
control optic nerves do not express Nav1.2.  G, H: Scn2b+/+ (G) and Scn2b-/- (H) 
optic nerves show diffuse immunofluorescence along demyelinated axons and at 
nodes.  Scale bar, 20µm.  (I-L) Nav1.6 immunolocalization.  I, J: Scn2b+/+ (I) and 
Scn2b-/- (J) control optic nerves contain clustered Nav1.6.  K, L: Scn2b+/+ (K) and 
Scn2b-/- (L) optic nerves after EAE induction display Nav1.6 immunofluorescence 
at nodes of Ranvier as well as along demyelinated axons.  Scale bar, 10µm. 
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Figure 2.9: Localization of Na+ channel α subunits in spinal cord.  

Scn2b+/+ and Scn2b-/- mice display alterations in localization of Na+ channel α 
subunits after induction of EAE as compared to controls in longitudinal sections 
of spinal cord.  (A-D) Nav1.1 immunolocalization.   A, B:  Scn2b+/+ (A) and Scn2b-

/- (B) control spinal cords express Nav1.1 at some nodes of Ranvier.  C, D: 
Scn2b+/+ (C) and Scn2b-/- (D) spinal cords after EAE induction display Nav1.1 
immunofluorescence along axons as well as at some nodes of Ranvier.  Scale 
bar, 20µm.  (E-H) Nav1.2 immunolocalization.  E, F: Scn2b+/+ (E) and Scn2b-/- (F) 
control spinal cords express Nav1.2 at some nodes of Ranvier.  Scale bar, 10µm.  
G, H: Scn2b+/+ (G) and Scn2b-/- (H) spinal cords show diffuse 
immunofluorescence along demyelinated axons and at nodes.  Scale bar, 20µm.  
(I-L) Nav1.6 immunolocalization.  I, J: Scn2b+/+ (I) and Scn2b-/- (J) control spinal 
cords contain clustered Nav1.6.  Scale bar, 20µm.  K, L: Scn2b+/+ (K) and Scn2b-

/- (L) spinal cords after EAE induction display Nav1.6 immunofluorescence at 
nodes of Ranvier as well as along demyelinated axons.  Scale bar, 10µm.



 

159 
 

  



 

160 
 

 

 

CHAPTER THREE 

CHANGES IN SODIUM CHANNEL α AND β SUBUNIT SUBCELLULAR 
LOCALIZATION IN MULTIPLE SCLEROSIS BRAIN 

 

SUMMARY 
 

Multiple sclerosis (MS) is a dehabilitating neurological disease of the central 

nervous system (CNS) characterized by the presence of multiple lesions which 

consist of localized inflammation, demyelination, axonal degeneration and 

neuronal loss.  MS is estimated to afflict upwards of 350,000 adults in the United 

States alone and over a million worldwide, with higher prevalence in residents of 

northern latitude regions.  It is a primary cause of neurological disability in young 

adults, with diagnoses frequently made between the ages of 20 to 40. 

 

Voltage-gated sodium channels are key mediators of electrical excitability and 

are responsible for the initiation and propagation of the action potential in 

excitable cells.  Numerous studies have now examined the expression of pore-

forming sodium channel α subunits in CNS tissue from MS patients, as well as 

related proteins such as the sodium-calcium exchanger and protein components 
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of the nodes of Ranvier such as the cell adhesion molecule Caspr.  

Demyelinated regions of axons in MS display diffuse localization of channels 

Nav1.2 and Nav1.6, and alterations in these channels are proposed to be 

adaptive changes aimed at overcoming conduction block, which have both 

functionally beneficial and detrimental roles, respectively.  Ultimately, sodium 

influx into damaged axons mediated by these channels represents a critical step 

in the initiation of damaging injury cascades which lead to neurodegeneration. 

 

In this study, we provide evidence for the localization of voltage-gated sodium β 

subunits in MS brain, as well as protein expression levels of the sodium channel 

α subunit Nav1.1, a channel that has not been previously investigated in MS.  We 

demonstrate that protein expression levels of Nav1.1 are altered in MS patients 

compared with unafflicted patients, as well as between lesion and non-lesion 

brain regions in MS patients.  Further, our results expand on previously published 

studies of β1 subunit expression in MS brain and provide the first demonstration 

of β2, β3, and β4 expression in normal and diseased brain tissues. 

 

 

INTRODUCTION 
 

Multiple sclerosis (MS) is an inflammatory demyelinating disease of the central 

nervous system (CNS) in which patients experience a variety of neurological 
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symptoms including optic neuritis, deficits in movement, pain, fatigue and 

cognitive deficits (Dutta and Trapp, 2007).  The disease takes its name from the 

numerous lesions observed within all regions of the CNS, which consist of focal 

regions of demyelination, axonal loss and axonal damage, and inflammation 

(Ferguson et al., 1997; Bjartmar et al., 1999; Ludwin, 2006).  Patients typically 

present with early symptoms between the ages of 20 to 40, and often suffer from 

a relapsing-remitting disease course in initial stages (Bjartmar et al., 1999).  Most 

patients will, within 10 to 15 years of diagnosis, convert to a chronic, non-

remitting disease course in which neurological symptoms no longer respond to 

therapies and deficits become more severe (Bjartmar et al., 1999; Courtney et 

al., 2009).  It is estimated that two- to three-fold more women than men are 

afflicted with MS; however, males are more likely to suffer from more severe 

progressive forms of MS (Courtney et al., 2009; Goodin, 2009).  Many current 

therapies attempt to address the immunological component of the disease, but 

these do not treat the other elements of disease pathology, namely, 

neurodegeneration and demyelination.  It has been shown that development of 

non-remitting deficits is a result of axonal damage and degeneration ((Trapp et 

al., 1998), also reviewed in (Bechtold and Smith, 2005a; Waxman, 2006a)).  In 

early stages of the disease, the nervous system is typically able to compensate 

for damage via mechanisms such as remyelination.  As damage in the CNS 

accumulates, however, it is theorized that adaptive mechanisms gradually fail or 

are overwhelmed, and patients experience permanent neuronal loss (reviewed in 

(Bjartmar et al., 2003)). 
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Changes in expression and/or localization of voltage-gated sodium channels 

have been proposed to underlie processes of axonal degeneration in MS.  

Sodium channels, specifically the channel subtypes Nav1.2 and Nav1.6, both 

normally expressed in multiple subcellular domains of CNS neurons, have been 

observed by multiple groups to display diffuse expression along demyelinated 

regions of axons (Craner et al., 2003a; Craner et al., 2004a; Craner et al., 2004b; 

Coman et al., 2006; Herrero-Herranz et al., 2007).  It has been hypothesized that 

this diffuse expression of Nav1.2 may contribute to recovery from conduction 

block and that Nav1.6, which displays a persistent sodium current component 

when expressed in heterologous systems (Smith et al., 1998; Burbidge et al., 

2002), contributes to increases in intra-axonal sodium concentrations (reviewed 

in (Bechtold et al., 2004; Stys, 2005; Waxman, 2006a, b)).  This ionic imbalance 

drives the sodium-calcium exchanger in reverse, leading to increases in calcium 

concentration within the axon and the subsequent activation of damaging 

downstream cascades which lead to degeneration of the axon (Stys et al., 

1992a; Craner et al., 2004a; Craner et al., 2004b).  We have previously 

generated a Scn2b null mouse in which the auxiliary β2 subunit is deleted, 

leading to a 40-50% decrease in the number of sodium channels at the neuronal 

plasma membrane (Chen et al., 2002; Lopez-Santiago et al., 2006a). We 

proposed that this reduction in cell surface channels in the null mice would result 

in neuroprotection in demyelinating disease.  To test this hypothesis, we induced 

wildtype and null mice with a model of MS, Experimental Allergic 
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Encephalomyelitis (EAE) (O'Malley et al., 2009).  Scn2b null mice displayed 

significant amelioration of clinical symptoms and decreased lethality, as well as 

decreases in axonal loss and degeneration and demyelination compared to their 

wildtype counterparts. In support of our hypothesis, wildtype mice displayed a 

significant increase in CNS Nav1.6 expression in response to EAE, and this 

response was reduced in Scn2b mice (O'Malley et al., 2009).  In contrast to the 

literature, neither genotype displayed changes in CNS Nav1.2 expression in EAE, 

suggesting that the increased anti-Nav1.2 immunofluorescence signal along 

demyelinated axons may have been due to redistribution of existing channels 

from other subcellular domains (O'Malley et al., 2009). Interestingly, we also 

found that Scn2b null mice showed unexpected increases in expression of 

Nav1.1 in brain in response to EAE (O'Malley et al., 2009).  This novel 

observation suggested that channels other than Nav1.2 and Nav1.6 may be 

important in the CNS response to demyelinating disease. 

 

In this study, we investigated the expression of sodium channel α and β subunits 

in brain tissue from human MS patients and control patients.  Extensive studies 

of the localization of Nav1.2 and Nav1.6 during demyelination in both MS and 

EAE have been published (Craner et al., 2003a; Craner et al., 2004a; Craner et 

al., 2004b; Coman et al., 2006; Herrero-Herranz et al., 2007; Herrero-Herranz et 

al., 2008).  In contrast, expression and localization of the sodium channel β 

subunits in MS have not been addressed.  Consequent to our previous mouse 

studies, we were also interested in investigating the localization and expression 
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of Nav1.1. Here, we present an examination of sodium channel α and β subunits 

in MS brain, demonstrating expression of Nav1.1 in grey matter, white matter and 

plaque regions in both control and MS brain and expression of β subunits in glia 

and at nodes of Ranvier. 

   

 

RESULTS 
 

Sodium channel subunit expression in grey matter 

Classically, MS has been considered to be predominantly a white matter disease.  

Evidence has been accumulating to implicate grey matter in MS pathology to a 

greater extent than was once believed (reviewed in (Geurts and Barkhof, 2008)).  

Following our previous investigation of the role of Scn2b in EAE, we set out to 

investigate the expression of Nav1.1 and β2 in human brain samples obtained 

from the UCLA Brain Bank, beginning with the analysis of normal appearing grey 

matter (NAGM).  Our previous studies demonstrated aberrant localization of 

Nav1.1 in EAE at nodes of Ranvier in sections of spinal cord and optic nerve from 

Scn2b wildtype and null mice, as assessed by immunofluorescence. Increases in 

Nav1.1 polypeptide expression were also measured in Scn2b null brain lysates 

during EAE compared to wildtype (O'Malley et al., 2009).  These previous protein 

expression experiments in mouse utilized whole brain and did not differentiate 

between protein expressed in white matter or grey matter.  We aimed to 
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determine whether changes in Nav1.1 expression occurred in white matter or 

grey matter from human MS brain compared to controls.  To this end, we 

performed Western blot analysis of membrane preparations of NAGM from 3 

control brains and 4 MS brains (Figure 3.1).  In maintaining each brain sample 

as an individual homogenate, we were able to not only observe differences in 

expression between control and disease tissue but also to assess the amount of 

variability between individual brains within each category.   We first probed with 

anti-Nav1.1 in NAGM samples, then stripped and reprobed the membrane with 

anti-α-tubulin to provide a loading control (Figure 3.1A).  As expected, in this 

Western blot as well as the others presented in this study, samples from 

individual brains displayed variations in protein expression levels.  Overall, 

however, MS NAGM samples displayed strong expression of Nav1.1, with similar 

expression levels in all samples examined.  In comparison, while some variability 

was observed between samples, in general, we observed lower levels of Nav1.1 

expression in control samples of NAGM compared to MS samples (Figure 3.1D).   

A separate SDS-PAGE gel was used to measure levels of β2 expression in MS 

and control NAGM (Figure 3.1C). We observed that the human samples 

contained β2 immunoreactive peptides of multiple molecular weights, possibly 

suggesting differential glycosylation, and a subject for future investigation.  In 

contrast to Nav1.1, levels of β2 polypeptides were consistently low in all samples 

analyzed, with minor variability between brains in both MS and control groups.   

No overall differences in β2 protein levels were observed between control and 

MS NAGM.  Inclusion of brain membranes in this experiment and subsequent 



 

167 
 

experiments from Scn2b wildtype and null mouse demonstrated specificity of the 

anti-β2 antibody. 

 

Sodium channel subunit expression in white matter 

In a second set of experiments, Western blotting was performed to examine 

channel protein expression in MS and control brain samples obtained from 

normal appearing white matter (NAWM) (Figure 3.2). Figure 3.2A demonstrates 

Nav1.1 expression.  A high amount of variability was observed between individual 

brain samples in these NAWM samples.  Two of three samples obtained from 

control brains displayed low expression of Nav1.1, while the third showed 

significantly higher Nav1.1 expression.  This sample, (#3406), was the same 

sample which showed higher expression levels of Nav1.1 in NAGM (see Figure 

3.1A).  In samples from MS brain, two of four samples showed strong Nav1.1 

expression, while the other two samples had low levels of Nav1.1, similar to 

controls.  It is important to note that NAWM regions appear unaffected in 

standard histological tests such as Luxol fast blue staining, but may in fact 

contain regions of developing or past pathology. The observed differences in 

Nav1.1 expression may reflect these unknown pathological changes.  We also 

evaluated β2 subunit protein expression levels on the same SDS-PAGE gradient 

gel (Figure 3.2B).  Similar to NAGM, anti-β2 immunoreactive polypeptides of 

multiple molecular weights were found to be expressed in all samples in both MS 

and control groups with no observed differences in β2 protein levels. 
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Sodium channel subunit expression in plaque regions in MS brain 

We next performed Western blotting experiments to examine expression of 

Nav1.1 and β2 in protein samples obtained from white matter brain blocks 

containing an MS lesion.  It is important to note that these blocks also contained 

peri-lesion tissue as well as NAWM and thus were not solely composed of 

damaged tissue.  In addition, the brain samples obtained for use in these 

experiments were taken from a mixed pool of chronic versus chronic-active 

lesion types, which may also account for some of the observed variation.  A 

control aliquot of NAWM from one MS brain was included for purposes of 

comparison.  We first analyzed Nav1.1 expression in 5 homogenates from 

lesioned white matter (Figure 3.3A).  Variability between individual samples was 

again observed, with some samples displaying high levels of Nav1.1 expression 

as compared to low or moderate expression in others.  The pattern of variation in 

these samples did not strictly correspond to relative expression levels of Nav1.1 

observed in MS NAWM (see Figure 3.2A, MS samples) or MS NAGM (see 

Figure 3.1A, MS samples), suggesting that molecular changes in MS brain are 

unique to the lesion area as compared to adjacent brain regions.  We then 

probed the same membrane for β2 expression.  Similar to observations in NAWM 

and NAGM, β2 was expressed at low levels in all samples, with no alterations in 

β2 expression observed between different lesion samples (Figure 3.3B).  The 

anti-α-tubulin signals in this experiment (Figure 3.3C) demonstrate the difficulty 

of detecting sodium channel α and β subunits in human brain homogenates with 
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existing antibodies. Note that a much greater level of overall protein loading was 

required to visualize the human α and β subunits compared to mouse. 

 

Sodium channel β subunit localization 

After our examination of channel protein expression, we next wished to examine 

the localization of sodium channel β subunits in cryosections generated from 

control or MS NAWM and NAGM as well as MS lesion.  Immunofluorescent 

imaging of sodium channel β subunits in MS tissue has not been previously 

reported.   

 

In addition to the Western blot results for anti-β2 signal in Scn2b null brain, 

shown above, as well as our previously published Western blot showing the 

specificity of anti-β1 in Scn1b wildtype vs. null brain (Chen et al., 2007), we 

demonstrated the specificity of the anti-β1 and anti-β2 antibodies for 

immunofluorescence using Scn1b and Scn2b null optic nerve, respectively 

(Figure 3.4).  Insets in each panel show individual nodes of Ranvier to clearly 

demonstrate the presence or absence of β subunit expression in the nodal gap.  

As Scn3b and Scn4b null animals are not available, similar studies could not be 

performed for anti-β3 and anti-β4; however, Western blot experiments in β 

subunit transfected vs. non-transfected HEK cells support the specificity of these 

antisera (Wong et al., 2005).   
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We attempted to perform immunostaining of human brain cryosections to 

examine the localization of Nav1.1 in addition to the protein expression levels 

shown above.  However, all of the commercially Nav1.1 antibodies tested yielded 

inconsistent or non-specific results despite several modifications to the 

immunolabeling protocol (data not shown).  To demonstrate that our protocol for 

immunofluorescence worked in human brain sections, in spite of the inconclusive 

results for anti-Nav1.1, we performed dual immunolabeling in NAWM and NAGM 

sections with anti-pan-sodium channel antibody to mark nodes of Ranvier and 

anti-Caspr to mark paranodal regions of myelinated axons (Figure 3.5).  As 

expected, sodium channel α subunits cluster at nodes of Ranvier in both NAGM 

(Figure 3.5, A-C) and NAWM (Figure 3.5, D-F).  Thus, our immunolabeling 

protocol was appropriate for visualization of sodium channel α subunits in human 

brain.  It is possible that the antigen to which these anti-Nav1.1 antibodies were 

raised is accessible when the Nav1.1 polypeptide is denatured for SDS-PAGE 

Western blotting, but that in its native form in human brain the epitope is not 

accessible to the antibody.  Other laboratories in the field have obtained similar 

results with sodium channel antibodies (Dr. B. Trapp and Dr. S. Waxman, 

personal communication).  
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Sodium channel β1 localization in control and MS brain 

We examined expression of the sodium channel β1 subunit in control and MS 

brain sections (Figure 3.6).  As expected (Chen et al., 2004), we observed 

expression of β1 in a subset of nodes of Ranvier in control brain in both white 

and grey matter, indicated as anti-β1 labeling in the node surrounded by anti-

Caspr labeling in the paranodal regions (shown in insets in Figure 3.6C and 

Figure 3.6I).  We also observed anti-β1 immunoreactivity in glial cells in control 

NAGM sections (Figure 3.6, A-C).  β1 immunoreactivity was reported previously 

in MS brain tissue (Aronica et al., 2003).  Consistent with this, we observed glial 

expression of β1 in NAGM from MS brain, with β1 expressed diffusely along the 

slender glial processes (Figure 3.6, D-F).  In control NAWM sections, glial 

expression of β1 was observed at high levels along glial processes as well as at 

nodes of Ranvier (Figure 3.6, G-I).  NAWM regions of MS brain also displayed 

glial β1 immunoreactivity (Figure 3.6, J-L).  Finally, in sections from MS brain 

containing a demyelinated lesion, β1 expression adopted a more diffuse pattern 

of expression which appeared coincident with staining of anti-acetylated α-tubulin 

along axons (Figure 3.6, M-O).  These data suggest that expression of β1 in 

demyelinated regions follows the diffuse localization of sodium channels along 

axons, observed in previous studies in MS lesions (Craner et al., 2003a; Craner 

et al., 2004a; Craner et al., 2004b; Coman et al., 2006; Herrero-Herranz et al., 

2008), as well as being expressed in glia. 
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Sodium channel β2 localization in control and MS brain 

We performed immunohistochemical experiments to examine the expression of 

β2 subunits in both MS and control brain (Figure 3.7).  Our previous Western 

blotting experiments did not demonstrate significant changes in β2 protein 

expression when comparing these samples (see Figure 3.1C, Figure 3.2B and 

Figure 3.3B).  However, we were interested to determine whether changes in β2 

localization might occur in MS vs. control sections.  Control NAGM showed 

strong expression of β2 in cells located irregularly throughout the section which 

morphologically resembled stellate astrocytes (Figure 3.7, A-C).  Glial 

expression of β2 was again observed in MS NAGM sections (Figure 3.7, D-F).  

Anti-β2 signal was also detected in diffuse patterns in addition to the glial cell-

specific expression in MS NAGM.  In control NAWM sections, the numbers of 

glial cells expressing β2 decreased as compared to control NAGM and β2 

expression appeared to be restricted to small punctate regions on axons 

throughout the section that were likely nodes of Ranvier, consistent with our 

previous reports in mouse brain (Chen et al., 2002; O'Malley et al., 2009) (Figure 

3.7, G-I, also see inset in Figure 3.7G).  This pattern was similar in MS NAWM 

regions (Figure 3.7, J-L).  However, in these sections β2 was also observed in 

short, irregular process-like regions of expression that did not coincide with 

axonal labeling with anti-acetylated α-tubulin and may have represented glial 

processes.  Finally, in sections containing a demyelinated lesion, β2 was 

observed to be expressed in extended segments that were co-labeled with anti-

acetylated α-tubulin. These regions likely indicated demyelinated axons, 
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consistent with previously observed sodium channel α subunit localization 

(Craner et al., 2003a; Craner et al., 2004b; Coman et al., 2006; Herrero-Herranz 

et al., 2007).  We also observed segments of anti-β2 labeling that were not α-

tubulin-positive, resembling glial processes (Figure 3.7, M-O).   

 

In summary, in normal tissue β1 and β2 subunits are expressed at nodes of 

Ranvier along myelinated axons and in glia, likely astrocytes.  In MS tissue, β1 

and β2 subunits are expressed in glia and along demyelinated axons.  

 

Sodium channel β3 localization in control and MS brain 

The localization of β3 subunits in human brain appears to be very different from 

that of β1 or β2, although a caveat is our lack of a Scn3b null mouse in which to 

test the specificity of the antibody for immunofluorescence. Figure 3.8 shows 

immunofluorescent detection of β3 localization in MS and control brain sections.  

Detection of β3 was performed concurrently with an antibody against glial 

fibrillary acidic protein (GFAP), to label astrocytes, or alternately with an antibody 

against acetylated α-tubulin, to identify axons.  Control NAGM displayed intense 

β3 immunostaining in nuclei, coincident with DAPI staining (Figure 3.8, A-C).  β3 

signal was not detected in other regions within these cells nor in astrocytes.  In 

MS NAGM, β3 expression was again high in nuclei.  β3 was also detected in 

processes in a subset of glial cells in these NAGM sections (Figure 3.8, D-F).  In 

control NAWM, similar to control NAGM, β3 was observed only in nuclei and was 
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not detected in axons (Figure 3.8, G-I).  In NAWM from MS brain, β3 expression 

was detected at high levels in nuclei and, similarly to MS NAGM, in the 

processes of a subset of glial cells (Figure 3.8, J-L).  Finally, in regions of MS 

white matter sections containing a lesion, in addition to high levels of nuclear 

expression, β3 is expressed in processes of glial cells within the demyelinated 

lesion (Figure 3.8, M-O).  In order to aid in the identification of these anti-β3-

positive glial cells, we performed double immunolabeling with anti-β3 and anti-

GFAP (Figure 3.8, P-Q).  We concluded that these β3-positive glial cells were 

GFAP-positive astrocytes.  In contrast, we demonstrated using double labeling 

that GFAP-positive astrocytes in control NAWM and control NAGM sections did 

not express β3 (higher magnification of merged image from Figure 3.8, D-F 

presented in Figure 3.8P).  These results suggest that astrocytes in NAGM from 

MS patients may be activated, compared to control patients, and that this 

process involves β3 expression. 

 

Sodium channel β4 localization in control and MS brain 

In our final set of experiments we performed immunostaining of control and MS 

brain sections using anti-β4 antibody with double labeling for the axonal marker 

acetylated α-tubulin (Figure 3.9). Similar to β3, a potential caveat in these 

experiments is the non-availability of a Scn4b null mouse to test antibody 

specificity. In control NAGM, β4 expression was observed in small punctate 

regions throughout the section (Figure 3.9, A-C).  It is possible that these puncta 

represent β4 expression at nodes of Ranvier, although the size of the puncta 
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appear to be large compared to the size of nodal sodium channel clusters 

observed in previous sections.  Nodal expression of β4 has not been well-

examined, and future experiments should use markers such as Caspr to 

delineate the nodal region in order to investigate this question in greater detail.  

Unexpectedly, β4 expression was also observed in irregular regions of intense 

staining (Figure 3.9, A-C).  These regions were non-uniform in appearance and 

were typically broad and long in dimensions.  We hypothesized that these 

regions might be elements of the brain vasculature.   Other immunostained 

sections supported this notion when β4 expression was seen clearly in cross-

sectioned blood vessels and/or capillaries (Figure 3.9, P-Q).  The striated pattern 

of labeling suggests that β4 is expressed within the vascular smooth muscle.  

Expression of other β subunits in vasculature was not observed and was a 

pattern unique to the β4 subunit.  In MS NAGM, β4 exhibited the same vascular 

pattern of expression with other small punctate staining throughout the section 

(Figure 3.9, D-F).  Control NAWM (Figure 3.9, G-I) and MS NAWM (Figure 3.9, 

J-L) displayed a pattern of β4 expression which was also at high levels within the 

vasculature as well as exhibiting small regions of punctate subunit expression in 

all regions of the section.  In tissue obtained from sections containing a 

demyelinated lesion, β4 expression was again observed in the vasculature 

(Figure 3.9, M-O).  This region also showed a general increase in regions of 

linear, extended β4 signal which was not coincident with axonal acetylated α-

tubulin and may represent capillary labeling. 
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DISCUSSION 
 

In this study we have presented evidence for the expression of Nav1.1 and β2 

sodium channel subunit polypeptides in NAGM and NAWM in both control and 

MS brain as well as in MS lesion.  In addition, we demonstrated the localization 

of the sodium channel β1, β2, β3 and β4 subunits in these regions of control and 

MS brain.  Precise localization of specific sodium channel gene products to 

certain subcellular subdomains is critical for the maintenance of normal 

excitability.  During pathology, alterations in channel expression can represent 

either adaptive changes to allow for recovery from injury, or changes occurring 

as downstream effects of insult which are themselves elements of pathology. 

 

We previously demonstrated that Scn2b null mice have increased expression of 

Nav1.1 polypeptides in whole brain homogenates in the EAE mouse model of MS 

(O'Malley et al., 2009).  Both Scn2b null and wildtype mice exhibited aberrant 

expression of Nav1.1 in a subset of CNS nodes of Ranvier and along 

demyelinated axons following the induction of EAE.  Thus, even though 

increases in Nav1.1 protein expression levels were detected biochemically only in 

Scn2b null mice, both wildtype and null genotypes displayed changes in Nav1.1 

localization in disease, implicating Nav1.1 as an interesting new candidate for 

demyelinating channelopathies.  In the present study, we examined the 

expression of Nav1.1 protein by Western blot in NAGM, NAWM and lesioned 

human brain.  In NAGM, Nav1.1 may be expressed at higher levels in MS 
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samples compared to controls.  We propose that increased channel expression 

may be an early indicator of pathology in these "normal appearing" regions of 

gray matter obtained from MS patients.  

 

We examined the specific localization of sodium channel β subunits in MS versus 

control brain.  In addition to the expected localization at nodes of Ranvier, anti-β1 

exhibited strong labeling of glial cells in both disease and control patients.  This 

pattern of expression was observed in both NAGM and NAWM.  In demyelinated 

lesions, β1 was also observed along axons coincident with acetylated α-tubulin, 

consistent with previously reported labeling for sodium channel α subunits along 

demyelinated axons in MS.  The glial cells in which β1 was expressed displayed 

astrocytic morphology.  This is consistent with previous studies demonstrating 

upregulation of β1 protein in diseases which include reactive gliosis, including 

MS and amyotrophic lateral sclerosis (Aronica et al., 2003) as well as expression 

of Scn1b mRNA in cultured astrocytes (Oh and Waxman, 1994).  These data 

suggest that β1 subunit expression in astrocytes in disease may be a pattern 

repeated throughout a variety of neurodegenerative diseases.  A caveat to this is 

that we observed glial β1 expression in control tissue as well as in diseased 

tissue.  Further study of β1 protein expression levels as well as the prevalence 

and specific distribution of these β1-expressing astrocytes in normal versus 

diseased brain is needed to determine specific changes in the disease state. 
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In the investigation of β2 localization in brain, glial expression was again 

observed in NAGM from control and MS brain.  MS NAGM displayed slight 

increases in β2 immunofluorescence compared with controls.  Our Western blot 

experiments did not show changes in β2 expression in NAGM between control 

and MS brain.  However, due to the small contribution that astrocytes expressing 

β2 would make to brain homogenates, we are not able to make conclusions 

about changes in astrocytic β2 protein expression in human brain.  In control and 

MS NAWM, anti-β2 labeling displayed an axonal pattern, with β2 expression 

restricted primarily to clusters at putative nodes of Ranvier.  Interestingly, in MS 

NAWM anti-β2 signal was also frequently detected in short non-axonal 

processes, suggesting that β2 expression in glia in diseased NAWM may be 

increased over controls.  Finally, β2 expression in demyelinated lesions was 

observed coincident with axonal staining, similar to β1 in this region.  These data 

suggest, as expected, that sodium channel α, β1 and β2 subunits are diffusely 

distributed as a heterotrimeric complex along demyelinated axons in MS.   

 

Our results showing immunolocalization of β3 supports the hypothesis that β 

subunit expression in glial cells, specifically astrocytes, may play a role in MS 

disease pathology or progression.  Control brain sections displayed anti-β3 

labeling only in nuclei, which must be investigated further to determine its 

specificity.  The anti-β3 antibody used in this study was raised against a C-

terminal peptide from mouse β3 (sequence IPSENKENSVVPVEE) and shares 

14/15 residue identity with the human β3 sequence (Wong et al., 2005).   
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In MS brain, anti-β3 labeling was consistently observed in a subset of GFAP-

positive astrocytes.  This was observed as well in lesioned brain.  Unlike β1, β3 

does not participate in trans homophilic cell-cell adhesion (McEwen et al., 2009). 

β1, but not β3, is expressed in cancer cells where it modulates cell adhesion and 

migration (Chioni et al., 2009).  In contrast, Scn3b, unlike Scn1b, is up-regulated 

in response to DNA damage and mediates a p53-dependent apoptotic pathway 

(Adachi et al., 2004).  Thus, these two VGSC β subunits may play very different 

physiological and pathophysiological roles in vivo, specifically, in reactive 

astrocytes in MS. 

 

Finally, we examined control and MS brain to determine the pattern of β4 

localization.  No differences were observed between diseased and non-diseased 

tissue.  Interestingly, in contrast to the other β subunits, β4 expression was only 

weakly detected in neurons and instead was detected at high levels in the brain 

vasculature in all sections examined. This is in contrast to previous labeling of rat 

brain tissue with another anti-β4 antibody which demonstrated immunopositive 

brain neurons (Yu, 2003). Both this antibody and our antibody appear to be 

specific using β4-transfected fibroblasts.  The antibody used in this study was 

raised against the C-terminal region of β4 (sequence  GLPGSKAEEKPPTKV, 

which is identical with human β4 in 14/15 amino acids (Wong et al., 2005)), 

whereas the antibody used in the study by Yu et al. was raised against an N-
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terminal sequence spanning amino acid residues 51-67 (Yu et al., 2003).  Further 

investigations must be performed in the future comparing multiple anti-β4 

antibodies and eventually testing Scn4b null mice. 

 

Our observations in this study have provided new evidence demonstrating the 

expression of sodium channel β subunits in astrocytes in both normal and MS 

brain.  In addition, we provide novel results opening the possibility of β4 subunit 

expression in brain vasculature. Our immunofluorescence results support the 

hypothesis derived from previous mouse and rat data that sodium channels are 

expressed during the early stages of oligodendrocyte precursor cell (OPC) 

development but are not expressed in mature, myelinating oligodendrocytes  

(OLs) (Sontheimer et al., 1989; Karadottir et al., 2008).  In cultured OPCs, we 

observed expression of β subunits at the A2B5-positive and A007-positive stages 

of differentiation (Chapter 4). In contrast, in adult human tissue, shown in this 

chapter, β subunits were observed in astrocytes but were not detected in mature 

OLs or in the myelin sheath. OPCs have been shown to express sodium currents 

in during the early A2B5-positive stage, however, this current decreases to 

undetectable levels at later stages of differentiation (Sontheimer et al., 1989; 

Karadottir et al., 2008).  These results are consistent with data presented in this 

chapter showing the lack of sodium channel β subunit immunoreactivity in the 

myelin sheath and in surrounding OL cell bodies in adult human brain sections.  

In contrast, we did observe expression of β subunits in GFAP-positive astrocytes 

in both control and diseased adult human brain.  Astrocytes express multiple 
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forms of ionic current, including voltage-gated sodium current (Barres et al., 

1990a; Sontheimer, 1994; Barres, 2008) and make contact with the neuronal 

axolemma at nodes of Ranvier (Butt et al., 1999).  Expression of β subunits in 

adult astrocytes is thus consistent with their known functions in channel 

modulation and cell adhesion. In conclusion, sodium channel β subunits are 

expressed in both neurons and glia in the CNS and their cellular localization 

changes in demyelinating disease.  In addition, sodium channel β subunit 

expression in glia may be regulated by both development and pathophysiology.  

 

 

EXPERIMENTAL METHODS 
 

Sample preparation: Fresh-frozen brain specimens from 10 female control and 9 

female MS patients were obtained from the Human Brain and Spinal Fluid 

Resource Centre, VA West Los Angeles Healthcare Centre, Los Angeles, CA 

90073 which is sponsored by NINDS/NIMH, National Multiple Sclerosis Society, 

and Department of Veterans Affairs.  Control patients had not been diagnosed 

with any neurological disease.  Details of each specimen obtained, including 

patient age at death, patient diagnosis, and time post-mortem before tissue 

autopsy are provided in Table 1.  Blocks provided were classified as NAGM or 

NAWM (for control), or plaque, adjacent NAWM, and nearest NAGM (for MS 

brain).  Blocks of brain were stored at -80°C until use.  For immunofluorescence, 
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blocks were removed directly onto a cryostat without fixation or cryopreservation.  

10-20 µm cryosections were generated and stored at -20°C until used for 

immunostaining.   For Western blotting, membrane preparations were obtained 

as previously described (Isom et al., 1995a; O'Malley et al., 2009).   

 

Immunofluorescent staining and microscopy:  10-20 µm brain sections were fixed 

for no longer than 10 min with 1% paraformaldehyde, washed 3 times in 0.05 M 

phosphate buffer (PB), and blocked for a minimum of 1 h in PBTGS (0.1M PB, 

0.3% Triton X-100, 10% normal goat serum).  Sections were incubated at RT 

overnight in primary antibody diluted in PBTGS, followed by incubation for 2 h in 

goat anti-mouse or anti-rabbit secondary antibody as appropriate, coupled to 

either Alexa 488 (green) or Alexa 594 (red) (Molecular Probes, Carlsbad, CA) 

and diluted in PBTGS.  Sections were washed three times with 0.1 M PB after 

each antibody step.  Sections were air-dried and coverslipped using GelMount 

anti-fade mounting medium (Biomeda, Foster City, CA).  Digital images were 

collected using an Olympus FluoView 500 confocal microscope with FluoView 

software located in the Department of Pharmacology, University of Michigan.  

 

Western blot:  Western blots were performed with brain membrane preparations 

as described previously (Malhotra et al., 2000b; Malhotra et al., 2004; O'Malley et 

al., 2009) and as modified below to detect Na+ channel α and β subunit 

polypeptides.  Briefly, samples were solubilized in SDS-PAGE sample buffer 
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containing 1% SDS and 500 mM β-mercaptoethanol, heated for 5-10 min at 

85°C, and separated on a 4-15% acrylamide SDS-PAGE gradient gel (Bio-Rad, 

Hercules, CA) for detection.  Proteins were transferred to nitrocellulose and 

blocked for a minimum of 15 minutes with block solution (0.5% non-fat dry milk 

and 0.1% bovine serum albumin in 1x TBS-T).  The membrane was then probed 

with specific primary antibodies against Na+ channel α or β subunits followed by 

secondary anti-mouse or anti-rabbit antibodies as appropriate conjugated to 

horseradish peroxidase.  The membrane was washed three times in 1x TBS-T 

following each antibody step.  All blocking, washing, and antibody incubation 

steps were performed using the SNAP i.d. Western blot system (Millipore, 

Billerica, MA).  Proteins were visualized using the West Dura or West Femto 

enhanced chemiluminescence detection system (Pierce, Rockford, IL).  Some 

sections of the membrane were stripped with ReBlot Plus Antibody Stripping 

Solution (Chemicon, Temecula, CA) according to manufacturer’s instructions, 

washed 2 times in Western block solution, and subsequently re-incubated with a 

different primary antibody against α-tubulin as a loading control or against a 

second Na+ channel α subunit, then protein detection was completed as 

described above.   For quantification of Western blots, densitometric analysis of 

bands was performed using NIH ImageJ software.  Band density was normalized 

to α-tubulin signal for comparison. 

 

Antibodies:  Primary antibodies for Western blotting and immunocytochemistry 

were used as follows:  rabbit anti-β1 (1:300, Western blotting or 1:250, 
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immunofluorescence, obtained from Dr. N. Nukina (Wong et al., 2005)), rabbit 

anti-β2 (1:500, Western blotting or 1:250, immunofluorescence, obtained from Dr. 

N. Nukina (Wong et al., 2005)), rabbit anti-β3 (1:500, Western blotting or 1:500, 

immunofluorescence, obtained from Dr. N. Nukina (Wong et al., 2005)), rabbit 

anti-β4 (1:500, Western blotting or 1:500, obtained from Dr. N. Nukina (Wong et 

al., 2005)), mouse anti-Nav1.1 (1:250, NeuroMab, Davis, CA), mouse anti-Nav1.2 

(1:250, NeuroMab, Davis, CA), mouse anti-Nav1.6 (1:250, NeuroMab, Davis, CA 

or 1:250, Sigma-Aldrich), mouse or rabbit anti-pan-Na+ channel (1:250, Sigma-

Aldrich), and mouse anti-α-tubulin (1:5000, Cedarlane Laboratories, Hornby, 

ON), anti-Caspr (rabbit, 1:500, a gift from Dr. E. Peles), mouse anti-GFAP 

(1:500, Molecular Probes) and mouse anti-acetylated α-tubulin (1:1000, Sigma-

Aldrich).   
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Figure 3.1: Expression of Nav1.1 and β2 in NAGM.   

Western blots of brain homogenate from NAGM obtained from MS and control 
brains were probed with antibodies against Nav1.1 or β2.  The membrane probed 
for Nav1.1 was stripped and reprobed with anti α-tubulin (as a loading control). 

(A) Anti-Nav1.1.  (B) Anti-α-tubulin.  (C) Anti-β2.  (D) Quantification of anti-Nav1.1 
immunoreactive bands in panel A. 
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Figure 3.2: Expression of Nav1.1 and β2 in NAWM.   

Western blots of brain homogenate from NAWM obtained from MS and control 
brains were probed with antibodies against Nav1.1 or β2.  Blots were then 
stripped and reprobed with anti α-tubulin (as a loading control). 

(A) Anti-Nav1.1.  (B) Anti-β2.  (C) Anti-α-tubulin.  (D) Quantification of anti-Nav1.1 
immunoreactive bands in panel A. 
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Figure 3.3: Expression of Nav1.1 and β2 in MS lesion.   

Western blots of brain homogenate from white matter brain blocks containing 
lesions were probed with antibodies against Nav1.1 or β2.  An aliquot of MS 
NAWM was included for purposes of comparison.  Blots were then stripped and 
reprobed with anti α-tubulin (as a loading control). 

(A) Anti-Nav1.1.  (B) Anti-β2.  (C) Anti-α-tubulin.  (D) Quantification of anti-Nav1.1 
immunoreactive bands in panel A. 
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Figure 3.4: Specificity of anti-β1 and anti-β2 antibodies. 

Anti-β1 and anti-β2 antibodies specifically recognize β1 and β2, respectively, in 
optic nerve cryosections.  A, B: Anti-β1.  Anti-β1 antibody (green) detects β1 
protein at nodes of Ranvier in wildtype optic nerve (A) while optic nerve from 
Scn1b null mice (B) shows an absence of β1 immunoreactivity.  Paranodes are 
marked by anti-Caspr.  Scale bar = 20 µm.  C, D: Anti-β2.  Anti-β2 antibody 
(green) shows specific expression of β2 protein at nodes of Ranvier in wildtype 
optic nerve (C), while nodes of Ranvier in optic nerve from Scn2b null mice (D) 
are devoid of β2 immunoreactivity.  Paranodes are marked by anti-Caspr (red).  
Scale bar = 10 µm. 
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Figure 3.5: Expression of sodium channel α subunits at nodes of Ranvier in 
control human brain. 

A-C: Sodium channels are expressed at nodes of Ranvier in NAGM.  (A) anti-
pan-sodium channel, (B) anti-Caspr, (C) merged.  D-F: Sodium channels are 
expressed at nodes of Ranvier in NAWM.  (D) anti-pan-sodium channel, (E) anti-
Caspr, (F) merged.  Scale bar = 20 µm. 
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Figure 3.6: β1 expression in control and MS brain. 

β1 is expressed in glial cells in both control and MS brain as well as along axons 
in demyelinated lesions in MS brain.  A-C: Control NAGM.  (A): anti-β1, (B) anti-
Caspr, (C) merged.  Inset shows a single node of Ranvier displaying β1 
immunoreactivity.  D-F: MS NAGM.  (D): anti-β1, (E) anti-Caspr, (F) merged.  G-I: 
control NAWM.  (G): anti-β1, (H) anti-Caspr, (I) merged.  Inset shows a single 
node of Ranvier displaying β1 immunoreactivity.  J-L: MS NAWM.  (J): anti-β1, 
(K): anti-Caspr, (L): merged.  M-O: MS lesion.  (M): anti-β1, (N): anti- acetylated 
α-tubulin, (O): merged. 

Scale bar, panels M-O = 50µm.  Scale bar, all other panels = 100 µm. 



 

191 
 

 



 

192 
 

 

 

 

 

 

 

Figure 3.7: β2 expression in control and MS brain. 

β2 is expressed in glial cells in both control and MS brain.  A-C: Control NAGM.  
(A): anti-β2, (B) anti-Caspr, (C) merged.  D-F: MS NAGM.  (D): anti-β2, (E) anti-
Caspr, (F) merged.  G-I: Control NAWM.  (G): anti-β2, (H) anti- acetylated α-
tubulin, (I) merged.  J-L: MS NAWM.  (J): anti-β2, (K): anti-acetylated α-tubulin, 
(L): merged.  M-O: MS lesion.  (M): anti-β2, (N): anti-acetylated α-tubulin, (O): 
merged. 

Scale bar = 50 µm. 
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Figure 3.8: β3 expression in control and MS brain. 

β3 is expressed at high levels in nuclei as well as in glial cells in MS brain but no 
control brain.  A-C: Control NAGM.  (A): anti-β3, (B) anti-GFAP, (C) merged.  D-
F: MS NAGM.  (D): anti-β3, (E) anti-GFAP, (F) merged.  G-I: Control NAWM.  
(G): anti-β3, (H) anti- acetylated α-tubulin, (I) merged.  J-L: MS NAWM.  (J): anti-
β3, (K): anti-GFAP, (L): merged.  M-O: MS lesion.  (M): anti-β3, (N): anti-GFAP, 
(O): merged.  P, Q: Specific expression of β3 in GFAP-positive cells in MS brain 
(Q) but not control brain (P).  Anti-β3 (green), anti-GFAP (red). 

Scale bar, panels A-P = 50 µm.  Scale bar, panel Q = 20 µm. 



 

195 
 

.



 

196 
 

 

 

 

 

 

 

Figure 3.9: β4 expression in control and MS brain. 

β4 is expressed in vasculature in control and MS brain.  A-C: Control NAGM.  
(A): anti-β4, (B) anti-acetylated α-tubulin, (C) merged.  D-F: MS NAGM.  (D): 
anti-β4, (E) anti-acetylated α-tubulin, (F) merged.  G-I: Control NAWM.  (G): anti-
β4, (H) anti-acetylated α-tubulin, (I) merged.  J-L: MS NAWM.  (J): anti-β4, (K): 
anti-acetylated α-tubulin, (L): merged.  M-O: MS lesion.  (M): anti-β4, (N): anti-
acetylated α-tubulin, (O): merged.  P, Q: Localization of β4 to a blood vessel in 
cross-section.  (P) anti-β4, (Q) merged with anti-acetylated α-tubulin (red). 

Scale bar = 100 µm. 
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 Sample 
Number Age Post-mortem 

time (hours) Diagnosis 

Control 3175 54 21.5 Pancytopenia 
 3346 91 10.0 Congestive heart failure 
 3397 72 19.5 Cancer 
 3406 72 20.1 Congestive heart failure 
 3465 93 20.25 Von Willebrand’s disease 
 3482 79 14.0 Coronary artery disease 

 3543 73 12.0 Chronic obstructive pulmonary 
disease 

 3558 59 19.5 Non-Hodgkins lymphoma 
 3603 74 12.0 Cancer 
 3698 84 N/A Cancer 

MS 3509 74 11.25 Chronic MS 
 3840 61 22.8 Active MS 
 3860 81 11.8 MS 
 3928 53 10.3 Chronic MS 
 3954 72 40.1 MS 
 4106 63 23.0 Chronic MS 
 4107 52 20.6 Chronic-active MS 
 4201 75 13.8 Chronic MS 
 4212 50 18.9 Chronic MS 

 
 
 
Table 3.1: Summary of human brain samples.  
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CHAPTER FOUR 

EXPRESSION OF VOLTAGE-GATED SODIUM CHANNEL α AND β 
SUBUNITS IN CULTURED RAT OLIGODENDROCYTES 

 

SUMMARY 
 

Oligodendrocytes (OLs) are the myelinating glial cells of the central nervous 

system (CNS).  These cells have typically been considered to be “non-excitable.”  

However, sodium currents were reported in isolated A2B5-positive 

oligodendrocyte precursor cells (OPCs) in culture (Sontheimer et al., 1989).  

More recent evidence has demonstrated that a sub-population of NG2-

expressing progenitor cells in rat, presumably OPCs, are capable of generating 

tetrodotoxin (TTX)-sensitive action potentials in response to depolarizing stimuli 

(Karadottir et al., 2008).  These action potentials are dependent on neuronal 

contact and have been proposed to contribute to brain development by allowing 

OPCs to sense electrically active axons and target these axons for myelination.  

In addition, it is postulated that OPCs may be able to modulate axonal 

conduction velocity, although the underlying mechanism is unknown.  Further, 

OPC-generated action potentials disappeared with differentiation to mature OLs, 

in agreement with (Sontheimer et al., 1989), who earlier reported that sodium 
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currents are barely detectable in cultured OLs. These results have led 

researchers in the field to begin to re-think the roles of electrically excitable and 

non-excitable glia in brain and to consider that sodium currents may be essential 

for normal OPC functions. 

 

The purpose of the present study was to investigate the expression of voltage-

gated sodium channel α and β subunits in A2B5-positive OPCs and then after 

differentiation into more mature A007-positive cells, to gain a greater 

understanding of the molecular basis of the observed sodium channel current in 

OPCs.   We performed immunofluorescent labeling of cultured rat OPCs isolated 

from neonatal rat brain. OPCs displayed differential expression of sodium 

channel α and β subunits, with changing patterns of expression as OPCs 

differentiated from A2B5-positive to the A007-positive pro-OL stage. β2 and β4 

subunits, which share 35% homology and associate covalently with sodium 

channel α subunits, were expressed at low levels at both stages. Anti-β1 

produced moderate labeling of A2B5-positive OPCs that increased with 

differentiation to the A007-positive stage.  Anti-β3 displayed moderate labeling in 

the cellular processes and an intense nuclear signal in both A2B5- and A007-

positive cells.  Unexpectedly, antibodies specific to the pore-forming sodium 

channel α subunits Nav1.1, Nav1.2, and Nav1.6 showed low to moderate labeling 

of A2B5-positive OPCs that increased in more differentiated A007-positive pro-

OLs.  However, in agreement with previous studies, anti-pan sodium channel 

antibody labeling suggested that fewer channels were functionally available at 
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the OPC plasma membrane in A007-positive compare to A2B5-positive cells. 

Taken together, these results demonstrate the expression of both sodium 

channel α and β subunits in cultured rat OPCs at two stages of differentiation. 

 

 

INTRODUCTION 
 

Oligodendrocytes (OLs) are the glial cells responsible for the myelination of CNS 

axons.   Early OL precursor cells (OPCs) are highly migratory and remain mitotic, 

while mature OLs, capable of elaborating extensive myelin membranes to 

ensheathe axons, have withdrawn from the cell cycle and are no longer capable 

of migration (Baumann and Pham-Dinh, 2001; McTigue and Tripathi, 2008).  OL 

development follows a stepwise process, beginning with the induction of 

progenitor cells in the neuroepithelium (Miller, 2002; Simons and Trajkovic, 2006; 

McTigue and Tripathi, 2008).  These cells migrate into presumptive CNS white 

matter where they differentiate (Baumann and Pham-Dinh, 2001; Miller, 2002).  

Differentiation proceeds through morphologically distinct intermediate stages, 

with each stage identifiable by cell shape and specific subset of cell-surface 

antigens.  The earliest OPCs display bipolar morphology and express the A2B5 

antigen, platelet-derived growth factor α (PDGF-α), and chondroitin sulfate 

proteoglycan NG2 (Miller, 2002; Chittajallu et al., 2004; McTigue and Tripathi, 

2008).  These progenitor cells develop into a multipolar intermediate cell type 



 

202 
 

termed the pro-OL.  Pro-OLs retain expression of the three progenitor antigens 

and begin to express the O4 antigen (Baumann and Pham-Dinh, 2001; Miller, 

2002) (also detected with anti-A007 antibody (Bansal et al., 1992)).  As pro-OLs 

differentiate into mature OLs, they downregulate PDGFRα and A2B5 (Trapp et 

al., 1997; Baumann and Pham-Dinh, 2001).  These cells retain a multipolar 

morphology while starting to display a sheet-like or rarified membrane 

appearance similar to the myelinating OL.  These mature cells retain O4 antigen 

expression while beginning to express the O1 galactocerebroside antigen and 

eventually upregulating 2’, 3’-cyclic nucleotide 3’-phosphodiesterase (CNP) 

(Baumann and Pham-Dinh, 2001; Zhang, 2001; Miller, 2002).  Expression of 

NG2 is downregulated at this mature stage of differentiation.  As mature cells 

make contact with nearby axons and differentiate into myelinating OLs capable of 

forming compact myelin, they finally express the myelin proteins myelin basic 

protein (MBP), proteolipid protein (PLP), and myelin-associated glycoprotein 

(MAG) (Baumann and Pham-Dinh, 2001; Zhang, 2001; McTigue and Tripathi, 

2008).  By virtue of these progressive changes in cell surface antigens, OLs in 

culture can be identified using specific antibodies in conjunction with observation 

of morphology.   

 

Voltage-gated sodium channels are responsible for the generation and 

propagation of action potentials in excitable cells.  Sodium channels in brain are 

heterotrimers, consisting of one central, pore-forming α subunit in association 

with two β subunits which do not contribute to pore formation but play roles in 
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modulation of channel kinetics and regulation of channel cell surface expression 

(Catterall, 2000; Isom, 2001; Chen et al., 2002; Chen et al., 2004; Brackenbury 

and Isom, 2008).  Sodium channel β subunits also play multiple distinct, non-

conducting roles separate from their roles in channel modulation, most notably in 

cell-cell adhesion, cellular migration, and neuronal fasciculation (Malhotra et al., 

2000a; Isom, 2002; Davis et al., 2004; McEwen and Isom, 2004; Brackenbury et 

al., 2008b; Brackenbury et al., 2008a). 

 

The myelination of excitable axons by OLs is a well-established function for these 

cells (Baumann and Pham-Dinh, 2001; Sherman and Brophy, 2005; Simons and 

Trotter, 2007).  Multiple groups have begun to solidify the importance of the OL 

beyond its role in axon ensheathment.  The identity of OLs as excitable cells 

presents a novel and intriguing addition to our understanding of CNS function 

and development.  OLs had been known to be capable of generating low levels 

of sodium current which had been proposed to play a role in functions such as 

the maintenance of the resting membrane potential, but until recently were 

believed not to fire action potentials (Williamson et al., 1997; Xie et al., 2007).  

Electrophysiological studies of cultured OPCs have demonstrated measurable 

sodium current at early developmental stages that disappeared with maturation 

(Sontheimer et al., 1989; Barres et al., 1990b).  A2B5-positive OPCs were 

reported to uniformly express tetrodotoxin (TTX)-sensitive sodium currents, with 

O4-positive pro-OLs expressing sodium currents with similar kinetics but 

significantly reduced current density in a much smaller fraction of total cells.  
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Interestingly, with differentiation to mature OLs, sodium current was no longer 

detectable (Sontheimer et al., 1989).  Thus, sodium channel expression in OPCs 

and OLs appears to be under tight developmental control.  These data also 

suggest that sodium current may play a functional role in early stages of OPC 

development. 

 

Recently, two populations of morphologically similar NG2-expressing OPCs in 

slices of rat cerebellum at postnatal day P7 were identified, only one of which 

was capable of generating action potentials in response to depolarization 

(Karadottir et al., 2008).  Similar to the non-spiking sodium current seen 

previously in OPCs, these action potentials were shown to be TTX-sensitive and 

to inactivate during sustained depolarization, consistent with their generation by 

voltage-gated sodium channels.  These action potential-generating cells form 

synaptic connections, receiving both excitatory and inhibitory input from neurons 

(Karadottir et al., 2008).  Spiking NG2-positive cells also displayed pan-sodium 

channel immunostaining while non-spiking cells did not (Karadottir et al., 2008).  

A separate study identified a population of subcortical NG2-positive OLs which 

were capable of firing single TTX-sensitive action potentials while NG2-positive 

OPCs from white matter were not able to generate action potentials (Chittajallu et 

al., 2004).  These studies suggest that sodium channel function in OPCs and 

OLs may be more complex than originally believed, opening the possibility of 

new roles for OPCs and OLs involving excitability.  It is important to note, when 

considering these data, that NG2-positive cells represent a heterogeneous 
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population that also include multipotent progenitor cells (Mallon et al., 2002; 

Chittajallu et al., 2004; McTigue and Tripathi, 2008).  These cells are capable of 

differentiation into OLs, but may also differentiate into neurons as seen in a 

subpopulation that express the neuronal marker doublecortin (Belachew et al., 

2003; Wang and He, 2009). 

 

Previous studies have examined sodium channel α subunit expression in OPCs 

and OLs by electrophysiological measurements; however, a comprehensive 

evaluation of sodium channel β subunit expression has not yet been undertaken.  

We were interested in examining the expression of sodium channel α and β 

subunits using immunofluorescence to determine the complement of channel 

subunits expressed in differentiating OPCs.  Here we present evidence of 

differential expression of α and β subunits in cultured OPCs derived from 

neonatal rat brain at two stages of differentiation.  

 

RESULTS 
 

In this study, we employed two antibodies against OPC cell surface antigens in 

order to mark the stage of differentiation of cells in culture.  Anti-A2B5 recognizes 

an antigen present on cell surface gangliosides on OPCs and identifies early 

bipolar cells as well as those which are beginning to adopt a multipolar 

morphology (Eisenbarth et al., 1979).  Anti-A2B5 labeling is strong at all plasma 
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membranes of OPCs (for example, Figure 4.1B).  The anti-A007 antibody can be 

used to identify cells at the same stage of differentiation as those marked by the 

O4 antigen (Bansal et al., 1992).  These cells are multipolar and are more 

differentiated than A2B5-positive cells.  Anti-A007 labels all pro-OL cell 

processes, but shows low or undetectable amounts of labeling at the cell body 

(for example, Figure 4.1E).  

 

Expression of sodium channel β1 and β3 subunits in OPCs 

The specificity of the anti-β1 and anti-β2 antibodies used in this study was 

demonstrated using Scn1b and Scn2b null tissues, respectively, in Chapter 3 of 

this thesis (see Figure 3.4).  Scn3b and Scn4b null animals are not available, 

and so similar studies could not be performed for anti-β3 and anti-β4.  However, 

Western blot experiments in β subunit transfected vs. non-transfected HEK cells 

demonstrated the specificity of the anti-β3 and anti-β4 antibodies (Wong et al., 

2005). 

 

The β1 and β3 subunits both associate non-covalently with the sodium channel 

pore-forming α subunit, although likely not simultaneously.   We first examined 

expression of β1 and β3 in OPCs at two stages of differentiation.   
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Figure 4.1 shows expression of the sodium channel β1 subunit in both A2B5-

positive and A007-positive OPCs.  In A2B5-positive precursor cells, β1 is 

expressed uniformly throughout the cell at moderate levels, detectable in the cell 

body as well as the processes (Figure 4.1A-C).  In A007-positive cells, β1 

expression is upregulated as compared to A2B5-positive cells.  This increase in 

expression of β1 can be clearly seen in comparing β1 signal in A2B5-positive 

OPCs and β1 signal in the multipolar, extensively branched mature pro-OLs in 

the same field of view (Figure 4.1A).  These mature cells are no longer 

recognized by anti-A2B5 (see Figure 4.1B), but their morphology resembles that 

of the A007-positive cells (see Figure 4.1E).  In A007-positive cells, β1 is 

strongly expressed at the plasma membrane of the cell body, with some 

detectable labeling within the soma (Figure 4.1D-F).  It is most highly expressed 

in the major processes branching directly off of the cell body with slightly 

diminished levels in the secondary processes.   

 

We then performed immunostaining to examine β3 expression in A2B5- and 

A007-positive cells.  In both stages of differentiation, the expression pattern of β3 

is strikingly different from that of β1.  Anti-β3 shows intense nuclear labeling in all 

cells, coincident with DAPI staining (Figure 4.2).  A2B5-positive precursors 

express β3 at low levels in processes as well as in the cell body and cytoplasm 

(Figure 4.2, A-C).  A007-positive cells retain β3 expression in the cell body and 

processes (Figure 4.2, D-F).  More extensively arborized processes show 

moderate amounts of β3 signal throughout.  Nuclear labeling in both stages of 
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differentiation remains at the same high levels in all nuclei, sometimes 

complicating the imaging process for these cells due to oversaturation.  

 

Expression of sodium channel β2 and β4 subunits in OPCs 

We examined expression of β2 and β4 in differentiating OLs.  The β2 and β4 

channel subunits share only 35% homology, although both associate covalently 

with sodium channel α subunits through disulfide bonding.   

 

Labeling of A2B5-positive OPCs with anti-β2 demonstrates low overall 

expression of β2, with moderate levels of expression observed in the cell body 

(Figure 4.3, A-C).  In contrast to anti-β3, nuclei in these cells do not express β2.  

Expression of β2 in the cellular processes is at moderate levels in the proximal 

regions and rapidly decreases at distances further from the cell soma.  In A007-

positive cells, the pattern of β2 expression is similar to that in A2B5 cells, with 

expression of β2 highest in the cell body and decreasing progressively in the 

processes with increasing distance from the cell body (Figure 4.3, D-F).  

Interestingly, a number of cells appear to display perinuclear β2 staining (see 

Figure 4.3D).  

 

We then labeled OPCs using anti-β4.  Expression of β4 is barely detectable 

above background levels in both stages of differentiation (Figure 4.4).  This 
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holds true for the cell body, nucleus and processes of all A2B5-positive cells 

observed (Figure 4.4, A-C), with β4 expression also virtually undetectable in 

A007-positive cells (Figure 4.4, D-F).  Unexpectedly, β4 expression is observed 

strongly in non-OL lineage cells which do not express A007 (see Figure 4.4D).   

These cells have a flattened appearance, lack a centrally-positioned cell body as 

seen in labeled OPCs and do not extend processes consistent with those 

observed in either A2B5- or A007-positive OPCs. 

 

Sodium channel α subunit expression in OPCs 

Sodium current has been observed in OPCs in early stages of differentiation, 

including in a subpopulation of NG2-positive precursor cells in cerebellar brain 

slices which generate TTX-sensitive action potentials (Karadottir et al., 2008).  

We therefore examined the expression of the TTX-sensitive sodium channel α 

subunits Nav1.1, Nav1.2 and Nav1.6 in OPCs using immunofluorescence.  All 

three of these channels are expressed in CNS neurons. 

 

We labeled OPCs with anti-Nav1.1.  Nav1.1 is extensively expressed within brain, 

including localization at axon initial segments and select nodes of Ranvier 

(Westenbroek et al., 1989; Duflocq et al., 2008).  Nav1.1 is expressed at nodes 

of Ranvier in a subpopulation of axons within the spinal cord in normal animals 

as well as aberrantly in optic nerve in a mouse model of demyelinating disease 

(Duflocq et al., 2008; O'Malley et al., 2009).  Nav1.1 plays a major role in normal 
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neuronal excitability as well as pathophysiology (Yu et al., 2006; Kalume et al., 

2007; Gambardella and Marini, 2009).  In A2B5-positive OPCs, Nav1.1 is 

expressed at low levels throughout the cell without polarized subcellular 

localization (Figure 4.5, A-C).  This channel expression is not unique to OPCs, 

however, as Nav1.1 signal is also detectable in cells not expressing the A2B5 

antigen (Figure 4.5A).  As cells differentiate into A007-expressing pro-OLs, the 

pattern of Nav1.1 expression alters slightly.  The highest amount of Nav1.1 signal 

is detected in the cell body and proximal processes, with lower levels of 

expression in secondary and distal processes (Figure 4.5, D-F).   

 

We next examined expression of Nav1.2 in A2B5- and A007-positive OPCs.  In 

the CNS, Nav1.2 is expressed along normally non-myelinated axons as well as at 

nodes of Ranvier in early stages of development (Boiko et al., 2001b).  In A2B5-

positive progenitor cells, Nav1.2 is expressed at moderate levels within the cell 

body while immunofluorescence along the processes is low to nearly 

undetectable (Figure 4.7, A-C).  Nav1.2 expression in A007-positive cells is 

readily detectable, with strong expression in cell bodies and along some major 

processes with moderate expression along secondary processes (Figure 4.7, D-

F).   

 

Nav1.6 is the channel subtype normally expressed at nodes of Ranvier along 

myelinated axons as well as at axon initial segments (Caldwell et al., 2000; Boiko 
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et al., 2001b).  Nav1.6 expression has also been detected in microglia that have 

been activated following injury (Black et al., 2008).  In A2B5-positive OPCs, 

strong Nav1.6 expression was observed within the cell body and at low but 

detectable levels in the processes (Figure 4.7, A-C).  Nav1.6 expression can be 

seen within the cytoplasm and at the plasma membrane, but is not detected in 

the nucleus.  In A007-positive cells, Nav1.6 expression is at highest levels in the 

cell body with expression also detectable in all processes at low to moderate 

levels, relative to the cell body (Figure 4.7, D-F). 

 

Finally, immunostaining of cultured OPCs was performed using anti-pan-sodium 

channel antibody to detect all sodium channels present.  Sodium channel 

expression was visible throughout A2B5-positive cells with strong labeling 

detected at the plasma membrane (Figure 4.8, A-C).  In A007-expressing cells, 

channel expression was similar within all regions of the cell (Figure 4.8, D-F).  

These data confirm the expression of sodium channels in OPCs detected by the 

individual anti- Nav1.1, -Nav1.2, and -Nav1.6 antibodies.  Interestingly, and in 

contrast to the specific sodium channel antibodies tested, anti-pan-sodium 

channel antibody immunofluorescence displayed intense plasma membrane 

labeling in A2B5-positive cells (Figure 4.8A), but this polarized expression was 

not observed in A007-positive cells (Figure 4.8D).  These results suggest that 

another sodium channel α subunit gene product than the ones tested may be 

expressed in at the plasma membrane in OPCs.  These data also suggest, 

consistent with previous electrophysiological results, that a higher proportion of 
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channels are localized to the plasma membrane in early stages of differentiation 

where they would then be able to generate sodium current. 

   

DISCUSSION 
 

Voltage-gated sodium channels are key players in excitability, and have been 

classically considered to be required only by excitable cells such as neurons or 

myocytes.  Sodium channels are now known to be expressed in a variety of cells 

historically considered to be “non-excitable” such as cancer cells (Brackenbury 

and Djamgoz, 2006; Brackenbury et al., 2007) and macrophages (Craner et al., 

2005), as well as being important molecular components of a wide variety of 

pathological processes and diseases.  This prompts the question: what is the 

functional role of sodium channels in OPCs, long considered to be non-

excitable?  Do sodium channels in myelinating glia have conducting as well as 

non-conducting functions? 

 

In this study, we have provided evidence for the expression of multiple sodium 

channel α and β subunits in OPCs at two stages of development, A2B5-

expressing and A007-expressing OPCs.  Previous publications have 

demonstrated the presence of sodium current in isolated A2B5-positive OPCs, 

although with rare exception this current was not sufficient to fire an action 

potential.  This sodium current was most evident in early progenitor cells and 
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progressively decreased as cells differentiated to more mature stages 

(Sontheimer et al., 1989; Barres et al., 1990b).  Spiking NG2-positive precursor 

cells in brain slices, which are in contact with neurons and capable of firing action 

potentials, also appear to lose excitability as cells continue to differentiate.  In 

agreement with (Sontheimer et al., 1989), our results demonstrate that sodium 

channel α subunits are expressed in both A2B5-positive and A007-positive 

OPCs. Further, our results with anti-pan sodium channel antibody suggest that 

fewer channels may be functionally expressed at the OPC plasma membrane at 

the more A007-positive stage compared with the immature A2B5 stage.  These 

data are consistent with previous results showing that sodium currents decrease 

in cultured OPCs with differentiation from bipolar to multipolar morphology 

(Sontheimer et al., 1989). Because this previous study did not include 

immunocytochemical labeling, we cannot compare our results directly with theirs.  

 

The specific subcellular expression of sodium channel α and β subunits in 

cultured OPCs during differentiation has not been examined previously.  The ion-

conducting α subunit has been investigated through the observation of sodium 

current (Sontheimer et al., 1989; Chittajallu et al., 2004; Karadottir et al., 2008), 

but the β subunits have not been studied carefully.  One previous study 

examined Scn1b (β1) mRNA expression in cultured optic nerve astrocytes and in 

Schwann cells (Oh and Waxman, 1994).  Scn1b mRNA in astrocytes was visible 

in process-bearing astrocytes, but not those with a fibroblast-like morphology, 

with expression higher in the soma as well as in the processes.  In Schwann 
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cells, both the soma and the processes express Scn1b mRNA (Oh and Waxman, 

1994).  These observations are consistent with the observations of β1 protein 

localization in both cell body and processes in our immunofluorescent studies of 

cultured oligodendrocytes.  Another group of investigators examined β1 protein 

expression in post-mortem brain tissue from patients suffering from diseases 

which exhibit gliosis, one of which was multiple sclerosis.  β1 expression was 

shown to be increased in astrocytes in lesioned tissue in each gliosis-associated 

disease (Aronica et al., 2003).  This same group also observed increases in β1 

expression in reactive astrocytes in hippocampus in a model of epilepsy, the 

electrical induction of status epilepticus in rat, while resting astrocytes did not 

express significant levels of β1 (Gorter et al., 2002). 

 

In this study we also show a strikingly different pattern of expression for β3 as 

compared to β1, with β1 expressed in A2B5-positive OPCs and at higher levels 

in A007-positive OPCs and β3 primarily observed in nuclei and at low to 

moderate levels in the cell body and processes.  These subunits both exhibit a 

similar type I integral membrane protein topology with a single extracellular 

immunoglobulin loop.  β1 and β3 share 57% sequence identity, but display 

different and often complementary tissue localization in CNS despite both being 

broadly expressed (Morgan 2000).  β1 has been well-characterized as a cell 

adhesion molecule separate from its function in channel modulation (Isom, 2002; 

McEwen and Isom, 2004).  Despite the homology between β1 and β3, however, 

β3 does not engage in trans homophilic cell adhesion (McEwen et al., 2009).  It is 
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not capable of binding to either contactin or ankyrin G, two of the known binding 

partners of β1 , nor of engaging in heterophilic cell adhesion with β1 (McEwen 

and Isom, 2004; McEwen et al., 2009).  It is possible that the different expression 

patterns of β1 and β3 in OPCs are predicated on their differing ability to engage 

in cell adhesion, a property which is well known to contribute to a variety of 

cellular functions such as cell migration. 

 

The expression of β4 in non-OL lineage cells in differentiated cultures was 

unexpected.  β4 is the most recently cloned of the sodium channel β subunits 

and is consequently the least well-characterized.  It has been implicated in the 

promotion of channel opening and increased current amplitudes when co-

expressed with an α subunit in heterologous systems (Aman et al., 2009).   The 

expression pattern of β4 in this study raises several intriguing questions.  These 

cells morphologically resemble fibroblast lineage cells.  Sodium current has been 

observed in epithelial and epithelial-derived cells in multiple studies.   TTX-

resistant sodium channel current was detected in cells derived from rat and 

human vascular cells (Gordienko and Tsukahara, 1994; Gosling et al., 1998; 

Walsh et al., 1998).  The channel involved in this current appears to be the 

cardiac voltage-gated sodium channel Nav1.5 (Gordienko and Tsukahara, 1994; 

Walsh et al., 1998).  It would be valuable to use markers of fibroblast cells, as 

well as markers for astrocytes, which can also take on a fibroblast morphology, to 

positively identify these cells. 
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The pathology of demyelinating and dysmyelinating diseases such as multiple 

sclerosis (MS) and Charcot-Marie-Tooth disease is intricately intertwined with 

myelin structure, formation and deterioration as well as the potential for 

remyelination.  Understanding the biology of the myelinating glia is a critical step 

in our understanding of these diseases.  We have shown previously that loss of 

the β2 subunit is neuroprotective in a mouse model of MS (O'Malley et al., 2009), 

where deletion of β2 leads to not only reductions in axonal loss and degeneration 

but also preservation of the myelin sheath.  In the current study, β2 expression in 

cultured OPCs is at low to moderate levels, suggesting that deletion of β2 in 

these cells may not have a significant functional effect.  This is consistent with 

the model we proposed previously, in which deletion of β2 in central axons, not 

the myelin sheath, was the critical element in the process of neuroprotection 

(O'Malley et al., 2009).  However, the role of β2 in OPCs in vivo is worth 

considering.  Also, the presence of ion channels in glia has been implicated in 

other studies of demyelinating disease, and so the other voltage-gated sodium 

channel subunits may play a role in pathology different from that of β2. 

 

What might the role of glial sodium channels be in the absence of action potential 

firing?  Two strong possibilities are cell migration and cell proliferation.  OPCs, 

especially during progenitor stages, are highly motile and migratory (Baumann 

and Pham-Dinh, 2001; McTigue and Tripathi, 2008).  Survival requires the ability 
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to make contact with the axon (Trapp et al., 1997; Barres and Raff, 1999; Gao 

and Miller, 2006), suggesting cell adhesive functions to have potential import.  

Sodium channels have previously been implicated in processes of cell 

proliferation (Pardo, 2004; Wu et al., 2006) and cell migration (Kim et al., 2005; 

Paez et al., 2008).   Evidence for sodium channel α and β subunit involvement in 

cancer, particularly in proliferation, migration, metastasis, and invasion, supports 

these two processes as strong potentials for the role of channels in glia (Fraser 

et al., 2005; Mycielska et al., 2005; Brackenbury et al., 2007; Brackenbury et al., 

2008a).   

 

Finally, it is important to note that the properties of OPCs and OLs in situ and in 

vitro are likely not identical.  Some A2B5-positive cells may also be bipotent 

progenitor cells capable of differentiating into neurons.  Cultured cells thus offer a 

valuable tool for the investigation of protein expression and cellular function, but 

ultimately observations made in vitro must be confirmed in an appropriate 

physiological setting.  This study thereby represents an early step in the 

investigation of the expression and function of sodium channel α and β subunits 

in myelinating glia.  Further experiments making use of specific genetic models 

such as the Scn1b and Scn2b null mice will help to elucidate the specific 

importance of these channel subunits in glia. 
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EXPERIMENTAL METHODS 
 

Oligodendrocyte precursor cell primary culture: Primary cultures were prepared 

in the Benjamins laboratory at Wayne State University, Detroit, MI.  

Oligodendroglial cell cultures were obtained from neonatal rat brain using the 

shake-off technique (McCarthy and de Vellis, 1980), as modified previously (Dyer 

and Benjamins, 1988).  Briefly, cultures were prepared from neonatal Sprague 

Dawley rat brain and OPCs were separated from the astroglial layer by physically 

rapping flasks against the benchtop.  These separated cells were then placed 

into plastic dishes in order to separate microglia and other cell types by 

differential adherence.  The remaining cells, enriched in OPCs, were plated onto 

poly-D-lysine coated coverslips.  OPCs were maintained in a 2:1 mixture of 

chemically defined medium (Bottenstein, 1986) containing 2% newborn calf 

serum with astrocyte-conditioned medium (DMEM F-12) containing 10% 

newborn calf serum. 

  

Immunofluorescent staining and microscopy:  Coverslips with adherent OPCs 

were used for immunofluorescent staining.  Coverslips were fixed with 4% 

paraformaldehyde and stored in PBS at 4°C until used.  Cells were incubated for 

1 h at RT with monoclonal primary antibodies against OPC cell surface epitopes 

A007 or A2B5.  Coverslips were washed 3 times in PBS and then incubated for 

30 minutes at RT with goat anti-mouse secondary antibody coupled to Alexa 546 

(red) fluorophore (Molecular Probes, Carlsbad, CA).  Cells were then fixed for 10 



 

219 
 

minutes with 4% paraformaldehyde and washed in PBS before permeabilization 

and blocking for a minimum of 1 h in PBTGS (0.1M PB, 0.3% Triton X-100, 10% 

normal goat serum).  Coverslips were then incubated overnight in polyclonal 

primary antibodies against sodium channel α or β subunits diluted in PBTGS.  

The following day, coverslips were incubated for 2 h in goat anti-rabbit secondary 

antibodies coupled to Alexa 488 (green) (Molecular Probes, Carlsbad, CA) 

diluted in PBTGS.  Coverslips were washed three times with 0.1 M PB after each 

antibody step.  Some coverslips were additionally incubated with DAPI and 

washed again with 0.1M PB.  Coverslips were then air-dried briefly and mounted 

onto SuperFrost Plus slides using GelMount anti-fade mounting medium 

(Biomeda, Foster City, CA).  Digital images were collected using an Olympus 

FluoView 500 confocal microscope with FluoView software located in the 

Department of Pharmacology, University of Michigan.   Composite images were 

assembled using Adobe Photoshop CS4. 

 

Antibodies:  Primary antibodies for immunocytochemistry were as follows:  

mouse anti-A2B5 (dilution 1:1 or 1:5, obtained from Dr. J. Benjamins, 

characterized in (Eisenbarth et al., 1979)), mouse anti-A007 (1:1 or 1:5, obtained 

from Dr. J. Benjamins, characterized in (Bansal et al., 1992)), rabbit anti-β1 

(1:500-1000, obtained from Dr. N. Nukina (Wong et al., 2005)), rabbit anti-β2 

(1:500-1:1000, obtained from Dr. N. Nukina (Wong et al., 2005)), rabbit anti-β3 

(1:1000, obtained from Dr. N. Nukina (Wong et al., 2005)), rabbit anti-β4 (1:1000, 

obtained from Dr. N. Nukina (Wong et al., 2005)), rabbit anti-Nav1.1 (1:250, 
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Sigma-Aldrich), rabbit anti-Nav1.2 (1:200, Sigma-Aldrich), rabbit anti-Nav1.6 

(1:200, Sigma-Aldrich), and rabbit anti-Pan-Nav (1:200, Sigma-Aldrich). 
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Figure 4.1: β1 expression in OPCs.   

β1 is expressed in both A2B5-positive and A007-positive OPCs.  (A-C) β1 
immunolocalization in A2B5-positive OPCs is expressed uniformly in all regions 
of the cell.  A: Anti-β1, B: Anti-A2B5, C: merged.  (D-F) β1 expression in A007-
positive oligodendrocytes is detectable in all regions of the cell, with increased 
expression in major processes.  D: Anti-β1, E: Anti-A007, F: merged.   

Scale bar = 50 µm.
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Figure 4.2: β3 expression in OPCs.   

β3 is strongly expressed in nuclei in both A2B5-positive and A007-positive OPCs 
as well as in cell processes.  (A-C) β3 immunolocalization in A2B5-positive OPCs 
is seen at high levels in nuclei as well as in processes and the cell body.  A: Anti-
β3, B: Anti-A2B5, C: merged.  (D-F) β3 expression in A007-positive OPCs is 
retained at high levels in the nucleus with moderate expression in processes.  D: 
Anti-β3, E: Anti-A007, F: merged.   

Scale bar = 50 µm. 
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Figure 4.3: β2 expression in OPCs.   

β2 is expressed in both A2B5- and A007-positive OPCs at low levels.  (A-C) β2 
immunolocalization in A2B5-expressing OPCs is detected primarily in the cell 
body and processes immediately proximal to the soma.  A: Anti-β2, B: Anti-
A2B5, C: merged.  (D-F) β2 expression in A007-positive cells resembles the 
pattern of low β2 expression in A2B5-positive OPCs, with some expression of β2 
in perinuclear regions.  D: Anti-β2, E: Anti-A007, F: merged.   

Scale bar = 50 µm.
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Figure 4.4: β4 expression in OPCs.   

β4 expression is not detected in A2B5- and A007-positive OPCs but is expressed 
strongly in non-oligodendrocyte lineage cells.  (A-C) β4 expression in A2B5-
positive OPCs is not detected at levels significantly above background signal.  A: 
Anti-β4, B: Anti-A2B5, C: merged.  (D-F) β4 expression in A007-positive 
oligodendrocytes is virtually undetectable, similar to A2B5-positive OPCs.  β4 is 
strongly expressed in non-OLs.  D: Anti-β4, E: Anti-A007, F: merged.  Scale bar 
= 50 µm. 



 

228 
 

 



 

229 
 

 

 

 

 

 

 

 

Figure 4.5: Nav1.1 expression in OPCs.   

Nav1.1 is expressed in both A2B5-positive and A007-positive OPCs and displays 
increases of expression during differentiation.  (A-C) Nav1.1 immunolocalization 
in A2B5-expressing OPCs is seen at low levels in all regions of the cell.  A: Anti-
Nav1.1, B: Anti-A2B5, C: merged.  (D-F) Nav1.1 expression in A007+ OPCs is 
detectable in all regions of the cell with expression in major processes.  D: Anti-
Nav1.1, E: Anti-A007, F: merged.  Scale bar = 50 µm. 
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Figure 4.6: Nav1.2 expression in OPCs.   

Nav1.2 is expressed in both A2B5- and A007-positive OPCs.  (A-C) Nav1.2 
immunolocalization in A2B5-positive OPCs is seen at low levels in the cell body 
with low expression in processes.  A: Anti-Nav1.2, B: Anti-A2B5, C: merged.  (D-
F) Nav1.2 expression in A007-positive oligodendrocytes is strong in the cell body 
as well as major processes.  D: Anti-Nav1.2, E: Anti-A007, F: merged.   

Scale bar = 50 µm. 
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Figure 4.7: Nav1.6 expression in OPCs.   

Nav1.6 is expressed in both A2B5-positive and A007-positive OPCs.  (A-C) 
Nav1.6 expression in A2B5-positive OPCs is seen in all regions of the cell, with 
highest levels of expression in the cell body and proximal processes.  A: Anti-
Nav1.6, B: Anti-A2B5, C: merged.  (D-F) Nav1.6 expression in A007-positive cells 
is detectable in all regions of the cell with high levels of expression in the soma 
and proximal processes.  D: Anti-Nav1.6, E: Anti-A007, F: merged.   

Scale bar = 50 µm. 
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Figure 4.8: Pan-sodium channel expression in OPCs.   

Sodium channels are expressed in both A2B5-positive and A007-positive OPCs 
as detected by the pan-sodium channel antibody.  (A-C) Anti-pan sodium 
channel immunostaining in A2B5-positive OPCs is seen in all regions of the cell 
with high expression at the plasma membrane.  A: Anti-pan-Nav, B: Anti-A2B5, 
C: merged.  (D-F) Sodium channel expression in A007+ oligodendrocytes is 
detectable in all regions of the cell.  A: Anti-pan-Nav, B: Anti-A007, C: merged.  
Scale bar = 50 µm. 
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CHAPTER FIVE 
 

 

DISCUSSION AND CONCLUSIONS 

 

Voltage-gated sodium channels play key roles in processes throughout the body 

and at all points in development.  In embryonic life, channel subunits contribute 

to essential steps in the genesis of what will become adult tissues and systems.  

The β subunits engage in cell adhesive interactions and help guide nascent 

neurons toward their destinations, contributing to axonal pathfinding and helping 

axons fasciculate into the closely-knit, elegant fiber bundles that become part of 

the circuitry of the nervous system.  Developing cerebellar granule neurons, 

extending newly-formed neurites as they establish orientation within and 

connections to their cellular environment, rely on the properties of the β1 subunit 

for neurite outgrowth.  Sodium channel α and β subunits have been observed in 

excitable and non-excitable cells, suggesting unknown roles that extend beyond 

ion conduction.   Mutations in sodium channel subunits or aberrant regulation of 

subunit expression can be linked directly to the development of a multitude of 

disorders, with novel mutations being identified on an ongoing basis.  These offer 

a handful of examples from the panoply of scenarios in which sodium channels 

are of importance.   
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My dissertation research has focused on the role of sodium channel α and β 

subunits in myelinating glia as well as demyelinating disorders of the CNS.  In 

this thesis, I have provided evidence implicating sodium channel β subunits in the 

pathogenesis of demyelinating disease in mice and humans.  I have shown that 

deletion of sodium channel β2 subunits is neuroprotective in a mouse model of 

demyelinating disease, a process that is hypothesized to contribute to 

amelioration of disease symptoms through a reduction in the number of sodium 

channels at the plasma membrane, thereby decreasing the extent of potentially 

damaging downstream injury cascades.  I have translated my research in this 

animal model into the human demyelinating disorder multiple sclerosis (MS), 

contributing to the growing body of published evidence implicating sodium 

channel subunits in this and related diseases.  Finally, I have examined the 

expression of sodium channel α and β subunits in cultured rat oligodendrocytes 

in order to better understand their roles in normal glial development and function.  

In the present chapter, I will review my findings and reiterate their importance, 

propose some directions for future research in each area, and finally remark on 

some potential implications of my observations. 
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SODIUM CHANNELS IN MYELINATING GLIA 
 

I have demonstrated the presence of voltage-gated sodium channel α and β 

subunits in cultured rat oligodendrocytes (OLs) at two stages of differentiation: 

A2B5-positive and A007-positive progenitor cells.  Sodium channel β subunit 

expression has been studied only cursorily in myelinating CNS glial cells, and my 

results offer a starting point for a number of additional lines of investigation. 

Sodium channel α subunits have been studied in terms of their ability to generate 

sodium current in both cultured oligodendrocyte precursor cells (OPCs) as well 

as, in a subset of publications, OPCs in in situ in brain slices.  My observations of 

α subunit expression in progenitor cells are consistent with and support these 

previously published studies in which sodium channels are expressed in 

progenitor cells and levels then become downregulated during differentiation. 

 

I observed that sodium channel α subunits are expressed in OPCs at both A2B5-

expressing and A007-expressing stages of differentiation, consistent with the 

implications of previous electrophysiological studies.  Are the channels identified 

in my studies functional?  Have they been inserted into the plasma membrane 

where they are able to play a role in ion conductance?   These questions can be 

approached by using both biochemical and electrophysiological means.  First, 

sodium current should be measured at each of these two stages of 

differentiation.  In keeping with the literature, our prediction would be that bipolar 

precursor cells at the A2B5-expressing stage would generate detectable levels of 
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sodium current, while more differentiated A007-expressing cells would generate 

lower levels of sodium current and perhaps be incapable of generating enough 

current to fire an action potential if co-cultured with axons.   Previous studies 

have demonstrated the presence of TTX-sensitive sodium current in OPCs, and 

my data have also specifically shown the expression of three TTX-sensitive 

channel subtypes.  The properties of this TTX-sensitive current should be further 

examined.  Do different channel subtypes make different relative contributions to 

current in OPCs?  It could also be valuable to allow OPCs to further differentiate 

into mature OLs capable of elaborating myelin membranes, although at this 

stage normal development of these cells becomes dependent on the presence of 

axonal signals and support for continued survival and perhaps for proper 

expression of the normal complement of proteins.  Detailed investigation of 

channel expression in mature myelinating glia in culture should be carried out in 

co-culture systems in order to ensure glial cell survival; it would, however, be 

intriguing to examine specific changes in protein expression or glial cell 

properties in the presence or absence of supporting neuronal cells. 

 

Second, sodium channel subunit protein expression in OPCs should be 

measured via Western blotting techniques in addition to immunofluorescence.  

An essential caveat when considering the question of protein expression as 

examined through immunofluorescence is how best to compare expression in 

different samples or images.  Strategies in which pixel intensity is measured in 

order to evaluate signal strength require careful controls and data acquisition to 
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ensure that comparisons are being made among samples which are in fact 

comparable.  Performing Western blotting with protein lysates from A2B5- and 

A007-expressing cells is an important experiment to accompany 

immunofluorescent imaging.  This can measure not just the total amount of 

channel protein present in cultured OLs, but complementary experiments utilizing 

surface biotinylation techniques would contribute to answering the question of 

whether channels have been inserted into the plasma membrane or if they have 

been retained in membranes in intracellular compartments. An alternative 

approach to this question is the use of 3H-saxitoxin binding assays to quantify the 

number of sodium channels present at the plasma membrane; this technique, 

however, detects only TTX-sensitive channels and does not differentiate between 

individual subtypes.   

 

Results from experiments investigating expression of sodium channel α subunits 

using the pan-sodium channel antibody as well as antibodies specific to Nav1.1, 

Nav1.2 and Nav1.6 raise another interesting question.  These data show low to 

moderate levels of expression of each specific channel subtype in A2B5-

expressing progenitor cells as well as moderate or higher expression in A007-

positive cells.  However, experiments with the pan-sodium channel antibody 

showed particularly high levels of expression at the plasma membrane in the 

earlier, A2B5-positive stage which is not accounted for by the lack of similarly 

strong plasma membrane labeling detected when probing for the three specific 

channel subtypes.  Nav1.1, Nav1.2 and Nav1.6 were selected for these 
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experiments based on their importance in central nervous tissue as well as their 

relevance to demyelinating disorders.  Is there a different channel protein which 

is expressed in early stages of OL differentiation?   Likely candidates are Nav1.3, 

known to be expressed during embryonic brain development, as well as Nav1.8 

which is also expressed within some CNS regions under pathophysiological 

conditions.  The possibility that these channels are expressed in OPCs should be 

explored.   

 

My observations of sodium channel β subunit expression in OPCs suggest that 

the β subunits which are of highest importance in these cells are β1 and β3, 

while the low to undetectable levels of β2 and β4 in OPCs imply that these 

subunits may not play a significant role in these precursor cells.  This implication 

dovetails well with my data demonstrating that the loss of β2 is neuroprotective in 

demyelinating disease.  The model we proposed for the mechanism of action of 

β2 based on those data implicated β2 as an important element within the axon, 

rather than within the myelinating glia, and the low levels of β2 detected in 

cultured OPCs support this model.  Further examination of the connection 

between my observations in the EAE model and in cultured OLs will require 

study of β subunit expression at later stages of differentiation, when cells begin to 

become competent to engage in myelination.  Our hypothesis is that β subunit 

expression is important in OPCs, potentially for cellular migration and cell-cell 

adhesion, but is less important, or perhaps does not play a role, in the mature, 

compact myelin sheath.  Depending on antibody quality, immuno-electron 
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microscopy could be a valuable tool for the examination of β subunit expression 

specifically in compact versus non-compact myelin.  This could potentially help to 

clarify the stages at which β subunit expression is important in the myelinating 

glia versus the myelin sheath. 

 

β1 expression in OPCs and OLs is intriguing.  β1 has been shown to play a role 

in cell signaling, migration and adhesion separate from its function in channel 

modulation.  OPCs are highly motile in early stages of development, and axon 

ensheathment by mature myelinating OLs requires contact between the axon 

and glial cell before myelination can initiate.  In this way, expression of β1 by 

OPCs in early stages of differentiation may mediate critical cell adhesive 

functions, ensuring that OPCs migrate to the correct location of presumptive 

white matter and, once there, establish correct contact with axons.  This is 

supported by data from our Scn1b null mouse, in which a subset of axons display 

disruption of normal myelination as seen by the eversion of the terminal 

paranodal loop adjacent to the node of Ranvier in a subset of axons.  In addition 

there are fewer nodes of Ranvier present, and axonal degeneration is observed. 

Preliminary results show that OPC-specific β1 null mice have dysmyelination and 

axonal degeneration.  β1 is not required for the formation of compact myelin, 

since compact myelin is formed in both mouse models, but is likely to play a role 

OPC migration as well as in axo-glial communication required for the initiation of 

myelination.  These hypotheses regarding the role of β1 in CNS glial cells and 

myelination offer a wide variety of potential lines of investigation.  
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In addition to the investigation of β1 and β3 in OPCs, my results using the anti-β4 

antibody in these cultures were interesting and novel. OPCs were obtained for 

these experiments using the “shake-off” method, which produces cultures 

enriched in oligodendroglia but retains a small number of cells of non-glial 

lineages.  I did not detect the expression of β4 in any OPCs during either 

observed stage of differentiation.  However, I observed strong β4 expression in 

non-OL lineage cells.  These cells have a fibroblast-like morphology and express 

high levels of β4 as compared to A007-expressing cells in the same fields of 

view.  The identity of these β4-expressing cells should be determined in co-

labeling experiments for β4 with markers for cells of the fibroblast lineage, as well 

as with markers for astrocytes.   

 

The function of β4 has to date been primarily investigated in the context of its 

potential role in channel modulation.  The promotion of neurite outgrowth seen as 

a consequence of β4 overexpression suggests that β4 may be able to function as 

a cell adhesion molecule (Oyama et al., 2006), but this has not been extensively 

studied to date.  My experiments with human MS brain sections also showed 

high levels of β4 immunofluorescence in putative vascular cells.  This offers the 

potential for a novel role for β4 in non-neuronal and non-glial cell types.  

Expression of β4 in these cells may be linked to excitability, for example, in 

vascular smooth muscle.  However, the importance of β4 in these cells may 

alternately be in relation to a role in cell-cell adhesion.  Important first 

experiments should determine the specific cell types in which β4 is expressed, 
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followed by experiments in heterologous systems to assay the ability of β4 to act 

as a cell adhesion molecule.  Future research can then examine either the role of 

β4 in channel modulation or in cell adhesion in these tissues and cells. 

 

SODIUM CHANNELS IN DEMYELINATING DISORDERS 
 

I have presented evidence in this thesis for the role of sodium channel subunits 

in demyelinating disease, first in an animal model of disease and then in the 

corresponding human syndrome.  Induction of Scn2b null mice using the MOG-

EAE model of MS led to the development of a clinical course which was less 

severe and displayed decreased lethality as compared with the disease course in 

wild type controls.   Scn2b null animals displayed decreases in axonal loss and 

axonal degeneration as well as numbers of demyelinated axons.  These 

differences were not a result of changes in immune cell function or peripheral cell 

populations, nor of the ability of immune cells to infiltrate into the damaged CNS.  

Interestingly, mice lacking β2 displayed significant upregulation of Nav1.1 in brain 

during EAE and, to a lesser extent, in spinal cord, as well as decreased 

expression of Nav1.6.  Examination of optic nerve and spinal cord sections 

demonstrated diffuse localization of sodium channel subtypes Nav1.2 and 

Nav1.6, consistent with multiple previously-published studies, as well as Nav1.1.  

Nav1.1 was also aberrantly localized to a subset of nodes of Ranvier in EAE.  



 

246 
 

These data implicate the β2 subunit in the pathogenesis of demyelinating 

disease.   

 

Our model for the involvement of β2 is predicated on its role as a molecular 

chaperone in the insertion of sodium channels into the plasma membrane as well 

as differential properties of the channel subtypes Nav1.2 and Nav1.6.  This model 

implicates β2 in pathological processes which are located specifically at the 

axon, not the glia.  As mentioned previously, this hypothesis is supported by the 

data I have shown in which β2 expression in cultured OPCs is low.  The relative 

importance of β2 during EAE on the axon or glia could be elucidated by the re-

introduction of β2 into the Scn2b null mouse.  β2 could then be expressed from 

cell type-specific promoters in either the neuron or the OL, and the effect on EAE 

pathogenesis could be observed.  If the effect of β2 loss is, as we hypothesize, 

important at the axon, then reintroduction of β2 in the axon is predicted to 

produce EAE symptoms similar to those observed in wildtype animals. 

 

A key outstanding question unanswered in the course of this thesis is the role 

played by Nav1.1 in demyelinating disease.  Nav1.1 has been implicated by its 

altered expression and localization in β2 null mice during EAE as well as its 

altered expression in human MS patients compared to non-diseased individuals.  

What is the importance of Nav1.1?   One means by which this question can be 

investigated also makes use of the EAE model.  EAE has not been induced in 
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Nav1.1 heterozygotes.  Nav1.1 deletion in null mice is lethal, but heterozygotes 

with a single Scn1a allele can be maintained successfully on a hybrid 

129/SvJ:C57BL/6 genetic background for analysis and breeding purposes (Yu et 

al., 2006).  The phenotype of these animals during demyelinating disease would 

help to determine the role of Nav1.1 in EAE pathogenesis.   However, 

haploinsufficiency of Nav1.1 might not produce a significant phenotype in this 

model due to compensatory mechanisms.   

The proposed Nav1.2 versus Nav1.6 model of MS and EAE pathogenesis implies 

that deletion, reduction or inhibition of Nav1.6 should reduce its axon damaging 

persistent current contribution and thus ameliorate disease symptoms.  During 

the course of my thesis work, I obtained Scn8amed-tg heterozygote mice from the 

laboratory of Dr. Miriam Meisler and induced these mice with MOG-EAE in a set 

of preliminary experiments.  We predicted that, since these mice are lacking 

approximately half of the normal complement of Nav1.6 channels, they would 

resemble our Scn2b null mice during EAE.  Contrary to expectations, the lack of 

a full complement of Nav1.6 did not have any significant effect on disease course 

as compared to wildtype. These results are intriguing and suggest that factors 

beyond Nav1.2 and Nav1.6 underlie sodium channel-mediated pathogenesis. 

Alternatively, the 50% level of Nav1.6 expression in these mice may have been 

sufficient for disease progression. Could this shed light on the role of Nav1.1?  

Other Scn8a mutant mice display varying levels of Nav1.6 expression, with 

selective breeding of mice carrying different alleles allowing for the generation of  

mice expressing as little as 12% of normal Scn8a protein levels without lethality 
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(Meisler et al., 2004).  It would be worthwhile to induce other Nav1.6-deficient 

mice with MOG-EAE to observe whether disease course or pathology are 

influenced by differing levels of Nav1.6 expression beyond those observed in 

medtg/+ mice. Is there a critical amount of Nav1.6 which will be neuroprotective 

while still permitting normal conduction?  This answer could have broad 

applicability, for example, in the development of targeted therapeutics which 

modulate Nav1.6 levels.   

 

After obtaining evidence regarding the role of the β2 subunit, I translated my 

findings into an investigation of brain tissue obtained post-mortem from human 

MS patients.  My examination of Nav1.1 expression in human brain was a result 

of the data obtained from Scn2b null mice in which increased Nav1.1 expression 

was observed in EAE brain.  I observed possible alterations in Nav1.1 expression 

in normal-appearing grey and white matter from human patients, supporting the 

potential importance of this channel subtype in the pathogenesis of 

demyelinating disease.  What is the function of Nav1.1 alteration in demyelinating 

disease?  It is possible that upregulation of Nav1.1 may be an adaptive change 

intended to result in neuroprotection which is more apparent in the MOG-EAE 

mouse model.  Additionally, Nav1.1 may have differing functions in excitatory vs. 

inhibitory neurons as seen in Nav1.1 heterozygotic mice (Yu et al., 2006; Catterall 

et al., 2008), which may be differently affected during demyelinating disease.  

Expression of β2 was not altered during the disease state in either human or 

mouse.  This suggests that, while channel levels may be dynamically regulated in 
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pathological conditions, the total amount of β2 expression may not be critical for 

the ability of β2 to play a role in demyelinating disease. 

My experiments provided evidence suggesting alterations in expression of 

Nav1.1 and changes in localization of β1, β2 and β3 during MS.  Another 

important set of experiments will be to evaluate protein expression levels of β1, 

β3, and β4 subunits in human MS brain samples biochemically.  It is possible that 

expression of β3 may increase in disease, since β3 expression in astrocytes was 

absent in normal brain but present in MS brain.  Additionally, protein expression 

levels of Nav1.2 and Nav1.6 should be assayed in the human samples.  I predict 

that, consistent with my data obtained from the EAE model, expression of Nav1.2 

will be unchanged and expression of Nav1.6 will be increased during MS. 

 

I observed high levels of β subunit immunofluorescence in astrocytes in the 

human samples.  Astrocytes cultured from spinal cord have been shown 

previously to express sodium channel subunit mRNA, including Scn2a and 

Scn3a (Black et al., 1994b), as have astrocytes from optic nerve (Barres et al., 

1989).  Astrogliosis is a prominent component of many MS and EAE lesions 

(Bjartmar et al., 2003; Bannerman et al., 2007) and GFAP levels in patients (as 

determined by ELISA) are increased, particularly in progressive disease forms 

(Norgren et al., 2004). These reactive astrocytes are thought to contribute to 

cytokine production and T cell activation (Bannerman et al., 2007) and are able 

to come into contact with neurons and neuronal synapses, form gap junctions, 
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and make contact with the vasculature (Hansson and Ronnback, 2003).  

Astrocytes contribute to the formation of the glial scar at injury sites in order to 

promote healing (Wang and He, 2009).  In MS, many damaged regions are 

closely associated with GFAP-positive astrocyte processes, which may extend 

along the length of demyelinated regions (Black et al., 2007a). 

 

What might be the role of β subunits in reactive astrocytes during disease or 

damage?  My immunofluorescent studies do not indicate whether these β 

subunits are playing a role as channel modulators, cell adhesion molecules, or 

both.  Astrocytes express sodium current (Bevan et al., 1987; Barres et al., 1989; 

Sontheimer and Waxman, 1992), opening the possibility that β subunits 

associate with these channels to contribute to astrocyte excitability.  β subunits in 

astrocytes, specifically β1, could play a role in cell adhesion, helping to modulate 

migration or cell-cell communication.  Electrophysiological examination of the 

sodium currents expressed by these cells, as well as immunofluorescent 

investigation of the channel subtypes present and coincident with β subunit 

expression, would be valuable. 

 

Lastly, β4 subunits were found to be potentially expressed in the brain 

vasculature, potentially in the vascular smooth muscle.  The precise identity of 

the cells in which β4 is expressed in this region is the first step to be undertaken, 

followed by further characterization of the potential role of β4.  Are sodium 
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channel α subunits expressed in these locations as well, such that β4 could be 

present to modulate channel function?  Alternately, this could help to elucidate a 

role for β4 in cell adhesion which has been suggested by the role of β4 in neurite 

outgrowth observed in previously published studies (Oyama et al., 2006). 

 

FUTURE DIRECTIONS 
 

The results presented in this thesis also raise a number of other interesting 

questions and suggest ways in which these data can be extended into novel 

areas of investigation.  Here, I will comment on two such areas: first, the 

importance of remyelination, and secondly, the role of BACE1 secretase function 

during demyelination, specifically as it pertains to the cleavage of β2. 

 

A critical component of functional recovery in patients is the ability to remyelinate 

axons which have undergone demyelination.  Remyelination allows for the 

restoration of normal conduction and helps to protect axons from further 

degeneration (Dubois-Dalcq et al., 2005).  Remyelinated fibers tend to have 

characteristics slightly different from unaffected nerves, with thinner myelin 

sheaths, shorter internodes and wider nodes (Patrikios et al., 2006).  

Remyelination in damaged CNS tissue is often carried out by Schwann cells 

which migrate in from the peripheral nervous system and this newly-formed 

myelin sheath can persist for long periods of time, up to one year or more (Black 
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et al., 2006a).  MS patients display variability in the extent of remyelination.  

Older patients or those with longer disease duration show more remyelination 

despite the fact that remyelination can occur at any stage of the disease, even 

during acute stages.  Interestingly, periventricular plaques, the most common 

location in which MS lesions are found, display less remyelination compared with 

lesions in deeper regions of the white matter (Patrikios et al., 2006). 

 

Remyelination in the CNS is susceptible to failure and may not proceed 

completely, potentially as a result of inhibition (Franklin, 2002).  What inhibits 

remyelination?  Multiple factors have been proposed to play a role.  There may 

be a lack of progenitor cells available to produce new myelinating glial cells, 

suggesting defects in migration or proliferation (Patrikios et al., 2006).  Factors 

unique to the patient, such as age or genetic background, influence ability to 

remyelinate (Franklin and fFrench-Constant, 2008).  Axons themselves may 

express factors that are non-permissive to myelination (Patrikios et al., 2006).  

My research has demonstrated the presence of sodium channel β subunits in 

myelinating glia in culture.  One strategy for remyelination which is the subject of 

active investigation is the use of OPCs to promote the formation of new myelin 

segments along demyelinated axons.  Could the β subunits offer a means by 

which migration, proliferation or adhesion of these OPCs into regions of damage 

be promoted?  Examination of β subunits in remyelination, either in MS and EAE 

or in separate models of remyelination, may contribute to answering this 

question.  Further experiments should also be performed to investigate the 
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expression of β subunits in populations of proliferating OPCs which are this 

capable of engaging in remyelination. 

 

The role of the β-secretase BACE1 has been well-established in the deposition of 

β-amyloid in regions of pathology during Alzheimer’s disease.  BACE1 is highly 

expressed in brain.  Along with γ-secretase, it cleaves APP to generate amyloid-β 

peptide (Aβ) (Willem et al., 2009).  This cleavage product then accumulates in 

damaged Alzheimer’s brain.  The sodium channel β subunits are one of the few 

protein families identified as substrates for sequential BACE1- and γ-secretase-

mediated cleavage, and this appears especially relevant for β2 and β4.  Many 

proteins have been shown to be cleaved by either BACE1 or γ-secretase, 

however, few are shown to be sequentially cleaved. In cortex, β2 seems to be a 

preferential BACE1 substrate, with β4 cleavage not observed (Kim et al., 2007).  

Cleavage of β subunits by BACE1 generates a C-terminal fragment (CTF) which 

can be further processed by γ-secretase to release a shorter intracellular domain 

(ICD). BACE1-mediated cleavage of β subunits may play a role in normal cellular 

function.  Overexpression of β4 promotes neurite outgrowth as well as production 

of dendritic filopodia (Oyama et al., 2006).  Co-expression of β4 with BACE1 

increases the extent of neurite outgrowth and decreases the numbers of filopodia 

formed.  This effect is mediated specifically by the β4-CTF.  BACE1 function has 

also been suggested to play a role in the modulation of neuronal membrane 

excitability and may have a role in neuronal function (Kim et al., 2007).  This may 
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be a result of BACE1 cleavage of β2.  In B104 rat neuroblastoma cells, BACE1 

cleavage of β2 results in increased in Scn1a/Nav1.1 mRNA and protein 

expression, and this effect was specifically dependent on the presence of the β2 

ICD (Kim et al., 2007). In Alzheimer’s disease patients, in which BACE1 levels 

are increased, Nav1.1 expression was also increased.  However, these channels 

were not properly localized to the plasma membrane due to cleavage of β2.  It 

was not determined whether this improper localization of channels was due to 

inhibition of insertion into the plasma membrane, or increased turnover of 

channels (Kim et al., 2007).  It has been suggested that the β2 ICD is involved in 

a feedback mechanism that contributes to the intracellular retention of Nav1.1 

(Willem et al., 2009).  The effect of BACE1 cleavage products may differ between 

channel subtypes, as cells expressing Nav1.2 did not show alterations in current 

density in the presence of BACE1 (Huth et al., 2009). Thus, similar to my results 

in Scn2b null mice in EAE, Scn2b and Scn1a expression appear to be linked in 

neurons.  This will be the focus of future investigations. 

 

Evidence has begun to emerge implicating BACE1 activity in disease and 

pathological processes beyond APP deposition in Alzheimer’s disease.   Deletion 

of BACE1 impairs remyelination of sciatic nerve after nerve crush injury, leading 

to a delay in remyelination as well as hypomyelination (Hu et al., 2008).  This 

effect may be a result of BACE1 cleavage of the neuronal protein neuregulin-1 

(NRG-1), which contributes to myelin protein expression as well as axon 

ensheathement.   BACE1 expression can also be upregulated by cellular stress, 
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by cytokines released from activated microglia, and during conditions of acute 

hypoxia or energy deprivation (Willem et al., 2009). 

 

BACE1 activity is reduced in the cerebrospinal fluid of MS patients, with a 

resultant decrease in BACE1 cleavage products (Mattsson et al., 2009).  This 

decrease appears to be more severe in patients suffering from progressive 

disease as compared to relapsing-remitting disease, but this trend did not reach 

statistical significance.  It also displays a weak correlation with disease duration 

and clinical disability (Mattsson et al., 2009).  These data, combined with BACE1 

cleavage of β2, the observations presented in this thesis regarding Nav1.1 

expression in MS and EAE, and the potential for BACE1 to be upregulated during 

hypoxia, suggest that the study of BACE1 activity during EAE in the Scn2b null 

mouse may offer valuable insights.   
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