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Nav1.7 mutations associated with paroxysmal extreme
pain disorder, but not erythromelalgia, enhance Nav4
peptide-mediated resurgent sodium currents

Jonathan W. Theile, Brian W. Jarecki, Andrew D. Piekarz and Theodore R. Cummins

Department of Pharmacology and Toxicology, Stark Neurosciences Research Institute, Indiana University School of Medicine,
Indianapolis, IN 46202, USA

Non-technical summary Abnormal pain sensitivity associated with inherited and acquired pain
disorders occurs through increased excitability of peripheral sensory neurons in part due to
changes in the properties of voltage-gated sodium channels (Navs). Resurgent sodium currents
(Inar) are atypical currents believed to be associated with increased excitability of neurons and
may have implications in pain. Mutations in Nav1.7 (peripheral Nav isoform) associated with two
genetic pain disorders, inherited erythromelalgia (IEM) and paroxysmal extreme pain disorder
(PEPD), enhance Navl.7 function via distinct mechanisms. We show that changes in Nav1.7
function due to mutations associated with PEPD, but not IEM, are important in I,g generation,
suggesting that I,z may play a role in pain associated with PEPD. This knowledge provides us
with a better understanding of the mechanism of I'y,r generation and may lead to the development
of specialized treatment for pain disorders associated with Iy,g-

Abstract Inherited erythromelalgia (IEM) and paroxysmal extreme pain disorder (PEPD) are
inherited pain syndromes predominantly caused by missense mutations in the peripheral neuro-
nal voltage-gated sodium channel (Nav) isoform Navl.7. While both IEM and PEPD mutations
increase neuronal excitability, IEM mutations primarily enhance activation and PEPD mutations
impair inactivation. In addition, one PEPD mutation, Navl.7-11461T, has been shown to
increase resurgent sodium currents in dorsal root ganglion (DRG) neurons. Because resurgent
currents have been implicated in increased neuronal excitability, we asked whether (1) additional
PEPD mutations located within the putative inactivation gate and docking sites and (2) IEM
mutations might also increase these unusual currents. Resurgent currents are generated following
open-channel block at positive potentials by an endogenous blocking particle and subsequent
expulsion of this blocker upon repolarization to moderately negative potentials. Here we used a
mimetic of the putative blocking particle, the NavB4 peptide, to determine if enhanced resurgent
currents are induced by three distinct PEPD mutations and two IEM mutations in stably trans-
fected HEK293 cells. We demonstrate that (1) Navl.7-mediated resurgent currents are observed
in HEK293 cells with the Navp4 peptide in the recording pipette, (2) while the PEPD mutants
M1627K, T14641 and V1299F exhibit enhanced resurgent current amplitudes compared to
wild-type, the IEM mutants [848T and L858H do not, and (3) there is a strong correlation between
the decay time constant of open-channel fast inactivation and resurgent current amplitude. These
data suggest that resurgent currents may play a role in the neuronal hyperexcitability associated
with PEPD, but not IEM, mutations.
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Introduction

Pain hypersensitivity as a result of injury or disease occurs
primarily through increased excitability of peripheral
sensory neurons. Voltage-gated sodium channels (Nav) are
key determinants regulating action-potential generation
and propagation (Hodgkin & Huxley, 1952). The sodium
channel complex consists of a pore-forming a-subunit
(220-260kDa) and auxiliary B-subunits (32-36kDa)
(Catterall, 2000). To date, nine «-subunits (Nav1.1-1.9)
and four B-subunits (B81-4) have been identified in
mammals (Goldin et al. 2000). The Nav isoforms exhibit
differential distribution (Felts et al. 1997) as well as
distinguishing electrophysiological (Catterall et al. 2005)
and pharmacological properties (England & de Groot,
2009). Evidence indicates that the sensory neuronal
Navl.7, Navl.8 and Navl.9 isoforms are important in
inflammatory and neuropathic pain (Lai et al. 2002;
Priest et al. 2005; Cox et al. 2006; Dib-Hajj et al.
2008b). Recently, mutations in Navl.7 that give rise
to three separate pain disorders have been identified.
Congenital insensitivity to pain (CIP) is a result of
loss-of-function mutations characterized by a complete
inability to sense painful stimuli (Cox et al. 2006). In
contrast, inherited erythromelalgia (IEM) and paroxysmal
extreme pain disorder (PEPD) are distinct severe pain
syndromes associated with gain-of-function mutations.
IEM is characterized by episodes of burning pain,
erythema and mild swelling in the extremities (Waxman &
Dib-Hajj, 2005), whereas PEPD is characterized by severe
rectal, ocular and mandibular pain (Fertleman et al. 2007).
Sensory neurons expressing either PEPD or IEM mutant
channels are hyperexcitable (Rush et al. 2006; Dib-Hajj
etal. 2008a). However, the two classes of mutations induce
hyperexcitability via distinct mechanisms. IEM mutations
produce a hyperpolarizing shift in the voltage dependence
of activation and slow the rate of deactivation, resulting
in a lowered action-potential threshold (Cummins et al.
2004; Dib-Hajj et al. 2005; Choi et al 2006). In
contrast, PEPD mutations destabilize fast inactivation via
adepolarizing shift in steady-state fast inactivation, slowed
rate of open-channel fast inactivation and persistent
currents (Fertleman et al. 2006; Dib-Hajj et al. 2008a;
Jarecki et al. 2008).

After opening, Nav channels normally undergo
inactivation within milliseconds via a ‘hinged lid’
mechanism dependent on an inactivation gate composed
of four amino acids (IFMT) connecting domains 3 and
4 (Vassilev et al. 1988; West et al. 1992). In this model,
the inactivation gate occludes the pore of the channel
by binding to nearby ‘docking sites’ (Fig. 1A). Channels
are normally refractory following inactivation until the
membrane potential has been sufficiently hyperpolarized.
Thus, altering the stability of inactivation can have
profound effects on neuronal excitability. Under certain
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conditions channels can re-open during repolarization
to intermediate potentials allowing a surge of inward
current (resurgent current). Resurgent sodium currents
were first identified in cerebellar Purkinje neurons (Raman
& Bean, 1997) and more recently in dorsal root ganglion
(DRG) neurons (Cummins et al. 2005). In the cerebellum,
these currents are proposed to flow following relief of
ultra-fast open-channel block by an endogenous intra-
cellular blocking particle, postulated to be the C-terminal
portion of the auxiliary Navg4 subunit (Grieco et al.
2005; Bant & Raman, 2010), and may contribute to high
frequency firing (Raman & Bean, 1997; Khaliq et al.
2003). Navl.6 is the predominant carrier of resurgent
current in cerebellar (Raman et al. 1997) and DRG
(Cummins et al. 2005) neurons, although a recent study
from our lab suggests that other Nav isoforms can
carry resurgent currents under conditions which slow
the rate of fast inactivation. Indeed, a PEPD mutation,
Nav1.7-11461T, enhanced resurgent currents (Jarecki et al.
2010). Therefore, we questioned whether (1) additional
PEPD mutations that destabilize inactivation can enhance
resurgent currents and (2) if the location(s) of the
PEPD mutations affects resurgent current properties. To
verify the hypothesis that inherited mutations that slow
inactivation increase resurgent currents, we also tested
whether IEM mutations endow Nav1.7 channels with the
ability to generate resurgent currents.

In this study, we used stably transfected HEK293 cells,
which have been demonstrated to produce resurgent
currents with Navl.l (Aman et al. 2009) and Navl.5
(Wang et al. 2006) if the NavB4 peptide is present
in the recording pipette. This model system allows for
exposure to a known concentration of the Nav34 peptide
thus isolating only differences in the gating properties
conferred by the channel mutations. Using this expression
system, we show for the first time that inclusion of the
Navp4 peptide in the recording pipette is sufficient for
generating resurgent currents from Navl.7 channels. All
three PEPD mutations differentially enhanced resurgent
currents, whereas the IEM mutations did not enhance
resurgent currents compared to wild-type. Based on our
data we propose that impaired inactivation is a major
determinant of resurgent current generation in Navl.7
channels, but that the location of the mutations may affect
this enhancement.

Methods
Ethical information

HEK293 cells were obtained from ATCC, Manassas, VA,
USA. Use of the HEK293 cells was approved by the
Institutional Biosafety Committee and conformed to the
ethical guidelines for the National Institutes of Health for
the use of human-derived cell lines.

© 2011 The Authors. Journal compilation © 2011 The Physiological Society
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Preparation of stably transfected cell lines

Mutations were inserted into the plasmid encoding
Navl.7 (Klugbauer et al. 1995) using the QuikChange
II XL site-directed mutagenesis kit (Stratagene, La Jolla,
CA, USA). HEK293 cells were grown under standard
tissue culture conditions (5% CO,; 37°C) in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal
bovine serum. Stable cell lines expressing human Nav1.7
(Navl.7 wild-type (WT), T14641, M1627K, V1299E
L858H and 1848T) channels were generated in HEK293
cells using the calcium phosphate precipitation trans-
fection technique and antibiotic selection. The calcium
phosphate—-DNA mixture was added to the cell culture
medium and left for 15-20 h, after which time the cells
were washed with fresh medium. After 48 h, antibiotic
(G418, Geneticin; Life Technologies, Gaithersburg, MD,
USA) was added to select for neomycin-resistant cells and
establish stable cell lines. After approximately 3 weeks in
G418, colonies were picked, split and subsequently tested
for channel expression using whole-cell patch-clamp
recording techniques. Occasionally, HEK293 cells were
grown at 28°C overnight to increase channel expression.

Whole-cell patch clamp recordings

Whole-cell patch clamp recordings were conducted at
room temperature (~22°C) after obtaining a giga-
ohm seal using a EPC-10 amplifier (HEKA Elektronik,
Lambrecht/Pfalz, Germany). Data were acquired on a
Windows-based Pentium IV computer using the Pulse
program (v. 8.80, HEKA Electronik). Fire-polished
electrodes (1.0-1.6 MQ2) were fabricated from 1.7 mm
capillary glass (VWR International, West Chester, PA,
USA) using a Sutter P-97 puller (Sutter Instrument Co.,
Novato, CA, USA). A caesium aspartate dominant intra-
cellular solution consisted of (in mm): 20 CsCl, 100
caesium aspartate, 10 NaCl, 4 Hepes, 4 EGTA, 0.4 CaCl,,
2 Mg-ATP, 0.3 Li-GTP, pH 7.3 (adjusted with CsOH).
The standard bathing solution consisted of (in mm): 140
NaCl, 1 MgCl,, 3 KCl, 1 CaCl,, 10 Hepes, 10 glucose,
pH 7.3 (adjusted with NaOH). Cells on 35 mm plastic
culture dishes were bathed in 2 ml of bathing solution
and transferred to the recording platform. Voltage errors
were minimized (<5 mV) using 70-80% series resistance
compensation during voltage-clamp recordings. Passive
leak currents were linearly cancelled by digital P/-5 sub-
traction. Cells were held at a membrane potential of
—80 mV, and 100 ms conditioning pre-pulses to —100 mV
preceded the start of current—voltage (I-V) and resurgent
current protocols to ensure increased availability of
channels. Membrane currents were filtered at 5 kHz and
sampled at 10-20 kHz. Data were not recorded before
5 min after whole-cell access to allow adequate time for
the intracellular recording solution to equilibrate into the
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cell. Data recordings did not last more than 15 min and
cells were not held in the standard bathing solution for
more than 90 min.

Resurgent current measurement

Resurgent currents are not observed in HEK293 cells
expressing Navl.7 alone or co-transfected with the
full-length Navp4 subunit (see online supplemental
material, Supplemental Fig.1). However, resurgent
currents are reliably observed with inclusion of the
C-terminal portion of the Nav4 subunit (Navg4 peptide).
Therefore, to generate Navl.7-mediated resurgent
currents, the Navp4 peptide (KKLITFILKKTREK-OH
(Biopeptide Co., San Diego, CA, USA); 10 mM stock in
ddH,0; 100 uM final concentration) was included in the
intracellular solution.

For all cells identified with resurgent current in this
study, maximal peak resurgent currents were produced
within a window of repolarization potentials from —5
to —40mV and were first observed around +10mV.
These currents display unique gating kinetics with a
noticeably slow onset and decay phase, unlike classic Nav
tail currents, which are observed instantaneously during
hyperpolarizing steps and decay rapidly. Additionally,
resurgent currents display a distinctly non-monotonic
I-V relationship whereas simple tail currents display a
linear I-V relationship. Currents which did not meet
both of these criteria were not classified as resurgent
currents and therefore were excluded from the analysis
of resurgent currents. Resurgent current amplitudes were
measured after 1.5ms into the repolarizing test pulse
in order to avoid contamination from tail currents and
were measured relative to the leak subtracted base-
line. Resurgent current traces represent an average of
five sweeps at each repolarization potential. The relative
resurgent currents amplitudes were calculated by dividing
the peak resurgent currents by the average peak trans-
ient current and represented as a percentage of the peak
transient current. Peak transient currents represent the
average current measured at +20 mV from I-V recordings
obtained immediately before and after the resurgent
current protocol. The test potential to +20 mV was
selected because the I-V relationship is linear for all of
the Nav1.7 constructs at this voltage and thus less subject
to voltage-clamp errors. The average resurgent current
amplitude for each Nav1.7 construct was calculated using
only data from cells in which resurgent currents were
detected.

Data analysis

Data were analysed using the Pulsefit (v. 8.80,
HEKA Elektronik), Origin (v. 8.0, OriginLab Corp.,
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Northhampton, MA, USA), and Microsoft Excel software
programs. Currents were analysed in PulseFit and filtered
at 1000 Hz to reduce noise. Decay time constants for
open-channel fast inactivation were measured from -V
traces at +20 mV and fitted to a single-exponential. The
midpoints of activation and inactivation were determined
by fitting the data with a Boltzmann function. For the
data presented in Fig. 4, a good correlation is defined as
R? > 0.5. All data are shown as means + s.E.M. Statistical
significance was assessed with Student’s unpaired ¢ test
or one-way ANOVA with Tukey’s post hoc test where
mentioned (* or §, P < 0.05; # or I, P < 0.01).

Results

PEPD and IEM mutations differentially affect
voltage-dependent gating properties of Nav1.7

The electrophysiological properties of Navl.7 WT, PEPD
(V1299EF, T14641 and M1627K) and IEM (I848T and
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L858H) mutant channels (Fig.1A) were investigated
using whole-cell voltage clamp recordings in HEK293
cells. Figure 1B shows representative whole-cell sodium
currents for each construct. The voltage dependence of
activation and steady-state inactivation were examined
to determine if the Navp4 peptide differentially affected
PEPD and IEM channel transitions between conducting
and non-conducting states (Supplemental Fig. 2, Table 1).
In the absence of the NavpB4 peptide, there was no
significant shift in the midpoint of activation in any
of the PEPD mutant constructs compared to WT. We
next compared the midpoint of activation for each of
the individual PEPD constructs with and without the
NavpB4 peptide (100 um) and observed no significant
difference (Table 1). In contrast to the PEPD mutants, both
IEM mutant channels display significantly hyperpolarized
shifts in the midpoint of activation compared to WT in
the absence of Nav4 peptide, consistent with our previous
reports for 1848T and L858H expressed in HEK293 cells
(Cummins et al. 2004). Inclusion of the NavB4 peptide
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Figure 1. Mutations within Nav1.7 have differential effects on current properties

A, linear representation of the Nav a-subunit structure. Mutations implicated in IEM are indicated with continuous
arrows, and mutations implicated in PEPD are indicated with dashed arrows. Putative ‘docking sites’ for binding
by the inactivation gate (IFMT) are located within the cytoplasmic linkers connecting S4 and S5 of D3 (Smith &
Goldin, 1997) and D4 (Lerche et al. 1997) and within the mouth of the pore within D4/S6 (McPhee et al. 1995).
B, current traces recorded from representative HEK293 cells expressing either Nav1.7 WT or mutant channels.
Cells were held at —80 mV, and currents were elicited with 50 ms test pulses to potentials ranging from —80 to

+60 mV.

© 2011 The Authors. Journal compilation © 2011 The Physiological Society
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Table 1. Biophysical properties of WT, PEPD and IEM Nav1.7 channels

No peptide
Channel V12 activation (mV)? Slope (mV/e-fold) V1,2 inactivation (mV)P Slope (mV/e-fold) n
Nav1.7 —-11.6+1.1 5.6+0.1 —-54.0+1.2 9.74+04 12
Nav1.7-M1627K —10.0+1.5 5.7+0.1 —33.8+ 1.4# 6.2+ 0.2# 9
Nav1.7-T1464I -10.7+1.2 6.7 +0.2# —47.3+0.9%# 5.6 +0.2# 8
Nav1.7-V1299F —-99+0.8 6.4+0.1# —40.9+0.7# 5.6 +0.2# 9
Nav1.7-1848T —21.1+0.9# 6.4+0.3* —61.0+1.7# 8.0+ 0.3# 8
Nav1.7-L858H —15.6 = 0.8# 7.6+0.1# —555+15 86+04 8
Navp4 C-terminal peptide (100 ™)
Channel V12 activation (mV)? Slope (mV/e-fold) V1,2 inactivation (mV)P Slope (mV/e-fold) n
Nav1.7 —14.4+1.4 5.6+0.2 —57.5+19 11.0+£0.6 14
Nav1.7-M1627K —-10.1+0.7* 6.0+0.2 —36.6+1.1# 6.7 +0.3# 11
Nav1.7-T1464I -13.3+0.9 6.2 +0.1%f —47.5+0.9# 5.7 +0.44# 11
Nav1.7-V1299F —-11.4+1.1 6.3+0.3* —42.2 +1.0# 6.1+ 0.3# 11
Nav1.7-1848T —23.9+1.3# 5.54+0.37 —605+15 7.9+ 0.2# 10
Nav1.7-L858H —19.5+0.9#1 7.2 +0.2#7 —-56.7+1.1 9.440.2* 8

aThe voltage dependence of activation was examined using a series of 50 ms depolarizing test pulses from —80 mV to +60 mV. The
midpoint of activation was estimated by fitting the data with a Boltzmann function. ®The voltage dependence of steady-state fast
inactivation was examined using a series of 200 ms conditioning pre-pulses from —120 mV to +30 mV, followed by a 20 ms test pulse
to +15 mV to assess channel availability. The midpoint of activation was estimated by fitting the data with a Boltzmann function.
*P < 0.05, #P < 0.01 from Nav1.7. {P < 0.01 from no peptide by Student’s unpaired t test.

in the pipette did not alter the voltage dependence of
I848T activation, but induced a significantly larger hyper-
polarizing shift for L858H (Table 1). The NavB4 peptide
also induced a slight, but significant, decrease in the
activation slope factor for T14641, 1848T and L858H,
although it is unclear as to the physiological significance of
this change. Inclusion of the Nav4 peptide in the pipette
did not significantly alter the peak current amplitude or
the current density for WT, PEPD or IEM Navl.7 cells
(Supplemental Table 1).

The three PEPD mutants all displayed significant
depolarizing shifts in the midpoint of steady-state
inactivation compared to WT in the absence of the Nav4
peptide. These results are consistent with previous reports
for T14641 (Dib-Hajj et al. 2008a), M1627K (Fertleman
et al. 2006) and V1299F (Jarecki et al. 2008) expressed in
HEK?293 cells. However, when comparing each individual
channel construct, there was no change in the midpoint
of inactivation or the slope factor with the addition of the
Navp4 peptide (Table 1). Overall, the Nav4 peptide did
not dramatically alter the gating properties of wild-type
or mutant constructs.

The Navp4 peptide induces ultra-fast
open-channel block

PEPD mutations destabilize fast inactivation in part by
slowing the transition from the open to inactivated state,

© 2011 The Authors. Journal compilation © 2011 The Physiological Society

as measured as an increase in the decay time constant
(Dib-Hajj et al. 2008a; Jarecki et al. 2008). We opted to
focus on the decay phase of the current elicited from
a depolarizing test pulse to +20mV because at this
potential the current—voltage relationship is linear for all
constructs, and channel open probability is maximized
(Supplemental Fig. 2). Furthermore, at more depolarized
potentials the currents are smaller and, as such, the
signal-to-noise ratio would be decreased. In the absence
of the Navp4 peptide, PEPD mutations in both the
IFMT motif (T1464I) and the D4/S4-S5 intracellular
loop (M1627K) exhibit significantly slower decay time
constants compared to WT (Fig. 2), although a mutation
in the neighbouring D3/54-S5 intracellular loop (V1299F)
did not significantly alter the decay time constant at
+20 mV. Consistent with previous reports, the decay time
constant was not different for 1848T; however the other
IEM mutant, L858H, exhibited a significantly faster rate of
inactivation compared to WT. We additionally measured
the decay time constant at potentials between —20 and
+40 mV (Supplemental Fig. 3A) and observed that T14641
and M1627K are slower than WT at nearly every potential
tested. Interestingly, V1299F is slower than WT onlyat 430
and 440 mV. Nevertheless, the differences in decay time
constant in relation to WT for both T14641 and M1627K
are substantially larger than that for V1299F.

Generation of resurgent current is thought to be
dependent on ultra-fast open-channel block mediated by
a putative blocking particle, Navg4, binding before fast
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inactivation (occlusion of the pore by the IFMT gate)
occurs. Ultra-fast open-channel block is evident by faster
decay kinetics in cells that generate resurgent current
compared to cells that do not produce these currents
(Grieco et al. 2002, 2005; Wang et al. 2006). Consistent
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Figure 2. Effects of Nav1.7 mutations and the Navp4 peptide
on open channel fast inactivation

A, normalized current traces elicited by a step depolarization to
+20 mV from representative HEK293 cells expressing either Nav1.7
WT or mutant channels in the absence (top) and presence (bottom)
of the Navp4 peptide in the recording pipette. B, bar graph
displaying the average decay time constants in the absence (dark
shaded bars) and presence (light shaded bars) of Navg4 in the
recording pipette (n = 8-14, *P < 0.05, #P < 0.01 by Student’s
unpaired t test).
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with previous observations with other Nav isoforms,
we observed significantly faster decay time constants
with Navp4 peptide in the recording pipette (Fig.2 and
Supplemental Figs 3B and 4). The change in decay kinetics
was most evident in the M1627K and T14641 mutant
channels, which also displayed the slowest time constants
in the absence of the peptide. As seen in Supplemental
Fig. 3C, for T14641 and M1627K, the difference in decay
time constants with and without the peptide is more
apparent with stronger depolarizations. The IEM-L858H
mutant did not exhibit significantly different rates of
decay with and without the peptide. The IEM-1848T
mutant exhibited faster decay kinetics with the peptide
at nearly every potential tested. Together, the data pre-
sented here demonstrate for the first time that inclusion
of the Navp4 peptide in the recording pipette accelerates
the transition of the Nav1.7 channel from a conducting to
non-conducting state.

PEPD mutations differentially enhance resurgent
currents in HEK293 cells with inclusion of the
Navp4 peptide in the recording pipette

Our lab previously reported that missense mutations
which slow the transition from the open to the inactivated
state, such as the PEPD-11461T mutation, enhance
resurgent currents (Jarecki et al. 2010). Therefore, we
hypothesized those additional PEPD mutations which
increase the decay time constant of open-channel
fast inactivation would enhance resurgent currents.
Conversely, we postulated that IEM mutations which
do not slow the rate of inactivation would not
enhance resurgent currents. For reasons that are unclear,
heterologous expression systems such as HEK293 cells
are not capable of generating resurgent currents with
co-expression of the full-length NavpB4 subunit with
the Navl.l (Aman et al. 2009), Navl.6 (Chen et al
2008) or Navl.7 isoforms (Supplemental Fig. 1). However,
the NavB4 C-terminal peptide can induce resurgent
currents in Navl.l and Navl.5 channels expressed in
HEK293 cells when it is included in the recording pipette
(Wang et al. 2006; Aman et al. 2009). Therefore, to
determine whether the mutant and WT Nav1.7 constructs
are capable of generating enhanced resurgent currents,
we conducted experiments utilizing a resurgent current
protocol (Fig.3D) in the absence and presence of the
Nav4 peptide (100 M) in the recording pipette.
Resurgent currents were not observed in any of the
constructs in the absence of the Navg4 peptide (Fig. 3A).
Interestingly, varying degrees of resurgent currents were
detected in all channel constructs with NavB4 peptide
present in the recording pipette (Fig. 3Band C). Resurgent
currents were detected in 93% of WT cells and in every
T14641 and M1627K expressing cell examined but in only

© 2011 The Authors. Journal compilation © 2011 The Physiological Society
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45% of V1299F expressing cells. The PEPD-T14641 mutant
exhibited the largest enhancement in resurgent current
amplitude (~21% of peak transient current) compared
to WT (~6%). The other PEPD mutants, M1627K
(~16%) and V1299F (~10%), also enhanced resurgent
current amplitude relative to WT. Conversely, neither
IEM mutation enhanced resurgent currents compared to
WT channels. The [IEM-1848T mutant exhibited resurgent
currents in 90% of cells tested and the resurgent current
amplitude was ~5% of peak transient current. The
IEM-L858H mutant only produced detectable resurgent
current in 38% of cells tested and the resurgent current
amplitude was also ~5% of peak transient current. These
results demonstrate that of the mutations investigated

A7
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here, only PEPD mutants increase resurgent current
amplitude relative to WT.

The decay time constant is correlated with resurgent
current amplitude

To determine whether the decay time constant (in the
presence of Navf4 peptide at +20 mV) correlates with the
resurgent current amplitude, all cells for each construct
that generated resurgent current were displayed on a
scatter plot and fitted with a linear trendline. As seen in
Fig. 4A, the decay time constant correlates reasonably well
with resurgent current amplitude (R*> = 0.66). However,

| 100 pA

Figure 3. Navp4 peptide produces
resurgent currents in Nav1.7 channels
expressed in HEK293 cells

A and B, resurgent current traces recorded
from representative HEK293 cells expressing

‘ 200 pA 50 pA
10ms 10 ms ‘ 10 ms
WT M1627TK | T1464I

10 ms

V1299F

1500

10 ms

1848T

“SBPA

10 ms
M1627K

either Nav1.7 WT or mutant channels in the 50 pA |1_50 pa
absence (A) and presence (B) of NavB4 in the 10 ms 10 ms
recording pipette. Note that the current

amplitudes are scaled to reflect the relative size V1299F 1848T

of resurgent currents in relation to WT and to
better compare the currents between each
construct in the absence and presence of the
peptide. C, resurgent current amplitude, as
measured as a percentage of the average peak
transient current elicited at +20 mV obtained
immediately prior to and following the
resurgent current protocol as shown in D. For
cells recorded in the absence of Navg4: WT,
n=12; M1627K, n=9; T1464l, n = §;
V1299F, n = 9; 1848T, n = 8; L858H, n = 8. The
n values for cells recorded in the presence of
Navp4 are shown on the bars in C. *P < 0.05
by one-way ANOVA and Tukey's post hoc test
compared to WT.
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when either the T14641 or M1627K groups are excluded
from the plot, and the plot is re-fitted, the correlation
is substantially improved (T14641 excluded, R*> =0.71;
M1627K excluded, R*> =0.87). This difference is readily
apparent in that the M1627K channels exhibit significantly
smaller resurgent currents (~16%) compared to T14641
(~21%), yet display a slower decay time constant.

It should be noted that in the presence of the Navp4
peptide, the decay time constant is not a direct measure
of the rate of normal fast inactivation mediated by
the inactivation gate, but rather the rate of ultra-fast
open-channel block mediated by the Navp4 peptide. As
such, we cannot directly compare the rate of normal
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Figure 4. Correlation between resurgent current amplitude
and the decay time constant for Nav1.7 WT and mutant
channels

A, each cell which generated resurgent current (n = 52) across
Nav1.7 WT and mutant channels is plotted here with its respective
decay time constant in the presence of the Navg4 peptide. The
continuous line represents the linear trendline including all cells. The
dotted line represents the linear trendline incorporating all cells
except T1464I (n = 41) and the dashed line represents the linear
trendline incorporating all cells except M1627K (n = 41) to
demonstrate that the improved correlation when the subgroups are
excluded. B, average decay time constants for each channel
construct in the presence (y-axis) and absence (x-axis) of the Navg4
peptide.
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fact inactivation to resurgent current amplitude on an
individual cell basis because we are unable to record the
decay time constant in an individual cell in the presence
and absence of the NavB4 peptide. However, as shown in
Fig. 4B, the average decay time constants (from Fig. 2) for
each construct in the presence and absence of the Navg4
peptide are strongly correlated (R* = 0.98), suggesting that
the rate of ultra-fast open-channel block in the presence of
the Navp4 peptide is an excellent predictor of the relative
rate of normal fast inactivation.

T14641 maintains a more stable open-channel block
compared to M1627K and WT Nav1.7

Resurgent currents are voltage and time dependent, with
large currents favoured by brief, strong depolarizations
and a decrease in amplitude associated with longer
duration pulses (Raman & Bean, 2001; Wang et al. 2006).
Thus, itis believed that over time, the inactivation gate will
outcompete the blocking particle, favouring normal fast
inactivation during prolonged depolarizations. The data
shown in Fig. 4A suggest that the relationship between
the rate of current decay and resurgent current amplitude
may be affected by the location of the mutation and the
mechanism by which inactivation is impaired. We hypo-
thesized that a mutation (T14641) within the inactivation
gate would differentially affect the ability of the IFMT
loop to outcompete the Navp4 peptide compared to a
mutation (M1627K) within a putative ‘docking site’. We
predicted the location-specific effects to be manifested by
differences in resurgent current amplitude across longer
depolarizing pulse durations between the two groups. As
seen in Fig. 5, the WT, T14641 and M1627K channels all
display reduced resurgent current amplitudes with longer
duration pulses. However, the relative magnitude of the
decrease in resurgent current amplitude over time was
significantly less pronounced for T14641 compared to
WT and M1627K. These results suggest that the T1464I
mutation within the inactivation gate hinders the ability
of the channel to ultimately transition to a stabilized
inactivated state to a greater extent than the mutation
in a putative ‘docking site’ (M1627K). As a result, there is
likely to be a higher percentage of channels that undergo
open-channel block by the peptide for the T14641 mutant,
as indicated by the large enhancement in resurgent current
amplitude noted previously (Fig. 3).

Discussion

PEPD and IEM mutations differentially affect the
voltage-dependent gating properties of Nav1.7. Although
both sets of mutations can increase the excitability
of sensory neurons, they are associated with distinct
syndromes characterized by pain in different regions of
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the body. We asked if resurgent currents, which contribute
to increased action potential firing in neurons, might be
differentially enhanced by PEPD and IEM mutations. For
the first time, we demonstrate that Nav1.7 channels stably
expressed in HEK293 cells can produce resurgent currents
with inclusion of the Navf4 peptide in the recording
pipette. We did not observe an enhancement in resurgent
current amplitude with either of the two IEM mutations
compared to WT Navl.7 channels. In contrast, we show
thatall three PEPD mutations exhibited significantly larger
resurgent currents compared to WT channels, although
to varying degrees. Furthermore, our data indicate that
the amplitude of resurgent currents depends on not only
the extent to which inactivation is impaired, but also the
mechanism by which inactivation is impaired. Based on
these data, we hypothesize that resurgent currents could
contribute to modulating the neuronal hyperexcitability
and pain associated with PEPD.

The IEM mutations did not enhance resurgent
current generation. Cells expressing the L858H mutation
displayed resurgent currents less frequently (3 of 8 cells)
compared to WT (13 of 14 cells), which may be a
consequence of the faster current decay kinetics exhibited
by L858H. Although cells expressing the I1848T mutations
displayed resurgent currents in nearly every cell tested
(9 of 10 cells), resurgent current amplitude was not
different from WT. The 1848T and L8585H mutant
channels do not exhibit altered voltage dependence of
channel inactivation, but do exhibit a hyperpolarized shift
in the voltage dependence of activation (Table 1) and
considerably slower deactivation (transition from open
to closed states) (Cummins et al. 2004) of Nav1.7 sodium
currents. Together, these results suggest that changes in
channel activation and deactivation are not sufficient to
play a significant role in modulating resurgent current
generation.

Two of the PEPD mutations (T14641 and M1627K)
substantially and reliably enhanced resurgent currents
compared to WT. Both of these mutations significantly
slow the rate of fast inactivation. Fast inactivation of
sodium channels occurs within milliseconds after channel
opening and involves a structural rearrangement of the
channel resulting in binding of the inactivation gate to
a nearby region (docking site), occluding the channel
pore and preventing further sodium influx (Catterall,
2000). Mutation of residues within the inactivation gate or
putative docking sites, such as with PEPD, is likely to result
in impaired interactions between these two regions of the
channel, thus destabilizing inactivation (Fertleman et al.
2006; Dib-Hajj et al. 20084; Jarecki ef al. 2008). The current
model for resurgent current generation suggests that a
blocking particle competes with the inactivation gate for
binding to or near the channel pore. If the blocking particle
binds before normal inactivation occurs, the channel
undergoes open-channel block thereby preventing the
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inactivation gate from binding (Grieco et al. 2005). Our
data on the rate of current decay in the absence and
presence of the Navj4 peptide clearly indicate that with
Navl.7, the NavB4 peptide is capable of occluding the
pore more quickly than the inactivation gate resulting
in ultra-fast open-channel block. With the T14641 and
M1627K mutants, the decay time constant at more positive
potentials in the presence of the peptide is substantially
accelerated compared to in the absence of the peptide
(Supplemental Fig. 4), suggesting that open-channel block
is voltage dependent. Alternatively, inclusion of the Nav 4
peptide may facilitate binding of the inactivation gate;
however this scenario is unlikely considering that the
inactivation gate cannot unbind from the pore until the
cell has been sufficiently hyperpolarized for several milli-
seconds. Indeed, in the absence of the Navg4 peptide,
no current is detected following repolarization of the
membrane potential in the WT or mutant Nav1.7 channels
(Fig. 3A), and thus unbinding of the inactivation gate does
not occur at intermediate potentials at which resurgent
currents are detected. Furthermore, Wang et al. (2006)
demonstrated that Nav34 can block inactivation-deficient
mutant Navl.5 channels, demonstrating that the Navp4
peptide alone can block sodium channels.
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Figure 5. Dependence of resurgent current amplitude on
duration of depolarizing voltage step between Nav1.7 WT
and PEPD mutant channels

Cells expressing WT, T1464| and M1627K channels were assayed for
their ability to generate resurgent current using a depolarizing
conditioning pulse to +30 mV at different pulse durations

(8-256 ms) and then repolarized to a potential near which the peak
resurgent current amplitude was observed for each channel
construct in order to maximize the signal-to-noise ratio (see inset).
For each individual recording, resurgent current amplitudes were
normalized to the current amplitude at 8 ms and presented as a
percentage of that amplitude and averaged for all cells in each
group (n = 8-9, *P < 0.05 Tl different from WT; #P < 0.05 Tl
different from MK, 1P < 0.05 MK different from WT by one-way
ANOVA and Tukey's post hoc test).



606 J. W. Theile and others

Open-channel block is voltage and time dependent,
with block favoured by brief, strong depolarizations. Over
time, it is believed that the inactivation gate outcompetes
the blocking particle, with long depolarizations favouring
normal inactivation and thus smaller resurgent currents
(Raman & Bean, 2001). We demonstrate that over time,
the resurgent currents seen in WT and M1627K decrease in
amplitude to a similar degree (Fig. 5), suggesting that any
structural or functional change induced by the M1627K
mutation does not significantly impair the ability of the
inactivation gate to outcompete the blocking particle
over time. Thus, the slower decay time constant seen
in M1627K may be the determining factor for the large
difference in resurgent current amplitude compared to
WT. However, for T1464I, resurgent current amplitude
decreased less over time compared to WT and M1627K,
suggesting that the T14641 mutation reduces the ability
of the inactivation gate to outcompete Nav34 for binding
to the channel and occluding the pore. We hypothesize
that because the intracellular loop to which the M1627K
mutation is localized is just one of several putative docking
sites for the inactivation gate, normal inactivation may
proceed, albeit slowly, through binding to the remaining
unaltered dockingsite(s). In contrast, the T1464] mutation
lies within the inactivation gate, and thus stabilization
of inactivation (and displacement of Navf4 over time)
proceeding through binding of the inactivation gate to the
docking sites is likely to be impaired. As such, enhanced
stability of Nav4 binding to the channel, and hence more
channels undergoing open-channel block, may provide
an explanation for the larger resurgent currents seen with
T14641.

The PEPD-V1299F mutation also enhanced resurgent
currents compared to WT channels, but to a much lesser
extent than the other PEPD mutations. Interestingly, in
our present study, the V1299F mutation exhibited slightly
slower decay kinetics compared to WT only at 430
and +40 mV, whereas the M1627K and T1464I channels
exhibited substantially slower kinetics at nearly every
potential tested. These results may partially explain why
resurgent currents were observed less frequently (5 of 11
cells) for V1299F and were significantly smaller compared
to the resurgent currents observed with the M1627K and
T14641 mutations. The observation that V1299F enhanced
resurgent current amplitude while only slightly altering the
rate of fast inactivation indicates that other factors may
impact resurgent current generation. In addition to the
depolarizing shiftin the voltage dependence of steady-state
fast inactivation, V1299F displayed enhanced persistent
currents (5.3 +0.3% normalized current remaining at
45ms) compared to WT (1.0 £0.2%), indicating that
changes in inactivation that result in increased persistent
currents may also contribute to resurgent current
generation, albeit to a lesser extent than alterations that
substantially slow the rate of inactivation. Consequently,
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destabilized inactivation in general (not only changes in
the rate of fast inactivation) may be important in the
mechanism of resurgent current generation. These data
raise the possibility that the extent to which specific
PEPD mutations impair inactivation is likely to be
subject to modulation and therefore we predict that the
relative amplitude of resurgent currents generated by
PEPD mutant channels is also subject to modulation.
We speculate that modulation of resurgent currents in
nociceptive afferents innervating different regions of the
body might be one factor contributing to the regional
distribution of abnormal pain sensations associated with
PEPD.

Resurgent currents are proposed to facilitate high
frequency firing in Purkinje neurons by providing a
depolarizing input at moderately negative potentials to
drive cells to firing threshold through rapid recovery from
open-channel block (Raman & Bean, 2001; Khaliq ef al.
2003). We previously demonstrated that a PEPD mutation
localized to the inactivation gate (Nav1.7-11461T) that
produces resurgent currents in transfected DRG neurons
increases action-potential repetitive firing in simulated
neurons (Jarecki et al. 2010). M1627K channels expressed
in DRG neurons render these neurons hyperexcitable
in part by lowering the threshold for action-potential
firing (Dib-Hajj et al. 2008a), and we hypothesize that
enhanced resurgent currents play a role in mediating
this hyperexcitability. It is currently unknown whether
the VI1299F, T14641 and M1627K mutations confer
differential degrees of hyperexcitability as predicted by
the differential enhancement in resurgent currents. Future
studies are necessary in order to determine if there is a
direct correlation between the extent of neuronal hyper-
excitability and the resurgent current amplitude within
individual neurons expressing these mutant channels.

Although inclusion of the C-terminal NavB4 peptide
in the intracellular solution is sufficient for generating
resurgent currents in Navl.7 channels, co-expression of
the full-length Navg4 subunit with Navl.7 in HEK293
cells does not yield resurgent currents (Supplemental
Fig. 1). The reasons for this discrepancy are beyond the
scope of this study, although several hypotheses have been
suggested (Aman et al. 2009). Resurgent currents seen
in HEK293 cells appear very similar to resurgent currents
seen in Purkinje and DRG neurons, yet several caveats arise
with investigating resurgent current mechanisms using a
truncated version of the Nav$4 subunit in a heterologous
expression system. First, the peptide may not be subjected
to the same modulation as the full-length protein. As such,
additional modulation may be important in determining
resurgent current characteristics between the PEPD
mutants. Second, although the Navf4 subunit seems to
be crucial to generation of resurgent currents in cerebellar
granule cells, other blocking particles may be important
in different neuronal populations and, if so, these
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may interact differently with distinct PEPD mutations.
Furthermore, it remains a possibility that in the native
system, such as with DRG neurons, the C-terminal portion
of the Nav34 tail may be cleaved before interacting with the
channel.

Overall, our data demonstrate that localization of
missense mutations within the a-subunit of the channel
confers differential effects on voltage-dependent gating
properties and resurgent current characteristics. Channels
expressing mutations that destabilize fast inactivation,
such as those associated with PEPD, have an increased
likelihood of undergoing ultra-fast open-channel block
resulting in enhanced resurgent currents. As such, selective
manifestation of resurgent currents in Navl.7 channels
harbouring PEPD mutations may contribute to the
differential pathophysiologies displayed with the different
PEPD mutations and more importantly, between PEPD
and IEM. Furthermore, drugs that selectively target
resurgent currents could result in improved selectivity in
the treatment of PEPD or other neuropathies displaying
enhanced resurgent currents while minimizing unwanted
side effects.
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