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ABSTRACT 

Tetrodotoxin (TTX) is a neurotoxin that specifically binds to voltage gated 

sodium channels (NaV). TTX binding physically blocks the flow of sodium ions 

through NaV, thereby preventing action potential generation and propagation. 

TTX has different binding affinities for different NaV isoforms. These differences 

are imparted by amino acid substitutions in positions within, or proximal to, the 

TTX binding site in the channel pore. The garter snake Thamnophis sirtalis has 

evolved TTX-resistance over the course of an arms race, allowing some 

populations of snakes to feed on tetrodotoxic newts, including Taricha granulosa. 

We tested the properties of NaV with TTX resistance found in garter snake 

populations. We observed some surprising changes in gating properties and ion 

selectivity of the TTX resistant NaV. These results suggest TTX resistance comes 

at a cost to performance caused by changes in the biophysical properties and/or 

ion selectivity of the TTX resistant NaV.  

 
Keywords: Tetrodotoxin; TTX; Voltage Gated Sodium Channel; NaV; Sodium 
Currents; Garter Snake; Gating Property; Ion Selectivity. 
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1: INTRODUCTION 

1.1 Opening 

Voltage-gated sodium channels (Nav) are large, membrane-bound protein 

complexes composed of a heterotetrameric α-subunit and one or more smaller β-

subunits [1-3]. Sodium channels are expressed in a variety of excitable tissues 

including nerve, muscle and heart. Activation (opening) of NaV regulates the flow 

of sodium ions across the membrane of a cell and, therefore, controls action 

potential generation and propagation. The α-subunit is composed of four 

homologous domains (DI–DIV); each domain contains six α-helical 

transmembrane segments (S1–S6) [15]. The α-subunit is responsible for voltage 

sensitivity and ion permeation and selectivity. The β-subunits (33~37kDa) serve 

important roles in cell adhesion, signal transduction, channel expression, and 

modulate voltage dependence and kinetics of NaV gating [16, 17]. To date, nine 

mammalian Nav genes (or paralogs), and a related tenth gene, have been 

identified [4]. Different members of NaV isoforms are expressed in different types 

of excitable tissues.  

Tetrodotoxin (TTX) is a naturally occurring potent neurotoxin that 

selectively occludes Nav in nerve and muscle tissues, thereby inhibiting the 

propagation of APs and paralyzing nerve and muscle function [5, 6]. It was first 

found in the puffer fish family Tetraodontidae, from which its name is derived, 

and soon after was discovered in octopus, goby fish, frogs, newts and more [7]. 
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These organisms are adapted to carry TTX as a defence against predation. 

Some tradeoffs, however, were unavoidable.  NaV in puffer fish and newts have 

been reported to carry mutations in various sites of different channel isoforms [8-

12]. Mutations in the channel can affect the rate of nerve impulse, sensory 

transduction, and muscle contraction and, therefore, the animals’ fitness. 

Predators of TTX-carrying organisms have co-evolved TTX-resistance via 

mutations in Nav, presumably as a result of the selective pressure imposed by 

TTX carrying prey [13, 14]. For example, the garter snake Thamnophis sirtalis 

has evolved TTX-resistance over the course of an arms race, allowing some 

populations of snakes to feed on tetrodotoxic newts, especially including Taricha 

granulosa [13]. A similar phenomenon has also been observed in some 

populations of softshell clams (Mya arenaria), which have developed resistance 

to saxitoxin (STX), a TTX-related neurotoxin [14]. Amino acid sequence analysis 

of skeletal NaV of the garter snake revealed that unique amino acid substitutions 

in the highly-conserved pore region of domain IV that controls gating and 

selectivity of the channel are the basis of TTX-resistance in the garter snake 

population. The pore region plays a critically important role in channel gating and 

selectivity, and it is reasonable to hypothesize that these properties may have 

been altered as a consequence of the amino acid substitutions. My thesis is 

designed to test this hypothesis by studying the gating properties and selectivity 

of NaV from the garter snake Thamnophis sirtalis. The answers to this question 

will help us understand whether there are biophysical, and perhaps organismic, 

tradeoffs for the advantage of TTX resistance. In addition, this study will examine 
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the importance of a conserved portion of the channel for proper channel function 

and skeletal muscle physiology.  

1.2 The specific aims of the present thesis: 

1.2.1 Test voltage dependent gating of mutants. 

Test the hypothesis that amino acid substitutions that impart TTX 

resistance in snake skeletal muscle sodium channels result in changes in voltage 

dependent gating. 

1.2.2 Test conductance and ion selectivity of mutants. 

Test the hypothesis that amino acid substitutions that impart TTX 

resistance in snake skeletal muscle sodium channels result in changes in 

conductance and ion selectivity. 
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2: BACKGROUND: LITERATURE REVIEW 

2.1 Voltage-gated sodium channel structure 

A voltage gated sodium channel is comprised of a highly processed α-

subunit (260kDa) and one or more smaller accessory β-subunits (33~37kDa). 

The β-subunits are important in modifying voltage dependency and kinetics in 

Nav gating [15]. In addition, they play important roles in cell adhesion, signal 

transduction, and channel expression at the plasma membrane [16]. The α-

subunit is formed from four homologous domains (DI–DIV) and each domain 

contains six α-helical transmembrane segments (S1–S6) [17]. Transmembrane 

segments are connected through small intracellular and extracellular loops, and 

larger intracellular loops connect homologous domains (Figure 1) [18].  

The α-subunit is important in channel function, including voltage sensitivity 

and ion selectivity. The S4 transmembrane segments of the α-subunit have been 

shown to be the voltage sensors in Nav, as in other voltage-gated ion channels 

[17]. They include positively charged arginine and lysine residues at every third 

amino acid position. Depolarization of the membrane triggers the positively 

charged S4’s to translocate toward the extracellular side of the cell membrane 

and initiates the channel activation [19]. This movement of charge within the 

protein and primarily confined to the intramembrane region of S4’s, gives rise to 

gating currents and is suggested to mediate channel gating [20]. Neutralization of 

the positive charges in S4 transmembrane segments of all four domains results 
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in altered channel gating [21, 22]. 

 

Figure 1. Transmembrane diagram of α-subunit of NaV.  

The α-subunit is formed from four homologous domains with six α-helical 

transmembrane segments in each domain. The polypeptide chains connect subunits and 

domains. S4 segments are voltage sensors and IFM motif in intracellular loop between 

DIII and DIV act as inactivation gate. P-loops of all four domains and S6 segments forms 

extracellular and intracellular ends of the pore and TTX binds to the selectivity filter in P-

loops (outer EEDD; inner DEKA). 

 

The voltage sensor is also associated with the voltage dependence of 

channel inactivation [23, 24]. The outward movement of the voltage sensor 

opens the channel and also exposes an intracellular binding site for the IFM motif 

of the inactivation gate. The inactivation particle is a triad of hydrophobic 

residues, isoleucine, phenylalanine and methionine (IFM), located in the 

intracellular DIII-DIV linker. The IFM triad quickly inactivates the channel by 

blocking the pore [1-3]. This rapid closing process of the channel is called fast 

inactivation (FI). FI is responsible for terminating action potential and leaves the 
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channel refractory for some time after repolarization. Sodium channels enter the 

fast‑inactivated state in a voltage‑dependent transition [25]. Changes in voltage 

dependence of FI in NaV contribute to diseases including long QT syndrome type 

3 in cardiac myocytes, critical illness myopathy, paramyotonia congenita and 

hyperkalemic periodic paralysis in skeletal muscle [25, 26]. In contrast, slow 

inactivation is apparent after prolonged or repeated depolarizations of the 

channel and does not apparently involve the IFM fast inactivation particle; it is 

biophysically, pharmacologically, and molecularly different from fast inactivation 

[27, 28]. The structural underpinnings of SI, however, are poorly understood [27, 

28]. In Shaker K+ channels, C-type (slow) inactivation is associated with pore 

constriction related to structural rearrangements in the P-regions as well as the 

gating motion of voltage sensors [29]. Similarly in NaV, it is proposed that 

prolonged and repeated depolarizations may change the interaction between the 

S4 voltage sensor and the pore, resulting a constriction or collapse of the ion 

permeation pathway [30, 31]. Nonetheless, the impairment of the channels to 

enter the slow inactivated state in NaV accentuates the muscle membrane 

depolarization that lead to skeletal muscle paralysis including hyperkalemic 

periodic paralysis and paramyotonia congenita [32]. Slow inactivation, in 

combination with closed-state fast inactivation, play a crucial role in membrane 

excitability by contributing to the regulation of resting sodium channel availability 

[27, 33, 34]. 

The ion permeation pathway of NaV is a critical structural determinant of 

normal channel function. Due to its crucial role, the pore region of the channel is 

http://en.wikipedia.org/wiki/Hyperkalemic_periodic_paralysis
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highly conserved. Studies using site-directed mutagenesis in the pore forming P-

regions have shown that mutations in the pore region produce a marked 

decrease in sodium ion conductance and TTX-sensitivity [13, 35-39], and have 

an effect on voltage-dependent gating in activation [40, 41] and slow inactivation 

[33, 34]. The traditional view of the Nav conducting pathway is a single pore, 

similar to the crystal structure of the pore-forming part of the KcsA bacterial K+ 

channel, which carries the characteristic selectivity of voltage-gated K+ channels 

[42]. The three-dimensional structure of a KcsA bacterial K+ channel revealed 

that the channel is composed of four homologous subunits and each subunit 

contains two α-helical transmembrane segments, M1 and M2. [42]. Conducting 

pathway is lined by the four subunits and the highly conserved TXXTXGYG 

sequence found in the P-loops that link the four sets of M1 and M2 form narrow 

ion-selective region of the channel through lining their backbone carbonyls [42]. 

The carbonyls form several ion binding sites, one external site and several 

internal sites and they also serve essential roles in ion dehydration. The structure 

of the KcsA K+ channel also revealed that two dehydrated permeant ions residing 

in the narrow region of the permeation pathway, while a third hydrated ion is 

found in the water-filled cavity in the internal vestibule. The amino acid sequence 

of pore lining P-regions are well conserved in various K+ channels indicating that 

they share a similar structure and, therefore, the ion permeation pathway of the 

KcsA K+ channel is used as a template.  

Similarly, in NaV, the S5 and S6 membrane-spanning segments as well as 

the P-loops that link the S5-S6 transmembrane of all four domains are proposed 
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to form the ion permeation pathway of the channel. The narrow extracellular 

vestibule of the pore is formed by the P-regions whereas the wider intracellular 

vestibule of the pore is lined by the S5 and S6 segments [35, 43, 44]. Ions 

entering the outer vestibule of NaV must pass through the narrow selectivity filter 

before they can enter the inner pore of the channel. The selectivity filter is 

composed of amino acid residues in the P-regions that form two negatively 

charged narrow rings. Four negatively charged amino acids residues, glutamate 

(DI), glutamate (DII), aspartate (DIII), and aspartate (DIV), form the outer ring, 

and aspartate (DI), glutamate (DII), lysine (DIII) and alanine (DIV) form the inner 

ring [35]. Interaction between these amino acid residues from P-loops stabilizes 

the pore structure of the channel [45]. Amino acid residues of the P-regions also 

form pore-helix and β-strand that stabilize the outer vestibule and produce 

binding pocket for TTX [46]. In contrast to the traditional view, Sato et al., [47] 

using cryo-electron microscopy technique, proposed that the 3D structure of NaV 

to consist of a bell shaped outer surface, square-shaped bottom and a hemi-

spherical top with four small pores on the extracellular side of the cell. These four 

small pores are connected to a central body that diverges to four outlet pores in 

the intracellular side and twisting and untwisting of the central cavity corresponds 

to the closed and open states of the channel (“twist-sprinkler” model) [48]. This 

multi-pore structure of the channel allows the massive influx of sodium channels 

during rapidly changing membrane potential. 
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2.1.1 Voltage-gated sodium channel genes 

To date, nine mammalian Nav proteins have been identified and 

functionally expressed (Nav1.1, Nav1.2, Nav1.3, Nav1.4, Nav1.5, Nav1.6, Nav1.7, 

Nav1.8, and Nav1.9), and a tenth protein (Nax) has been recognized as a related 

protein that does not encode a voltage-gated sodium channel [4]. These isoforms 

are all greater than 50% identical in amino acid sequence in the transmembrane 

and extracellular domains and the functional properties are relatively similar [4]. 

All of the nine sodium channel isoforms are therefore suggested to be members 

of a single family. As expected, some isoforms are more closely related to one 

another than to others. This variation in relation appears to also correlate with 

chromosomal location. NaV1.1, NaV1.2, NaV1.3, and NaV1.7 are highly TTX-

sensitive and their genes are localized on human chromosome 2q23-24 [35, 36, 

49-51]. The genes encoding Nav localized on human chromosome 2 are mainly 

expressed in the central and peripheral neurons. NaV1.4 is localized in 

chromosome 17, and that encoding NaV1.6 is located in chromosome 12. NaV1.4 

and NaV1.6 are both TTX-sensitive channels and predominantly expressed in 

skeletal muscle and in the central nervous system, respectively [52, 53]. NaV1.5, 

NaV1.8, and NaV1.9 are TTX-resistant and their genes are located on human 

chromosome 3p21-24 [39, 54-56]. The gene encoding NaV1.5 is primarily 

expressed in the heart, and NaV1.8 and NaV1.9 are mainly found in dorsal root 

ganglion (DRG) neurons. TTX-resistant channels from chromosome 3 have a 

unique amino acid substitution at the pore forming P-loop of DI; a non-aromatic 

amino acid is found at site 401 in TTX-resistant channels, whereas TTX-sensitive 

channels have an aromatic ring amino acid at the site. This substitution reduces 
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TTX-sensitivity [38, 39, 56, 57].  The Nav isoforms expressed in a particular 

excitable tissue thus determines its TTX sensitivity (Table 1).  

Table 1. Mammalian NaV isoforms and their TTX sensitivity. 

 

2.1.2 Voltage-gated sodium channels in pain pathways 

Voltage-gated sodium channels play a crucial role in signal transduction 

sensory neurons, whose somata lie within the dorsal root ganglia (DRG). 

Specifically, the TTX-resistant channels NaV1.8 and NaV1.9 are located in pain-

sensing peripheral neurons (nociceptors) and are important factors in 

physiological and pathophysiological pain sensation, and NaV blockers have 

been clinically used as analgesics for both normal and neuropathic pain for many 

years. The chronic-constriction-injury model used in neuropathic pain studies 

shows that peripheral nerve injury up-regulates expression levels of TTX-

sensitive NaV1.3 in damaged peripheral neurons within the DRG [58-60]. 

Normally, NaV1.3 is preferentially localized in central neurons of adults and its 
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expression is greater during embryonic development than in adults (Table 1). 

One of the key properties of NaV1.3 is a marked increase in the rate of recovery 

from fast inactivation compared to TTX-resistant channels, NaV1.8 and 1.9, 

normally present in nociceptors [61]. The abnormal expression of NaV1.3, and its 

more rapid recovery from inactivation, suggests that it may play an important part 

in sustaining high frequency APs in chronic pain [62]. In fact, reducing expression 

of NaV1.3 in nociceptors using anti-sense oligodeoxynucleotides, resulted in 

decreased hypersensitivity of DRG neurons, and attenuated associated pain [60]. 

Low dose TTX has been shown to decrease thermal and mechanical hyper-

responsiveness in a chemotherapy-induced neuropathic pain model [62]. 

Although abnormal properties of nociceptors are caused by various additional 

factors, and although there is not yet a full understanding of all the mechanisms 

of neuropathic pain, TTX may potentially be a good analgesic intervention for 

peripheral pain hypersensitivity involving TTX-sensitive NaV isoforms.  

2.1.3 Neurotoxin binding sites in voltage-gated sodium channel.  

NaV are targets for several groups of neurotoxins that alter channel gating 

and permeation properties by binding to various receptor sites. Neurotoxins bind 

to NaV with high affinity and specificity providing powerful tools to study the 

structure and the function of sodium channels [63]. Nine different neurotoxin 

receptor sites have been identified on NaV (Table 2) [64]. The water soluble 

heterocyclic tetrodotoxin and saxitoxin and the peptide μ-conotoxin bind to the 

outer pore region of the channel (site 1) and block the Na+ flux through the 

permeation pathway of the channel.  The lipid soluble grayanotoxin, the alkaloids 
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veratridine and batrachotoxin are gating modifier neurotoxins that bind to 

receptor site 2 and brevetoxins and ciguatoxins bind to receptor site 5 [63].  The 

intramembrane receptor sites 2 and 5 are distinct from the pore or voltage sensor, 

however, the lipid soluble neurotoxins that bind to these sites enhance sodium 

channel activity through allosteric interactions that cause a shift in activation to 

more negative membrane potentials and a block of inactivation [65, 66]. This 

suggests that neurotoxin binding to a receptor site can induce conformational 

changes that subsequently alter the equilibrium between the open and the 

closed/inactivated states [63]. DDT and analogs and pyrethroids, and local 

anesthetics  bind to intramembrane receptor sites 7 and 9, respectively, causing 

negative shift of activation and altered ion permeation of the channel [64]. 

Polypeptide gating modifier neurotoxins those bind to extracellular receptor sites 

3 and 6 include α-scorpion and sea anemone toxins, and δ-conotoxins, 

respectively. These toxins slow or block sodium channel inactivation [63]. 

Similarly, goniopora and conus striatus toxins are inactivation gating modifiers 

that slow inactivation through increased sodium ion permeability, thereby 

prolonging the action potential. However, these toxins do not competitively bind 

to receptor site 3 with α-scorpion toxins suggesting a distinct binding sites for 

these toxins (site 8) [64]. Another group of scorpion neurotoxins, β-scorpions, 

bind to extracellular receptor site 4 and induce a hyperpolarizing shift in 

activation as well as a reduction in the peak sodium current amplitude [67].  
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Table 2. Neurotoxins that target the NaV channels and their corresponding 
receptor sites. 

Receptor Site 
Putative 
location 

Neurotoxin Physiological effect 

Site 1 P-regions of DI, 
DII, DIII and DIV 

Tetrodotoxin 

Saxitoxin 
μ-Conotoxin 

Pore blocker 

Site 2 DI:S6,  

DII:S6 

 

DIII: S6 

DIV:S6 

Batrachotoxin 

Veratridine 

 

Aconitine 

Grayanotoxin 

Persistent activation 

Depolarization of resting 

 potential 

Repetitive firings 

 

Site 3 DIV:S3-S4 

DI:S3-S4 Loop 

α-Scorpion toxins  

Sea anemone toxins 

Slowed inactivation 

Site 4 DII:S3-S4 Loop β-Scorpion toxins Enhanced activation; 

 repetitive firings 

Site 5 DI:S6 

DIV:S5 

Brevetoxins 

Ciguatoxins 

 

Enhanced activation and 
block of inactivation 

Site 6 DIV:S3-S4 

 

δ-Conotoxins Slowed inactivation 

Site 7 ? 

DI-S6 

DII-S6 

DIII-S6 

Kalkitoxin 

DDT and analogs, 

Pyrethroids 

Inhibitor, not a pore blocker 

Persistent activation gating; 
depolarization of resting 
potentials; repetitive firings 

Site 8 ? 

? 

Goniopora 

Conus striatus toxin 

Inactivation gating modifier 

Slowed inactivation 

Site 9 DI-S6 

DIII-S6 

DIV-S6 

Local anesthetics, 

Anticonvulsants, 

Antidepressants 

Inhibition of Na+ permeability 

This table was adapted from [64] and [63].  
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2.2 Tetrodotoxin  

TTX is known as an extremely potent inhibitor of sodium currents in nerve 

and muscle. TTX is a low-molecular weight neurotoxin with a highly unusual 

chemical structure [7]. It consists of a positively charged guanidinium group and 

a pyrimidine ring with six hydroxyl groups at the C-4, C-6, C-8, C-9, C-10 and C-

11 position (Figure 2).  

 

Figure 2. Molecular Structure of Tetrodotoxin. 

 
TTX is predominantly isolated from the ovary and liver of puffer fish, and it 

has been detected in a remarkably wide range of organisms including fish, 

amphibians, arthropods, nematodes, echinoderms, molluscs, dinoflagellate and 

bacteria. The occurrence and distribution of TTX among a wide variety of 

organisms gave rise to speculation that TTX and its derivatives originated from 

symbiotic microorganisms. Indeed, a number of bacteria have been shown to 

produce TTX including the genera Aeromonas and Alteromonas, Escherichia 
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coli, Photobacterium phosphoreum, Plesiomonas shigelloides, Pseudomonas sp. 

and some Vibrio sp. (for a review see refs. [5-7]).  

Site-directed mutagenesis experiments [35, 36], photoaffinity labelling [68, 

69] and molecular modelling studies [46, 70] suggested that TTX binds to the 

neurotoxin receptor site located at the outer pore of NaV. In addition, the 

inhibition of toxin binding by pH titration [71], carboxyl-modifying reagents [72], 

and some monovalent cations, divalent metal ions, and protons [73] supported 

the idea that the guanidinium group and the hydroxyls of TTX interact with the 

pore region of NaV. The guanidinium group of TTX is proposed to form an ion-

pair with negatively charged functional groups located in P-loops of DI (Asp-384, 

Glu-387) and DII (Glu-942), while the hydroxyl groups C9 and C10, and C11 of 

TTX form hydrogen bonds with Glu-945 in DII and Asp-1532 in DIV, respectively 

[70, 74, 75]. TTX binding to the pore sterically and/or electrostatically occludes 

sodium ion transport into the cell, leading to inhibition of AP generation and 

propagation. TTX binding consequently causes conduction block in muscle and 

nerves, and leads to diaphragm paralysis and death from respiratory failure.  

The binding affinity of the channel for TTX is affected by changes in 

electrostatic interactions between TTX and the amino acid side chain lining of the 

pore. Neutralizing the negatively charged residues in the P-loops such as 

glutamine acid at 387, 942 and 945 and aspartic acid at 384 and 1532 caused 

marked decrease in TTX-sensitive channels [35, 36, 75]. Altering the shape of 

the selectivity filter region of the pore affects the TTX-sensitivity of the channel 

[38, 39, 57]. Substitution of an aromatic ring residue to a non-aromatic ring 
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residue at 401 in DI of TTX-sensitive channel isoforms produced substantial 

reduction in TTX-sensitivity while the TTX-resistant channel isoforms gained 

TTX-sensitivity by substituting an aromatic ring residue to the same site [38, 39, 

57]. A strong non-bonded interaction between the aromatic ring and the non-

polar surface of TTX is proposed to be hindered by the substitution [70]. The 

substitution is also proposed to distort the positions of critical channel residues in 

the selectivity filter such as Glu-758 and Asp-1532 and reduce binding of TTX 

indirectly [37]. TTX-sensitivity of the channel is also affected by changes in 

membrane potential; toxin binding increases following repeated depolarizing 

pulses which increase availability of the TTX binding site [76, 77].  

2.3 Adaptive evolution of elevated resistance to TTX in NaV 

There are several advantages for organisms to carry TTX. The toxin offers 

an excellent defence mechanism against potential predators. Puffer fish, for 

example, have no known predators other than humans [78]. TTX has been 

shown to function as a male-attracting pheromone at the time of spawning. Study 

of the puffer fish Fugu niphobles has shown that increased levels of TTX in 

ovulated oocytes releases TTX via the vitelline membrane and attracts males, 

but not females, to the spawning grounds, thereby increasing the chances of 

fertilization [79]. Conversely, TTX-resistance enables organisms to selectively 

feed on tetrodotoxic organisms. Some populations of the garter snake 

Thamnophis sirtalis feed on tetrodotoxic newts of the genus Taricha [80]. 

Studying the adaptive evolution of TTX-resistance in various organisms has 

provided an avenue to determine what changes are possible in highly conserved 
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portions of the NaV. Cloning and sequencing of the cDNA of TTX-resistant 

channels has allowed us to observe what adaptive molecular changes have 

occurred in these channels. Studies have revealed that elevated resistance to 

TTX is due to point and multiple-site mutations in the pore region of NaV [8-13]. 

2.3.1 TTX resistance in puffer fish 

It is well known that puffer fish generally carry a high concentration of TTX 

without any adverse effects. Puffers contain TTX mainly on skin and in some 

internal organs, especially liver and gonads. The toxicity of puffer fishes varies 

among different species and depends on various factors such as seasonal, 

individual, and local variations [7]. It is proposed that TTX-resistance channels 

first arose in the NaV of an early tetrodontid ancestor before diversification of the 

Tetraodontidae [12]. Yotsu-Yamashita and co-workers reported the genetic basis 

of TTX-resistant Fugu paradalis arises from the substitution of the non-aromatic 

amino acid Asn for an aromatic amino acid (Tyr or Phe) at 401 in the DI P-loop of 

NaV 1.4a [9]. This site of mutation was also found in the NaV1.4a of Takifugu 

rubripes, Tetraodon nigroviridis, and Arothron nigropunctatus and in four different 

genes of puffer fish sodium channels (NaV 1.1a , NaV 1.5a, NaV 1.5b, and NaV 

1.6b) [7, 10]. This substitution of aromatic amino acid to non-aromatic amino acid 

at DI causes up to a 3,000-fold increase in resistance to TTX binding. Differential 

TTX-resistance might be determined by the side chain length in the non-aromatic 

amino acid residue. In addition to the substitution, replacement of Thr-759-Ser 

(or Asn) was reported in NaV1.4a of Arothron nigropunctatus and Tetraodon 

nigroviridis and NaV1.6b of Canthigaster solandri [12].  Mutation at Thr-759 might 
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induce a regional allosteric effect on Glu-758, a residue forming the outer ring, 

which could produce additional TTX-resistance from 2-fold up to 2,000 fold [75]. 

Mutation at Glu-758-Asp was reported in the NaV 1.4b of Tetradon nigroviridis 

[10]. Various other amino acid substitutions in the pore region that confer TTX-

resistance have also been reported in different species of puffer fish, including 

Met-1240-Thr in DIII, and Ala-1529-Gly, Ile-1561-Met, Asp-1568-Asn, and Gly-

1569-Thr in DIV [12]. These findings are good examples of parallel evolution of 

TTX-resistance in puffer fish.  

2.3.2 STX resistance in softshell clams 

Saxitoxins (STX) are a family of water-soluble neurotoxins which also 

block sodium channels, and a similar mechanism of action has been proposed as 

for TTX [81]. STX selectively binds to the same amino acid residues in the outer 

pore loops of NaV and occludes the channel pore. STX has a molecular skeleton 

structurally similar to TTX but with an additional positive guanidinium group and 

this structural difference of STX causes different binding affinities to NaV [37, 46]. 

STX and its analogs are collectively called paralytic shellfish toxins (PST) and 

cause lethal paralytic shellfish poisoning (PSP). STX-producing dinoflagellates 

cause harmful algal blooms (red tides) and bivalve molluscs, which are the 

primary vectors of PSP in humans, exposed to such algal blooms accumulates 

PSP in their tissue [14]. Some populations of softshell clams, Mya arenaria, 

distributed in the Atlantic North America from the Gulf of St Lawrence to 

Chesapeake Bay, were found to carry STX, and amino acid sequence analysis 

reveals that STX-resistance derives from an amino acid substitution at Glu-758-



 

 19 

Asp in the DII of NaV [14]. This substitution confers a 1,500-fold increase in STX-

resistance and 3,000-fold increase in TTX-resistance [14]. This genetic 

adaptation to the harmful algal blooms permits increased survivorship of STX-

resistant softshell clams, with reduced fitness of STX-sensitive individuals. 

Interestingly, identical DII Glu-758-Asp substitution was also observed in NaV 

1.4b of Tetradon nigroviridis [10]. These findings suggest sodium channels have 

the potential to develop neurotoxin resistance by single amino acid substitutions, 

and that substitutions in NaV from completely different organisms result in the 

same molecular evolution under similar selective pressures. 

2.3.3 TTX-resistance in garter snake  

The garter snake, Thamnophis sirtalis, in the Pacific Northwest of the US 

is the only predator known to prey on the TTX-toxic newts Taricha granylosa 

which carry TTX concentrations in their skin sufficient to kill up to 25,000 white 

mice or seven humans [82]. TTX-resistance in the garter snake varies within 

populations, has a heritable basis and appears related to the level of toxicity and 

availability of the toxic newts [83-85]. In addition, the garter snake population 

dwelling in different geographical areas with the newts are not resistant to TTX, 

whereas co-localized ones are resistant [83]. 

Geffeney and co-workers studied four different garter snakes of the 

species Thamnophis sirtalis acquired from different geographical locations in the 

western United States: Bear Lake, Idaho; Warrenton and Benton County, 

Oregon; and Willow Creek, California [13, 86]. Three of these populations have 

co-evolved with the TTX-toxic newts Taricha granulosa, and phylogenetic 
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information indicates that their TTX-resistance has evolved independently (Figure 

3) [80]. The phylogenetic relationships shown in Figure 3 were constructed based 

on mitochondrial DNA analysis of 19 western populations of Thamnophis sirtalis 

[80, 87]. Mitochondrial genes were extracted from genomic DNA and forward and 

reverse sequences for each gene were assembled. The g-test [87] and PAUP* 

[88] were employed to evaluate the phylogenetic content of the sequence and to 

conduct phylogenetic parsimony and maximum likelihood analyses. Garter 

snakes from outside of western population, Illinois and New York, were also 

sampled for comparison [80, 87].  

TTX-resistance in these populations was observed by measuring the 

concentration of TTX required to block AP propagation in the skeletal muscle [86]. 

Garter snakes of Bear Lake, Idaho are the least TTX-resistance (1.0 x 10-7 M 

TTX), Warrenton and Benton, Idaho are intermediate in TTX-resistance (5.0 x 10-

7 M TTX and 17.5 x 10-7 M TTX, respectively) and the most TTX-resistant Willow 

Creek snakes required 1.0 x 10-5 M TTX to block AP propagation. Similar to 

these findings, Brodie and co-workers reported that garter snake populations 

from California (Willow Creek, San Mateo, East Bay, and Omo) showed greatest 

organismic TTX-resistance, individuals from Oregon showed intermediate TTX- 

resistance (Warrenton, Benton, and Tenmile) and Idaho had had the least TTX-

resistant garter snake populations (Bear Lake, Latah, and Selway) that they are 

TTX-sensitive [80]. These findings confirmed geographic differentiation in 

resistance to TTX within species.  
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Figure 3. Localities and relationships of Thamnophis sirtalis.  

Gray shaded region indicates range of newts of the genus Taricha. Colors correspond to 

level of whole-animal TTX resistance; legend includes all levels of resistance observed 

throughout western North America. Phylogeographic relationships and resistance 

evolution for these four populations are based on mitochondrial DNA analysis of 19 

western populations of T. sirtalis. MAMU, mass adjusted mouse units. (This figure was 

taken from Geffeney et al., 2002) 

 

Mutations of genes that encode tsNaV 1.4 of garter snakes underlie TTX-

resistance. The functional expression of tsNaV1.4 revealed that the resistance to 

TTX was a consequence of substitutions of several amino acids in the DIV pore 

region (Figure 4) [13]. Warrenton, Benton, and Willow Creek populations shared 

amino acid substitution in which isoleucine is replaced by valine at 1561 in DIV 

[13]. The substitution occurs within the pore helix and may consequently alter the 

pore structure, thereby interrupting TTX binding affinity. This common 
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substitution in geographically isolated populations within the same snake species 

might represent parallel evolution. Sodium channels in the Benton County 

populations have an additional substitution at Gly-1566-Ala, and tsNaV1.4 of 

Willow Creek garter snake possesses two more substitutions, Asp-1568-Asn and 

Gly-1569-Val. These additional mutations are proportional to organismic, action 

potential, and channel TTX-resistance [13, 86]. How the substitutions affect TTX 

binding is unknown. Similar patterns were observed in puffer fish NaV1.4, 

including Takifugu rubripes, Tetraodon nigroviridis, and Canthigaster solandri. 

Additional mutations at the homologous Gly-1569 were observed to contribute 

significant TTX-resistance [9-13]. These findings suggest multiple amino acid 

substitutions impart greater neurotoxin resistance in sodium channels, and that 

similar substitutions occur in widely divergent organisms.  

The geographic, expression, and mutational differences between TTX-

resistant garter snake populations could result from differences in availability of 

the nontoxic prey and/or TTX content on the skin of the toxic prey [84]. Although 

an increased number of amino acid substitutions that cause greater TTX-

resistance in the garter snake populations are beneficial for their fitness for 

preying on toxic newts, the substitutions may also cause negative impacts on 

survival, since more resistant snakes have a slower maximum run speed [89]. 

Run speed is determined, at least in part, by the influx of sodium ions through 

NaV1.4 that generates and propagates APs in skeletal muscle. It has been 

reported that TTX-resistant NaV isoforms tend to have lower conductance, slower 

kinetics and a more positive current-voltage relationship than TTX-sensitive 
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isoforms [61]. These data suggest the amino acid substitutions in TTX-resistant 

snakes may have biophysical sequelae resulting in slower maximum run speeds. 

A more complete assessment of how amino acid substitutions differentially affect 

the selectivity, permeability, and gating of the channel is required. Interestingly, 

substitutions found in the most TTX-resistant Willow Creek populations of garter 

snake, Ile-1561-Val and Asp-1568-Asn, were also observed in the DIV of T-type 

Ca2+ 3.3 channel, and permitted TTX to directly interact with the channel, 

blocking ion permeation [90].  

 

 

Figure 4. Amino acid sequence differences of four snake populations. 

a, Phylogeographic relationships based on mtDNA analysis of 19 populations of garter 

snakes illustrate that separate origins of elevated TTX resistance for Willow Creek 

compared to Benton and Warrenton populations. Bear Lake is from a third lineage and 

is TTX-sensitive. Average whole animal TTX-resistance is shown in mass-adjusted mouse 

units (MAMU). 

b, Amino acid alignment of part of the domain IV S5-S6 linker that affects TTX binding 

from tsNaV1.4. Selectivity filter (**) and outer charged ring (*) amino acids are labeled. 

The outer vestibule structure is stabilized by interactions between the pore helix and β-

strand. Amino acids of the β-strand line the outer vestibule. (Figure from Geffeney et al., 

2005) 
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3: MATERIALS AND METHODS 

3.1 cDNA and mRNA Preparation 

Human NaV1.4 (hNaV 1.4) α-subunit in SP64T was used as wild type 

(Bear Lake, BL, WT) since there is 100% sequence homology between hNaV1.4 

and BL tsNaV1.4 in the DIV pore region [91, 92]. Rat NaV 1.4 (rNaV1.4) also 

contain 100% sequence homology and amino acid substitutions previously found 

in Warrenton and Willow Creek NaVs were inserted into rNaV1.4 α-subunit by 

site-directed mutagenesis using a polymerase chain reaction (PCR) [93]. PCR 

recipe and associated solution include: 40 ng of template, 1 μL of 15 pmol of 

forward and reverse primers, 1 μL dNTPs (10mM stock), 5 μL 10X buffer and 1 

μL Stratagene PFU polymerase and ddH2O was added to make a total volume of 

50 μL. PCR cycling conditions include 2 minutes of 94 °C for denaturation, 1 

minute of 57-59 °C for annealing and 21 min of 72 °C for extension. The rNaV1.4 

α-subunit cDNA was subcloned from pTopo into pBSTA plasmid templates. Rat β

1-subunit cDNA were in pGH19. Before in vitro transcription, cDNA was 

linearized with EcoRI and NotI, respectively, and β1-subunit with HindIII.  For 

each clone, 1 μg of linearized template was used to perform in vitro transcriptions 

using mMessage mMachine Kits (Ambion): T7 polymerase for α-subunit and T3 

polymerase for β1-subunit. RNA for injection was resuspended in nuclease free 

water (Ambion) or 1 mM Tris-Cl pH 6.5 (Fluka) at a concentration of ~1 μg/μl. 
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Before injection, equal volumes of α- and β1-subunit mRNA were diluted to 1:10 

ratio in nuclease free water (Ambion) and mixed together.   

3.2 Oocytes Preparation and Injection 

Oocytes were surgically removed from adult Xenopus laevis females. The 

frog was examined before selection to check if there was any signs of recent 

surgery; if not it was scooped with a aquarium net  and placed in a closed 

container carrying anesthetic solution with 0.8 % tricaine methanesulfonate 

(Aldrich) in H2O with 4.5 mM 1,4-(2-hydroxyethely)-1-piperazineethanesulfonic 

acid (HEPES) to stabilize pH. The closed container is used to prevent the frog 

from jumping out of the container which will result in contact with dry surface 

which will damage their protective mucus layer. The frog was left in the container 

for 20 minutes or until a firm toe-pinch with hemostats produces no response. 

Then the frog was placed on the surgical field and a 10-15 mm incision was 

made through abdominal skin and muscle. Small forceps was used to reach into 

the incision and several clumps of oocytes were extracted. During the surgery, 

the frog skin was well hydrated with sterile distilled water applied every 5 minutes. 

The incision was closed with 3-4 sutures on each abdominal skin and muscle 

and the frog was rinsed in deionized water until it recovered from the anesthesia. 

Theca and follicles were enzymatically removed by gently agitating the oocytes 

on the tube rocker in tube containing a Ca2+-free medium (in mM): NaCl 96, KCl 

2, MgCl2 20, HEPES 5, pH 7.4, with 1 mg/ml type 1A collagenase (Sigma, St. 

Louis, MO) for ~ 1 hr (until they appear 80~90 % separated). Oocytes were 

rinsed in the Ca2+-free medium 3-4 times and decanted into a large (100 mm) 
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Petri dish. Under the dissecting microscope, healthy stage V and VI oocytes 

were sorted and placed in Petri dish containing SOS+ solution containing(in mM): 

NaCl 96, KCl 2, CaCl2 1.8, HEPES 5, Pyruvic acid 2.5, pH 7.4,with 1 % Horse 

serum and Gentamycin Sulfate 100 mg/l. The sorted oocytes were incubated at   

19°C. After 24 hrs of incubation, oocytes in good conditions were sorted again 

and individually injected with 27.6 - 50.6 nL of mRNA (mixture of α- and β1-

subunits) using a Drummond automatic Nanoject injector (PA, USA) and then 

placed in sterile incubation media containing They were incubated at 19°C and 

sorted daily into fresh SOS+ solution until electrophysiological recording after 2-

14 days. 

3.3 Electrophysiology 

Cut-open voltage clamp (COVC) recordings were completed following 

Stefani & Bezanilla [94].  Briefly, oocytes were placed in a rectangular triple 

compartment. Three compartments include the top recording chamber, the 

middle guard chamber and the bottom chamber where current is injected 

intracellularly [94]. The chambers were initially filled with external solution 

containing (in mM): 96 NaCl, 4 KCl, 1 MgCl2, 1.9 CaCl2, and 5 HEPES, (pH 7.4). 

The bottom chamber was briefly perfused with 0.1% saponin (Sigma) intracellular 

solution containing (in mM) 9.6 NaCl, 88 KCl, 11 EGTA, and 5 HEPES, (pH 7.4). 

Saponin-free intracellular solution was perfused upon perforation of the oocyte 

membrane.  Recording electrodes were prepared using a P-87 micropipette 

puller (Sutter Instrument Co., Chicago, IL) with borosilicate glass to resistance 
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between 0.3 ~ 1.0 MΩ. Oocytes were impaled at the animal pole using recording 

electrodes filled with 3 M KCl. Temperature of the bottom chamber was 

measured and maintained at 20 ± 0.2 °C using a Peltier device controlled by an 

TC-10 temperature controller (Dagan, Minneapolis, MN, USA). Agar bridges 

made from glass capillary tubes with platinum wires filled with 3% agar in 500 

mM NMG-MES were bent at both ends and placed in the three chambers and 1 

M NaCl pools. Chloride silver wires in the NaCl pools connected agar bridges to 

a Dagan CA-1B amplifier (Dagan, Minneapolis, MN, USA). The sample interval 

was 5 s (200 KHz) and data were low pass Bessel filtered at 10 KHz. 

Patchmaster v2X41 (Heka, Lambrecht, Germany) running on iMac computer 

(Apple, CA, USA) was used for data collection.  

The holding potential for gating experiments was -100 mV. Activation 

kinetics were measured from the rising phase of inward current during 20 ms test 

depolarizations from a holding potential of –150 mV to voltages ranging from –

100 mV to +60 mV. The voltage dependence of fast inactivation was studied with 

the following protocol: cells were held at -150 mV for 500 ms to remove all 

channels from inactivated states, then stepped to an alternating conditioning 

pulse between -150 mV and +20 mV in 10 mV increments, then to -10 mV for 20 

ms then back to -150 mV. Peak inward current at -10 mV was measured and 

plotted versus conditioning pulse. Leak subtraction was performed using p/4. 

Steady-state slow inactivation data was collected as follows. A 30 s, –150 

mV prepulse was used to eliminate both fast and slow inactivation, and 

alternating conditioning 60 s pulses from –150 mV to +10 mV (in 10 mV 



 

 28 

increments) were applied to induce maximal slow inactivation. A 20 ms recovery 

pulse to -150 mV is delivered to recover any fast inactivated channels followed 

by a 20 ms, 0 mV test pulse. Peak current amplitudes were normalized and 

plotted versus conditioning pulse.  

Electrophysiological recordings of the sodium current were fitted into 

equations of interest described as below.  Conductance (voltage) relationships 

were derived using the following equation: 

  GNa= Ipeak /(VM-ENa) (1)  

where GNa represents sodium conductance, Imax is the peak-test-pulse current, 

VM is the test-pulse voltage or pre-pulse voltage, and ENa is the measured 

sodium equilibrium potential. Activation and inactivation curves are fitted by a 

Boltzmann distribution with the following equation: 

Normalized current amplitude = 1/(1+exp(-ze0(VM – V0.5)/kT)) (2)  

where 'Normalized current amplitude' was measured from the response to the 

test pulse following a variable voltage pre-pulse or from a holding potential of -

150 mV, z is the apparent valence, e0 is the elementary charge, V0.5 is the 

midpoint voltage, k is the Boltzmann constant, and T is the temperature in 

degrees Kelvin. 

The slow inactivation distribution was fitted by a modified Boltzmann 

equation as follows:  

Normalized current amplitude = (1–fa)/(1+exp(-ze0(VM – V0.5)/kT)) +fa    (3) 
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where z is the apparent valence, e0 is the elementary charge, V0.5 is the midpoint 

voltage, k is the Boltzmann constant, fa is the fraction of the channel that did not 

enter slow inactivated state and T is the temperature in Kelvin. 

To study whether mutations that resulted in TTX-resistance in mutant 

NaVs induce changes in ion selectivity, the COVC technique was used to 

measure sodium currents under different external solutions. Although two 

electrode voltage clamp (TEVC) is often used in studying ion selectivity and 

permeability of sodium channel [95-97], one distinct advantage of using COVC is 

it allows control over both external and internal solutions while TEVC can only 

replace external solution. In addition, COVC can record very large sodium 

currents with excellent voltage control and time resolution. The reversal 

potentials of the different sodium channels were compared to determine whether 

amino acid substitutions within the pore of TTX-resistant snakes had an effect on 

channel ion selectivity. Reversal potentials were measured by performing 

activation pulse protocols as previously described and fitting the current-voltage 

relationship to a Boltzmann distribution using equation 2 or calculating by linear 

extrapolation of normalized peak current versus membrane voltage relationship. 

Ionic permeability ratios PX/PNa were calculated from changes in the reversal 

potential following cation substitutions in the external solution with either Na+, Li+, 

K+, Rb+, or Ca2+ external solution. The external solution was titrated to pH 7.4 

and contained, in mM: 96 NaCl or osmotic equivalent of test cation, 4 KCl, 1 

MgCl2, 1.9 CaCl2, and 5 HEPES (Table 3). [98]. The permeability ratio (PX/PNa) 
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for test cation was calculated using a modified Goldman-Hodgkin-Katz equation 

[99]: 

Permeability ratio = PX/PNa = [Na]1/[X]2 × exp(FΔV/RT) (3)  

where [Na]1 is the concentration of sodium ion in Na+ solution, [X]2 is the 

concentration of cation in its solution, ΔV is the change in reversal potentials 

(EXrev- ENarev), F is Faraday’s constant,  R is the ideal gas constant, and T is the 

temperature in Kelvin. 

3.4 Data Analysis  

Analysis and graphing were done using FitMaster (Heka, Lambrecht, 

Germany) and Igor Pro (Wavemetrics, OR, USA), both run on Apple iMac (CA, 

USA). Results are expressed as mean ± standard errors of mean (SEM) and 

statistical significance was determined by ANOVA test with two tailed P-values 

(P<0.05) using a statistical analysis program, SPSS 17 (SPSS, IL, USA). 

Table 3. Composition of external solutions. 

 pH NaCl 
(mM) 

KCl 
(mM) 

LiCl 
(mM) 

RbCl 
(mM) 

CaCl2 
(mM) 

MgCl2 
(mM) 

Hepes 
(mM) 

Na+  7.4 96 4 0 0 1.8 1 5 

Li+  7.4 0 4 96 0 1.8 1 5 

K+  7.4 0 100 0 0 1.8 1 5 

Rb+  7.4 0 4 0 96 1.8 1 5 

Ca2+  7.4 0 4 0 0 97.8 1 5 

Erev is reversal potential, V0.5 is the voltage activation midpoint, z is apparent valence, 

and n is number of experiments.  Values are ‘mean±SEM’ 
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4: RESULTS 

4.1 Biophysical Properties of Channel Gating.  

Sodium currents were recorded from Xenopus oocytes, expressing both α 

and β subunits, using the cut-open voltage clamp technique to test the 

hypothesis that amino acid substitutions, which impart TTX resistance in snake 

skeletal muscle sodium channels, result in changes in voltage dependent gating. 

I examined human and rat NaV1.4 containing sequence from different garter 

snake populations, including Bear Lake, Idaho (BL); Warrenton, Oregon (WA); 

and Willow Creek, California (WC). To ensure β subunit was properly co-

expressing with α subunit, data were first collected from oocytes expressing α 

subunit alone and compared to cells injected with both α and β subunits. As 

reported in previous studies, expression of β subunit altered kinetics of steady-

state fast inactivation by causing significant right shift in V0.5 of cells with β 

subunit whereas that of conductance was not affected  (Figure 5 and Table 4) [15, 

100]. In addition, co-expression of α and β subunits increased the number of 

apparent valence charges, the slope of fitted lines, in conductance (Figure 5 and 

Table 4). These data indicate that α and β subunits were appropriately co-

expressing in oocytes as it is in the physiological setting.  

 

 

 



 

 32 

A.  

 

B.  

 

Figure 5. Gating Properties of Wild Type NaV1.4 with or without β subunit. 

A. Conductance graph of normalized mean peak currents (±SEM) versus membrane 

potential: Nav1.4 with β subunit (closed circles, N=14), and Nav1.4 without β 

subunit (open circles, N=5). Protocol used is illustrated as above.  

B. Effect of β subunit in NaV 1.4 steady-state fast inactivation. Normalized mean peak 

currents (±SEM) versus pre-pulse membrane potential is shown in the graph: Nav1.4 

with β subunit (closed circles, N=11), and Nav1.4 without β subunit (open circles, 

N=5). Protocol used is shown as above.  
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Table 4. Effect of Summary of β subunit in NaV1.4 gating properties.  

 Erev (mV) GV V0.5 (mV) GV slope FI V0.5 (mV) FI slope 

Nav1.4 50.7 ± 3.6(5) -33.8 ± 1.8(5) 5.37 ± 0.55*(5) -62.5 ± 1.4 (5) -4.32  ± 0.24(5) 

Nav1.4+ β 52.8 ± 1.9(14) -31.5 ± 1.1(14) 3.91 ± 0.21(14) -57.7 ± 0.3 (11) -4.09 ± 0.11(11) 

* denotes statistical significance (p<0.05). GV is conductance, FI is fast inactivation, Erev is reversal 

potential, V0.5 is the voltage activation midpoint, slope is the slope of the fitted line which refers to 

apparent valence charges and numbers in parentheses indicate number of experiments.    Values are 

‘mean±SEM’  

4.1.1 Activation 

A typical family of sodium currents from Bear Lake (BL), Warrenton (WA) 

and Willow Creek (WC) NaV are illustrated in Figure 6. To assess the current-

voltage relationship of the channels, the peak currents of each trace were 

measured and plotted against the test potential as shown in Figure 7. The 

voltage dependence of activation was further evaluated by plotting normalized 

macroscopic conductance as a function of the test potential, and fitted with the 

Boltzmann equation (Equation 2), as shown in Figure 8. Statistically significant 

hyperpolarizing (left) shifts of ~6 mV in V0.5, and significantly greater values in 

the slope were observed in WC compared to BL (Table 5). 

Table 5. Biophysical parameters of the channel activation. 

  Erev (mV) V0.5 (mV) Slope (e) n 

Bear Lake Wild Type 52.8 ± 1.9 -31.5 ± 1.1 3.91 ± 0.80 14 

Warrenton I1532V 46.1 ± 2.3* -32.6 ± 1.5 3.61 ± 0.49 11 

Willow Creek 
I1527L/I1532V/ 

D1539N/G1540V 44.9 ± 0.9* -37.3 ± 1.3* 5.97 ± 0.77* 18 

* denotes statistical significance (p<0.05) with respect to the values obtained from Bear Lake 

(WT). Erev is reversal potential, V0.5 is the voltage activation midpoint, slope is the apparent 

valence of conductance and n is number of experiments.    Values are ‘mean±SEM’ 
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Figure 6. Family of NaV Current Traces. 

Family of sodium current traces were recorded using cut-open voltage clamp from 

Xenopus oocytes. Holding membrane potential was at -100 mV and prior to test voltage, 

membrane was hyperpolarized to -150 mV for 500 ms to ensure complete shutdown of 

the channel. Pulse protocol is depicted as above.  

 

 

Figure 7. Peak NaV current vs. Voltage Graphs.  

Peak currents from Figure 6 were plotted against membrane potential to demonstrate 

voltage dependence of the channels. 
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Figure 8. Activation of sodium channels. 

A graph of mean normalized conductance (±SEM) versus membrane potential: Bear 

Lake (black circles, N=14), Warrenton (blue triangles, N=11), and Willow Creek (red 

squares, N=18).).  

 

4.1.2 Fast Inactivation 

To measure steady-state properties of fast inactivation, cells were held at -

150 mV and 500 ms of alternating pre-pulse potentials ranged from -150 mV to -

10 mV in 10 mV steps were applied. The cell was then depolarized to the test 

voltage of 0 mV, and peak inward current was recorded, normalized and plotted 

against pre-pulse membrane potential as shown in Figure 10. A depolarizing shift 

in the midpoint of steady-state fast inactivation was seen in both TTX-resistant 

channels compared to the TTX-sensitive channel, and the apparent valence was 

decreased (Table 6). 
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Figure 9. Steady-State Fast inactivation raw current traces 

 

 

Figure 10. Steady-State Fast Inactivation of sodium channels. 

A graph of steady-state fast inactivation illustrates the channel availability after 500 ms 

pre-pulses to various voltages ranging from -150 mV to -10 mV. Mean normalized 

current (±SEM) versus pre-pulse membrane potential were plotted: Bear Lake (black 

circles, N=11), Warrenton (blue triangles, N=8), and Willow Creek (red squares, N=18).  
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Table 6. Biophysical parameters of steady-state fast inactivation of the channels 

 V0.5 (mV) Slope (e) n 

Bear Lake -57.7± 0.3 -4.09 ± 0.11 11 

Warrenton -53.3.3 ±0.2* -3.22 ± 0.15* 8 

Willow Creek -55.5 ± 0.7* -3.25 ± 0.16* 18 

V0.5 is the voltage when normalized current is 0.5, slope is the apparent valence of 

inactivation and n is number of experiments.   Values are given as ‘mean±SEM’ 

 

4.1.3 Slow Inactivation 

Steady-state slow inactivation (SI) was measured using a voltage pulse 

protocol identical to steady-state fast inactivation except the alternating pre-pulse 

potential was 60s in duration and there was a 20ms hyperpolarization to-150 mV 

following the pre-pulse to recover channels from fast inactivation. The test 

potential was 0mV. Between protocols, channels were hyperpolarized to -150 mV 

for 30s after each trial to prevent accumulation of SI [101]. The steady-state SI 

distribution was fitted with a modified Boltzmann equation (Equation 3), which 

takes into account the incomplete nature of slow inactivation at depolarized 

voltages. The midpoint of steady-state SI in the TTX-resistant channels was 

significantly depolarized relative to the TTX-sensitive channel (Figure 12 and 

Table 7).  
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Figure 11. Steady-State Slow inactivation raw current traces 

 
 
 
 

 

Figure 12. Steady-State Slow Inactivation of sodium channels. 

A graph of steady-state slow inactivation illustrates the channel availability after 60 s 

pre-pulses to various voltages ranging from -150 mV to -10 mV. Mean normalized 

current (±SEM) versus pre-pulse membrane potential were plotted: Bear Lake (circles, 

N=8), Warrenton (triangles, N=4), and Willow Creek (squares, N=5).  
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Table 7. Biophysical parameters of steady-state slow inactivation of the channels. 

 V0.5 (mV) Slope Completion n 

Bear Lake -76.0 ± 1.7 -2.15 ± 0.33 80.2 ± 3.3% 8 

Warrenton -56.4 ± 6.0* -2.04 ± 0.22 77.0 ± 5.3% 4 

Willow Creek -60.4 ± 3.5* -1.84 ± 0.09 70.6 ± 5.4% 5 

V0.5 is the voltage when normalized current is 0.5, slope is the apparent valence of 

inactivation, completion is the percentage of channel available at the most positive 

pre-pulse membrane potential and n is number of experiments. * denotes statistical 

significance (p<0.05) with respect to the values obtained from Bear Lake (WT).  Values 

are given as ‘mean±SEM’ 

 

 

4.2  Ion Selectivity of Channel 

Ion selectivity in NaV can be studied by observing the voltages at which 

the ion currents reverse their direction [95, 97]. The reversal potential (Erev) in 

different sodium channels were compared to determine whether substitutions 

imparting TTX-resistance altered ion selectivity. The Erev of BL was 52.8 mV (± 

1.9 mV). In contrast, WA was 46.1 mV (± 2.3 mV)and WC was 44.9 mV (± 0.9 

mV). These differences were statistically significant, and suggest that the ion 

selectivity of the TTX-resistant channels is different from that of WT.  

We measured and compared the permeability ratio of channels by 

measuring currents under different external solutions including the following 

permeant ions: Li+, K+, Rb+ and Ca2+  To ensure a constant electrochemical 

gradient across the cell membrane and to avoid any ion build-up in the 



 

 40 

cytoplasm, the internal solution was also continuously perfused with the internal 

solution. A typical family of sodium currents of sodium channels under Li+ 

external solution is illustrated in Figure 13.  Figure 14 shows the mean 

normalized current (±SEM) as a function membrane potential for the different 

external permeant ions. The TTX-sensitive wild type, BL, exhibited permeability 

ratios of 1.44 (± 0.19) for Li+, 0.20 (± 0.03) for K+, 0.17 (± 0.03) for Rb+ and 0.37 

(± 0.06) for Ca2+. The mildly TTX-resistant channel, WA, displayed permeability 

ratios that were not significantly different from BL (Table 8).  

Interestingly, the highly TTX-resistant channel, WC, showed a significant 

decrease in permeability ratios: 0.88 (± 0.05) for Li+, 0.11 (± 0.02) for K+, 0.09 (± 

0.01) for Rb+ and 0.16 (± 0.02) for Ca2+ (Table 8). Permeability ratio values as a 

function ionic radius, a measure of the size of an ion in a crystal lattice, are 

shown in Figure 15. Permeability ratio of the cations; the Pauling radius of 

cations are 0.60 Å for Li+, 0.99 Å for Ca2+, 1.33 Å for K+, and 1.48 Å for Rb+ [102]. 

Our results indicate that amino acid substitutions in the pore region of DIV affect 

the ion selectivity and permeability of NaV.  
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Figure 13. Family of current traces recorded using Li
+
 external solution.  

 

A. 

  

B. 

 
C. 

  

D. 

 
  

Figure 14. Normalized current and voltage relationship under different external solutions. 

Mean normalized currents (±SEM) of Bear Lake (circle, N=4), Warrenton (triangle, N=4), 

and Willow Creek (square, N=4). Currents were normalized with the peak inward current. 

Normalized currents versus membrane potentials were plotted under different external 

solutions: A. Li+, B. K+, C. Rb+, and D. Ca+  



 

 42 

Table 8. Summary of Reversal Potential and Permeability Ratio. 

  Li+  K+  Rb+  Ca2+  N 

Bear Lake 
Erev (mV) 
PX/PNa 

38.0 ± 5.6 
1.44 ± 0.19 

-10.8±2.1 
0.20 ±0.03 

-17.3±2.5 
0.17±0.03 

3.5±1.3 
0.37±0.06 

4 

Warrenton 
Erev (mV) 
PX/PNa 

40.9 ± 2.8 
1.10 ± 0.02 

-10.7 ± 4.3 
0.14 ± 0.01 

-12.9 ± 4.7 
0.13 ± 0.02 

8.3 ± 4.7 
0.30 ± 0.02 

4 

Willow Creek 
Erev (mV) 
PX/PNa 

39.6 ± 1.7 
0.88 ± 0.05* 

-12.9 ± 3.8 
0.11 ± 0.02* 

-18.4 ± 3.4 
0.09 ± 0.01 

-3.0 ± 2.8 
0.16 ± 0.02* 

4 

* denotes statistical significance (p<0.05) with respect to the values obtained from Bear Lake 

(WT). Erev is reversal potential, Px/ PxNa is the permeability ratio, and n is the number of samples.   

Values are given as mean±SEM 

 

 

Figure 15. Permeability ratio of the cations  

Mean permeability ratio (±SEM) of Bear Lake (circle, N=4), Warrenton (triangle, N=4), 

and Willow Creek (square, N=4). Pauling radius of cations are 0.60 Å for Li+, 0.99 Å for 

Ca2+, 1.33 Å for K+, and 1.48 Å for Rb+ [102].  
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5: DISCUSSION 

The garter snake, Thamnophis sirtalis, is the only predator known to prey 

on the TTX-toxic newts Taricha granulosa which has enough TTX in their skin to 

kill up to 25,000 white mice or seven humans [82]. Toxicity in newts exerted 

selection pressure on its predator resulting in amino acid substitutions in the P-

region of DIV skeletal sodium channel [13]. Toxicity in newts is closely related to 

the degree of TTX resistance in the garter snake as well as the number of amino 

acid substitutions in sodium channel. Although an increased number of amino 

acid substitutions that cause greater TTX-resistance in the garter snake are 

beneficial for their predator fitness, the substitutions may also cause negative 

impacts on survival, since more resistant snakes have a slower maximum run 

speed and slower AP rise rate [89]. Run speed and AP rise rate are determined, 

at least in part, by the influx of sodium ions through sodium channels that 

generate and propagate APs in skeletal muscle. Thus, mutations may have 

compromised the biophysical properties of NaV. The goal of our study was to 

examine the effects of these amino acid substitutions on the gating properties 

and ion selectivity of NaV. 

In this study, we observed significant changes in the activation profile of 

the most TTX-resistant channel (WC) and inactivation profiles in both TTX-

resistant channels, WA and WC. Many studies have shown the importance of the 

P-regions in channel function [35, 40, 41, 103, 104]. The pore forming P-region of 
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DIV is highly conserved in NaV, and site-directed mutagenesis studies have 

shown that it is responsible for voltage-dependent activation [35] and inactivation 

[33, 105] as well as ion permeation and selectivity [95, 96]. Amino acid 

substitutions found in TTX-resistant garter snake NaV are in a region near the 

selectivity filter between theα-helix and β-strand of the P-region, where the loop 

forms a sharp bend to stabilize the structure of the pore mouth [46]. In addition, 

an important negatively charged aspartate residue in the pore region of DIV that 

interacts with a hydroxyl group on TTX was neutralized through amino acid 

substitution with asparagines in WC [75]. These substitutions may have reduced 

TTX binding by altering the outer vestibule of the pore, and thus the shape of the 

TTX binding site. These changes in the outer vestibule of the pore may reorient 

the overall channel structure, thus disrupting the coupling between the voltage 

sensors and the ion permeation pathway of the channel, the movement of the ion 

permeation pathway, and reducing pore stability.  

5.1 Effect on the Voltage Dependent Gating of NaV 

WC contains four amino acid substitutions that confer TTX binding affinity 

that is ~480 fold less than BL and ~270 fold less than WA [13]. The mutations, 

however, also significantly affected activation of WC. How do the mutations alter 

the activation profile of WC? Coupling between the pore and the 

voltage‑dependent movements of the voltage sensor units is an important 

determinant of channel opening in NaV. The movements or reorientations of the 

positively charged S4 segments toward the extracellular side in response to 

depolarization lead to pore opening through several steps. Activation of the S4 
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voltage sensors in DI, DII and DIII which are kinetically indistinguishable initiates 

the channel opening [23]. The DIV S4, however, activates at a relatively slower 

rate and in a two-step process; the initial step involves movement of the internal 

segment and is critical for activation whereas the latter step, movement of the 

external segment, is required for inactivation [106]. Channel activation, therefore, 

requires full activation of the S4 segments in DI, DII, and DIII and a partial 

activation of the S4 of DIV [106-108]. Full activation of the S4 of DIV uncovers 

the intracellular binding site for the inactivation particle and subsequently allows 

the channel to enter the fast inactivated state [23, 24, 106, 107]. In addition, 

DIVS4 plays important role in slow inactivation [109]. Therefore, changes in the 

voltage-dependent movements of any of the S4 voltage sensors may be 

reasonably predicted to NaV alter gating. In this study, we observed significant 

changes in the activation profile of WC NaV and inactivation profiles in both 

mutant NaVs. These changes suggest that amino acid substitutions in the P-

region of DIV may have altered the interaction between the voltage-dependent 

movements of any of the S4 voltage sensors and the P-region. It is tempting to 

speculate that the reorientation of the pore might even result in a channel 

structure that physically hinders movement of the one or more of the S4 voltage 

sensors.  

The substitutions in WC include charge neutralization at the outer ring 

residue of DIV, aspartate at 1539 replaced by asparagine, and a change in the 

net charge of the outer ring may have caused altered activation of the channel. 

This charge neutralization, however, was previously studied and shown to have 
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no effect on the voltage dependence of activation [103, 110]. Khan and 

coworkers [110] proposed that the distance between the outer vestibule residues 

and the voltage sensor units responsible for voltage dependence of activation 

may be far apart and the electric field of the outer vestibule is likely dispersed by 

the surrounding extracellular ionic solution causing no effect on activation when 

the charge was neutralized. Interestingly, when aspartate at 1539 was replaced 

with cysteine, a significant decrease in conductance was observed [111]. This 

may be due to a size difference between aspartate and cysteine that may cause 

changes in the pore structure, since the structurally-conservative D1539N 

mutation did not alter activation. Nonetheless, charge neutralization in the 

selectivity filter can electrostatically destabilize and/or weaken the interaction 

between the P-region of DIV with the P-regions in DI and DIII [112]. This can 

subsequently lead to changes in the structure of the ion permeation pathway that 

may reduce pore stability [105].  

A number of studies have established that the P-regions of NaV are highly 

flexible structures [112-114]. It is proposed that, at rest, the pore forming P-

regions fold back into the pore lumen surrounded by the S6 segments and 

undergo some kind of movement during channel opening [41, 45]. Any 

interference with this motion may result in altered channel gating. Two glycine 

residues in the P-region of DIV (G1537 and G1540) confer a high degree of 

backbone flexibility and are associated with the movement resulting in a 

conformational change during channel activation. In WC, glycine at 1540 is 

substituted by valine, and this may cause the altered activation profile observed 
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in our experiment by reducing the flexibility of the channel backbone and 

disrupting pore movement during channel opening.[115]. 

Another amino acid replacement, leucine substituted for isoleucine at 

position 1527, is located within an α-helical region of the P-region [46]. The α-

helix structure is composed of highly hydrophobic residues and its hydrophobic 

characteristic is well conserved since leucine is non-polar hydrophobic residue. 

This suggests that the α-helix structure is important in maintaining the pore 

structure and its proper function. However, how this mutation would affect the 

TTX binding to the pore is not clear and further study is required. This mutation 

may provide an additive effect in WC that both imparted greater TTX-resistance 

and modified the voltage-dependence of activation.  

WA contains a single mutation that confers a TTX-binding affinity ~2 fold 

less than BL. In contrast to WC, the single residue substitution in WA that is also 

observed in WC did not affect channel activation. However, the substitution, 

isoleucine to valine at position 1532, altered both fast and slow inactivation. 

Previous studies have shown that mutations in P-regions of NaV alter the 

properties of slow inactivation but not fast inactivation [45, 116]. Although the 

differences in fast inactivation profiles between WT and mutant channels were 

statistically significant, they were quantitatively small (Table 6), suggesting that 

the difference between our results and previous studies may be due to a 

difference  between human NaV and rat NaV gating. Nonetheless, we cannot rule 

out the fact that amino acid substitutions in WA and WC channels may have 

indirectly affected fast inactivation through a change in overall channel structure, 
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since previous studies have shown, under the same experimental conditions, 

activation and steady-state fast inactivation of human NaV and rat NaV are 

statistically similar [26, 117].  

Slow inactivation of both WA and WC showed significant depolarizing 

shifts of ~20 mV in midpoint relative to WT 

(

 

Figure 11. Steady-State Slow inactivation raw current traces 

 
 
 
 

). This result suggests an increase in the number of channels available to 

open during a depolarizing step and thus, cell excitability is greater in TTX-

resistant channels than WT. However, the maximum probability of channels 

entering slow inactivated state did not differ from WT 
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(

 

Figure 11. Steady-State Slow inactivation raw current traces 

 
 
 
 

). The depolarizing shifts were statistically similar in both TTX-resistant 

channels suggesting altered slow inactivation may arise from the same 

substitution. Therefore, we suggest that isoleucine at position 1532 may play 

important role in steady-state slow inactivation of NaV.  

It has been proposed that slow inactivation in NaV arises from a 

constriction or collapse of the ion permeation pathway and that residues within or 

proximal to selectivity filter are closely related to the conformation change during 

slow inactivation [30, 31, 33, 45]. In Shaker K+ channels, C-type (slow) 

inactivation is also associated with pore constriction related to structural 

rearrangements in the P-regions. In addition C-type inactivation is closely related 

to the gating motion of voltage sensors [29] and I1532L may have altered the 

movement of the voltage sensor disrupting the coupling between the pore and 

the voltage sensors causing change in slow inactivation profile in mutant NaVs. 



 

 50 

Depolarization of the channel activates the voltage sensor to enter its 

depolarization-favored position [108]. During prolonged or repeated 

depolarizations of the channel, we envision the voltage sensors to go through a 

secondary transition from its depolarization-favored position which changes the 

way in which the voltage sensor interacts with the pore region and consequently 

alters the conformation of the ion permeation pathway. Since DIV S4 plays an 

important role in both fast and slow inactivation, it is likely that this segment is 

affected by the I1532L. This hypothesis, however, needs to be experimentally 

confirmed.  

Recent work from Yang et al. showed the DIV P-region interacts with DIV 

S6 and serves an essential role in coordinating channel gating and ion 

permeation [116]. Changes within the DIV P-region structure may also affect the 

interaction with the adjacent DIV S6, which plays an important role in fast and 

slow inactivation [32, 118, 119]. DIV S6 is in close contact with the DIV P-region. 

Allosteric changes due to the I1532L substitution may be transferred to DIV S6 

and thus alter inactivation properties [114]. It is possible that the I1532L 

substitution in both WA and WC alter slow inactivation by interrupting the 

interaction between the P-region and DIV S6. 

 

5.2 Effect on the Ion selectivity and Permeability of NaV 

The ion selectivity filter is very complex; it interacts with, and filters, 

inorganic ions based on various factors including their size, charge, and 
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dehydration energy. Site-directed mutagenesis studies have demonstrated that 

mutations of amino acid residues within or proximal to the DIV selectivity filter 

modify selectivity [11, 12, 35, 38, 95, 96]. For instance, mutation of the negatively 

charged residues that forms the outer ring of the channel selectivity filter in DIV 

significantly altered ion selectivity and permeability of NaV [95]. Ion selectivity in 

NaV can be studied by observing the voltages at which the ion currents reverse 

their direction (Erev). Our results revealed that Erev of TTX-resistant NaV 

significantly differed from WT; Erev was shifted toward more negative voltages, 

indicating the amino acid substitutions have altered the ion selectivity of TTX-

resistant channels.  

We used Li+, K+, Rb+ and Ca2+ external solutions to observe permeability 

of the channel by these ions. These cations were chosen because their 

permeability ratios have been previously studied in WT channels, and mutations 

of the selectivity filter residues have shown to alter their permeation [95, 96, 98]. 

Our results showed that the permeability ratios of WA did not statistically differ 

from those of WT NaV. WC permeability ratios, however, were significantly lower 

than WT (Table 8). Negatively charged amino acids in the pore have been 

proposed to serve critical roles in electrostatic attraction and binding of the 

permeant ions, and are determinants of ion translocation in NaV [35, 111, 115, 

120]. It has also been proposed that the negative charged aspartate at position 

1539 may electrostatically maintain the pore structure by stabilizing the 

interaction between the selectivity filter residues in DI and DIII, which are 

important in channel permeability [105]. The amino acid substitution that resulted 
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in charge neutralization in WC may therefore have caused the decrease in the 

permeability ratio. In addition, the substitution of glycine at position 1540 has 

been previously shown to affect ion selectivity by disrupting the movement of the 

P-regions that induces the conformational change during opening, thereby 

disrupting the pore structure, ion coordination, selectivity, and permeation [115]. 

Although the structure of this crucial part of the pore is still a controversial issue, 

changes in ion selectivity and permeation may arise from reorientation and 

destabilization of the pore structure, and our results confirmed that amino acid 

residues in the P-region of DIV are important in ion selectivity and permeation.  
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6: CONCLUSION 

Our study shows that amino acid substitutions that impart TTX resistance 

in the garter snake Thamnophis sirtalis produce changes in NaV1.4 gating. The 

voltage dependence of activation and inactivation of TTX-resistant NaV1.4 

channels were significantly different compared to wild type channels. The amino 

acid substitutions also induced changes in conductance and ion selectivity. Ion 

selectivity in the most TTX-resistant NaV1.4 channels, Willow Creek, was 

significantly altered, resulting in a decreased permeability for all permeant 

cations. This indicates that the structural and functional components of the pore 

and its selectivity filter were modified by the amino acid substitutions that confer 

TTX-resistance in NaV1.4. These data demonstrate that TTX resistance comes at 

a cost to channel performance caused by changes in the gating properties and 

ion selectivity of the TTX resistant NaV1.4.  
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