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Abstract

Voltage-gated sodium channels are required for electrogenesis in excitable cells. Their activation, 

triggered by membrane depolarization, generates transient sodium currents that initiate action 

potentials in neurons, cardiac, and skeletal muscle cells. Cells that have not traditionally been 

considered to be excitable (“nonexcitable cells”), including glial cells, also express sodium 

channels in physiological conditions as well as in pathological conditions. These channels 

contribute to multiple functional roles that are seemingly unrelated to the generation of action 

potentials. Here, we discuss the dynamics of sodium channel expression in astrocytes and 

microglia, and review evidence for noncanonical roles in effector functions of these cells including 

phagocytosis, migration, proliferation, ionic homeostasis, and secretion of chemokines/cytokines. 

We also examine possible mechanisms by which sodium channels contribute to the activity of glial 

cells, with an eye towards therapeutic implications for CNS disease.
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Introduction

Voltage-gated sodium channels are heteromeric transmembrane protein complexes that are a 

molecular hallmark of excitable cells. Membrane depolarization triggers their activation, 

generating transient inward sodium currents that initiate action potentials in neurons, 

cardiac, and skeletal muscle cells. Sodium currents were discovered by Hodgkin and Huxley 

using the voltage clamp technique and reported in their groundbreaking series of papers in 

1952; Catterall et al. (2005) subsequently began a molecular characterization of sodium 

channels from excitable membranes in the 1980’s. It is now known that there are nine pore-

forming α-subunits of sodium channels, Nav1.1-Nav1.9, encoded by genes SCN1A-
SCN11A (Catterall et al. 2005), which associate with one or more non-pore-forming β-

subunits encoded by SCN1B-SCN4B (Brackenbury and Isom 2011), lending considerable 

pharmacological and electrophysiological diversity, and possibly explaining their unique 

tissue-specific expression patterns (Catterall et al. 2005). The canonical role of these 

channels in driving electrogenesis and conduction in neurons (Nav1.1, Nav1.2, Nav1.3, 

Nav1.6, Nav1.7, Nav1.8), myocytes (Nav1.4), and cardiomyocytes (Nav1.5) has been 

extensively studied and is well-characterized (Catterall 2012; Waxman 2000), with a great 

deal of effort being put forth investigating the pathological consequences of sodium channel 

dysfunction in neurological disorders including neuropathic pain (Dib-Hajj et al. 2007; Dib-

Hajj et al. 2013; Wood 2007), peripheral neuropathy (Faber et al. 2012a; Faber et al. 2012b; 

Hoeijmakers et al. 2015), epilepsy (Helbig et al. 2008; Oliva et al. 2012), multiple sclerosis 

(Waxman 2006; Waxman 2008), cardiac arrhythmias such as Brugada syndrome and long 

QT syndrome (Liu et al. 2014; Remme 2013), and muscular disorders (Cannon 2010).
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In addition to being expressed in cells capable of generating action potentials, sodium 

channels have also been identified in cells that have not traditionally been considered to be 

electrically excitable (“nonexcitable cells”), leading to speculation as to their functional role. 

Voltage-gated sodium channels have been documented in immune cells such as macrophages 

(Black et al. 2013; Carrithers et al. 2011; Carrithers et al. 2009; Carrithers et al. 2007; 

Schmidtmayer et al. 1994), lymphocytes (DeCoursey et al. 1985; Decoursey et al. 1987; 

Fraser et al. 2008; Lai et al. 2000; Lo et al. 2012), and dendritic cells (Kis-Toth et al. 2011; 

Zsiros et al. 2009), in addition to fibroblasts (Chatelier et al. 2012; Estacion 1991; Li et al. 

2009; Munson et al. 1979), osteoblasts (Black et al. 1995b), keratinocytes (Zhao et al. 2008), 

epithelial cells (Wu et al. 2006; Wu et al. 2008), and others. Sodium channels contribute to 

multiple, varied cellular functions in these cells including phagocytosis (Carrithers et al. 

2007), migration (Fraser et al. 2008; Kis-Toth et al. 2011; Wu et al. 2008), and proliferation 

(Wu et al. 2006). Furthermore, it is becoming increasingly recognized that the expression of 

sodium channels correlates with invasiveness and metastatic potential in some types of 

cancer cells (Patel and Brackenbury 2015; Roger et al. 2015) including prostate 

(Brackenbury and Djamgoz 2006; Diss et al. 2005; Fraser et al. 2003), breast (Brackenbury 

et al. 2007; Driffort et al. 2014; Gillet et al. 2009; Nelson et al. 2015; Yang et al. 2012), 

ovarian (Gao et al. 2010), melanoma (Carrithers et al. 2009) and colon (House et al. 2010; 

House et al. 2015).

Though glia, too, are considered nonexcitable, studies have demonstrated that these cells, 

including oligodendrocyte precursor (NG2+) cells, Schwann cells, Müller glia, microglia, 

and astrocytes also express voltage-gated sodium channels (Table 1). There is growing 

evidence that these channels regulate or participate in effector functions of glia through 

signaling mechanisms that are just beginning to be understood. The regulation of glial 

function by sodium channels has particular implications for the response of reactive glia to 

central nervous system (CNS) disease and insult. In this review, we focus on the dynamics of 

sodium channel expression in astrocytes and microglia and examine the evidence supporting 

a contribution of sodium channels to multiple functions of these cells. We also discuss 

mechanisms by which sodium channels may contribute to the regulation of the activity of 

glial cells, focusing on therapeutic implications for neurological disease.

Sodium channel expression in glia

The earliest indication of voltage-gated sodium channels in glia originated from patch-clamp 

studies on cultured astrocytes (Bevan et al. 1985) and Schwann cells (Chiu et al. 1984), 

which showed fast-activating, fast-inactivating currents that were blocked with the sodium 

channel-specific antagonists saxitoxin (STX) and tetrodotoxin (TTX). Patch-clamp 

recordings have since confirmed the expression of functional sodium channels in 

oligodendrocyte precursor cells (Chen et al. 2008; Karadottir et al. 2008; Kettenmann et al. 

1991; Kressin et al. 1995; Linnertz et al. 2011; Sontheimer et al. 1989), Schwann cells 

(Howe and Ritchie 1990), microglia (Korotzer and Cotman 1992; Nicholson and Randall 

2009; Persson et al. 2014), and astrocytes (Barres et al. 1988; Barres et al. 1989; Sontheimer 

et al. 1992; Sontheimer and Waxman 1992). Importantly, voltage-dependent sodium currents 

have been detected in astrocytes in situ within spinal cord (Chvatal et al. 1995) and 

hippocampal (Sontheimer and Waxman 1993) slices and in “tissue print” preparations 

Pappalardo et al. Page 3

Glia. Author manuscript; available in PMC 2017 December 14.

V
A

 A
uthor M

anuscript
V

A
 A

uthor M
anuscript

V
A

 A
uthor M

anuscript



(Barres et al. 1990). Patch clamp recordings lend the ability to distinguish between the 

expression of sodium channels that are sensitive to nanomolar levels of TTX (TTX-S; 

Nav1.1, Nav1.2, Nav1.3, Nav1.4, Nav1.5, Nav1.7) and those that require micromolar 

concentrations of TTX for blockade (TTX-R; Nav1.5, Nav1.8, Nav1.9).

Microglia express a variety of voltage-gated ion channels, including sodium channels 

(Kettenmann et al. 2011), the predominant isoform being TTX-S Nav1.6 (Black et al. 2009; 

Craner et al. 2005). In vitro, microglia derived from mixed glial cultures from neonatal rats 

exhibit immunolabeling for Nav1.1, Nav1.5, and Nav1.6, which is most prominent (Fig. 

1A), while Nav1.2, Nav1.3, Nav1.7, Nav1.8, and Nav1.9 are not detectable above 

background levels (Black et al. 2009). Recently, using whole-cell voltage clamp on cultured 

rat microglia, depolarization-induced sodium currents were elicited and then completely 

blocked by 0.3 μM TTX, consistent with the presence of functional TTX-S sodium channels 

(Persson et al. 2014) (Fig. 1B–D). Similarly, microglia within normal CNS tissues exhibit 

low levels of Nav1.6 immunolabeling in situ (Black and Waxman 2012).

In contrast to the low levels of sodium channel expression exhibited by unperturbed 

microglia, there is a marked upregulation of Nav1.6 in microglia within the context of 

experimental autoimmune encephalomyelitis (EAE), an inflammatory/demyelinating model 

of multiple sclerosis (MS), both at the mRNA and protein levels (Fig. 1E) (Craner et al. 

2005). Intriguingly, Nav1.6 expression in reactive microglia is dynamic, with upregulated 

expression corresponding to increasing disease severity of the animal and coincident with a 

morphological transformation into an amoeboid appearance in microglia in both the spinal 

cord and optic nerve (Fig. 1F) (Craner et al. 2005). Similarly, while microglia from human 

control tissue obtained at autopsy from individuals without neurological disease show 

minimal levels of Nav1.6 immunolabeling, microglia found within active MS lesions show 

robust Nav1.6 expression, along with a change in morphology from ramified to amoeboid 

(Craner et al. 2005). Additionally, a recent study identified the preferential accumulation of 

Nav1.6 within lamellipodia of ATP-activated microglia in vitro (Fig. 4A) (Persson et al. 

2014). Collectively, these data suggest a phenomenon of upregulated sodium channel 

expression in microglia that is correlated to the extent of CNS pathology, consistent with a 

functional role of sodium channels in the response of reactive microglia to inflammation/

demyelination.

In astrocytes, the TTX-R (Rogart et al. 1989) “cardiac” isoform Nav1.5 (Black et al. 1998; 

Black et al. 2010; Pappalardo et al. 2014b) is the predominant sodium channel characterized 

(Fig. 2A,B), though expression of Nav1.2, Nav1.3 (Black et al. 1995a), and Nav1.6 (Reese 

and Caldwell 1999) have also been reported. Black et al. (1998) demonstrated Nav1.5 

mRNA and protein in rodent astrocytes in vitro and in situ and the expression of all nine 

sodium channel isoforms in cultured embryonic rat astrocytes was recently examined using 

qPCR, demonstrating Nav1.5 mRNA levels far higher than any other sodium channel (Fig. 

2B) (Pappalardo et al. 2014b).

In parallel to microglia, the expression of sodium channels in astrocytes has been well-

documented as a dynamic process. In vitro, the density of sodium channels in astrocytes 

varies according to culture conditions and the extracellular milieu (Thio and Sontheimer 
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1993; Thio et al. 1993). Astrocytic sodium channel expression is also modulated by 

exposure to injury or disease. In an in vitro model of astrogliosis, in which a confluent 

monolayer of astrocytes was scratched linearly, MacFarlane and Sontheimer (1998) 

described a shift from TTX-S sodium currents to TTX-R sodium currents with properties 

attributed to Nav1.5 in response to the injury, and there was a significant increase in the 

numbers of scarring, proliferating astrocytes along the edges of the injury displaying 

transient sodium currents compared to control astrocytes (MacFarlane and Sontheimer 

1997). Consistent with this earlier work, markedly upregulated expression of Nav1.5 was 

reported in reactive astrocytes along the borders of the injury in the same in vitro model 

(Samad et al. 2012).

A recent study examining the temporal expression of astrocytic sodium channels in 

monophasic and chronic-relapsing (CR) EAE models of MS showed robust Nav1.5 

upregulation in affected animals that correlated with disease severity, as indicated by clinical 

score (Pappalardo et al. 2014a). Interestingly, Nav1.5 expression was dynamic in CR EAE, 

with increased levels during more severe periods of disease and attenuated expression during 

remissions (Pappalardo et al. 2014a). The low level of Nav1.5 expression in astrocytes of 

control animals suggests that Nav1.5 upregulation is part of the biological response of 

astrocytes to CNS insult (Pappalardo et al. 2014a). Notably, Black et al. (2010) observed the 

upregulation of Nav1.5 on rapid-autopsy tissue, which is not seen in normal control brains, 

in human scarring astrocytes in situ within acute and chronic MS lesions (Fig. 2C), 

surrounding new and old stroke lesions, and along the borders of CNS tumors, including 

gliomas and a metastatic carcinoma. Consistent with these observations, Bordey and 

Sonthimer (1998) reported the expression of functional sodium channels in astrocytoma 

cells. Finally, Nav1.5 upregulation has been observed in scarring astrocytes following a 

contusion spinal cord injury (SCI) (unpublished observations). Together, as in microglia, 

these observations suggest a commonality of upregulated astrocytic sodium channels in 

response to CNS tissue injury and disease.

Sodium channels regulate multiple effector functions of microglia

Despite the long-characterized expression of sodium channels in neuroglia, their functional 

role (Table 2) has remained elusive until recent years. Microglia are motile resident immune 

cells within the brain and spinal cord that normally provide surveillance to the healthy CNS 

and become reactive in response to tissue insult, pathogenic challenge, or signaling within 

the CNS. Microgliosis involves migration, phagocytosis and secretion of chemokines, 

cytokines, and reactive species (Colton 2009; Hanisch and Kettenmann 2007; Ransohoff and 

Perry 2009). To test the notion that sodium channels modulate the microglial response to 

inflammation/demyelination, mice were inoculated with myelin oligodendrocyte 

glycoprotein (MOG 35–55) to induce EAE and fed chow supplemented with phenytoin (Lo 

et al. 2003), a clinically-used antiepileptic drug that blocks sodium channels (Mantegazza et 

al. 2010). Mice receiving phenytoin chow 10 days post EAE induction had a four-fold 

decrease in the number of CD45/CD11b/c-positive microglia (Sedgwick et al. 1991) within 

spinal cords compared to untreated mice when assessed at 18 days (Fig. 3A), which was 

coincident with a significant improvement in clinical status (Craner et al. 2005). 

Additionally, Morsali et al. (2013) demonstrated significant axonal protection with the 
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sodium channel blocker safinamide in EAE, even with administration delayed until the onset 

of clinical symptoms. Rats treated with high dose safinamide for 2 weeks showed greater 

numbers of surviving and functional axons than did controls treated with saline and 10% of 

safinamide-treated rats exhibited bilateral hindlimb paralysis at the end of the trial compared 

with 65% of controls, outcomes the authors partially attributed to reduced microglial/

macrophage activation, with reduced numbers of activated microglia within the spinal cord 

(Morsali et al. 2013).

Further investigation into the mechanisms of the beneficial effect of sodium channel 

blockade in EAE has demonstrated the functional role of sodium channels, particularly 

Nav1.6, in multiple aspects of microglial response to CNS insult including phagocytosis 

(Black et al. 2009; Craner et al. 2005), chemokine/cytokine release (Black et al. 2009; 

Morsali et al. 2013), and migration (Black et al. 2009; Persson et al. 2014). Craner et al. 

(2005) demonstrated that sodium channel blockade with TTX and phenytoin attenuates 

phagocytosis by 40% in cultured lipopolysaccharide (LPS)-stimulated microglia and 

demonstrated a reduction of 65% in the phagocytic ability of microglia derived from med 
mice, in which functional Nav1.6 channels are lacking (Kohrman et al. 1996), compared to 

microglia from wild-type mice. Black et al. (2009) additionally showed a 50–60% reduction 

in microglial phagocytic activity with TTX and phenytoin (Fig. 3B). Furthermore, TTX and 

phenytoin attenuated the release of multiple inflammatory cytokines and chemokines 

including interleukin 1-α (IL-1α), IL-1β and tumor necrosis factor α (TNF-α) from 

reactive microglia with minimal effects on IL-2, IL-4, IL-6, IL-10, monocyte chemotactic 

protein 1 (MCP-1), and transforming growth factor α (TGF-α), and safinamide 

administration reduced superoxide production and enhanced synthesis of the anti-oxidant 

glutathione in cultured microglia activated by phorbol-12-myristate-13-acetate (PMA) or 

LPS (Morsali et al. 2013).

A crucial and early functional response of reactive microglia is directed migration to focal 

sites of injury or infection within the CNS, which is a complex and highly coordinated 

process involving multiple cellular pathways, including transduction of external migratory 

signals, membrane adhesion and retraction, microglial polarization, and rearrangement of 

cytoskeletal proteins (Kettenmann et al. 2011). Microglial chemotaxis is also associated with 

pathological conditions occurring outside the CNS such as neuropathic pain (Beggs et al. 

2012; Tsuda et al. 2013; Watkins et al. 2001); thus a detailed molecular mechanisms 

underlying this phenomenon is crucial. One of the initial structural events required for 

migration is the formation of lamellipodia (Bisi et al. 2013), membrane protrusions 

containing polymerized actin (F-actin), actin-binding proteins, Ca2+-binding molecules, and 

the GTP-binding signaling protein Rac (Honda et al. 2001; Ridley 1994; Ridley et al. 1992; 

Siddiqui et al. 2012). Rac signaling has been identified as a crucial component in the 

formation of lamellipodia (Hall 1998) and MAP kinases have been linked to reorganization 

of actin filaments and cellular motility (Huang et al. 2004). Ca2+ signaling also plays a 

critical role in lamellipodia protrusion and motility, as cell migration is Ca2+-dependent 

(Schwab et al. 2012; Wei et al. 2012). It is interesting to note that both Rac1 and MAP 

kinase activity are modulated by levels of intracellular Ca2+ (Aspenstrom 2004; Chuderland 

et al. 2008; Price et al. 2003; Wiegert and Bading 2011).
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To assess the role of sodium channel activity in the pathways leading to migration, microglia 

were allowed to travel toward a chemoattractant in a trans-well plate in the presence or 

absence of sodium channel blockers (Black et al. 2009). As seen in Fig. 3C, ATP produced 

an almost four-fold increase in the mean number of microglia migrating through the pores of 

the trans-well membrane. This cell migration was significantly reduced (~50%) in the 

presence of phenytoin or 0.3 μM TTX (Black et al. 2009). Recently, Persson et al. (2014) 

demonstrated the robust expression and preferential distribution of Nav1.6 to lamellipodia of 

ATP-activated microglia (Fig. 4A); the ATP-induced formation of lamellipodia is decreased 

(~50%) by treatment with TTX (Fig. 4B) and in med mice, which lack functional Nav1.6 

(Persson et al. 2014). Furthermore, sodium channel blockade with 0.3 μM TTX attenuated 

the ATP-induced increase in levels of active Rac1 (Fig. 5A) in addition to the ATP-induced 

phosphorylation of MAP kinase ERK1/2 (Fig. 5B) (Persson et al. 2014). Coincident with 

reduced active Rac1 and phosphorylated ERK1/2 levels, TTX additionally enhanced 

recovery of the Ca2+ transient in microglia following ATP stimulation (Fig. 5C), which may 

explain the effects of sodium channel blockade on decreasing active Rac1 and 

phosphorylated ERK1/2 levels (Persson et al. 2014). Collectively, these studies demonstrate 

an important functional role of sodium channels in regulating the behavior of reactive 

microglia.

Sodium channels regulate multiple effector functions of astrocytes

Astrocytes serve multiple important functions in the CNS, including metabolic support of 

neurons, regulation of CNS ionic homeostasis, and participation in formation and 

maintenance of the blood-brain barrier. A standing Na+ influx in astrocytes is necessary for 

Na+/K+-ATPase activity and Sontheimer et al. (1994) postulated that sodium channels may 

provide a pathway for Na+ to enter the cell to maintain [Na+]i at levels necessary for Na+/

K+-ATPase activity which, in turn, supports ionic homeostasis in the CNS, particularly in 

regard to K+ fluxes. Furthermore, it has been reported through 23Na MRI that sodium 

concentrations are elevated in acute and chronic MS lesions compared to normal appearing 

white matter (Inglese et al. 2010), which poses a possible clinical correlate to the suggestion 

of Black et al. (2010) that astrocytic Nav1.5 upregulation may provide a compensatory 

mechanism to maintain ionic homeostasis mediated by Na+/K+-ATPase activity within areas 

of CNS insult.

In addition to their many functions in the healthy CNS, an additionally crucial role for 

astrocytes is the response to CNS insult or disease through the incompletely understood 

process of reactive astrogliosis, which is a hallmark of nearly all CNS pathologies 

(Sofroniew 2009; Sofroniew 2015) and involves migration, proliferation, and release of 

multiple mediators of the immune response. While the functional ramifications of 

astrogliosis are complex, it is agreed that astrocytes can exert both beneficial and harmful 

effects, the outcome of which is determined by specific signaling cascades (Sofroniew 

2009), temporal sequence of scar formation (Rolls et al. 2009), and extent and type of injury, 

which together determine reactive astrocyte phenotype (Zamanian et al. 2012). Though 

astrogliosis is associated with many beneficial functions, under certain circumstances severe 

forms of the process may lead to detrimental effects, such as compact scar formation, that 

can inhibit the regeneration of injured neurons (Silver and Miller 2004). The notion of 
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astrocytopathies – dysfunctions of astrocytes and astrogliosis that can contribute to or be 

primary causes of CNS disorders, is an area of active investigation (Sofroniew 2015; 

Verkhratsky et al. 2013b; Verkhratsky et al. 2012).

Recent work has shown that Nav1.5 plays a functional role in an in vitro model of 

astrogliosis similar to the previously described experiments in which TTX-R sodium 

currents (MacFarlane and Sontheimer 1998) and upregulation of Nav1.5 (Samad et al. 2012) 

have been described after injury. Embryonic rat cortical astrocytes were grown to 

confluency, then scratched linearly to provide a model of mechanical injury with subsequent 

assessment of scar formation (Fig. 6A). Twenty-four hours following mechanical injury 

(scratch), astrocytes extended into the injury gap, resulting in ~55% closure of the gap 

compared to the original wound size (Pappalardo et al. 2014b). Upon addition of 10 μM 

TTX (a dose which inhibits Nav1.5), the degree of closure of the gap was attenuated, with 

blockade of sodium channels resulting in significantly decreased closure of ~25% of the 

initial wound size (Fig. 6B) due to effects on both migration and proliferation (Pappalardo et 

al. 2014b). Given that Nav1.5 was determined by qPCR to be the predominant sodium 

channel isoform in vitro (Fig. 2B), the experiment was repeated with siRNA knockdown of 

Nav1.5. Twenty-four hours after the scratch injury, exposure to Nav1.5 siRNA reduced the 

amount of wound closure to ~45% compared to non-targeting (NT) siRNA (Pappalardo et al. 

2014b), confirming Nav1.5 as the predominant sodium channel isoform involved. 

Reminiscent of the effects of microglial sodium channels on [Ca2+]i transients, Pappalardo 

et al. (2014b) also demonstrated that the robust [Ca2+]i response exhibited by astrocytes after 

injury was attenuated by pretreatment with TTX and Nav1.5 siRNA, affecting both the peak 

and total [Ca2+]i response (Fig. 7). Finally, it has been reported that activation of voltage-

gated sodium channels by veratridine increases constitutive expression of nitric oxide 

synthase (NOS) in human astrocytes (Oka et al. 2004). In sum, these experiments indicate 

that sodium channels, particularly Nav1.5, play an important role in astrogliosis in vitro. 

Whether these results are applicable in vivo and whether sodium channels modulate 

additional effector functions of astrocytes is currently under investigation.

Molecular mechanisms of sodium channel regulation of glial function

While there is considerable evidence that sodium channels contribute to the regulation of 

physiological functions of glia, especially with regard to the orchestrated response to CNS 

insult, there are presently limited data detailing the underlying mechanisms, which is an area 

of active investigation. It is likely there are multiple molecular pathways; thus it is useful to 

consider the signaling cascades that have been suggested to link the activity of sodium 

channels to effector functions in other nonexcitable cells (Black and Waxman 2013), such as 

immune cells (Lo et al. 2012) and cancer cells (House et al. 2015). For example, blockade or 

knockdown of Nav1.5 inhibits the sustained Ca2+ influx required for the positive selection of 

CD4+/CD8+ T lymphocytes (Lo et al. 2012) and invasiveness of melanoma cells seems to 

rely on activation of Nav1.6, which increases intracellular Ca2+ release and invadopodia 

formation (Carrithers et al. 2009).

Although glia do not generate action potentials under physiological conditions, these cells 

can exhibit excitability by way of ionic fluxes, particularly in the form of [Ca2+]i oscillations 
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(Verkhratsky and Kettenmann 1996). Ca2+ dynamics participate in the regulation of 

microglial activation and many effector functions, including cell migration (Ifuku et al. 

2007; Noda et al. 2013) and release of chemokines/cytokines and nitric oxide (Farber and 

Kettenmann 2006; Hoffmann et al. 2003; Ikeda et al. 2013). Astroglial [Ca2+]i fluxes 

modulate neuronal synapses, a phenomenon termed “gliotransmission” (Agulhon et al., 

2008), and intracellular Ca2+ levels are critical for numerous cellular functions in astrocytes, 

including migration and proliferation (Parnis et al. 2013; Stanimirovic et al. 1995; Wang et 

al. 2010), both of which are processes involved in astrogliosis (Faulkner et al. 2004; 

Pappalardo et al. 2014b; Wanner et al. 2013). For example, treatment with the Ca2+ chelator 

BAPTA-AM inhibits astrogliosis in vitro (Pappalardo et al. 2014b) and in vivo (Gao et al. 

2013), consistent with an important physiological role for the robust astroglial [Ca2+]i 

response seen after injury (Fig. 7) (Pappalardo et al. 2014b). Intriguingly, a recent study 

identified a Ca2+ signaling cascade that contributes to glial scarring in an in vitro mechanical 

injury model similar to that previously discussed (MacFarlane and Sontheimer 1998; 

Pappalardo et al. 2014b; Samad et al. 2012). Gao et al. (2013) showed that the increased 

[Ca2+]i transient in astrocytes after injury activates the protein kinase JNK, which 

phosphorylates transcription factor c-jun to facilitate GFAP upregulation and subsequent 

astrogliosis.

Recent work has also highlighted the importance of the contribution of [Na+]i fluctuations to 

glial function and homeostasis, with a prominent mechanism involving the linkage of 

transmembrane movements of Na+ and Ca2+ (Kettenmann et al. 2011; Kirischuk et al. 2012; 

Parpura and Verkhratsky 2012; Rose and Karus 2013; Verkhratsky et al. 2013a). Glutamate 

receptors and purinoceptors (Parpura and Verkhratsky 2012), as well as voltage-gated 

sodium channels, are known to play a role in glial Na+ influx, and a role for sodium 

channels as a driver of reverse (Ca2+-importing) Na+/Ca2+ exchange, which has been 

observed in multiple glial cell types including microglia (Ifuku et al. 2007; Kettenmann et al. 

2011; Noda et al. 2013), astrocytes (Kirischuk et al. 1997; Paluzzi et al. 2007; Pappalardo et 

al. 2014b), and NG2+ cells (Tong et al. 2009), is beginning to emerge as a common theme.

The Na+/Ca2+ exchanger (NCX) operates in forward mode, transporting Na+ ions down their 

concentration gradient into cells and exporting Ca2+ in return or, if the Na+ electrochemical 

gradient is decreased or the cell is depolarized, operates in reverse mode by exporting Na+ 

ions in exchange for Ca2+ (Annunziato et al. 2004). Thus, sodium channel activity has the 

capability to increase [Ca2+]i via the reverse mode of NCX. Because the reversal potential of 

NCX in astrocytes is set at levels close to the resting membrane potential (Kirischuk et al. 

1997; Reyes et al. 2012), it is possible that even small [Na+]i increases or depolarization can 

rapidly trigger reverse mode of NCX operation (Kirischuk et al. 2012; Paluzzi et al. 2007), 

increasing [Ca2+]i levels. Indeed, mechanical strain injury increases intracellular sodium, 

leading to NCX operating in reverse mode in cortical astrocytes (Floyd et al. 2005). As 

previously mentioned, sodium channel blockade attenuates astrogliosis in vitro, which is 

interestingly also reduced by blockade of the reverse (Ca2+-importing) mode of NCX. A 

KB-R7943 concentration of 0.5 μM selectively affects the reverse mode of NCX [IC50 = 

1.1– 3.4 μmol/L for reverse mode and IC50 > 30 μmol/L for forward mode] (Iwamoto et al. 

1996; Persson et al. 2013a; Persson et al. 2013b), and Pappalardo et al. (2014b) detailed an 

attenuation of injury-induced gliosis (Fig. 6B), affecting both astroglial proliferation and 
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migration after treatment with 0.5 μM KB-R7943. Of note, blockade of reverse Na+/Ca2+ 

exchange decreased wound closure to a similar extent as both 10 μM TTX or Nav1.5 siRNA 

knockdown and there was no additional attenuation of gliosis with the combination of KB-

R7943 + TTX, indicating possible non-redundancy in the underlying mechanisms involved 

(Pappalardo et al. 2014b). Furthermore, blockade of reverse NCX activity with KB-R7943 

diminished the [Ca2+]i transient observed after injury to a similar extent as both TTX and 

Nav1.5 siRNA (Fig. 7) (Pappalardo et al. 2014b). Thus, Na+ flux through voltage-gated 

sodium channels, triggered by mechanical injury, elicits reverse operation of the Na+/Ca2+ 

exchanger, affecting cellular motility, facilitating astrogliosis in vitro (Fig. 8).

A similar mechanism seems to exist in NG2+ cells. Tong et al. (2009) demonstrated 

increased intracellular Na+ and Ca2+ levels, membrane depolarizations, and enhanced 

migratory capacity after GABA application. Blockade or knockdown of sodium channels by 

siRNA significantly decreased the rise in both [Na+]i and [Ca2+]i and attenuated cell 

migration, and siRNA knockdown of NCX or blockade of reverse Na+/Ca2+ exchange with 

KB-R7943 similarly decreased [Ca2+]i and reduced cell migration (Tong et al. 2009).

Microglia also express NCX (Kettenmann et al. 2011) and it is possible that the functional 

contribution of sodium channels to effector functions (e.g. migration, phagocytosis) involves 

the close linkage between glial Na+ and Ca2+ homeostasis. Indeed, as previously mentioned, 

Nav1.6 blockade (with TTX) or knockout (in med mice) decreases the formation of 

lamellipodia in ATP-activated microglia (Fig. 4B), which is the initial step in migration 

(Persson et al. 2014). Sodium channel blockade additionally enhances recovery of the 

microglial [Ca2+]i response following ATP stimulation (Fig. 5C) and decreases levels of 

active Rac1 (Fig. 5A) and phosphorylated MAP kinase ERK1/2 (Fig. 5B) (Persson et al. 

2014). Given that both Rac1 and MAP kinase activity are modulated by levels of 

intracellular Ca2+ (Aspenstrom 2004; Chuderland et al. 2008; Price et al. 2003; Wiegert and 

Bading 2011), it is plausible that sodium channel blockade decreases [Ca2+]i levels, resulting 

in attenuation of active Rac1 and phosphorylated ERK1/2 levels, subsequently inhibiting 

microglial migration. Thus, while the underlying mechanisms linking sodium channel 

activity to effector functions in glia are still incompletely understood, increasing evidence 

points to a link between Na+ and Ca2+ signaling, with particular implications for the activity 

of the Na+/Ca2+ exchanger.

Therapeutic implications and future directions

As described above, there is a growing body of evidence detailing the favorable effect of 

sodium channel blockade in animal models of neurological diseases including EAE and the 

partial blockade of voltage-gated sodium channels has been proposed as a treatment strategy 

for MS (Waxman 2008). Previous studies on in vivo models of multiple sclerosis have 

shown improved clinical status and reduction of axonal loss following treatment with a 

variety of voltage-gated sodium channel blockers including phenytoin (Black et al. 2007; 

Craner et al. 2005; Lo et al. 2002; Lo et al. 2003), lamotrigine (Bechtold et al. 2006), 

carbamazepine (Black et al. 2007), safinamide (Morsali et al. 2013), and flecainide 

(Bechtold et al. 2004; Bechtold et al. 2005; Morsali et al. 2013). Additionally, phenytoin 

protects spinal cord axons, reduces gray and white matter destruction surrounding the lesion, 

Pappalardo et al. Page 10

Glia. Author manuscript; available in PMC 2017 December 14.

V
A

 A
uthor M

anuscript
V

A
 A

uthor M
anuscript

V
A

 A
uthor M

anuscript



and improves functional recovery after contusion-induced SCI (Hains et al. 2004) and 

phenytoin, riluzole, and mexilitine have all shown to improve outcome in murine models of 

SCI (Ates et al. 2007).

It is likely that inhibition of sodium channel activity by state-dependent sodium channel-

blocking agents protects against axonal degeneration by two or more different mechanisms: 

firstly, by directly blocking the persistent sodium influx which can drive reverse Na+/Ca2+ 

exchange, leading to irreversible axonal damage due to high [Ca2+]i levels (Bechtold and 

Smith 2005; Stys et al. 1992), and second, by modulating the response of immune cells 

and/or glial cells to neuroinflammation via sodium channel blockade. Thus, sodium channel 

blockade may provide effective neuroprotection through multiple mechanisms. This notion 

is consistent with the observations that flecainide (Bechtold et al. 2004; Morsali et al. 2013), 

safinamide (Morsali et al. 2013), phenytoin (Black et al. 2007; Craner et al. 2005), and 

carbamazepine (Black et al. 2007) reduce the abundance of reactive microglia in several 

types of EAE. Given the evidence that sodium channels govern microglial phagocytosis, 

lamellipodia extension and migration, and chemokine/cytokine release, it is plausible that 

the protective effect of sodium channel-blocking agents in neuroinflammation is in part 

attributable to the functional role of sodium channels in reactive microglia.

The possible effects of astrocytic sodium channel blockade in CNS disease are less well-

studied in vivo, though immunomodulatory roles for astrocytes in the injured CNS are well-

recognized (Brosnan and Raine 2013; Dong and Benveniste 2001; Nair et al. 2008; Okun et 

al. 2009; Sofroniew 2014). The critical role of astrocytes in orchestrating the immune 

response in EAE was recently reported: knockout of astrocytic transcription factor NF-κB 

resulted in reduced disease severity and improved functional recovery (Brambilla et al. 

2009), which the authors attribute to a reduction in peripheral immune cell infiltration into 

the CNS due to reduced immune cell mobilization from the periphery, diminished ability of 

T cells to produce proinflammatory cytokines, and reduced number of total and activated 

microglia (Brambilla et al. 2014; Brambilla et al. 2009). Thus, it is possible that modulation 

of astrogliosis may contribute to the positive outcomes seen in EAE with sodium channel 

blockade, though more investigation is certainly warranted.

Given the central role of glia in CNS health and disease, it is clear that there is a need for 

further understanding of the physiologically relevant roles of glial sodium channels and 

characterization of molecular pathways governing the functional roles of sodium channels in 

these cells. There has been much work performed in cell culture, but further in vivo studies 

are of crucial importance for determination of the therapeutic implications of targeting glial 

sodium channels in neurological disorders such as MS. With the heightened focus on 

developing sodium channel specific blockers, it is increasingly relevant to assess the roles of 

individual sodium channel isoforms in glia (e.g. Nav1.6 in microglia, Nav1.5 in astrocytes). 

In vivo studies using targeted knockdown of specific sodium channel isoforms are necessary 

and an area of active investigation. A fuller understanding of the signaling cascades linking 

sodium channel activity to effector functions of glia should allow for the development of 

specific therapeutic targets in neurological disease.
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Main Points

Functional sodium channels are expressed in astrocytes and microglia and contribute to 

the regulation of multiple effector functions of these glia through underlying mechanisms 

that are beginning to be understood.
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Figure 1. 
Expression of sodium channels in microglia in vitro and in vivo. (A) Iba1+ and CD11b+ 

(green) microglia exhibit immunolabelling for sodium channels Nav1.1, Nav1.5, and Nav1.6 

(red). Microglial exhibit background levels of Nav1.2, Nav1.3, Nav1.7, Nav1.8, and Nav1.9 

immunoreactivity. [Modified from Black et al. (2009)]. (B) Representative sodium current 

traces recorded from microglial before (black) and after (red) treatment of 0.3 μM TTX. (C) 
Normalized peak current-voltage relationship. (D) Voltage-dependence of activation and 

steady-state fast-inactivation. [Modified from Persson et al. (2014)]. E. Images of spinal 

cord sections from control mice immnolabeled with CD45 (green), OX-42 (blue), and 

Nav1.6 (red) antibodies exhibit a lack of CD45/OX-42 immunopositive cells in control 

tissue (top panels). Images of spinal cord sections from EAE mice show extensive 

infiltration of CD45 (green) and OX-42 (blue) positive cells in EAE spinal cord, with 

extensive co-localization of Nav1.6 and OX-42 (yellow) and Nav1.6, OX-42, and CD45 
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(white) in merged image of EAE spinal cord (bottom panels). (F) Microglia labeled with 

OX-42 (blue) and CD45 (green) in control spinal cord exhibit a non-activated morphology 

(top row, left) and low levels of Nav1.6 immunolabeling (middle, left). In spinal cords of 

mice with EAE there is a progressive transformation to a amoeboid-like appearance 

consistent with a phagocytic microglial phenotype (top, right) and an incremental increase in 

Nav1.6 immunoreactivity (middle, right). [Modified from Craner et al. (2005)].

Pappalardo et al. Page 23

Glia. Author manuscript; available in PMC 2017 December 14.

V
A

 A
uthor M

anuscript
V

A
 A

uthor M
anuscript

V
A

 A
uthor M

anuscript



Figure 2. 
Expression of sodium channels in astrocytes in vitro and in vivo. (A) GFAP-positive 

cultured rat cortical astrocytes (green) exhibit prominent Nav1.5 immunolabelling (red), 

observed at low magnification (top panel) and at increased magnification (bottom panel). 

Scale bars, 25 μm. (B) RT-PCR showing relative mRNA expression of voltage-gated sodium 

channels (VGSC). Nav1.5 is the predominant VGSC subtype expressed in cultured rat 

cortical astrocytes. [Modified from Pappalardo et al. (2014b)]. (C) GFAP-positive astrocyte 

(green) within control human tissue obtained at autopsy does not exhibit Nav1.5 labeling. In 

contrast reactive astrocyte within an active MS lesion displays robust Nav1.5 

immunolabeling (red). Ricinus communis agglutinin I (RCA) positive macrophages (blue) 

are present adjacent to the reactive astrocyte (bottom, right). [Modified from Black et al. 

(2010)].

Pappalardo et al. Page 24

Glia. Author manuscript; available in PMC 2017 December 14.

V
A

 A
uthor M

anuscript
V

A
 A

uthor M
anuscript

V
A

 A
uthor M

anuscript



Figure 3. 
Sodium channel blockade reduces effector functions of microglia (A) Spinal cords from 

control, EAE, and phenytoin-treated EAE mice were immunostained with anti-CD45 (green) 

and anti-OX-42 (blue) antibodies. There is a notable increase in the number of immune cells 

within spinal cords from mice with EAE (middle) compared to control (left), and mice 

treated with phenytoin (right) exhibit a marked reduction of inflammatory infiltrate. 

[Modified from Craner et al. (2005)]. (B) LPS-stimulated microglia (red) exhibit marked 

phagocytosis of fluorescent-labeled latex beads (yellow) which is attenuated by incubation 

with 0.3 μm TTX and phenytoin (phen). (C) Microglia exhibit limited migration through the 

trans-well membrane in astrocyte-conditioned medium (ACM) only; in contrast, ATP 
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stimulates a large number of microglia to migrate which is attenuated by both phenytoin and 

0.3 μM TTX. [Modified from Black et al. (2009)].
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Figure 4. 
Sodium channels contribute to lamellipodia formation in ATP-stimulated microglia. (A) 
Nonstimulated microglia exhibit a diffuse distribution of phalloidin (green) and Nav1.6 (red) 

immunolabelling whereas ATP stimulation of microglia induces formation of lamellipodia 

that display robust immunolabelling for phalloidin and Nav1.6. Scale bar, 10 μm. (B) 
Nonstimulated microglia from wild-type mice display limited formation of lamellipodia 

(green) whereas ATP stimulation induces substantial lamellipodia formation. Treatment of 

ATP-stimulated microglia with 0.3 μm TTX significantly attenuates lamellipodia formation. 

Scale bars, 25 μm. [Modified from Persson et al. (2014)].
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Figure 5. 
Sodium channels contribute to Rac1 and ERK1/2 activation and [Ca2+]i response in ATP-

stimulated microglia. (A) A pull-down assay using the microglial cell line C8-B4 

demonstrates that ATP induces elevated levels of activated Rac1 which is attenuated by 0.3 

μM TTX. (B) Western blot analysis demonstrates that ATP stimulation of microglia 

increases levels of phosphorylated ERK1/2 compared to unstimulated control microglia. 

Treatment of ATP-activated microglia with 0.3 μM TTX significantly reduces activation of 

ERK1/2. (C) ATP stimulation induces a robust microglial [Ca2+]i response (black); the 

recovery of the [Ca2+] transient is enhanced by pretreatment with 0.3 μM TTX (red). Lines 

represent the ratio of fluorescent signals induced by 340 and 380 nm excitation in cells 

loaded with Fura-2 AM. [Modified from Persson et al. (2014)].
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Figure 6. 
Sodium channels contribute to astrogliosis in vitro. (A) Schematic of experimental design. 

Astrocytes were plated and allowed to grow until confluent, at which point they were treated 

with either TTX or KB-R7943 and linearly scratched. After 24 h, wound closure was 

analyzed and compared to initial wound size. (B) Astrocytes grow together following scratch 

injury, resulting in significant closure of the wound compared to the average original wound 

size (represented by black arrows) after a 24 h time period. Treatment with TTX or KB-

R7943 attenuates closure of the scratch wound. Scale bar, 400 μm. [Modified from 

Pappalardo et al. (2014b)].
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Figure 7. 
Astrocytes display robust [Ca2+]i response after injury that is attenuated by TTX and KB-

R7943. After a scratch injury, there is a marked [Ca2+]i response, which propagates through 

the syncytium of confluent astrocytes and slowly resolves after 2–4 min (first column). 

Application of TTX and KB- R7943 attenuates this [Ca2+]i response (second and third 

columns, respectively). Color scale represents the ratio of fluorescent signals induced by 340 

and 380 nm excitation in cells loaded with Fura-2 AM. Scale bar, 50 μm. [Modified from 

Pappalardo et al. (2014b)].
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Figure 8. 
Schematic of putative pathway of sodium channel contribution to intracellular Ca2+ levels 

and downstream pathways. Depolarization of glial membrane leads to activation of voltage-

gated sodium channels (Nav) allowing influx of Na+. Increased [Na+]i induces reverse 

operation of the sodium-calcium exchanger (NCX), contributing to the level of [Ca2+]i. Ca2+ 

signaling initiates downstream effects on cellular functions. Blockade of sodium channels 

with tetrodotoxin (TTX) and reverse operation of NCX with KB-R7943 attenuates [Ca2+]i 

levels. [Modified from Persson et al. (2014)].
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Table 1

Voltage-Gated Sodium Channels in Glia

Cell type Sodium Currents / 
Channels

References

Astrocytes TTX-S, TTX-R / 
Nav1.2, Nav1.3, 
Nav1.5, Nav1.6

(Barres et al. 1988; Barres et al. 1989; Bevan et al. 1985; Bevan et al. 1987; Black et al. 
1998; Black et al. 2010; Black et al. 1995a; Bordey and Sontheimer 1998; Kressin et al. 
1995; MacFarlane and Sontheimer 1998; Nowak et al. 1987; Pappalardo et al. 2014a; 
Pappalardo et al. 2014b; Reese and Caldwell 1999; Schaller et al. 1995; Sontheimer et al. 
1992; Sontheimer et al. 1994; Sontheimer et al. 1991; Sontheimer and Waxman 1992; Thio 
and Sontheimer 1993)

Microglia TTX-S / Nav1.1, 
Nav1.5, Nav1.6

(Black et al. 2009; Craner et al. 2005; Korotzer and Cotman 1992; Nicholson and Randall 
2009; Norenberg et al. 1994; Persson et al. 2014; Schmidtmayer et al. 1994)

Müller glia TTX-S, TTX-R / 
Nav1.6, Nav1.9

(Chao et al. 1994; Francke et al. 1996; Linnertz et al. 2011; O’Brien et al. 2008)

Oligodendrocyte 
precursor (NG2+) 
cells

TTX-S (Bevan et al. 1987; Chen et al. 2008; Karadottir et al. 2008; Kettenmann et al. 1991; Kressin 
et al. 1995; Linnertz et al. 2011; Sontheimer et al. 1989; Tong et al. 2009; Williamson et al. 
1997)

Schwann cells TTX-S / Nav1.2, 
Nav1.3

(Chiu et al. 1984; Howe and Ritchie 1990; Oh et al. 1994; Schaller et al. 1995)
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Table 2

Sodium Channel Functions in Glia

Cell type Effect References

Astrocytes TTX: attenuates Na+/K+-ATPase activity
TTX, Nav1.5 siRNA: attenuates astrogliosis in vitro; decreases [Ca2+]i 

response in model of astrogliosis
Veratidine: increases NOS activity

(Oka et al. 2004; Pappalardo et al. 
2014b; Sontheimer et al. 1994)

Microglia TTX, phenytoin: attenuate phagocytosis, migration, cytokine release
TTX: attenuates lamellipodia formation, decreases active Rac-1 levels, 
decreases phosphorylated ERK1/2 levels, and decreases [Ca2+]i response 
after ATP stimulation

(Black et al. 2009; Craner et al. 2005; 
Persson et al. 2014)

Müller glia TTX, STX, phenytoin: inhibit ligand-induced release of glutamate (Linnertz et al. 2011)

Oligodendrocyte 
precursor cells (NG2+)

TTX, Nav1.x siRNA: attenuate GABA-induced migration (Tong et al. 2009)
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