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ABSTRACT  

A mutation in the β1 subunit of the voltage-gated sodium (NaV) channel, β1(CW), causes 

genetic epilepsy with febrile seizures plus (GEFS+), wherein elevated body temperature 

increases neuronal excitability. This study investigated the putative mechanism 

underlying seizure generation in β1(CW) caused by elevated temperature. Whole-cell 

voltage clamp experiments were performed on CHO cells expressing the α subunit of 

neuronal isoform NaV1.2, either alone, with β1, or with β1(CW) at 22°C and 34°C . 

Results suggest that wild-type β1 is protective against increased channel excitability 

induced by elevated temperature, and that this protection is lost in the absence of β1 or 

with the expression of β1(CW). At 34°C, β1(CW) increased channel excitability compared 

to wild-type β1 by decreasing use-dependent inactivation, increasing persistent current 

and window current, and delaying the onset of, and accelerating the recovery from, fast-

inactivation. These results help explain how the β1(CW) mutation contributes to the 

febrile seizure phenotype by increasing channel excitability specifically at elevated 

temperature. 

 

Keywords:  C121W; GEFS+; Sodium Channel; Temperature. 
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INTRODUCTION 

Approximately 2-5% of children aged 6 months to 6 years experience convulsions 

in response to fever, and one third of those who experience a febrile seizure (FS) will 

have a recurrent attack1,5. Although generally considered benign, FSs are distressful to 

both family and child, and about 7% of children with FS will later develop recurrent 

unprovoked seizures (epilepsy)2. A possible explanation for the high incidence of FS in 

childhood is the heightened neuronal activity due to extensive synaptic pruning and 

network remodelling, potentially increasing the susceptibility of the immature brain to 

environmental perturbations3. A clinical subset of FS, genetic epilepsy with febrile 

seizures plus (GEFS+), is a pediatric epilepsy syndrome in which seizures are present 

with or without fever beyond the age of 6 (FS+).  Genetic screening has revealed several 

mutations to neuronal proteins linked to FS and GEFS+, such as mutations to GABAA 

receptors of inhibitory interneurons and voltage gated sodium (NaV) channels and their 

associated subunits4.  

NaV channels are pore forming macromolecular complexes containing one α 

subunit, which conducts sodium specific current, and one or more regulatory β subunits. 

Channel structure and function is described in more detail in section 1.1. There are 

currently 10 known NaV channel isoforms, with NaV 1.1, 1.2, 1.3, and 1.6 collectively 

referred to as neuronal channels because of their high expression in the central nervous 

system. The sodium current conducted by NaV channels is responsible for the initial rapid 
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depolarizing upstroke of an action potential; hence any mutational perturbations to their 

gating can greatly affect neuronal excitability6.  One particular mutation associated with 

GEFS+; a cysteine to tryptophan substitution at position 121 (C121W) in the auxiliary β1 

subunit of NaV channels, suggests that the mutational increase in neuronal excitability is 

also temperature sensitive7. 

NaV channels display temperature sensitive behaviour, as their gating involves 

conformational changes to the protein, the rate of which is increases with added thermal 

energy68. The temperature sensitivity of the NaV channel α subunit alone has been 

investigated previously8-11
, but not in conjunction with its auxiliary β1 subunit, which 

modulates many aspects of channel function. This study focuses on temperature and β1 

subunit modulation of a particular channel property; slow inactivation (SI). This type of 

channel inactivation determines the proportion of channels available to activate with 

subsequent membrane depolarizations and has previously been shown to have a greater 

dependence on temperature than any other state transition9, 12, 13. The effect of 

temperature on the β1(CW) mutation in neuronal NaV channels has not yet been assessed, 

nor has the effect of this mutation on SI in a neuronal channel.  

Results from this study will be important in bridging the gap between clinical 

manifestation and molecular mechanism of FSs and will add to the growing body of 

literature regarding channel behaviour at close to physiological temperatures. 

Understanding how temperature differentially affects gating of native channels as well as 

those implicated in temperature sensitive disorders can help design drugs specifically 

targeted to gating parameters which are most greatly affected. This specific targeting 

would reduce potential side effects of current antiepileptic drugs, and would be able to 
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“blanket treat” any other syndrome which has a similar perturbation to NaV function. As 

quoted by Petrou and Berkovic, “…the time has come for resolving the biology of this 

common and frightening form of seizure”
4, and understanding temperature effects on 

brain channels is one important step.  

 



 

 viii 

TABLE OF CONTENTS 

Approval .......................................................................................................................... ii 
Abstract ........................................................................................................................... iii 
Acknowledgements ........................................................................................................... iv 

Introduction ...................................................................................................................... v 

Table of Contents ............................................................................................................ viii 

List of Tables and Figures ................................................................................................... x 

Glossary .......................................................................................................................... xi 

List of Abbreviations........................................................................................................ xii 

1: Sodium channels: A Brief Introduction ......................................................................... 1 

1.1 Structure and Function ............................................................................................... 1 

1.1.1 Alpha subunit ................................................................................................ 1 
1.1.2 β subunits ...................................................................................................... 3 

1.2 Localization of the alpha subunit ................................................................................. 7 

1.2.1 Function related to cellular localization ............................................................. 7 

1.3 Temperature Sensitivity .............................................................................................. 8 

2: Febrile Seizures: The Story so Far .............................................................................. 12 

2.1 Familial Febrile Seizures .......................................................................................... 12 

2.2 Genetic Epilepsy with Febrile Seizures Plus ................................................................ 13 

3: Rationale ................................................................................................................... 19 

3.1 Specific Aims.......................................................................................................... 19 

3.2 Study Limitations .................................................................................................... 20 

4: Methods ..................................................................................................................... 22 

4.1.1 β1 subunits ................................................................................................... 22 
4.1.2 Cell Culture ................................................................................................. 22 

4.2 Electrophysiology .................................................................................................... 23 

4.2.1 Voltage Protocols ......................................................................................... 25 
4.2.2 Temperature coefficient Q10 .......................................................................... 29 
4.2.3 Statistical Analysis ....................................................................................... 30 

5: Results ....................................................................................................................... 31 

5.1 Elevated temperature causes a hyperpolarizing shift in voltage-dependence of 
activation. ............................................................................................................... 31 

5.2 Mutant 1(CW) destabilizes the FI state compared to wild-type β1. ................................ 33 

5.3 NaV1.2 + 1(CW) increases window current and persistent current at higher 
temperature. ............................................................................................................ 35 



 

 ix 

5.4 Elevated temperature decreases the maximum probability of steady-state SI. .................. 37 

5.5 Temperature differentially affects the fast and slow components of SI onset at 
+10mV. .................................................................................................................. 39 

5.6 Neither temperature nor subunit expression significantly affects SI recovery at -
90mV. .................................................................................................................... 41 

5.7 NaV1.2 + 1(CW) reduces UDI at elevated temperatures. .............................................. 43 

5.8 Elevated temperature speeds FI recovery more than FI onset. ........................................ 46 

5.9 Summary ................................................................................................................ 50 

6: Discussion .................................................................................................................. 51 

6.1 The β1(CW) mutation results in moderate alterations to β1 subunit function at room 
temperature. ............................................................................................................ 52 

6.2 Thermosensitivity of NaV1.2, NaV1.2 + β1(WT) and NaV1.2 + β1(CW) ........................... 53 

6.2.1 Voltage-dependence of activation .................................................................. 54 
6.2.2 Voltage-dependence of steady-state FI ............................................................ 54 
6.2.3 Window current and INaP ............................................................................... 55 
6.2.4 Voltage-dependence of steady-state SI ............................................................ 56 
6.2.5 Onset and recovery of SI ............................................................................... 57 
6.2.6 Use-dependent inactivation, and onset and recovery of FI. ................................ 59 

7: Conclusions ................................................................................................................ 62 

8: Future Directions ....................................................................................................... 65 

9: Supplementary Figures and Tables ............................................................................. 66 

10: References ................................................................................................................ 68 



 

 x 

LIST OF TABLES AND FIGURES 

Figure 1. Secondary structure of sodium channel α and β subunit. .....................................5 

Figure 2. SCN1B subunit mutations associated with GEFS+ ...........................................15 

Figure 3. Voltage-dependence of activation. .....................................................................32 

Figure 4. Steady-state FI. ...................................................................................................34 

Figure 5. Window current. .................................................................................................36 

Figure 6. Persistent current (INaP). ......................................................................................37 

Figure 7. Steady-state SI. ...................................................................................................39 

Figure 8. SI onset at +10mV. .............................................................................................41 

Figure 9. SI recovery at -90mV. ........................................................................................43 

Figure 10. Use-dependent inactivation. .............................................................................45 

Figure 11. Open-state FI. ...................................................................................................48 

Figure 12. FI recovery at -60mV. ......................................................................................49 

Table 1. Summary of results……………………………………………………..............50  

Table 2. Compensation vs. no compensation ..........................................................................66 

Table 3. Mean amplitude values ............................................................................................66 

Supplementary Figure  1. Log plot of FI recovery ............................................................67 

 



 

 xi 

GLOSSARY 

Fast 
inactivation  
 
 
Febrile 
seizure  
 
 
 
 
GABAA 
receptor 
 
 
Persistent 
current  

Block of the ion permeating pore thru intracellular IFMT motif binding. 
Sodium current is inactivated within a matter of 1-2 milliseconds after 
activation. 
 
“a seizure occurring in childhood after one month of age, associated 

with a febrile illness not caused by an infection of the central nervous 
system, without previous neonatal seizures or a previous unprovoked 
seizure, and not meeting criteria for other acute symptomatic seizures” 

(ILAE definition) 
 
Ligand gated channels found in inhibitory interneurons that activate in 
response to the neurotransmitter gamma-aminobutyric acid, resulting in 
an influx of chloride and subsequent hyperpolarization of the membrane.  
 
Small (0.5%-5% of peak transient current) non-inactivating inward 
current either due to a subpopulation of channels with slower 
inactivation kinetics, or impairment of FI. 

Q10 
 
 
 
 
 
 
 
 
 
Slow 
inactivation  

Temperature coefficient; the measure of the rate of change of a 
biological or chemical system as a consequence of increasing 
temperature by 10 °C.  

 
Where R is the rate and T is the temperature in Celsius. 
 
Inactivation of sodium current that is distinct from FI. Occurs in the 
range of seconds to minutes in response to sustained (greater than 500 
ms) or repetitive depolarization. 

Use-
dependent 
inactivation  
 
V1/2 
 

Accumulation of the sodium channel in the inactivated state in response 
to a train of depolarizing pulses. 
 
 
Voltage at which there is half maximal channel activation or half 
maximal current amplitude. 
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1: SODIUM CHANNELS: A BRIEF INTRODUCTION 

1.1 Structure and Function 

1.1.1 Alpha subunit 

The large (260kDa) pore forming α subunit of NaV channels consists of four  

homologous domains (D1-DIV) each with six trans-membrane spanning helices (S1-S6). 

Each α subunit typically associates with one to two β subunits, the function of which is 

discussed in the following section. The predicted secondary structure of a generic NaV 

channel and associated β-subunit is illustrated in Figure 1.  

NaV channels span the cell membrane and are the main determinants of action 

potential (AP) initiation and propagation in electrically excitable cells. Segments S5-S6 and 

their extracellular linker (referred to as the p-region) constitute the Na+ permeable pore and 

selectivity filter, allowing passage of Na+ ions down their electrochemical gradient. NaV 

channels are not constitutively open, but are gated by changes in membrane voltage. A high 

density of positively charged amino acids in the S4 segment of each domain allows the 

segment to shift in response to changes in the electric field, thus the S4 segments are 

referred to as the channels` “voltage sensors”. This voltage-dependent conformational 

change initiates a series of events leading to channel activation. Shortly after channel 

activation, four hydrophobic amino acid residues (IFMT) located within the intracellular 

linker of DIII and DIV, also undergo a conformational change and bind to the S4-S5 



 

 2 

cytoplasmic linker of DIII and DIV. This “fast-inactivation” (FI) blocks the ion permeating 

pore and inactivates transient sodium current (INa) within a matter of 1-2 milliseconds. 

There is a small area of overlap between the voltage-dependence of inactivation and 

activation, where channels activate but have not yet completed FI. The small, non-

inactivating current that flows during this voltage range is referred to as window current. 

Incomplete FI can also result in persistent current (INaP), which is observed as small (0.5-5% 

of transient current) residual current remaining after channel opening. The precise 

molecular manifestation of INaP remains unknown, but is thought to be due to a 

subpopulation of channels with slower or impaired inactivation kinetics. NaV mutations 

which increase window current and, or INaP also increase cellular excitability14. 

Once in the FI state, channels can quickly recover within a range of 5-10 ms upon 

return to hyperpolarized potentials. The time course of entry into, and recovery from, FI 

determines channel availability for subsequent APs. Sodium channel FI is responsible for 

the absolute refractory period of an AP and allows AP to propagate in a unidirectional 

manner because previous channels have not yet recovered from FI and cannot be re-

activated.  

Another form of channel inactivation, termed slow inactivation (SI), develops more 

slowly, in the range of seconds to minutes, in response to sustained (greater than 500 ms) 

depolarizations. Similar to SI onset, recovery from SI is also slow, occurring in the range of 

seconds to minutes at hyperpolarized potentials. Channels can enter a subset of SI as well, 

called intermediate inactivation (IM), from which recovery shows intermediate kinetics 

(100ms to 1s). Although the recovery kinetics of IM are distinct from both FI and SI, the 

molecular mechanism of this type of inactivation is unknown.  Movement of the outer pore 
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segment is thought to facilitate IM
15, 16, while movement of the outer pore as well as further 

movements of the S4 segments are thought to underlie SI17,18. These structural changes alter 

the configuration of the permeation pathway resulting in inactivation of current.  

Finally, another subset of SI, termed use-dependent inactivation (UDI), occurs in 

response to repetitive membrane depolarizations. The duration of the depolarizing stimuli 

determines the relative contribution of inactivated states to current decay. Shorter duration 

pulse trains (less than 500ms) reflect accumulation of channels into the FI state, while IM 

and use-dependent SI contribute more-so during longer duration stimuli. This activity 

dependent current decay is an important regulator of cellular excitability in high frequency 

firing neurons as it dictates the number of channels available to open in response to 

subsequent depolarizations. Any changes to the maximum probability of UDI would have 

profound consequences on neuronal excitability.  

1.1.2 β subunits 

Each α subunit is capable of associated with up to two β subunits, one covalently (β2 

or β4) and one non-covalently (β1 or β3), however the exact location of these interactions is 

yet to be determined100. Beta subunits are significantly smaller (33-36kDa) than the pore 

forming α subunit and are composed of an N-terminal extracellular immunoglobulin (Ig)-

like domain, one α-helical transmembrane segment, and a short intracellular C-terminal tail. 

Cysteine residues at positions 21 and 121 (as predicted by amino acid numbering for the β1 

subunit)21 form a disulfide bridge important in maintaining the looped configuration of the 

Ig-like domain (illustrated as blue line in Figure 1). The presence of this domain classifies β 

subunits as part of the immunoglobulin superfamily of cell adhesion molecules (CAMs). 

Similar to the function of CAMs, β subunits interact with many extracellular matrix proteins 
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and facilitate cellular aggregation as well as targeting and anchoring of NaV channels to 

specialized areas of the cell membrane20. In addition to these functions, β subunits are also 

important modulators of channel voltage-dependence and gating.  

This study investigates the effects of β1 and the β1(CW) mutant, therefore focus will 

be directed on reviewing β1`s modulatory role (see Patino and Isom 2010100 for a review of 

β2-4) . The non-covalent interactions between β1 and the α subunit are predicted to occur 

both intracellularly and extracellularly21, 97. Studies using Xenopus oocytes suggest 

extracellular interactions occur between the β1 Ig-domain and the S5-S6 linker on DI and 

DIV of the α subunit22,23
. Cleaving the intracellular segment of β1, however, abolishes α-β 

interaction in mammalian cells24, and mutations on the intracellular C-terminal tail of the α 

subunit also appear to reduce α-β interaction25, 26. Regions predicted to be important in α-β 

interactions are illustrated in Figure 1 as red circles.  
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Figure 1. Secondary structure of sodium channel α and β subunit. 

 
Schematic of predicted secondary structure for a generic NaV channel pore forming α 
subunit and associated β subunit. Alpha helicies are depicted as cylinders, with connecting 
lines representing intracellular and extracellular linkers. Segments S1-S6 are labelled in 
domain I (DI) of the α subunit, and the high density of positively charged amino acid 
residues in the S4 segments are illustrated as plus signs spanning the α-helicies of each 
respective S4. The series of hydrophobic amino acid residues (IFMT) that constitute the fast 
inactivation particle is shown as a grey box on the intracellular linker between DIII and 
DIV. The Ig-like domain of the β subunit is shown as an extracellular loop, with the 
putative disulfide bridge between residues 21 and 121 shown as a blue line. Regions 
predicted to be important in α-β interactions are shown as red dots. Figure was generated 
using data from references 20-26. 

The role of the β1 subunit in channel gating and kinetics differs depending on the 

NaV channel α subunit (neuronal, cardiac, skeletal) and the expression system used. Major 

differences occur between mammalian Chinese Hamster Ovary (CHO) cells or Human 

Embryonic Kidney (HEK) cells and amphibian Xenopus laevis oocytes. Sodium channels 

expressed in oocytes have abnormally slow gating kinetics without the co-expression of β1, 

hence oocyte data suggests that the major role for β1 is to modulate FI21, 27. The rate of FI in 

mammalian cells on the other hand, is not increased by β1 because mammalian cells display 

fast NaV channel gating even without β1
28-31 (but see 32, 33). For this reason, oocyte 

expression systems may not be the best suited for studying β1 function, let alone 
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pathophysiological nature of β1 mutations. Unfortunately, even among mammalian 

expression systems, the role of β1 in NaV channel function is varied. The high variability 

might be due to differing expression levels of endogenous β subunits in different cell 

backgrounds, variable compositions of the cell membrane (phospholipid content and 

microdomains), as well as cell-type specific glycosilation and phosphorylation pathways, all 

which have been shown to modulate β function100. 

The effects of β1 on voltage-dependence of activation range from a depolarizing 

shift21, 29, 33 to a hyperpolarizing shift34, 35, to no effect at all30, 32, 36, 37. There are similar 

inconclusive results for voltage-dependence of FI; β1 induced depolarizing shift30, or 

hyperpolarizing shift30, 34-36
. Further discrepancies exist in β1‟s role in UDI of NaV channels, 

with observations showing either an increase in UDI (a greater decrease in current after a 

train of depolarizing pulses)30 or a decrease in UDI33. A consistent depolarizing shift, 

however, seems to be apparent in the voltage-dependence of SI in NaV1.4 or NaV1.2 co-

expressed with β1
33, 37. The probability of steady-state SI also seems to increase with β1 in 

NaV1.4, but this is not universal across all channel isoforms, as β1 does not appear to affect 

steady-state SI in NaV1.517
. A role for β1 that seems to have some consensus is that it 

increases cell surface expression of NaV channels29-31
, however this is not fully understood in 

heterologous expression systems, as addition of the β1 subunit does not always lead to 

increased peak current30, 32. The level of INaP also seems to decrease with co-expression of 

β1, an effect that would reduce cellular excitability by decreasing the steady inward 

depolarizing current32, 35, 38, but again, this finding is not universal28, 30, 36.  

Although heterologous expressions systems yield inconclusive results for the 

specific modulatory role of β1, SCN1B null mice, which lack β1 subunits, demonstrate that 
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β1 is crucial for normal neuronal development, excitability, and architecture39. Furthermore, 

mutations to β1 cause many human disorders such as GEFS+, temporal lobe epilepsy, and 

cardiac conduction diseases such as Brugada syndrome40-42.  

1.2 Localization of the alpha subunit 

To date, 10 mammalian isoforms of NaV channel α subunits have been found, each 

with slightly modified functionality. Typically, NaV1.1, 1.2, 1.3, and 1.6 are preferentially 

expressed in the central nervous system, 1.7, 1.8, 1.9 and NaVX in the peripheral nervous 

system, 1.4 in skeletal muscle, and 1.5 in cardiac muscle. The differential expression of NaV 

channel isoforms often leads to their description as “neuronal”, “cardiac”, or “skeletal”. 

Each isoform can, however, be expressed diffusely throughout the body, so this kind of 

terminology is becoming a less accurate depiction of NaV channel localization.  

1.2.1 Function related to cellular localization 

The target organ of this study is the brain, thus attention will given to description 

and characterization of „neuronal‟ NaV channel isoforms and their involvement in seizure 

genesis. 

As mentioned previously, NaV channels are critical components of AP initiation and 

propagation. The site of AP generation is the axon, specifically the distal portion of the 

axon initial segment (AIS)43, 44. Antibody staining, voltage clamp, and imaging studies show 

that NaV channel expression is almost 50 times higher in the AIS than in the dendrite or the 

soma45. The high density of NaV channels allows for the threshold of AP generation to be at 

least 15mV lower than elsewhere on the neuron43,46. The specific channel isoforms that 

localized to the AIS are NaV1.2 and NaV1.68, 45.  
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The expression and biophysical properties of each isoform may change, however, 

due to developmentally regulated splicing of NaV channel genes. NaV1.3 and NaV1.2 have 

both adult and neonate splice variants, and adult NaV1.2 has been shown to have increased 

excitability compared to its neonate counterpart47. The relative excitability of each variant 

may have implications in seizure genesis, but the mechanisms have yet to be worked out. 

Isoform expression levels also appear to be affected by seizure activity, as mRNA 

levels of neonatal NaV1.2 and NaV1.3 are reported to increase after induced seizures in adult 

rats48. Human epileptic hippocampal tissue also shows up-regulated NaV1.3 mRNA,  and 

epileptic rat brain slices reveal increased protein amounts of NaV1.1 and β1
49,50. In contrast, 

down-regulation of NaV1.2 mRNA is observed in human epileptic tissue, so whether or not 

channel proteins increase or decrease with seizure may depend on the seizure mechanism51. 

Although there are many reports of altered channel expression after seizures, it is not known 

whether it is a causative agent or a result of the epileptic condition and/or treatment with 

antiepileptic drugs. Nevertheless, implications of NaV1.2 and β1 in neuronal plasticity after 

seizures further adds to the physiological relevance of this study. 

1.3 Temperature Sensitivity 

Due to the technical challenges associated with performing electrophysiological 

experiments at physiological temperatures, most of what is known about NaV channel 

function has been collected at room temperature (ca. 20-22˚C). However, channel gating is 

temperature sensitive; the rates of NaV channel activation, deactivation, FI, and SI all 

increase at higher temperature8, 9, 52, with the rate of inactivation affected to a greater degree 

than activation53. This change in rate with increased temperature is described by the 
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temperature coefficient, Q10, which ranges between 2-4 for NaV channels6. In contrast, 

conductance through an open channel is relatively temperature insensitive, with a Q10 value 

of about 1.4, similar to aqueous diffusion, and simply reflects changes to the viscosity of 

water altering ionic flux6. The heat-induced acceleration of gating kinetics is not a 

surprising phenomenon, as added thermal energy would decrease the activation energy 

needed for conformational changes of the protein to occur. The transition of NaV channels 

from one state to another each have independent rate constants, thus the Q10 of these 

processes should be determined individually54. Hodgkin and Katz demonstrated this 

phenomenon in 1949, showing a greater slowing of channel inactivation than activation in 

response to cooling of the axonal membrane53. This effect may vary between channel 

isoforms, however, as AP modelling of NaV1.5 show that temperature induced changes to 

current are only reproducible if the Q10 value for activation is larger than that for 

inactivation55.  

Whether or not temperature affects the voltage-dependence of gating in native 

channels is debatable. A large number of studies show little or no effect of temperature on 

the V1/2 of steady-state activation9, 10, 55-58, while others show a heat-induced hyperpolarizing 

shift in V1/2 of activation8, 59. The V1/2 of inactivation, and especially SI, seems to show 

stronger temperature sensitivity9, 12, 13, 52, 60, 61. The larger temperature sensitivity of SI may 

reflect the greater number of state transitions required to complete SI in comparison to FI19, 

62. The direction of heat-induced shift varies, however, depending on the experimental 

conditions. Increased temperature has been stated to cause either depolarizing shift in V1/2 

of steady-state SI9,12 or a hyperpolarizing shift63. A depolarizing shift in V1/2 of SI would 

mean that at 22˚C, at the resting membrane potential (RMP; approximately -60 mV for 
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neuronal cells), most channels are in the SI state, whereas at physiological temperature, a 

greater proportion of channels would be available for activation at RMP9. 

Thomas et. al
8 studied temperature sensitivity of neuronal NaV1.2 at 22˚C, 37˚C, and 

41˚C and showed via computer modelling of a dentate gyrus granule cell that increased 

temperature causes a direct increase in cellular excitability. Among the heat-induced 

increases in gating rates (FI and activation), a hyperpolarizing shift in the V1/2 of activation 

was observed between 37˚Cand 41˚C, indicating that at a constant voltage, heat alone could 

activate channels. AP modelling revealed that the increased rate of FI onset and recovery 

combined with hyperpolarizing shift in V1/2 of activation lowered the threshold for AP 

firing and increased firing frequency.  

Thomas et. al
8 conclude that NaV1.2 is a highly thermosensitive channel, and that 

heat alone may open channels by hyperpolarizing the V1/2 of activation. Although their 

results suggest that NaV1.2 is implicated in FS etiology, they did not co-express NaV1.2 

with its regulatory β1 subunit, and the present study shows that the β1 subunit has a 

significant thermoprotective effect.  They also did not assess recovery from inactivation, 

which the present study shows has a different temperature sensitivity to that of inactivation 

onset. The unique temperature dependencies of recovery and onset are required to predict 

the effect of elevated temperature on high frequency firing neurons in which NaV channels 

accumulate into a combination of inactivated states (UDI) 

Temperature studies on UDI, along with other components of SI, are scarce due to 

the technical challenges associated with maintaining adequate voltage control, and cell 

viability at elevated temperatures long enough to measure SI properties. The present study 

characterizes the effect of temperature on UDI along with relative rates of onset and 
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recovery from steady-state SI.  This is important, because if inferences are to be made in 

regards to the role of NaV channels in epileptogenesis, we must understand how such 

biophysical parameters are affected at close to physiological temperature.  
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2: FEBRILE SEIZURES: THE STORY SO FAR 

2.1 Familial Febrile Seizures 

Febrile seizures (FS) are quite common in the general population, occurring in 

approximately 2-5% of children aged 6 months to 5 years1. The infant brain is known to be 

more sensitive to perturbations in homeostasis due to extensive neuronal network 

development and remodelling, but why some children respond to fever by seizing and some 

don‟t is still unknown. Genetic predisposition is a likely factor, as the incidence of FS and 

recurring FS is higher in patients with a family history of epilepsy or prior FS64. Mutations 

have been mapped to several chromosomal loci65-70, as well as specific mutations to genes 

SCN1A and SCN9A encoding NaV channel isoforms 1.1 and 1.771-73.  

Increased temperature sensitivity, either of the immature brain or due to mutations, 

is a likely mechanism of FS. Other factors may also be involved in seizure genesis. 

Inflammatory cytokines produced during infection and fever may increase neuronal 

excitability, or electrolyte imbalances during febrile states may perturb ionic homeostasis74, 

75. Another possible precedent for seizure onset is increased intracortical pH due to 

hyperthermia-induced respiratory alkalosis (HRA)76-78. Although HRA involvement in 

seizure genesis is documented in animals, the extent of this effect is controversial in 

humans79.  

FS mechanism is probably a heterogeneous phenomenon, involving multiple 

mechanism and pathways. In spite of an unknown mechanism, elevations in body 
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temperature no doubt affect metabolism and cellular function, implicating the importance of 

hyperthermia in FS genesis. Hyperthermia-induced seizures in rat pups is a well-

documented phenomenon, and this neuronal hyperexcitability is supported by AP 

recordings from rat brains80-84. Young rat hippocampal tissue slices heated by 3-4º produce 

ictal-like discharges, which disappear upon returning to baseline temperature85. Both such 

in vivo and in vitro analyses show age-dependent seizure activity, reflecting observations in 

humans85.  

Evidently, increased temperature can perturb the neuronal network enough to cause 

seizures. To date, no in vitro experiments have been performed investigating the effects of 

temperature on any specific NaV channels mutation associated with familial FS. Clearly, 

temperature plays a major role in increasing neuronal excitability; therefore characterizing 

the temperature sensitivity of FS mutations would help clarify the mechanisms of this 

disease at the molecular level.   

2.2 Genetic Epilepsy with Febrile Seizures Plus 

Genetic epilepsy with febrile seizures plus (GEFS+) is a clinical subset of familial 

febrile seizures in which FS is the most common phenotype, followed by FS plus which 

persists beyond the age of six. In addition to FS, patients can display a large spectrum of 

unprovoked seizure disorders, such as atonic seizures, myoclonic-astatic epilepsy, and even 

as severe as myoclonic epilepsy of infancy or Dravet syndrome86-88. Because of the large 

clinical spectrum of GEFS+, the prevalence of this syndrome is difficult to determine, but 

specific genetic links to GEFS+ have been identified based on large families with multiple 

affected inidividuals88. GEFS+ is inherited in an autosomal dominant manner with 

incomplete penetrance, and the genetic heterogeneity of GEFS+ (meaning that different 
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mutations can give rise to same clinical phenotype) led to the classification of GEFS+ into 

seven different subtypes based on specific mutations. GEFS+ Type1 is associated with 

mutations to SCN1B encoding the β1 subunit of NaV channels, GEFS+ Type 2 with NaV1.1, 

GEFS+ Type 3 with GABAA receptor γ2, GEFS+ Type 5 with GABAA receptor δ, and 

GEFS+ Type 7 with NaV1.789-91. On top of the mutations to different genes, the GEFS+ 

phenotype is an outcome of different mutations to a single gene, for example, SCN1A 

encoding NaV1.1 has over 20 identified mutations, each causing unique changes to NaV 

channel function92. 

 Each of the SCN1A mutations occurs at different locations throughout the channel 

and, not surprisingly, causes different functional changes. Studies using heterologous 

expression system reveal functional changes such as incomplete channel inactivation, 

increase INaP, or shifts in V1/2 of activation and inactivation92. The variety of perturbations to 

channel function poses a problem in predicting disease mechanism, as opposing changes to 

the same phenomenon (increased or decreased entry into SI caused by two different 

mutations) still lead to the same clinical phenotype. In addition, the same mutation can yield 

two opposite phenotypes, either hypoexcitable or hyperexcitable neurons, depending on the 

cell type in which it is expressed93. 

Analysis of the functional effects of β1 subunit mutations also yield inconclusive 

results. To date, five mutations to the β1 subunit associated with the GEFS+ spectrum of 

disorders have been found, and four have been characterized in vitro (I70_E74del has yet to 

be characterized)122. Two mutations, a cysteine-to-tryptophan mutation at position 121 

(C121W) and an arginine-to-histidine and/or cysteine exchange at position 85 (R85H/C) 

occur in the Ig-like loop of the extracellular domain33, 41, and an arginine to cysteine 
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exchange at position 125 (R125C) occurs a few amino acids from C121W in the 

extracellular portion of β1 (Fig 2.)94
.  

Figure 2. SCN1B subunit mutations associated with GEFS+ 

 
 SCNIB mutations associated with the GEFS+ spectrum of 
disorders and their predicted locations on the β1 subunit. All 
mutations occur on the extracellular portion of the β1 subunit. Note 
the location of the C121W, predicted to disrupt the putative 
disulfide bridge holding the Ig-like domain together. The five 
amino acid deletion I70_E74del is associated with Dravet 
syndrome, but the functional consequence of this mutation has not 
yet been characterized in vitro. Superscripts indicate references for 
each respective mutation.  
 
 

 

Interestingly, expression of the R85H/C or R125C mutants in HEK cells yields no 

detectable levels of β1 protein on the cell membrane, but the R85H mutation maintained 

modulation of slow inactivation similar to wild-type β1
33, 94. These results suggest that 

subcellular interactions or very low surface protein expression (levels below 

immunohistochemical detection) may be sufficient to modulate some aspects of NaV gating. 

Expression in an amphibian heterologous expression system can increase the amount of 

protein expression on the membrane. This is perhaps due to the lower incubation 

temperature (19°C as opposed to 37°C for mammalian cells) which can stabilize mutant 

proteins and prevent degradation by the endoplasmic reticulum. In fact, expression of 

R125C in Xenopus oocytes restores modulation of NaV channel function in the same 

manner as β1(WT)94. Oocyte expression of the C121W mutation, on the other hand, shows 

that although β1(CW) associates with the α subunit, it fails to increase the speed of FI 

compared to wild type β1
30, 41, 95. This is most likely not the seizure causing mechanism of 
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this mutation, as oocytes display abnormally slow NaV channel gating compared to 

mammalian cells. Since mammalian cells have a more similar intracellular milieu to that of 

neurons, they are a better representation of NaV channel β1 subunit function in situ than are 

ooctyes. Expression of β1(CW) in a variety of mammalian cells shows retained α-β1 

dimerization, but its effect on NaV channel function varies across laboratories27, 30-32.  

CHO cells expressing NaV1.3 show that β1(CW)  does not alter the V1/2 of channel 

activation or the time course of onset of steady-state FI but does increase channel 

availability by causing a depolarizing shift in V1/2 of closed state FI compared to wild type 

β1
30

. This suggests that the mutation could increase cell excitability by increasing the 

fraction of available channels at a given membrane potential. β1(CW) also increases 

recovery from FI as seen by decreased frequency dependent inactivation of INa in response 

to a train of rapid depolarizing pulses30. This reduced current rundown during high 

frequency channel activity would potentially increase neuronal excitability. This altered 

NaV channel gating has potential implications regarding the efficacy of antiepileptic drugs. 

Sensitivity to phenytoin, for example, is reduced with the co-expression of the β1(CW) 

mutation96. 

The β1 subunit has other functions besides modulation of channel gating, therefore 

the epileptogenic mechanism of the β1(CW) mutation could also be due to impairments of 

β1‟s cell adhesion and NaV channel recruitment properties. Because the β1(CW) mutation 

occurs at position 121, the exchange from a cysteine to tryptophan results in a loss of 

disulfide bridge formation between amino acid residues 121 and 21, important in 

maintenance of the configuration of the Ig-like domain (see Fig. 2). Indeed, disruption of 

the Ig-like domain due to the β1(CW) mutation shows impeded cellular aggregation and 
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adhesion when expression in Drosophila S2 cells30. Although adhesion properties are 

impaired, recruitment of the α subunits to the membrane is attributed to the intracellular C 

terminal segment of β1
97, therefore the location of the β1(CW)  mutation is not predicted to 

impair this function. Several studies in cultured cells show similar effectiveness of β1(CW) 

compared to β1 in promoting α subunit surface expression30, 31. The mechanisms of cell 

surface expression in cultured cells and native neurons likely differ, as in vivo studies of 

β1(CW) paint a slightly different picture for this mutant, one in which it is neither co-

localized with the  α-subunit, nor expressed on the plasma membrane. 

Imaging of cortical neurons transfected with the β1(CW) mutation show that 

although localized to the axon initial segment (AIS), β1(CW) is retained in the cytosol and 

does not co-localize with the α subunit or ankyrinG. This is interesting as, although β1(CW) 

is not present on the membrane, expression of NaV1.1, 1.2 and 1.6 at the AIS is 

unimpaired7
. This implies that β1 is not required for NaV α subunit recruitment to the 

membrane in vivo, and ankyrin binding motifs on the α subunit itself are sufficient for this 

task98. Although NaV channel expression was not impaired, the loss of β1 in the homozygous 

and heterozygous β1(CW) mice (WW and CW respectively) resulted in increased neuronal 

excitability in the form of lowered AP threshold and increased burst duration7. This is 

contrary to analysis of peripheral nerve fibres from GEFS+ patients with an identified 

β1(CW) mutation, which displayed slightly hypoexcitable behaviour99. The increased AP 

threshold and refractory period in these neurons was attributed to decreased expression 

and/or depolarized shift in activation of NaV channels due to loss of β1 function (different 

from the mechanism described for the β1(CW) mice). GEFS+ patients do not have any 

peripheral nerve dysfunction, so this paradoxical change to AP properties may be due to the 



 

 18 

differential expression of α subunit isoforms in peripheral and central neurons. Nonetheless, 

patients harbouring this mutation have altered AP properties in comparison to controls, 

demonstrating that β1(CW) can have widespread effects on neuronal excitability. 

The most important clinical implication of β1(CW) is its ability to precipitate FSs, a 

phenomenon which is reproducible in the β1(CW) mouse model. Elevating core body 

temperature by streams of hot air showed a reduced thermal seizure threshold for both WW 

and CW mice, similar to that observed in GEFS+ and FS patients7. Although elevated 

temperature increased neuronal excitability in both WT and CW mice, AP generation and 

AP amplitude were increased to a greater extent in the CW mice7. Even more interesting is 

that significant differences between AP recordings from neurons of CW and WT mice were 

only observed at 34ºC and not at 22ºC, suggesting the effect of this mutation is unmasked at 

elevated temperatures7.  
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3: RATIONALE 

The exact role that NaV channels and associated β1 subunit play in FSs is not known, 

but mutations to these highly conserved proteins predispose individuals to FSs. We can 

work backwards from this information and try to answer the question: do such mutations 

cause neuronal hyperexcitability during febrile states because they have an altered 

sensitivity to temperature? Although there are limitations to investigating functional effects 

of mutations in heterologous expression systems, study of genetically manipulated animals 

is still only a model of what is a complicated human disorder. Even in studies on human 

tissue, subtle differences in neuronal morphology between peripheral and central neurons, 

and even within central neurons, makes it difficult to predict exact disease causing 

mechanisms. All three methods have nonetheless proven invaluable to understanding 

human disorders and advancing pharmacotherapy methods. This study adds to the growing 

body of FS literature by investigating the molecular aspects of the β1(CW) mutation at 

elevated temperature. 

3.1 Specific Aims 

Aim 1: The effect of temperature on activation and FI in neuronal NaV1.2 has been 

studied previously, but the effect of temperature on SI in NaV1.2 is unknown. This study 

measures the effect of elevated temperature (34ºC vs. 22ºC) on biophysical properties of 

neuronal NaV1.2, including steady-state SI, use-dependent inactivation (UDI), and the rate 

of onset and recovery from SI.  
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Aim2: Temperature sensitivity of NaV1.2 in conjunction with the β1 subunit has not 

yet been characterized. The β1 subunit affects many aspects of channel function, thus likely 

modulates temperature sensitivity as well. This study investigates how co-expression of the 

β1 subunit modulates the effects of temperature on NaV1.2.  

Aim3: The GEFS+ mutation, β1(CW), increases susceptibility to FSs. The 

mechanism behind this increased susceptibility remains unknown, but it has been proposed 

that the β1(CW) mutations causes the FS phenotype by altering the temperature sensitivity 

of native channels in comparison to wild-type β1. This study compares how the co-

expression of β1(CW) affects NaV1.2 properties compared to β1 at both 22ºC and 34ºC.  

3.2 Study Limitations 

The following methodological limitations should be considered when interpreting 

results from this study and extrapolating them to the function of neurons in situ at 

physiological temperatures: 

1. Two temperatures where used to assess the temperature sensitivity of channel 

function, 22°C and 34°C. To extrapolate results to physiological (37°C) and 

febrile (41°C) temperatures, I have assumed the effect of temperature on 

voltage-dependent properties of NaV channels varies linearly from 22°C to 41°C. 

However, data would need to be collected at a minimum of three different 

temperatures to confirm such a linear temperature dependence.  

2. Only the gating properties of NaV channels were assessed in conjunction with the 

β1 subunit. The β1 subunit modulates not only the voltage-dependence and 

kinetics of NaV channels, but also affects channel expression and localization, as 
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well as cell adhesion properties. The functional consequences of the β1(CW) 

mutation at elevated temperature may extend beyond modification of channel 

gating. 

3. Sodium channels can simultaneously associate with a β2 or β4 subunit in addition 

to a β1 subunit. There is no evidence to suggest however, that either the β2 or β4 

subunit can assume the role of β1
100, therefore the effect of co-expression of 

other β subunits in conjunction with β1(CW) was not assessed in the present 

study.  

4. Although a mammalian expression system is better suited for study of β1 

function than Xenopus oocytes, there is evidence to suggest that the role of the β1 

subunit differs in vitro and in vivo
100. Despite these differences, a heterologous 

expression system is, as of this date, the only practical way to assess the 

functional effects of the β1 subunit on voltage-dependent and kinetic properties 

of a single NaV channel isoform in isolation. 
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4: METHODS 

4.1.1 β1 subunits 

Wild type (WT) rat β1 is in a neo/kanamycin resistant pBK/CMV vector, suitable for 

transfection of mammalian cells. Plasmid DNA was amplified on kanamycin coated agar 

plates using competent HB101 E. Coli cells from Invitrogen. Mutant rat β1(CW) was a gift 

from Dr. Lori Isom from Vanderbilt University, and is in an ampicillin resistant pcDNA3.1 

vector. Mutant DNA was amplified on ampicillin coated agar plates using the same method 

as for β1. A double digest of purified plasmid DNA was performed using BamHI and XHo1 

restriction enzymes to ensure presence of appropriate sized (600kDa) mutant insert.  

4.1.2 Cell Culture 

Chinese Hamster Ovary (CHO) cells are an ideal expression system for studying the 

effects of the β1 subunit, because unlike HEK cells, they have no detectable levels of 

endogenous β subunits
101, 102. CHO cells stably expressing rat NaV1.2 adult splice variant 

were a gift from Dr. Todd Scheuer from University of Washington. The rat NaV1.2 ortholog 

has only a 2% amino acid sequence difference and the same kinetics as human NaV1.2103. A 

stably expressing cell line has exogenous NaV channel DNA incorporated into its own 

genome, thus transcription of NaV channel DNA occurs with every cell replication. This 

method allows experiments to be performed on a population of cells uniformly expressing 

the NaV1.2 protein, and is preferred over transient transfection of neuronal NaV channels as 

they have tendency to spontaneously rearrange. CHO cells were maintained in Dulbecco‟s 
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modified Eagle‟s medium (DMEM-Invitrogen, Burlington, Ontario) supplemented with 5% 

fetal bovine serum (FBS-HyClone, Invitrogen) in the presence of 150µg/mL active G418 

(BioShop, Burlington, Ontario) and 1000 units of penicillin/streptomycin (BioShop) in a 

humidified 5% CO2 environment at 37˚C (HEPA Class II CO2 Incubator – Thermo 

Scientific Nepean, Ontario) on 100mm tissue culture dishes. Culture media was changed 

twice a week, and cells were split twice a week to avoid 100% confluency.  

4.1.2.1 Transfection 

The β1 subunit was transiently transfected into CHO cells prior to each recording. 

Stock culture cells from 100mm dishes were plated onto 60mm culture dishes once they 

reached 60-70% confluency. After the 60mm dishes reached 40-50% confluency, CHO 

cells were transfected with β1 or β1(CW) and eGFP DNA according to PolyFect transfection 

protocol (Invitrogen). Transfected cells were plated onto coverslips in a 35mm Petri dish. 

Recordings were performed morning after plating on coverslips to ensure adequate time for 

production and trafficking of proteins. Green fluorescent protein was used as a marker for 

successfully transfected cells, and only fluorescing cells were patched.  

4.2 Electrophysiology 

All whole cell current recordings were made using an EPC-9 amplifier, an ITC-16 

interface (HEKA, Lambrecht, Germany) and an iMac running Patchmaster. Data were low 

pass filtered at 10kHz and sampled at 50KHz. A 50KHz sampling frequency samples 

current every 20μs, an adequate sampling rate even for accelerated channel kinetics at 

34°C8, 12, 104.  Pipettes were pulled from borosilicate glass capillaries (Sutter Instruments, 

Chicago, Illionois) using a Model P-1000 Puller (Sutter Instruments), coated in a thin layer 
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of dental wax and fire polished on a MF-830 microforge (Narishige, Japan) to a final tip 

resistance of 500kΩ-1.1MΩ. Pipette (intracellular) solution was composed of the following 

(in mM): 120 CsF, 20 CsCl, 10NaCl, and 10 HEPES adjusted to pH 7.4 with CsOH. 

Extracellular bath solution was composed of the following (in mM): 140 NaCl, 4 KCl, 2 

CaCl2, 1 MgCl2, 10 HEPES adjusted to pH 7.4 with CsOH. CsF was used instead of CsCl in 

the internal solution to extend the life of the patch and maintain quality of the seal at 34ºC. 

The high electronegativity of the fluoride ion induces a hyperpolarizing shift in voltage-

dependent properties compared to intracellular solutions using chloride, however channel 

kinetics remain the same105. Because the fluoride in the internal solution also acts as a 

phosphatase inhibitor as well as a calcium chelator, any regulatory effects on channel 

activity are removed105. 

Temperature of the bath solution (22ºC and 34ºC +/-0.15ºC) was controlled using a 

TC-10 temperature controller and an in-solution TH-80 thermistor (Dagan Corporation). 

The temperature effect on the HEPES buffered solution is -0.014 (dpH/d°C)106, thus a 12°C 

change in temperature induces a -0.16 shift in pH. A -0.16 change in pH from pH 7.40 

causes negligible effects to voltage-dependent properties of NaV1.2107 therefore data was 

not corrected for temperature induced shifts in pH.  

Transfected cells remained in bath solution at set temperature for at least 10 min 

prior to gigaseal formation. Current recordings were only performed 5-6min after obtaining 

whole cell access due to time dependent increase in current seen with rNaV1.2 expression in 

CHO cells108. Raising the temperature of the bath solution after whole cell access resulted in 

disruption of the patch due to thermal expansion of the apparatus in the recording chamber, 

therefore recordings could not be paired at two temperatures. Instead, a group of cells was 
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patched at 22ºC and then a new group at 34ºC. Series resistance compensation was not used 

during recording, as adequate voltage control was achieved by using low-resistance 

(500kΩ-1.1MΩ) coated pipettes. Only recordings which had a series resistance of less than 

3.5MΩ were included in data analysis. For recordings from very small cells in which a 

series resistance of less than 3.5MΩ could not be achieved, electrical compensation of 

series resistance was used by adjusting values of the slow component of membrane 

capacitance. While electrical compensation decreases errors in voltage control, it can 

increase the time constant of membrane charging, potentially introducing time sensitive 

errors. No significant differences were found, however, between experiments with and 

without electrically compensated series resistance (Table A. Supplementary Figures and 

Tables).   

4.2.1 Voltage Protocols 

4.2.1.1 Voltage Dependence of Activation 

Cells were held at -130mV and depolarized from -70mv to +70mV in 10mV steps 

for a duration of 20ms. Leak currents were compensated during recording with a P/4 leak 

subtraction protocol. This protocol measures the ohmic leak and capacity current, which is 

then subtracted from the voltage-dependent INa. A series of 4 hyperpolarizing voltage steps 

¼ of the magnitude of those used to generate INa are performed after each pulse. Channel 

conductance (G) was then calculated from peak INa using  

(Eqn 1). 
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where GNa is conductance, INa is peak sodium current in response to V, the test pulse 

membrane potential, and ENa is the equilibrium potential calculated from the Nernst 

equation. 

Curves of conductance as a function of voltage were fit with a Boltzmann function (Eqn2). 

                              

where G/Gmax is normalized conductance amplitude, VM is the test pulse membrane 

potential, z is the apparent valence, e0 is the elementary charge, V1/2 is the midpoint voltage, 

k is the Boltzmann constant and T is the temperature in K. 

4.2.1.2 Persistent Current 

Persistent current (INaP) was measured at the 45-50ms time interval during a 50ms 

depolarizing pulse to 0mV from a holding potential of -130mV. An average of 30 pulses 

was used to increase the signal to noise ratio. 

4.2.1.3 Steady-State Fast Inactivation 

Cells were stepped from -130mV to +20mV in 10mV increments for 500ms to FI 

channels, followed by a test pulse at -10mV for 19ms. Cells were recovered from FI 

between sweeps by a recovery pulse at -130mV for 20ms. Leak subtraction was performed 

online using a P/4 protocol. Normalized current amplitude as a function of voltage was fit 

with a modified Boltzmann equation (Eqn 5). 
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4.2.1.4 Open-State Fast Inactivation 

The time constant (τ) for development of FI in the open state was derived using a 

single exponential fit from peak current to the end of the depolarizing pulse. Traces for 

which FI τs were reported include only those where a clear peak current was visible; from -

20mV to +40mV. 

4.2.1.5 Recovery from Fast Inactivation at -60mV 

Cells were held at -130mV for 500ms prior to a step to 0mV for 500ms to FI 

channels. Recovery of current was measured at a 19ms pulse at -10mV following 12 

intervals at -60mV ranging from 0-1.02s. Leak subtraction was performed online using a 

P/4 protocol. Time constants of FI recovery as a function of time showed two components 

and was best fit with a double exponential equation (Eqn 4). 

 

where I is current amplitude, Iss is steady state current or plateau amplitude, α1 and α2 are the 

amplitudes at time 0 for time constants 1 and  2, and t is time. 

4.2.1.6 Use-Dependent Inactivation 

Channels were accumulated into a use-dependent inactivated state by a 50Hz pulse 

train. The membrane was depolarized to 0mV for 5 ms with a 15ms interpulse duration at -

60mV for a total of 1000 pulses (20s). This holding potential is roughly the resting 

membrane potential of neurons and the frequency of depolarizations represents moderate 
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neuronal AP firing. Leak subtraction was performed offline using Fitmaster. Normalized 

current amplitude as a function of time was fit with a double exponential equation up to 15s 

(Eqn4). Decreasing the double-exponential fit of UDI from 20s to 15s decreased the 

variability of fit by giving less weight to the oscillating inactivation during the latter portion 

of the inactivation protocol.  

4.2.1.7 Voltage Dependence of Steady-State Slow Inactivation 

Cells were held at -130mV and stepped from -110mV to +10mV in 10mV intervals 

for 50s. Cells were then quickly stepped to a 20ms hyperpolarizing pulse to -130mV to 

recover from FI, and stepped to a test potential of 0mV for 20ms. Leak subtraction was 

performed off-line using Igor Pro and Fitmaster. Channel availability as a function of 

prepulse voltage was fit with a modified Boltzmann equation (Eqn5) to account for the non-

zero asymptote of SI. 

 

where Imax is maximum peak current, Vm is prepulse potential, V1/2 is midpoint voltage, I1 

and I2 are maximum and minimum values in the fit, eo is elementary charge, z is apparent 

valence, k is the Boltzmann constant, and T is temperature in K. 

4.2.1.8 Onset of Steady-State Slow Inactivation 

From a holding potential of -130mV, cells were stepped to the conditioning voltage 

(+10mV) for increasing time intervals from 0-64s. The membrane was then hyperpolarized 
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back to -130mV for 20ms to recover from FI and stepped to a test potential of 0mV for 

20ms.  Leak subtraction was performed online using a P/4 protocol. Time constants of SI 

onset as a function of time were fit with a double exponential equation (Eqn 4). 

4.2.1.9 Recovery from Steady-State Slow Inactivation 

From a holding potential of -130mV, a 50s depolarizing pulse to 0mV was applied 

to fully SI channels. The cell was then hyperpolarized to -90mV for an alternating duration 

of time from 0-64s, stepped to -130 mV for 20ms to recover from FI, and peak current was 

tested at 20ms 0mV pulse. Leak subtraction was performed offline using Fitmaster. Time 

constants of SI recovery as a function of time were fit with a double exponential equation 

(Eqn 4). 

4.2.2 Temperature coefficient Q10 

The temperature coefficient (Q10) of channel properties was calculated using    

Eqn 6. 

(Eqn 6) 

   

where R is the rate, estimated by R=1/τ where τ is the exponential time constant, and T is 

the temperature in Celsius. For voltage-dependent properties, R was substituted for the V1/2 

value. 
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4.2.3 Statistical Analysis 

Bar charts were generated using SPSS for Windows (IBM Statistics Version 19) and 

statistical analysis was performed using JMP for Windows (SAS Institute Version 8.0.2). 

Statistical significance of mean values was determined using a two-way ANOVA with 

temperature and subunits as factors and temperature*subunits as the interaction term. When 

significance at p <0.05 was detected, a Tukey‟s post hoc test was used to determine which 

of the six levels (three subunit variants at two temperatures) differed from each other.  The 

biological variability of channel activity during long duration protocols produced large 

within group SEM‟s for some values derived from fit lines, therefore statistical significance 

could not be shown for all parameters at the p <0.05 level. Some of the most variable fits to 

data included recovery from SSFI and SSSI, SI-onset, and UDI. A retrospective power-

analysis of the slow component of UDI for example, reveals power as low as 14%, while 

less variable data, such as percentage of INaP, had a power of 70%. Low powered 

experiments have a low probability of rejecting the null hypothesis (H0 = no difference 

between subunits or between temperature) and a higher probability of making a Type II 

error (accepting H0 when in fact it is true). A larger sample size can decrease the SEM and 

increase the power of a test, therefore increasing the sensitivity of statistical analysis for 

highly variable parameters. The retrospective power analysis for time constants of UDI at α 

= 0.05 estimates that an n of at least 30 is required for each subunit at each temperature to 

detect statistical significance. Such large sample sizes are outside the scope of this work. 
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5: RESULTS 

5.1 Elevated temperature causes a hyperpolarizing shift in voltage-dependence of 

activation. 

To test the hypothesis that the β1(CW) mutation promotes febrile excitability by 

hyperpolarizing the voltage-dependence of activation at elevated temperatures, I measured 

the voltage-dependence of channel activation at 22°C and 34°C for NaV1.2+β1(WT), 

NaV1.2+β1(CW), as well as NaV1.2 with no associated β1 subunit. Figure 3A illustrates 

representative current traces in response to a series of depolarizing steps, and shows that 

macroscopic current decay is accelerated at elevated temperature. The corresponding 

current-voltage relationship is illustrated in Figure 3B, and shows that the membrane 

voltage which elicited peak INa was, on average, left shifted by 10mV in response to 

elevation in temperature (only data for NaV1.2 shown). The reversal potential, as calculated 

from extrapolating the linear portion of the current voltage relationship, did not significantly 

differ among subunits or between temperatures, and ranged around 75±1mV. The reversal 

potential was used to calculated channel conductance as a function of membrane voltage 

(Eqn1).  Normalized channel conductance was fit with a Boltzmann function for all subunits 

at 22°C (blue) and 34°C (pink) (Fig 3C). The wild-type or mutant β1 subunits did not affect 

the V1/2 of activation or slope factor (k) compared to NaV1.2 alone. Elevated temperature, 

however, induced a significant hyperpolarizing shift in the average V1/2 of activation for all 

subunits (Fig 3D, p<0.01), with NaV1.2+β1(CW) showing the greatest temperature induced 

shift (Fig 3B, p<0.05). The average Q10 value for the change in V1/2 of activation was 1.2. 
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Elevated temperature also significantly increased the average slope factor for all subunits 

(Fig 3E, p<0.05).  

Figure 3. Voltage-dependence of activation.  

 

 
 
 

A) Representative current traces from NaV1.2 at 22°C (blue) and 34°C (pink) in response to 
voltage protocol shown (described in Methods). Elevated temperature accelerated 
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macroscopic current decay for all subunits (traces not shown) B) Normalized current-
voltage (IV) relationship from current traces in A). No differences between IV relationships 
were observed between subunits (data not shown). The membrane voltage that elicited peak 
INa was left shifted at 34°C compared to 22°C (0mV and 10mV respectively, similar results 
for all subunits) C) Normalized conductance as a function of membrane voltage. Voltage 
protocol as described in Methods. Mean values of Boltzmann fits are displayed in the table. 
Matching superscript letters in the table indicate statistically significant difference at 
p<0.05, and capital superscripts indicate p<0.01. D) Mean V1/2 values with ±1S.E.M. The 
averaged V1/2 of activation for all subunits was significantly hyperpolarized by elevated 
temperature (-11.6mV ± 0.67mV, -15.0mV ± 0.67mV at 22°C and 34°C respectively; 
p<0.01) with the greatest temperature induced change occurring in NaV1.2 + β1(CW). E) 

Mean slope factors with ±1S.E.M. The averaged slope factor for all subunits was 
significantly increased at 34°C (p<0.05).  

5.2 Mutant 1(CW) destabilizes the FI state compared to wild-type β1. 

The temperature sensitivity of the voltage-dependence of steady-state FI was 

measured for all subunits to assess whether the β1(CW) mutation increased febrile 

excitability by a reducing the proportion of channels in the FI state at a given membrane 

potential. Figure 4A illustrates steady-state FI for all subunits with Boltzmann fits at 22°C 

(blue) and 34°C (pink). The wild-type β1 subunit causes a significant hyperpolarizing shift 

in the average V1/2 of inactivation compared to NaV1.2 alone (Fig 4B, p<0.01). The mutant 

1(CW) destabilized the FI state compared to β1(WT), showing a more depolarized V1/2 of 

inactivation compared to NaV1.2+β1(WT) (p<0.05), but still more hyperpolarized than 

NaV1.2 (p<0.01). The V1/2 of inactivation was also modulated by temperature, with a 

significant depolarizing shift at 34°C (p<0.05). The inactivation slope factor (k), on the 

other hand, appeared to be relatively insensitive to temperature except in NaV1.2+β1(WT) 

(Fig 4C). NaV1.2+β1(WT) had a significantly smaller slope factor than NaV1.2 at 22°C 

(p<0.05), and showed approximately a 1mV increase at 34°C (p<0.05), becoming similar to 

that of NaV1.2. The slope factor of NaV1.2+β1(CW) was significantly smaller than NaV1.2 at 

both temperatures (p<0.05). 
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Figure 4. Steady-state FI.  

 

 
 
A) Normalized current amplitude as a function of prepulse potential. Voltage protocol as 
described in Methods. Mean values of Boltzmann fits are displayed in the table. Matching 
superscript letters in the table indicate statistically significant difference at p<0.05, and 
capital superscripts indicate p<0.01.  
B) Mean V1/2 values with ±1S.E.M. Elevated temperature significantly depolarized the 
averaged midpoints for SSFI for all subunits (-54.0mV ± 1.3mV, -58.4mV ± 1.3mV, at 
34°C and 22°C respectively; p<0.05). The averaged midpoint including both temperatures 
for NaV1.2 was significantly more depolarized than NaV1.2 + β1(CW)         (-48.2mV ± 
1.7mV, -57.7 ± 1.7mV respectively; p<0.001) and NaV1.2 + β1(CW) was significantly more 
depolarized than NaV1.2 + β1(WT) (-57.7 ± 1.7mV, -62.8 ± 1.4mV respectively; p<0.05). 
C) Mean slope factors (k) with ±1S.E.M. NaV1.2 had significantly greater k at 22°C than 
both NaV1.2 + β1(WT) and NaV1.2 + β1(CW) (p<0.05) and a greater k at 34°C than NaV1.2 
+ B1(CW) (p<0.05). NaV1.2 + β1(WT) was the only subunit with a significant increase in k 

with elevated temperature (p<0.05).  
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5.3 NaV1.2 + 1(CW) increases window current and persistent current at higher 

temperature. 

To better understand how temperature induced shifts in channel activation as well as 

FI collectively influence channel excitability, I measured the area of window current for 

each subunit at both temperatures. Figure 5 illustrates window current as the overlay of the 

conductance and steady-state FI curves, with the inset showing the integrated area of 

overlap at 22°C  (blue) and 34°C (pink) for NaV1.2+β1(WT) (left), NaV1.2+β1(CW) 

(middle) and NaV1.2 (right). The peak normalized current amplitude at the intersection of 

the activation and inactivation curves was highest for NaV1.2 and increased with 

temperature for both NaV1.2 and NaV1.2 + β1(CW). Elevated temperature also increased the 

area of window current in NaV1.2+β1(CW) and NaV1.2, but not in NaV1.2+β1(WT) (Fig 5 

inset). Because the co-expression of either β1(WT) or β1(CW) results in a left shift of the 

V1/2 of FI compared to NaV1.2 alone, the voltage range at which window current occurred 

was more hyperpolarized compared to NaV1.2 alone. The voltage range of window current 

did not overlap with voltage range of peak current (0mV to +10mV) for any subunit. To test 

whether temperature had an effect on persistent current (INaP) at peak, I measured residual 

current at 45ms of a 50ms depolarizing pulse to 0mV (Fig 6A). Elevating the temperature 

significantly increased the amplitude of INaP in NaV1.2+β1(CW) (Fig 6A and B, p<0.05). 

The amplitude of INaP appeared to decrease with temperature in NaV1.2 however, (though 

this was not significantly different from 22°C), resulting in a lower level INaP than 

NaV1.2+β1(CW) at 34°C (p<0.05). A two-way ANOVA produced a significant interaction 

term between temperature and subunit (p<0.05) suggesting that the change in INaP varies 

with subunit and temperature. 
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Figure 5. Window current.  

 
 
Window current was calculated at 22°C and 34°C by integrating the area under the overlay 
of the average Boltzmann fits for conductance and SSFI. Inset: Expanded view of window 
currents in at 22°C (blue) and 34°C (pink). Temperature increased the area of window 
current in both NaV1.2 and NaV1.2 + β1(CW), but not in NaV1.2 + β1(WT). The area of 
window current measured in arbitrary units (AU) at 22°C and 34°C, respectively, is as 
follows; NaV1.2 + β1(WT) 0.69 AU, 0.67 AU; NaV1.2 + β1(CW) 0.85 AU, 1.16 AU; NaV1.2 
0.85 AU,1.3 AU. The peak normalized current amplitude at the intersection of the 
activation and inactivation curves was highest for NaV1.2 and increased with temperature 
for NaV1.2 and NaV1.2 + β1(CW) (0.05, 0.07 for NaV1.2 + β1(CW) and 0.06 and 0.08 for 
NaV1.2 at 22°C and 34°C respectively). 
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Figure 6. Persistent current (INaP).  

 
 
A) Typical current traces of a 50ms pulse to 0mV at 22°C (blue) and 34°C (pink) of NaV1.2 
(left), NaV1.2 + β1(WT) (middle), and NaV1.2 + β1(CW) (right). INaP was measured between 
45-50ms (shown in boxed area) and calculated as percent of peak current. Mean INaP values 
displayed in the table. Matching superscript letters in the table indicate statistically 
significant difference at p<0.05. 
B) Mean INaP for each subunit at 22°C (blue) and 34°C (red) with error bars of ±1 S.E.M. 
NaV1.2 + β1(CW) had significantly greater INaP at 34°C than NaV1.2 (p<0.05). Elevated 
temperature significantly increased INaP only in NaV1.2 + β1(CW) (p<0.05). Two-way 
ANOVA showed a significant interaction term for temperature*subunit (p<0.05) indicating 
that the change in INaP varies with subunit and temperature.  

5.4 Elevated temperature decreases the maximum probability of steady-state SI. 

Action potential firing is determined by the fraction of channels available for 

activation, and long-term channel availability is determined by the proportion of channels in 

the SI state. To test if the β1(CW) mutant increases long-term channel availability at 

elevated temperature, I measured the voltage-dependence of steady-state SI for all subunits 

at both temperatures. Figure 7A illustrates steady-state SI for all subunits with modified 

Botzmann fits at 22°C (blue) and 34°C (pink). The maximum probability of SI was derived 
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from the steady-state plateau of the Boltzmann fit at depolarized voltages. At 22°C, 

channels displayed relatively complete SI, with less that 10% current remaining after 50s at 

0mV. The maximum probability of steady-state SI was significantly decreased at 34°C for 

all subunits, as illustrated by an increase in steady-state asymptote (Fig 7C, p<0.05, and 

p<0.01 for NaV1.2+β1(WT)). The wild-type β1 demonstrated the greatest increase in 

asymptote, and was significantly higher at 34°C than NaV1.2+β1(CW) (p<0.05).  The wild-

type β1 also appeared to have a higher SI asymptote than NaV1.2 and NaV1.2 + β1(CW) at 

22°C, however the results were not significant. Neither the V1/2 nor slope factor of steady-

state SI was affected by temperature or subunit expression (Fig 7B and C). 
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Figure 7. Steady-state SI.  

 
 
A) Normalized current amplitude as a function of prepulse potential. Voltage protocol as 
described in Methods. Mean values of Boltzmann fit are displayed in the table. Matching 
superscript letters in the table indicate statistically significant difference at p<0.05, and 
capital superscripts indicate p<0.01.  
B) Mean V1/2 values with ±1S.E.M. No statistically significant differences were found.  
C) Mean slope factors with ±1S.E.M. No statistically significant differences were found.  
D) Mean asymptote values with ± 1S.E.M. The asymptote of SSSI completion increased for 
all subunits at elevated temperature (p<0.05 and p<0.01 for NaV1.2 + β1(WT)). NaV1.2 + 
β1(WT) had a significantly higher asymptote value at 34°C than NaV1.2 + β1(CW) (p<0.05).  
 

5.5 Temperature differentially affects the fast and slow components of SI onset at 

+10mV. 

To better understand how temperature elevation increases the asymptote of steady-

state SI, I measured the rate of SI onset at a membrane potential at which there is a 

maximum probability SI. Figure 8A illustrates normalized current amplitude as a function 
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of a +10mV prepulse duration for all subunits with double exponential fits at 22°C (blue) 

and 34°C (pink). Elevated temperature significantly accelerated the rate of the fast 

component of SI onset for all subunits as shown by a decrease in the first time constant (τ1) 

of the bi-exponential fit (Fig 8B, p<0.05). The second time constant (τ2), on the other hand, 

was significantly larger for all subunits at 34°C (Fig 8C, p<0.05). The average relative 

amplitude of the slow component of fit was also smaller at 34°C, indicating that a smaller 

portion of current decay can be attributed to the slow component of SI onset 

(Supplementary Table 2, p<0.01). Figure 8A inset shows prepulse duration on a log scale to 

illustrate the differential effect of temperature on the fast and slow components of SI onset. 

All subunits reached a maximum probability of SI onset after approximately 40s at 

+10mV, except for NaV1.2+β1(CW), which did not reach an asymptotic value within 64s at 

34°C. To account for this difference, I did statistical analysis comparing the average 

normalized current amplitudes at 64s as well as comparing the asymptote values given by 

the double exponential fits to the data. There were no differences in statistical conclusions 

using either method, therefore the term asymptote will be used from now on.  

The average asymptote of SI onset was significantly increased for all subunits with 

elevated temperature (Fig 8D, p<0.05). This temperature-induced destabilization of the SI 

state is in agreement with the results observed for steady-state SI (Fig 7A). The asymptote 

of NaV1.2+β1(CW), on average, did not significantly differ from NaV1.2, but was 

significantly lower than NaV1.2+β1(WT) (p<0.05), also in agreement with results seen for 

steady-state SI. 
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Figure 8. SI onset at +10mV.  

 
 
A) Normalized current amplitude as a function of prepulse duration. Voltage protocol as 
described in Methods. Mean values of double exponential fits are displayed in the table. 
Matching superscript letters in the table indicate statistically significant difference at 
p<0.05. Inset: Log time scale of SI onset to illustrate bi-exponential components of fit. B) 

Mean τ1 values with ± 1S.E.M. At 34°C the averaged τ1 for all subunits were significantly 
smaller than at 22°C (1.52s ± 0.2s, 0.65s ± 0.2s respectively; p<0.01). C) Mean τ2 values 
with ± 1S.E.M. The averaged τ2 were significantly larger at elevated temperature (17.05 ± 
2.2s, 5.94s ± 2.1s at 34°C and 22°C respectively; p<0.01). D) Mean asymptote values with 
± 1S.E.M. The asymptote values for all subunits were significantly higher at 34°C than at 
22°C (0.069 ± 0.015, 0.12 ± 0.015 respectively; p<0.05), and the average asymptote value 
at both temperatures for NaV1.2 + β1(CW) was significantly lower than for NaV1.2 + 
β1(WT) (0.052 ±  0.02, 0.12 ±  0.017 respectively; p<0.05).  

5.6 Neither temperature nor subunit expression significantly affects SI recovery at -

90mV. 

For a more complete understanding of how subunit expression and temperature 

affects SI properties, the rate of recovery of SI was also assessed for all subunits at both 

temperatures.  Figure 9A illustrates normalized current amplitude as a function of a -90mV 
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prepulse duration fit with a double exponential at 22°C (blue) and 34°C (pink). Although 

not within a physiological voltage range, a membrane potential of -90mV allows for almost 

maximal recovery from the SI state, with minimal SI onset (see Fig 7A). Recovery duration 

is plotted on a log scale in Figure 9A inset to highlight the bi-exponential nature of SI 

recovery. Elevated temperature did not significantly affect either the fast or slow component 

of SI recovery, or the asymptote value (Fig 9B,C and D). Although expression of the mutant 

β1 subunit appeared to accelerate recovery at 34°C compared to NaV1.2 alone or wild-type 

β1, the results were not significant.  
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Figure 9. SI recovery at -90mV.  

 

 
 
A) Normalized current amplitude as a function of recovery pulse duration. Voltage protocol 
as described in Methods. Mean values of double-exponential fit are displayed in the table. 
Matching superscript letters in the table indicate statistically significant difference at 
p<0.05. Inset: Log time scale of SI recovery to illustrate bi-exponential components of fit. 
B) Mean τ1 values with ± 1S.E.M. No statistically significant differences were found.  
C) Mean τ2 values with ± 1S.E.M. No statistically significant differences were found.  
D) Mean asymptote values with ± 1S.E.M. No statistically significant differences were 
found. 

5.7 NaV1.2 + 1(CW) reduces UDI at elevated temperatures. 

Use-dependent inactivation is an important determinant of channel availability in 

high frequency firing neurons, therefore it is important to understand how an FS-causing 

mutation affects this channel property, especially at elevated temperature. Figure 10A 

illustrates normalized current amplitude as a function of a 50Hz pulse train from -60mV to 
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0mV for NaV1.2+1(CW) (left), NaV1.2+1(WT) (top right), and NaV1.2 (bottom right) at 

22°C (blue) and 34°C (pink). Current decay was fit with a double exponential function to 

15s. All subunits showed relatively robust UDI at 22°C (~70% decrease from maximal 

current) with a current decay plateau at about 15s. Elevating the temperature greatly 

increased the fast component (τ1) of UDI (up to 18 fold increase) for all subunits, with an 

average Q10 of 8.9 (Fig 10B, p<0.05). The average relative amplitude of the fast component 

of fit also decreased with elevated temperature (Supplementary Table 2, p<0.01). Figure 

10A inset shows an expanded view of UDI from 0-1s to illustrate the difference in τ1 at 

22°C and 34°C. At 22°C, channels rapidly accumulate into the inactivated state (within the 

first 3 depolarizing pulses), resulting in a steep slope of the first component of fit. Raising 

the temperature to 34°C removes the initial rapid inactivation, resulting in a much shallower 

slope of the first component of fit and larger τ1. The slow component (τ2) of inactivation 

was relatively unaffected by temperature (Fig 10C), however the average relative amplitude 

of the slow component of fit decreased with elevated temperature (Supplementary Table 2, 

p<0.01). Raising the temperature to 34°C resulted in a 120% increase in the asymptote 

(measured at 15s) for NaV1.2+1(CW) (p<0.01) and a 92% increase for NaV1.2 (p<0.05) 

while the asymptote for NaV1.2+1(WT) remained unaffected by temperature (Fig 10D). 
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Figure 10. Use-dependent inactivation.  

 
A) Normalized current amplitude as a function of pulse train duration for NaV1.2 + β1(CW) 
(left), NaV1.2 + β1(WT) (top right), and NaV1.2 (bottom right). Voltage protocol as 
described in Methods. Mean values of double exponential fits are displayed in the table. 
Matching superscript letters in the table indicate statistically significant difference at 
p<0.05, and capital superscripts indicate p<0.01. Inset illustrates UDI from 0-1s to highlight 
the differences in the fast component of decay between the two temperatures (NaV1.2 + 
β1(CW) shown). Channels rapidly inactivate (within the first 100ms) at 22°C, and are much 
slower to inactivate at 34°C. B) Mean τ1 values with ± 1S.E.M. Elevated temperature 
significantly increased τ1 for all subunits (p<0.05). C) Mean τ2 values with ± 1S.E.M. No 
statistically significant differences were found. D) Mean asymptote values with ± 1S.E.M. 
Elevated temperature decreased UDI as shown by an increased UDI asymptote for NaV1.2 + 
β1(CW) (p<0.01) and NaV1.2 (p<0.05) but not for NaV1.2 + β1(WT). NaV1.2 + β1(CW) had 
a greater temperature dependent increase in UDI asymptote than did NaV1.2 (120% increase 
for NaV1.2 + β1(CW) and 92% increase for NaV1.2).  
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5.8 Elevated temperature speeds FI recovery more than FI onset.  

To better understand the mechanism of the temperature-induced increase in the fast 

component of UDI, I compared the temperature sensitivity of the rate of FI onset at 0mV 

(membrane potential of UDI depolarizing pulse) to the rate of recovery from FI at  -60mV 

(membrane potential of UDI interpulse).  

Open-state FI was measured by a single exponential fit to macroscopic current decay 

from -20mV to 20mV, and the derived τ values were plotted in Figure 11 for all subunits at 

22°C (blue) and 34°C (pink). Elevated temperature significantly decreased the τ of open-

state FI for all subunits across all measured voltage ranges (p<0.05). The magnitude of 

change in τ at 0mV was not statistically different among subunits and yielded an average 

Q10 of 2. Temperature elevation revealed a subunit effect at more hyperpolarized voltages, 

however, where at -20mV NaV1.2+1(CW) had a significantly larger τ value compared to 

NaV1.2+1(WT) (Fig 11, p<0.05). The decreased rate of current decay at -20mV in 

NaV1.2+1(WT) at 34°C can be observed in Fig 11 inset, which shows current traces for 

each subunit at 22°C (blue) and 34°C (red), with bolded traces at -20mV.  

The rate of FI recovery was also increased by elevated temperature, as shown in 

Figure 11A where normalized current amplitude is plotted as a function of a -60mV 

recovery pulse duration. Recovery was best fit with a double exponential equation, as 

reported previously60, 109, 110. A double exponential fit to recovery is partially due to an 

extended recovery pulse duration (up to 1s), which includes some recovery from 

intermediate inactivation. The log plot of recovery shows two slope components, suggesting 

recovery up to 1s is a multistep process (Supplementary Fig.1). Elevated temperature 

increased the fast component of recovery for all subunits, as shown by a significant 
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decrease in τ1 (Fig 12B, p<0.05), but did not affect the slow component (Fig 12C). Because 

the τ1 of FI recovery did not significantly differ between subunits, an average Q10 was 

calculated for all subunits, yielding a value of 2.8, 1.4 times greater than the Q10 of FI onset. 

This shows that increasing temperature accelerates the rate of FI recovery to a greater extent 

than the rate of FI onset.  

Because the UDI protocol had only a 15ms interpulse duration at -60mV, I also 

assessed recovery from FI within this time frame. Figure 12A inset shows FI recovery fit 

with a double-exponential equation up to 16ms. NaV1.2 and NaV1.2 + β1(CW) had 

significantly higher normalized current amplitudes (indicating a greater proportion of 

recovery) at 34°C than at 22°C for each recovery duration up to 16ms (p<0.001). NaV1.2 + 

β1(CW) also showed significantly greater proportion of recovery at 34°C than NaV1.2 + 

β1(WT) (asterisks in Figure 12A inset, p<0.01). The normalized current amplitude of 

NaV1.2 + β1(WT) did not significantly differ between temperatures within the measured 

time frame. 
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Figure 11. Open-state FI.  

 
 
Open-state FI time constants were derived from single exponential fits to macroscopic 
current decay. Voltage protocol as described in Methods. Mean time constants of current 
decay are displayed in the table. Matching superscript letters in the table indicate 
statistically significant difference at p<0.05. Increased temperature decreased the time 
constant of open state FI for all subunits, however the rate of FI in NaV1.2 + β1(CW) is 
slowed at 34°C compared to NaV1.2 + β1(WT) (* indicates p<0.05). Inset: Representative 
current traces at 22°C (peak current at +10mV) and 34°C (peak current at 0mV) with bolded 
traces at -20mV.  
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Figure 12. FI recovery at -60mV.  

 
 
Figure 10. Fast inactivation recovery at -60mV.  A) Normalized current amplitude as a 
function of recovery pulse duration. Mean values of double-exponential fit are displayed in 
the table. Matching superscript letters in the table indicate statistically significant difference 
at p<0.05. Inset: Recovery duration shown up to 16ms. NaV1.2 and NaV1.2 + β1(CW) had 
significantly higher normalized current amplitudes at 34°C than at 22°C for all recovery 
durations up to 16ms (p<0.001). Asterisks indicate significant difference in normalized 
current amplitude at 34°C between NaV1.2 + β1(WT) and NaV1.2 + β1(CW) (p<0.01). B) 
Mean τ1 values with ± 1S.E.M. Temperature increased the fast component of FI recovery, 
τ1, for all subunits (p<0.05). C) Mean τ2 values with ± 1S.E.M. No statistically significant 
differences were found. D) Mean asymptote values with ± 1S.E.M. No statistically 
significant differences were found.  
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5.9 Summary 

Results from the present study support the hypothesis that the β1(CW) mutation 

alters NaV channel thermosensitivity compared to the wild-type subunit. Table 1. lists the 

respective changes to NaV1.2 channel properties in response to elevated temperature with 

co-expression of the wild-type and mutant subunits. Co-expression of β1(CW) results in 

increased channel excitability with elevated temperature compared to β1(WT). These results 

are consistent with mutationally induced neuronal hyperexcitability and increased 

susceptibility to FS. 

Table 1. Summary of results 

 

 Effect of elevated temperature  

 Na
V
1.2 + β

1
(CW)

 
 Na

V
1.2 + β

1
(WT)

 
 

Persistent current  ↑  no change  

Window current  ↑ no change 

Use-dependent inactivation ↓ no change 

Rate of FI onset  ↓ compared to β
1
(WT)  ↑  

Rate of FI recovery  ↑ compared to β
1
(WT)  ↑ 
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6: DISCUSSION 

 Previous studies investigating the mechanism of FS show that elevated temperature 

increases neuronal excitability7, 84, 85 and that this is partly due to an increased excitability of 

NaV channels7, 8, 63. Most studies on the functional consequences of mutations causing 

GEFS+, on the other hand, have been conducted at room temperature. Such room 

temperature observations suggest that the seizure causing mechanism of the β1 subunit 

mutation C121W, for example, is a decrease or loss of β1 function resulting in increased 

NaV channel excitability30, 32, 92, 111. A single study did investigate the effect of temperature 

on β1(CW), and showed that neurons expressing the mutant subunit displayed an increased 

temperature-dependent excitability compared to wild-type neurons7.  These results coincide 

well with the paroxysmal phenotype of GEFS+, as the functional effect of the seizure 

causing mutation was enhanced at elevated temperature. Because the methodology of the 

latter study involved action potential recordings from neurons expressing the β1(CW) 

mutation, the mechanism of the increased temperature sensitivity at the channel level 

remained undescribed. 

  This study provides novel insights into the FS mechanism at the molecular level by 

measuring voltage-dependent properties of the neuronal NaV1.2 α subunit alone, as well as 

with β1(WT) or β1(CW) at both 22ºC and 34ºC. I report that the β1(WT) subunit has a 

thermoprotective role in the regulation of channel excitability, and link the previous reports 

of  temperature-dependent increases in excitability of NaV1.2 and NaV1.2+β1(CW) to a loss 

of this protective function.  



 

 52 

In the absence of the β1(WT) subunit, elevating the temperature resulted in a 

destabilization of inactivated states. Specifically, temperature decreased UDI, reduced the 

maximum probability of SI, increased window current, depolarized the voltage-dependence 

of FI and accelerated FI recovery. Elevated temperature also increased the open probability 

of channels by hyperpolarizing the voltage-dependence of activation. In the presence of 

β1(WT), NaV1.2 channels no longer displayed an increase in window current or decreased 

UDI at elevated temperature. 

In comparison, co-expression with the β1(CW) mutation resulted in slowed FI onset, 

increased FI recovery, decreased UDI, and increased window current and persistent current 

at 34ºC. Because co-expression of β1(CW) also showed subtle differences compared to the 

NaV1.2 α subunit alone, such as increased INaP and left-shifted stead-state FI, this suggests 

that β1(CW) does not result in a complete loss of β1 function. The reduced thermoprotection 

as a result of this mutation, however, is a likely contributor to the FS mechanism. 

6.1 The β1(CW) mutation results in moderate alterations to β1 subunit function at 

room temperature. 

Specific results of the functional effects of β1(CW) and β1(WT) vary across 

laboratories, expression systems, and NaV channel isoforms. In general, however, this study 

supports previous findings that, at room temperature, β1(CW) impairs β1(WT) modulation 

of NaV channel function. My experiments using CHO cells stably expressing NaV1.2 show 

that, at 22°C, β1(CW) impairs β1(WT) modulation of steady-state FI.  

Co-expression with either the wild-type or mutant subunit resulted in a lower slope 

factor of the Boltzmann fit to steady-state FI compared to NaV1.2 alone. This indicates that 

in the presence of a β1 subunit, there is a decreased movement of charge across the electric 
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field during the transition into the FI state. Steric interactions between the extracellular 

segment of the β1 subunit and the DI, DIV S5-S6 linker may be responsible for this 

observation.  

Unlike the slope factor, the voltage-dependence,V1/2, of FI was differentially 

affected by β1(WT) and β1(CW). Expression of the β1(WT) subunit resulted in a large 

depolarizing shift in the V1/2 of FI, while the β1(CW) mutation showed reduced modulation 

of FI. These observations are comparable to previous reports on the effects of β1(WT) and 

β1(CW) on FI21, 32, 33, 96 and support the role of the β1(WT) subunit as a damper of channel 

excitability. The reduced modulation of FI with the mutant subunit indicates that, at RMP (-

60mV), there would be about 20% more channels available for activation when NaV1.2 is 

associated with β1(CW) compared to β1(WT), consistent with a hyperexcitable phenotype. 

While both the β1(WT) and β1(CW) depolarized the V1/2 of FI compared to NaV1.2, 

neither subunit had a significant effect on SI at room temperature.  This is contrary to 

previous reports of the β1 subunit depolarizing the V1/2 of steady-state SI when co-expressed 

with NaV1.2 and NaV1.4 in HEK cells33, 37. Elevating the temperature, however, revealed a 

β1 subunit induced destabilization of the SI state, results which are discussed in further 

detail in sections 6.2.4 through 6.2.6. 

6.2 Thermosensitivity of NaV1.2, NaV1.2 + β1(WT) and NaV1.2 + β1(CW) 

In accordance with previous studies on the consequences of temperature elevation 

on channel function, I show a general trend of increased channel excitability at 34°C 

compared to 22°C. This increased excitability is modulated by the expression of the β1 

subunit.  
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6.2.1 Voltage-dependence of activation 

A hyperpolarizing shift in, and elevated slope factor of, the voltage-dependence of 

activation with temperature elevation has been shown previously8,59 (but see9, 10, 55-58 where 

no shift is observed). To predict how this temperature induced change might affect neuronal 

excitability during febrile states; I used the average Q10 values to extrapolate the V1/2 of 

activation to a range of physiological temperatures. Assuming that the Q10 value is constant 

across temperatures, I predict a 1.2mV hyperpolarizing shift in the V1/2 of activation from 

37°C to 41°C. Although this effect is pro-excitatory, as channel opening will occur with less 

of a depolarizing stimulus, the magnitude of the predicted change is a relatively small. It is 

therefore likely that temperature induced changes to channel activation play only a minor 

role in neuronal excitability.  

6.2.2 Voltage-dependence of steady-state FI 

Previous reports on the effect of temperature on FI are also varied, showing either 

no shift13, 59, 112 a hyperpolarizing shift8 or a depolarizing shift12, 60. The results from this 

study agree with the latter, that temperature increases channel excitability by depolarizing 

the V1/2 of FI. Using the average Q10 value for the change in V1/2 of FI, I predict a 1.4 mV 

depolarizing shift with a temperature elevation from 37ºC to 41ºC. This change is quite 

small, as it would result in less than a 1% increase in channel availability at any given 

voltage. This suggests that, similar to channel activation, temperature dependent changes to 

FI play only a minute role in excitability. 
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6.2.3 Window current and INaP  

Although the effects of temperature on activation and inactivation were small, the 

collective left shift in activation and right shift in FI produced an increased area of window 

current in NaV1.2 and NaV1.2 + β1(CW). The increased area of window current at 34°C 

indicates that a larger proportion of channels activate but fail to fast-inactivate throughout 

the voltage range of -60 to 0 mV. Window current results in a low-level depolarizing 

current that increases neuronal excitability if it occurs across a voltage range that includes 

the RMP. Although this study shows that window current occurs only at non-resting 

membrane potentials, voltage-dependent properties recorded from CHO cells are 

approximately 15 mV right-shifted compared to measurements from intact neurons109. 

Shifting the relative range of window current 15 mV to the left then, indicates that at 

elevated temperature there a substantial level of non-inactivating current that occurs during 

resting membrane potentials. No increase in window current was observed with the co-

expression of the β1(WT) subunit however, suggesting that β1 is thermoprotective against 

increased neuronal excitability. The β1(CW) mutant in comparison, further contributed to 

depolarization of the membrane potential elevated temperatures by increasing INaP.  

The level of INaP did not differ among subunits at 22°C (also shown previously96), 

but increasing the temperature to 34°C increased the amount of INaP in NaV1.2 + β1(CW) 

and not in NaV1.2 or NaV1.2 + β1(WT). The mechanism of this increased INaP is unclear, as 

the voltage at which INaP was measured did not overlap with the voltage range of window 

current, and the rate of FI-onset did not significantly differ between subunits at 0 mV. 

Measuring INaP across a range of voltages might reveal more of the INaP mechanism. 

Nevertheless, increased INaP is another example of how the functional effect of the β1(CW) 
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mutation is revealed at elevated temperature, and suggests that β1(CW) modulates NaV1.2 

differently than β1(WT). The increased INaP combined with increased window current likely 

plays a role in heightening FS susceptibility of patients harbouring the β1(CW) mutation. 

The small portion of non-inactivating current present when NaV1.2 is co-expressed with 

β1(CW) would depolarize the neuronal RMP, bringing the membrane closer to action 

potential threshold. Such augmented membrane potentials can also predispose neurons to 

repetitive firing14.  

6.2.4 Voltage-dependence of steady-state SI 

No differences were observed in the V1/2 of SI between the two temperatures, 

contrary to some previous studies regarding the temperature sensitivity of SI. Loose-patch 

recordings on rat IIb muscle fibres show a depolarizing shift in the V1/2 of SI with 

temperature elevation9. Similar results are observed using whole-cell patch clamp 

experiments on HEK cells expressing NaV1.412 (however another study in HEK cells 

expressing NaV1.4 shows no difference in V1/2 with temperature13). Differences in 

methodology could account for some observed differences, as the large amount of leak 

current present in loose-patch recordings has the potential to shift the voltage-dependent 

properties compared to recordings using a giga-ohm seal. Different NaV α subunit isoforms 

also have slightly different SI characteristics, therefore results from this study are not 

directly comparable to those using NaV1.4 or others17, 113. 

Unlike the V1/2 of SI, the maximum probability of steady-state SI was substantially 

reduced at elevated temperature for all subunits. A decreased probability of entry into the SI 

state is a pro-excitatory change, as there would be a larger fraction of channels available for 

activation even after sustained or repetitive depolarizations. Interestingly, NaV1.2 + β1(WT) 
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showed the lowest maximum probability of SI at 34°C, contrary to most observations from 

this study which suggest that β1(WT) is thermoprotective against temperature-induced 

excitability. The destabilization of the SI state with co-expression of the β1(WT) subunit 

agrees with previous research33, 37, however, a decreased maximum probability of SI with 

elevated temperature is a unique observation from this study. The lesser destabilization of 

SI with the co-expression of β1(CW) is not surprising, as the CW mutation disrupts the 

extracellular Ig-like fold, and this region is thought to interact with the p-loop of the α 

subunit to modulate SI17. An increased probability of SI with β1(CW) compared to β1(WT) 

seems counterintuitive in regards to seizure genesis, but current-clamp recordings from 

neurons lacking β1(WT) or expressing β1(CW) clearly show increased excitability39, 109. The 

precise link between stabilization of SI and an increased susceptibility to epileptic discharge 

has yet to be determined.  

6.2.5 Onset and recovery of SI 

Temperature altered SI onset in a similar manner to steady-state SI.  The maximum 

probability of onset was reduced for all subunits, with the largest temperature-dependent 

destabilization observed when NaV1.2 was co-expressed with β1(WT). Again, the β1(CW) 

mutation showed a reduced modulation of SI, an effect which was exaggerated at elevated 

temperatures. 

 Interestingly, temperature differentially affected the fast and the slow components 

of SI onset for all subunits, accelerating the fast component and slowing the slow 

component. This implies that with elevated temperature, channels are quicker to initiate 

conformational changes towards the development of SI, but slower to complete the final 

stages of the SI process. Because SI is thought to take place via conformational changes to 
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the channel extracellular pore, the increased kinetic energy of sodium ions near or in the 

pore might hinder completion of these conformational changes, similar to the manner in 

which increased extracellular sodium concentration hinders SI completion114. This slowed 

secondary component could explain the decreased probability of steady-state SI and SI 

onset at elevated temperatures. Further studies could investigate isoform-dependent 

temperature modulation. Differences in flexibility and motility of the p-loop region are 

thought to contribute to isoform dependent differences in SI properties17, therefore the 

increased membrane fluidity and protein motility due to elevated temperature may 

differentially affect the SI process. 

Unlike SI onset, recovery from the SI state was relatively unaffected by temperature, 

implying that channels that enter the SI state at 34°C recover at the same rate as at 22°C. 

The differential temperature sensitivity of onset and recovery suggests that recovery of SI 

may not be a simple reversal of SI onset, but could involve independent conformational 

changes that are not affected by temperature or expression of β1 subunits. Measuring the 

enthalpic change involved during each transition would help clarify the existence of 

different conformations between SI onset and SI recovery; however, measurements at a 

minimum of three temperatures are required for such analysis.  Multiple crystal structure 

images of the NaV channel in each state would further help clarify this issue, but the crystal 

structure of a mammalian NaV channel has yet to be determined. There is evidence to 

suggest however, that the conformational changes involved in SI onset differ from those of 

SI recovery. Fluorescent probing of S4 voltage sensors in NaV1.4 by Goldstein et. al
120 

suggests that SI onset is mainly determined by transitions of the S4 segments in DI and DII, 

while the S4 of DIII is involved in SI recovery. Furthermore, ion-pair interactions observed 
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in the bacterial NaV channel NaChBac predict the S4 sensors to adopt a transient, high 

energy 310-helical conformation during the transition from resting to activated121.  A 

transient 310-helical transition from a resting α-helical conformation is further supported by 

histidine scanning of S4 homologues from a voltage-sensitive phosphatase115.  These 

observations coincide well with the observation that SI onset (presumably a higher energy 

transition of the S4 segments) is more temperature sensitive than SI recovery. Any further 

speculations regarding conformational changes of NaV channel segments are outside the 

scope of this study. 

6.2.6 Use-dependent inactivation, and onset and recovery of FI. 

All subunits displayed relatively robust UDI at 22°C, showing about 70% current 

reduction after a sequence of depolarizing pulses. Previous studies co-expressing β1(CW) 

with NaV1.3 show a reduced UDI relative to β1(WT)96, however this study  shows that the 

reduced UDI is only apparent at elevated temperatures. The reduction in UDI seen in 

NaV1.2 and NaV1.2 + β1(CW) can be attributed to the decreased maximum probability of SI 

at 34°C (as observed during steady-state and SI onset protocols). But because NaV1.2 + 

β1(WT) had the lowest maximum probability of SI at 34°C, it is difficult to explain how in 

this instance, the β1(WT) subunit prevents a temperature-induced decrease in UDI. 

Observations from steady-state SI and onset protocols would predict a smaller reduction in 

current amplitude for β1(WT) compared to NaV1.2 and NaV1.2 + β1(CW) at 34°C. 

Because UDI reflects a combination of FI, intermediate inactivation, and SI, any 

temperature-dependent changes to intermediate or FI could also influence current decay.  

Although intermediate inactivation in isolation was not investigated, experiments in NaV1.5 

show that elevated temperature enhances intermediate inactivation116. Observations from 
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this study also allude to an increased intermediate inactivation with elevated temperature. 

At 34°C, a more pronounced secondary slope component was observed in the log plot of FI 

recovery, reflecting a greater proportion of channels recovering from intermediate 

inactivation compared to 22ºC. Assessment of how the β1 subunit modulates intermediate 

inactivation in neuronal NaV channels could further explain the differences observed in UDI 

among the subunits.  

Although the role of intermediate inactivation is unclear, variances in FI properties 

can account for the majority of the observed differences in the initial current decay between 

the two temperatures. The first component of FI recovery, but not the second, was 

significantly accelerated at 34°C (similar to results seen in NaV1.560,117). At 22°C, the first 

time constant of recovery was about 30 ms, resulting in incomplete recovery from FI during 

the 15ms UDI interpulse to -60mV. The incomplete recovery manifests itself as an initially 

rapid use-dependent current decay as channels enter the FI state in response to the 5ms 

pulse to 0mV, but do not recover. At 34°C, the rate of recovery increased almost 2 fold, 

allowing channels to partially recover during the 15ms interpulse. This partial recovery 

results in a decreased amount of current decay in the initial portion of UDI protocol. The 

greater acceleration of FI recovery at -60mV compared to FI onset at 0mV could also 

explain the initial decrease in UDI seen at elevated temperature. Although the rates of FI 

onset at 0mV did not differ among subunits, the rate of FI onset at -20mV at 34°C was 

significantly slowed in NaV1.2 + β1(CW). This suggests that the mutation contributes to 

increased channel availability with elevated temperature at more hyperpolarized voltages. 

The mutant β1(CW) also had an accelerated rate of FI recovery at 34°C, resulting in a 

decreased amount of current decay with successive depolarizations. This difference 
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contributes to the relative divergence in maximum current decay between the mutant and 

wild-type subunits. 

Because β1(WT) prevents a temperature-induced decrease in UDI, the wild-type 

subunit presumably plays an important neuroprotective role during febrile states. Heat alone 

can increase the frequency of AP firing7, 8, therefore the activity-dependent reduction in 

current amplitude with co-expression of β1(WT) is protective against sustained, high 

frequency AP firing. The loss of this function, as in the case of β1(CW), results in a greater 

proportion of channels available for activation at elevated temperature, thereby increasing 

neuronal excitability. If one assumes that the decrease in UDI seen in NaV1.2 + β1(CW) 

varies linearly with temperature, then extrapolating these changes to reflect an increase 

from 37°C to 41°C predicts a 25% decrease in UDI. This is quite a substantial decrease in 

current decay, which would then increase channel availability at febrile temperatures. 

Increased channel availability with expression of the β1(CW) mutant is also seen from AP 

recordings from CW mice at 22°C and 34°C7. The UDI results from this study can attribute 

the comparatively large increase in AP firing frequency of CW mice at 34° to the loss of the 

thermoprotective role of the β1(WT) subunit. 
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7: CONCLUSIONS 

Although it is clear that β1(CW) increases channel excitability at elevated 

temperatures, the mechanism of action in situ is still speculative. Co-immunipreciptation 

experiments in CHO cells shows that β1(CW) colocalizes with the α subunit30 while 

immunolabelling of axons from knock-in mice show that β1(CW) is retained in the AIS 

cytosol7. Although there seems to be a difference in membrane expression of β1(CW)  in 

vitro and in vivo, it is evident that the mutant  protein is manufactured in both cases. The 

question remains then, is the increased thermosensitivity of this mutation due to a complete 

lack of association with the α subunit, thus removing the thermoprotective effect of 

β1(WT)? Or does the mutation result in a unique alteration of channel function that is 

exacerbated at elevated temperatures?  

My experiments show subtle differences between NaV1.2 alone and NaV1.2 + 

β1(CW), comparable to previous observations in heterologous expression systems27, 30-32, 

suggesting that β1(CW) does associate with the α subunit. These results, then, point to a 

temperature-dependent increase in channel excitability due to altered modulation of channel 

function compared to β1(WT). If, however, the β1(CW) mutation results in a trafficking 

deficiency, as shown in the knock-in CW mouse model, then findings from this study can 

also be applicable towards other loss of function β1 subunit mutations, such as R85H/C and 

R125C.  

Because GEFS+ is a heterozygous genetic disorder, mutations to the SCN1B gene 

only affect one allele. This would result in only a portion of NaV channels with no 
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associated β1 subunit, while some would retain association with the wild-type β1 subunit. 

Channels without associated β1 subunit are hyperexcitable at elevated temperature. This 

could result in the channels with no associated β1 subunit dominating membrane excitability 

at higher temperatures, thereby predisposing neurons to spontaneous action potential firing 

during febrile states.  

Antiepileptic drugs (AEDs) targeted to NaV channels are often administered to 

prevent or diminish such sustained, high frequency electrical activity. The individual 

response to such treatment, however, is highly variable among GEFS+ patients88. The 

variability in treatment response is likely attributable to the heterogeneous nature of 

GEFS+, as recent evidence suggests that the efficacy of AEDs is dependent on the 

individual‟s genotype118. The β1(CW) mutation, for example, decreases channel sensitivity 

to phenytoin96, and channels without an associated β1 subunit have a reduced sensitivity to 

carbamezepine109. This reduction in drug sensitivity is thought to be caused by alterations to 

channel gating, and not by modification of the drug binding sites96.  Since drug binding is 

highly dependent on channel kinetics, and temperature alters channel kinetics, it is not 

surprising that temperature affects drug binding as well. Although no studies to date have 

investigated the temperature-dependence of AEDs in neuronal channels, studies of 

antiarrythmic drug binding show that, at elevated temperature, there is a reduced frequency-

dependent block of lidocaine117, and an increased recovery from block from O-demethyl 

encainide119.  

These observations point to the importance of genetic background as well as 

environment on the efficacy of AEDs. The insights gained towards a GEFS+ mechanism 

from this study can aide in designing drugs specific to a patient‟s genotype. Such 
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individualized therapy can reduce potential side effects by having maximum efficacy during 

febrile episodes.  
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8: FUTURE DIRECTIONS 

To better understand the biophysical mechanism behind the age-dependence of 

seizures in GEFS+ and FS patients, further experiments could be performed on the various 

developmentally regulated splice variants of neuronal NaV channels. The temperature 

sensitivity of neonate and adult splice variants can be measured to determine if differential 

splicing plays a role in increasing the temperature threshold of the adult brain. The effect of 

the β1(CW) mutation can also be assessed in conjunction with the two splice variants, as 

other FS mutations have been shown to have a differential effect depending on the variant 

in which they are expressed 47. It would also be of value to test the efficacy of common 

AEDs used in treatment of GEFS+, such as carbamazepine, phenytoin, lacosamide, and 

lamotrigine, on channels co-expressing β1(CW) at varying temperatures. If a temperature 

effect were observed, this would allow potential modification of dosage to increase drug 

potency depending on body temperature.  
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9: SUPPLEMENTARY FIGURES AND TABLES 

Table 2. Compensation vs. no compensation 

 Electrical compensation 

 

No compensation 

Tau 1 Tau 2 Tau 1 Tau 2 
Values from 

individual 

experiments 

0.128 15.37 0.039 8.83 
0.211 8.62 0.253 5.03 
0.273 14.12 0.525 11.08 

  0.191 15.12 
Mean 0.20462 12.7007 0.252037 10.0151 

p value 0.721 0.417 
Comparison of electrically compensated vs. non-compensated series resistance on fast and 
slow time constants of slow inactivation recovery at -90mV in NaV1.2 + β1(CW) at 34°C. 

Table 3. Mean amplitude values 

Mean ± SEM 

 

22˚C 34˚C 

NaV1.2 NaV1.2+
β1(WT) 

NaV1.2+
β1(CW) NaV1.2 NaV1.2+

β1(WT) 
NaV1.2+
β1(CW) 

+10mV 

SI onset
 

 

A1 
0.60 ± 
0.091 

0.27 ± 
0.077 

0.52± 
0.091 

0.58 ± 
0.091 

0.54 ± 
0.091 

0.53 ± 
0.091 

A2
* 0.38 ± 

0.081 
0.69 ± 
0.068 

0.51 ± 
0.081 

0.28 ± 
0.081 

0.33 ± 
0.081 

0.39 ± 
0.081 

-90mV 

SI 

recovery 

A1 
-0.35 ± 
0.039 

-0.38 ± 
0.038 

-0.31 ± 
0.035 

-0.35 ± 
0.038 

-0.33 ± 
0.038 

-0.29 ± 
0.033 

A2 
-0.61 ± 
0.064 

-0.62 ± 
0.064 

-0.64 ± 
0.059 

-0.51 ± 
0.064 

-0.62 ± 
0.064 

-0.56 ± 
0.054 

UDI 

A1
* 0.23 ± 

0.044 
0.36 ± 
0.038 

0.30 ± 
0.044 

0.16 ± 
0.048 

0.21 ± 
0.048 

0.15 ± 
0.040 

A2
* 0.48 ± 

0.046 
0.29 ± 
0.040  

0.40 ± 
0.046 

0.30 ± 
0.051 

0.27 ± 
0.051 

0.21 ± 
0.043 

-60mV 

FI 

recovery 

A1 
-0.71 ± 
0.065 

-0.67 ± 
0.055 

-0.57 ± 
0.060 

-0.75 ± 
0.065 

-0.70 ± 
0.065 

-0.77 ± 
0.065 

A2 
-0.29 ± 
0.067 

-0.35 ± 
0.056 

-0.43 ± 
0.061 

-0.24 ± 
0.067 

-0.34 ± 
0.067 

-0.25 ± 
0.067 

Mean amplitude values A1 and A2 of respective time constants 1 and 2 as derived from 
double exponential fits to normalized current amplitude. Asterisks indicate significant 
difference at 22°C and 34°C among averaged values for all subunits at p<0.01. 
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Supplementary Figure 1. Log plot of FI recovery 

 
Log plot of fast inactivation recovery at -60mV. Voltage protocol as described in 
methods. Normalized current amplitude is plotted against the log of the duration of recovery 
pulse to illustrate bi-exponential component of fit. Asterisks indicate significant difference 
in normalized current amplitude at 34°C between NaV1.2 + β1(WT) and NaV1.2 + β1(CW) 
(p<0.01).  
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