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currents in dorsal root ganglion
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States, *Institute of Special Environment Medicine, Nantong University, Nantong, China, “Department
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Sodium channel Navl.7 triggers the generation of nociceptive action potentials
and is important in sending pain signals under physiological and pathological
conditions. However, studyingendogenous Navl.7 currentshasbeenconfounded
by co-expression of multiple sodium channel isoforms in dorsal root ganglion
(DRG) neurons. In the current study, slow-repriming (SR) and fast-repriming (FR)
tetrodotoxin-sensitive (TTX-S) currents were dissected electrophysiologically
in small DRG neurons of both rats and mice. Three subgroups of small DRG
neurons were identified based on the expression pattern of SR and FR TTX-S
currents. A majority of rat neurons only expressed SR TTX-S currents, while
a majority of mouse neurons expressed additional FR TTX-S currents. ProTx-
II'inhibited SR TTX-S currents with variable efficacy among DRG neurons. The
expression of both types of TTX-S currents was higher in Isolectin B4-negative
(IB,7) compared to Isolectin B4-positive (IB,*) neurons. Paclitaxel selectively
increased SR TTX-S currents in IB,~ neurons. In simulation experiments, the
Navl.7-expressing small DRG neuron displayed lower rheobase and higher
frequency of action potentials upon threshold current injections compared to
Navl.6. The results suggested a successful dissection of endogenous Navl.7
currents through electrophysiological manipulation that may provide a useful
way to study the functional expression and pharmacology of endogenous
Navl.7 channels in DRG neurons.
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Introduction

Voltage-gated sodium channels (VGSCs) initiate and conduct action potentials in neurons
(Hodgkin and Huxley, 1952). Nine subtypes of mammalian VGSCs (Navl.1 to 1.9) have been
identified (Noda et al., 1986; Catterall et al., 2005). Seven subtypes of VGSCs are expressed in
dorsal root ganglion (DRG) including tetrodotoxin-sensitive (TTX-S) Nav1.1, 1.2, 1.3, 1.6, and
1.7 and tetrodotoxin-resistant (TTX-R) Nav1.8 and Nav1.9 (Dib-Hajj et al., 2010; Ho and
O'Leary, 2011). Compared to the major TTX-R VGSC (Nav1.8), TTX-S VGSCs display a lower
activation threshold which facilitates the amplification of subthreshold depolarization for
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action potential generation (Rush et al., 2007). Among TTX-S VGSCs,
Navl.7 is selectively expressed in the peripheral nervous system, while
Navl.1, 1.2, 1.3, and 1.6 are also expressed in the central nervous
system (Sangameswaran et al, 1997; Toledo-Aral et al., 1997).
Compared to other TTX-S VGSCs, Navl.7 features a slow closed-state
inactivation property which enables Nav1.7 to efficiently amplify slow
receptor potentials for action potential generation at free nerve
endings (Cummins et al., 1998). Therefore, Navl.7 is considered a
threshold sodium channel in nociceptive DRG neurons and is
so-called “peripheral gatekeeper” of pain (Dib-Hajj et al., 2013).
Human mutations of Nav1.7 are associated with multiple inherited
pain dysfunction. Loss-of-function mutations of Nav1.7 are associated
with congenital insensitivity to pain (CIP) (Cox et al., 2006). In
contrast, gain-of-function mutations of Navl.7 are associated with
inherited pain syndromes including inherited erythromelalgia (IEM)
(Yang et al., 2004, 2016; Waxman, 2013), paroxysmal extreme pain
disorder (PEPD) (Fertleman et al., 2006; Jarecki et al., 2008), and
idiopathic small fiber neuropathy (SFN) (Faber et al., 2012).
Increased expression of Navl1.7 has been reported in multiple
animal models of pathological pain (Hong et al., 2004; Due et al., 2014;
Lee et al., 2014; Emery et al., 2016; Xia et al., 2016; Li et al., 2018).
However, it is not clear whether or how much functional Nav1l.7
currents are changed in these pain models (Ho and O'Leary, 2011).
Although overall biophysical properties are similar among TTX-S
isoforms of VGSCs in DRG neurons, Navl1.7 reprimes slower than
other isoforms (Herzog et al., 2003). In the current study, we aimed to
electrophysiologically dissect subtypes of the TTX-S currents in small
DRG neurons of both rats and mice, to subgroup small DRG neurons
based on their expression pattern of TTX-S currents, to examine
dissected components of TTX-S currents under physiological,
pharmacological, pathological, and simulation conditions.

Experimental procedures
Cell culture

DRG neurons of adult rats or mice were dissociated and cultured
as previously described (Cummins et al., 1998; Tan et al., 2014).
Animal procedures were approved by the Indiana University School
of Medicine Institutional Animal Care and Use Committee. Briefly,
male Sprague Dawley rats (120-150g, Harlan, Indianapolis, Indiana,
United States) or male C57BL/6 mice (20-30g, Jackson Lab, Bar
Harbor, ME, United States) were rendered unconscious by exposure
to CO, and decapitated. The lumbar DRGs were excised and then
incubated in DMEM (Fisher Scientific, Pittsburgh, PA, United States),
containing type 1 collagenase (1.6mg/mL, Fisher Scientific) and
protease (1 mg/mL, Fisher Scientific). After incubation for 30-35min
in a 37°C thermo rocker, the ganglia were sequentially triturated in
DMEM supplemented with 10% FBS (Fisher Scientific) and plated on
glass coverslips coated with poly-D-lysine (Sigma-Aldrich, St. Louis,

Abbreviations: CIP, Congenital insensitivity to pain; DRG, Dorsal root ganglion;
DR, Double repriming; FR, Fast repriming; IB,~, Isolectin B4-negative; IB,*, Isolectin
B4-positive; IEM, Inherited erythromelalgia; PEPD, Paroxysmal extreme pain
disorders; SFN, Small fiber neuropathy; SR, Slow repriming; TTX-R, Tetrodotoxin-

resistant; TTX-S, Tetrodotoxin-sensitive; VGSC, Voltage-gated sodium channel.
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Missouri, United States) and laminin (Sigma-Aldrich). Cultures were
maintained at 37°C in a humidified 95% air and 5% CO, incubator.

Electrophysiology

Whole-cell patch-clamp recordings were conducted in DRG
neurons of adult rats or mice as previously described (Cummins et al.,
1998; Tan et al., 2014; Su et al., 2020). Recordings were obtained from
DRG neurons 14-28h after dissociation. Whole-cell voltage-clamping
was applied at room temperature (approximately 22°C) using a HEKA
EPC-10 amplifier (HEKA Elektronik, Lambrecht, Germany) or an
Axopatch 200B patch-clamp amplifier (Molecular Devices
Corporation, Sunnyvale, CA, United States). Data were acquired using
the Pulse program (version 8.80; HEKA Elektronik) or pCLAMP 8.0
software (Molecular Devices). Fire-polished electrodes (0.7-1.2 M)
were fabricated from 1.7 mm capillary glass using a Sutter P-97 puller
(Novato, CA), and the tips were coated with sticky wax (KerrLab) to
minimize capacitive artifacts and enable increased series resistance
compensation. The standard intracellular solution consisted of
140mM CsE 10mM NaCl, 1.1 mM EGTA, 10 mM HEPES, and pH
7.3. The standard extracellular solution contained 130 mM NaCl,
30mM TEA chloride, 1 mM MgCl2, 3 mM KCl, 1 mM CaCl,, 0.05 mM
CdcCl,, 10mM HEPES, 10mM D-glucose, and pH 7.3. Recording
solutions were adjusted using D-glucose to maintain physiological
osmolality values (305 and 315 Osm for intracellular and extracellular
solutions, respectively). All the chemicals were purchased from
Sigma-Aldrich except for otherwise mentioned.

Cells on glass coverslips were transferred to a recording chamber
containing the 250 pL bathing solution. For neurons subject to IB4
staining, 10 pg/mL IB4-FITC was used for 10 min followed by 2min
rinse (Breese et al., 2005; Wu et al., 2021). Series resistance errors were
compensated by 80-90%. Leak currents were linearly canceled by
digital P/5 subtraction. Cells were held at a membrane potential of
—100mV. Membrane currents were sampled at 20kHz and were
filtered at 5kHz. Whole-cell currents were not recorded before 3 min
after whole-cell configuration had been established to allow adequate
time for the intracellular solution and cytoplasmic milieu to
equilibrate. In addition, repetitive depolarization protocols (a series of
60 pulses of 20 ms each to —10mV) were used to facilitate rundown
of Nav1.9-like current. Repriming currents were assayed with a paired
depolarization protocol in which the first pulse depolarized the
membrane to -20mV for 20 ms to activate and then inactivate sodium
currents, and then it restored the membrane to -100mV for a period
of time ranging from 2ms to 258 ms before the second pulse
depolarizing the membrane to -20mV for 20ms again to test the
recovered sodium currents.

The kinetics of recovered sodium currents were compared. The
maximally recovered TTX-R currents were subtracted from the total
sodium currents that included both slow activating and inactivating
TTX-R currents and fast activating and inactivating TTX-S currents
(Figure 1). The subtracted TTX-S currents were plotted against their
repriming time interval. The repriming processes were fitted by a
double exponential function, and two time constants were obtained
for the two terms of exponential fitting. Neurons with identical time
constants were defined as single repriming which can be confirmed
by fitting with the single exponential function. Time constants larger
than 100 ms, which consisted of <5% of the total time constants, were
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FIGURE 1

Recording of sodium current repriming in small DRG neurons of rats.
(A) The voltage protocol used for recording of sodium current
repriming. (B) Representative traces showing the repriming of
sodium currents recorded in a small DRG neuron dissociated from
adult Sprague—Dawley rats. (C) Comparison of time-dependent
repriming of sodium current recorded in A. Note there was a
selective increase in fast-activating and fast-inactivating currents
after 3 ms repriming (the red trace). (D) Separation of TTX-S current
from TTX-R current by subtracting maximally recovered TTX-R
currents from total sodium currents.

excluded from the current study because those time constants may
represent the recovery of sodium currents from slow to intermediate
inactivation but not recovering from the fast inactivation of sodium
channels which was concerned in this study.

Peak steady-state TTX-S and TTX-R currents were separated by
subtracting the maximal steady-state inactivation current of TTX-R
from the maximal steady-state inactivation current of the total
currents recorded by depolarization to O0mV from a 500ms
pre-holding at -110mV (Cummins et al., 1998).

Neuronal modeling

The membrane excitability of simulated small mouse DRG
neurons was studied using the NEURON simulation program (version
7.3) (Hines and Carnevale, 1997). Based on the experimental data
recorded from 18 small mouse DRG neurons using whole-cell current
clamping, a single-compartment cylindrical model of length 20 pm
and radius 20 pm was created to simulate a mouse DRG neuron with
16 pF of whole-cell capacitance. The integration method was Crank-
Nicholson at an integration time step (dt) of 0.025 ms.

Simulations were performed assuming room temperature in
which the experimental data were recorded. Free ionic concentrations
of sodium [(Na*),=145mM; (Na");=5mM] and potassium
[(K")y=3mM; (K*);=135mM] were used to calculate their Nernst
reversal potential of +86.5mV (Ey,) and—97.7mV (E,), respectively.
The linear leakage current was defined as Ij .. = grea(V — Erea), where
g1k 18 the leak conductance, V is the membrane potential, and E;, is
the reversal potential for the leak current. E; ., was set at —=54.9mV
which was also the averaged value of resting membrane potential
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recorded. g, was set at 0.000055S/cm* which corresponded to the
average value of input resistance of 1448M€Q.

The model of small mouse DRG neurons included a leak
conductance, two potassium conductance, and two or three sodium
conductance (TTX-S Nav1.6 and/or Navl.7 and TTX-R Nav1.8). The
mouse Navl.6 and Navl.7 conductance was obtained from DRG
neurons of Nav1.8-knockout mice transfected with TTX-R form of
mouse Navl1.6 and Nav1.7 channels (Herzog et al., 2003). The Nav1.8
conductance was slightly modified, based on the properties of TTX-R
currents recorded in the current study, from a rat Nav1.8 conductance
(Sheets et al., 2007). A transient and a delayed rectifier potassium
conductance was included (Sheets et al., 2007).

Statistical analysis

Averaged data were presented as mean + SEM. The Student ¢ test,
chi-square test, or one-way ANOVA was used to examine the
statistical significance. The significance level was set at a value of p
of 0.05.

Results

Dissecting slow and fast-repriming
components of TTX-S currents in small
DRG neurons of rats

Sodium currents were recorded in small-sized DRG neurons
(D<30pm) dissociated from adult rats. To separate the different
components of TTX-S current, a repriming protocol (Figure 1A) was
designed to first separate TTX-S from TTX-R currents and then to
separate the slow-repriming (SR) from the fast-repriming (FR)
component of TTX-S currents. To separate the TTX-S from TTX-R
currents, a test pulse of -20mV was chosen for sodium current
activation. At -20mV, approximately 80% TTX-S currents were
activated, while less than 40% TTX-R currents were activated (Rush
etal,, 2007). In addition to differential current amplitude activated by
-20mV test pulse, the activation time constant of TTX-R currents also
peaked at -20mV (TTX-R currents activate slowest at this voltage)
(Sheets et al., 2007). Therefore, both a small amount of activation and
the slowest activation kinetics of TTX-R currents were chosen in this
protocol. To separate the SR and FR components of TTX-S currents,
-100mV was chosen as the holding and repriming voltage. This
holding/repriming voltage allowed a good difference in repriming
time constants between fast and slow components (compared to more
negative voltages) and prevented a too slow time constant for the SR
component (compared to more positive voltages) (Herzog et al., 2003)
which could overlap with the repriming of slow/intermediate
inactivation of sodium channels. Therefore, the protocol used here
utilized the differential properties both between TTX-S and TTX-R
currents and between SR and FR components of TTX-S currents.

As shown in Figure 1, sodium currents recovered as the repriming
intervals increased (Figure 1B). By comparing the currents recovering
over time (Figure 1C), it was found that current amplitude increased
with a change in current kinetics from 3 ms (red trace) on. From 2 ms
to 3 ms, the current amplitude slightly increased without an apparent
change in the overall current kinetics. From 3 ms on, the increase in
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currents was associated with a leftward shift in time-to-peak.
Moreover, the increases happened during the rising and fast-
inactivating phases of currents, but to the least, in the slow-inactivating
phase. These changes suggested that there was a fast-activating and
fast-inactivating current component selectively recovered from 3 ms
on. As it is known that TTX-S currents are the fast-activating and
fast-inactivating sodium currents expressed in DRG neurons, these
results suggested that TTX-S currents started to recover from 3 ms on.
Therefore, TTX-R currents were subtracted from total sodium
currents resulting in the separation of TTX-S currents repriming over
time (Figure 1D).
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FIGURE 2

Differential repriming of TTX-S currents in small DRG neurons of rats.
(A—D) Representative traces showing the repriming of TTX-S sodium
currents recorded from four small DRG neurons using the protocol
presented in Figure 1. (E) The amplitude of each current was
normalized to the current recorded at 258 ms in each neuron as
shown in A=D. The current in A (red) and B (black) were best fitted by
a single exponential function, while the current in C (blue) and D
(green) were best fitted by a double exponential function. (F) The
distribution of time constant for single-repriming TTX-S currents.

(G) The distribution of combined single-repriming time constants
and the faster time constants in neurons that had a slower time
constant larger than 70 ms. The distribution pattern of fast and slow
time constant domains is similar between (F,G). The two time
constants fell in the 10—15 ms range were 10.1 and 11.2 ms. (H) DRG
neurons were divided into three different groups: slow-repriming
(SR), fast-repriming (FR), and double-repriming (DR) neurons based
on their components of repriming TTX-S current, respectively.
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Using this strategy, TTX-S currents in 113 small DRG neurons
were separated. It was noticed that repriming processes for TTX-S
currents were different among neurons. For example, at a repriming
interval of 18 ms (purple trace), TTX-S currents in neuron A
(Figure 2A) almost fully recovered, while only a small portion of
currents in neuron B (Figure 2B) recovered. To examine the fast and
slow components of repriming currents, repriming processes were
fitted by the double exponential function. Some neurons were best
fitted by the double exponential function (Figures 2C—E; green/
triangle up and blue/triangle down), while others were best fitted
by the single exponential function (Figures 2A,B,E; black/square
and red/circle). To understand the distribution of repriming time
constant for single-repriming cells (whose repriming processes
were best fitted by the single exponential function; n=69), a
histogram graph (Figure 2F) was plotted to show the frequency
count of repriming time constants in those cells. All the time
constants were between 0 and 70 ms, and there were both SR
(>15ms) and FR (<12 ms) components. It was further included in
Figure 2G with a time constant of <70ms from cells (whose
repriming processes were best fitted by double exponential
functions; n=12) that had another time constant >70 ms. A similar
distribution pattern was observed in Figure 2G compared to
Figure 2F. It was indicated that time constants larger than 70 ms
might fall out of the repriming process for fast inactivation, which
was the interest of the current study, and fall into the repriming
process for slow/intermediate inactivation. Therefore, the neurons
with one of the two time constant larger than 70 ms were treated as
single-repriming cells. For neurons with two time constant in the
range of 0-70 ms, it was found that the majority of them (25 out of
32) had both SR and FR components. The largest time constant for
the FR component was 12.0 ms, while the smallest time constant for
the SR component was 18.4 ms. Other seven neurons had both time
constants between 15 and 70ms. Because there was no FR
component, these seven neurons were treated as SR neurons.

Expression pattern of slow and
fast-repriming TTX-S currents in small DRG
neurons of rats

Based on the above-mentioned analysis, small DRG neurons
dissociated from rats were divided into three groups (Figure 2H): (1)
SR neurons that had a SR time constant in the 15-70 ms range without
a FR time constant in the 0-12 ms range; (2) FR neurons that had a FR
time constant in the 0-12 ms range without a SR time constant in the
15-70ms range; and (3) double-repriming (DR) neurons that had
both a FR time constant in the 0-12 ms range and a SR time constant
in the 15-70 ms range. Among 113 neurons studied, there were 73, 15,
and 25 neurons in SR, FR, and DR neuron groups, respectively.

The cellular electrophysiological properties among these three
groups of neurons were compared. It was found that there were no
significant differences in membrane capacitance and current density
of TTX-S and TTX-R currents (Table 1, One-Way ANOVA). TTX-S
and TTX-R currents were separated by subtracting the maximal
steady-state inactivation current of TTX-R from the maximal steady-
state inactivation current of the total currents recorded by
depolarization to 0mV from a 500ms pre-holding at -110mV
(Cummins et al., 1998).
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TABLE 1 Comparison of sodium currents among subpopulations of small DRG neurons and between the rat and mouse.

Subpopulation

N 73 25 15 2 60 15
Cm (pF) 26.1+1.1 250+ 1.7 271+15 16.6 148 £1.7 14.6 £ 0.5
Lrxs (NA/pE) 1.64 +0.08 1.34+0.14 1.33+0.30 1.21 2.19+0.13 2104021
Lrxx (NA/pF) 1.25+0.06 1.09+0.12 0.92+0.21 1.36 051 +0.05 059 +0.15
I (nNA/pF) 1.85+0.20 0.87 +0.08 1.96 1.23 +0.08

It (nA/pF) 1.07 +0.08 227 +0.24 1.45 +0.08 254+0.12

SR, slow-repriming neurons; DR, double-repriming neurons; FR, fast-repriming neurons.

Dissecting and expression pattern of slow
and fast-repriming TTX-S currents in small
DRG neurons of mice

Using the same strategy for rat DRG neurons, TTX-S currents of
84 small DRG neurons (D <25 pm) dissociated from adult mice were
separated from TTX-R currents (Figures 3A-C). After fitting the
repriming process of TTX-S currents, it was found that a majority
(approximately 80%) of the mouse neurons were best fitted by two
exponential functions. To determine the time constant range of fast
and slow components in small-sized mouse DRG neurons, box plots
of the faster and the slower time constants were drawn for neurons
best fitted by two exponential functions, respectively (Figures 3D,E).
For distribution of the faster time constant, a maximal value of 14.8 ms
was found and time constants larger than 14.8 ms were excluded from
this group as outliners (Figure 3D). For distribution of the slower time
constant, a minimum of 17.7 ms and a maximum of 84.5 ms was found
(Figure 3E). Taken together, time constants less than 14.8 ms were
considered as fast that corresponds to FR current, while time constants
between 17.7 and 84.5ms were considered as slow related to SR
current. On the other hand, time constants between 14.8 and 17.7 ms
were not considered as either fast or slow, while time constants over
84.5ms were considered for slow/intermediate inactivation.

Based on the above criteria, small DRG neurons dissociated from
mice were divided into three groups: (1) SR neurons that had a SR time
constant in the 17.7-84.5 ms range without a FR time constant in the
0-14.8 ms range; (2) FR neurons that had a FR time constant in the
0-14.8 ms range without a SR time constant in the 17.7-84.5ms range;
and (3) DR neurons that had both a FR time constant in the 0-14.8 ms
range and a SR time constant in the 17.7-84.5ms range. Among 84
neurons studied, there are 2, 15, and 60 neurons in the SR, FR, and DR
neuron groups, respectively (Figure 3F). Neurons with a time constant
between 14.8 and 17.7 ms (n=7) were excluded from classification.

The cellular electrophysiological properties among these three
groups of neurons were compared in Table 1. The properties of the SR
neurons were not compared to the other two groups due to their small
number of 2. The membrane capacitance and current density of
TTX-S and TTX-R currents were not different between the DR and
FR groups (Table 1).

Effects of ProTx-Il on slow and fast-repriming
TTX-S currents in small DRG neurons

It has been reported that ProTx-II selectively inhibits Nav1.7
in vitro (Schmalhofer et al., 2008). We examined the effects of
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ProTx-II on SR and FR components of TTX-S currents in small
DRG neurons of both rats and mice. In rat neurons, pre-treatment
of 10 nM ProTx-II did not significantly inhibit TTX-R currents
(0.38+0.06 and 0.32+0.07nA/pF for control (n=26) and
ProTx-II (n=14), respectively; Figures 4A,B). However, 10 nM
ProTx-II significantly inhibited SR currents in SR cells (Figure 4C)
but not SR or FR currents in DR neurons (Figure 4D). The effects
of ProTx-II on FR neurons were not compared due to their small
number. In mouse neurons, pre-treatment of 100 nM ProTx-II
significantly inhibited SR currents in DR cells (Figure 4E).
However, 30 nM ProTx-II did not inhibit either SR or FR currents
(1.29+0.24 and 1.07+0.28nA/pF and 0.96+0.10 and
0.91+0.33nA/pF for fast_control (n=11) and fast_ProTx-II
(n=28) and for slow_control (n=11) and slow_ProTx-II (n=38),
respectively). In the study, 100 nM ProTx-II did not inhibit TTX-R
currents (0.40+0.03 and 0.42 £ 0.05 nA/pF for control (n=17) and
ProTx-II (n=26), respectively).

Navl.7 generates larger slow ramp currents compared to other
TTX-S isoforms expressed in DRG neurons. To test whether
neurons expressing more SR currents can generate larger slow
ramp currents, both repriming currents and slow ramp currents
were recorded in the same DRG neurons of mice. Peak ramp
currents were normalized to the maximal repriming TTX-S
currents. Ratio ramp currents were compared among three groups
of neurons: FR neurons, DR neurons with SR current amplitude <
FR current amplitude, and DR neurons with SR current amplitude
> FR current amplitude. No SR neurons were studied due to their
small percentage. As shown in Figure 5, ratio ramp currents were
significantly different among the three groups of neurons
(Figure 5D). Ratio ramp currents in the DR neurons with more SR
currents (than FR currents) were significantly larger than those in
the other two groups (Figure 5D).

Effects of paclitaxel and high glucose on
the expression of slow and fast-repriming
TTX-S currents in IB,* and IB,~ small DRG
neurons

To study the functional implication of SR and FR TTX-S
currents, we examined their expression in IB,” and IB,”
subpopulations of small mouse DRG neurons in the absence or
presence of paclitaxel or high glucose (Chattopadhyay et al., 2008;
Chang et al., 2017). In the control IB,* group, there were 1 SR, 5
FR, and 11 DR neurons. In the control IB,” group, there were 1 SR,
1 FR, and 12 DR neurons. Compared to IB,” neurons, there was a
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repriming TTX-S currents, respectively.

Recording of sodium current repriming in small DRG neurons of mice. (A) Representative traces showing the repriming of sodium currents recorded in
a small DRG neuron dissociated from adult C57BL/6 mice. The voltage protocol used for recording of sodium current repriming is the same as shown
in Figure 1. (B) Comparison of time-dependent repriming of sodium current recorded in A. Note there was a selective increase in fast-activating and
fast-inactivating currents after 3 ms repriming (the red trace). (C) Separation of TTX-S current from TTX-R current by subtracting maximally recovered
TTX-R currents from total sodium currents. The box plots of the distribution of the fast (D) and the slow (E) time constants. (F) DRG neurons were
divided into three different groups: slow-repriming (SR), fast-repriming (FR), and double-repriming (DR) neurons based on their components of
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significantly higher percentage of FR neurons in IB," neurons (29%
vs. 7%, chi square test). However, the density of TTX-S currents,
but not TTX-R currents, was significantly higher in the IB,~ group
compared to the IB,* group (Figures 6A-D). Moreover, the density
of SR and FR TTX-S currents in DR neurons was significantly
higher in the IB,” group compared to the IB," group (Figures 6E,F).
The current density was not compared in SR or FR neuron groups
due to the limited number of recordings.

Overnight pre-treatment of paclitaxel or high glucose increases
expression of Nav1.7 (Chattopadhyay et al., 2008, Chang et al., 2017).
We compared the SR and FR TTX-S currents of DR neurons in both
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IB," and IB,~ subpopulations of small mouse DRG neurons in the
absence or presence of overnight pre-treatment of paclitaxel (1 pM) or
high glucose (30 mM compared to 10mM in control). Compared to
the control, paclitaxel selectively increased SR but not FR TTX-S
currents in IB,” neurons (one-way ANOVA, Figures 6E,F). Paclitaxel
did not change FR currents in IB,” neurons or either component of
TTX-S currents in IB,* neurons. On the other hand, high glucose did
not change either SR or FR TTX-S currents in either IB,” or IB,
neurons. In addition to the SR TTX-S currents, paclitaxel also
significantly increased the current density of the TTX-R currents
(one-way ANOVA, Figure 6D).
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e Control Recording of slow ramp currents in small DRG neurons of mice.
Ramp sodium currents were activated by a slow ramp voltage
— ProTx I . .
L ° (100nM) protocol (=90 to +10 mV in 800 ms) in small DRG neurons
i dissociated from adult C57BL/6 mice. Five voltage ramps were
=~ applied to each neuron, and the five ramp currents were averaged.
Representative traces of ramp currents were recorded from an FR
SR cirront FR etirront neuron (A), a DR neuron with higher FR than SR currents (B), and a
DR neuron with higher SR than FR currents (C). (D) The slow ramp
FIGURE 4 currents were significantly different among the three groups of
Effects of ProTx-Il on repriming of sodium currents in small DRG neurons (p <0.01, one-way ANOVA). Data were presented as
neurons. ProTx-Il was pre-treated in culture plates for 45 min and mean + standard errors of mean. *, p < 0.01 (vs. FR neuron), post-hoc
kept in a recording chamber for 10-90 min before the repriming of Tukey test; #, p<0.05 (vs. DR neuron with higher FR than SR
sodium currents was recorded in small DRG neurons. Representative currents), post-hoc Tukey test.
traces of sodium currents repriming in rat neurons were shown in
control (A) and ProTx-Il (B) groups. ProTx-II did not inhibit TTX-R
currents in either rat or mouse neurons (see Results). However, it
significantly inhibited SR currents in SR rat neurons (C) and the SR was the highest in the Nav1.6 neuron (—26.5mV). Both the rheobase
currents in DR mouse neurons (E). In addition, ProTx-II did not . .
significantly decrease both SR and FR currents in DR rat neurons and voltage threshold (—29.0mV) of action potential in the Nav1.6/1.7
(D) or in DR mouse neurons (E). Data were presented as neuron were in between those of the other two groups. As Navl.7
*k -
mean + standard errors of mean. **, p<0.01, Student ¢-test. generates larger ramp currents compared to Nav1.6, a series of ramp

Contribution of slow and fast-repriming
TTX-S currents to membrane excitability in
small DRG neuron models

To test the possible differential contribution of SR and FR TTX-S
currents to membrane excitability of small DRG neurons, simulation
experiments were conducted on a DRG neuron model. A cell model
of small-sized mouse DRG neurons was constructed based on the
whole-cell current clamp recording of 18 small DRG neurons of adult
C57BL/6 mice. TTX-S and fast-repriming Nav1.6, TTX-S and slow-
repriming Nav1.7, TTX-R Navl.8, transient and sustained potassium
channels were incorporated into the model neuron. To test the
contribution of fast-repriming Nav1.6 and slow-repriming Nav1.7 to
the membrane excitability, three types of model neurons were
constructed: the Navl.6 neuron with Navl.6 but not Navl.7, the
Navl.7 neuron with Navl.7 but not Navl.6, and the Navl.6/1.7
neuron with half amount of Navl.6 and Navl.7. The amount of
Navl.6 in the Nav1.6 neuron was the same as the amount of Nav1.7 in
the Nav1.7 neuron. As shown in Figures 7A-D, action potentials were
triggered by a series of 2 ms square current injections. The rheobase
of action potent was the lowest in the Nav1.7 neuron, while it was the
highest in the Nav1.6 neuron. Similarly, the voltage threshold of action
potential was the lowest in the Nav1.7 neuron (—32.5mV), while it
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current were injected into the three types of neurons (Figures 7E-H).
In the Navl.7 neuron, four, five, and four action potentials were
generated by ramp current injection at 400, 600, and 800 pA,
respectively (Figure 7E). The same current injections only generated
zero, one, and four action potentials in the Nav1.6 neuron (Figure 7F).
In the Navl1.6/1.7 neuron, the same series of current injections
produced zero, five, and four action potentials (Figure 7G).

Discussion

In the current study, an SR and an FR component of TTX-S
current are electrophysiologically dissected in small-sized DRG
neurons of both rats and mice. The time constant of SR TTX-S
currents is similar to that of the TTX-R Navl.7 transfected to DRG
neurons dissociated from Navl.8 knock-out mice (Herzog et al.,
2003). Moreover, SR TTX-S current is inhibited by ProTx-II and is
associated with larger slow ramp currents compared to FR TTX-S
current. Taken together, it is suggested that SR TTX-S current
recorded in the current study is mediated by endogenous Navl.7
expressed in small DRG neurons.

The separation of SR and FR TTX-S currents may serve to validate
the efficacy and selectivity of Nav1.7 inhibitors on endogenous Nav1.7
currents in DRG neurons. For example, ProTx-II inhibits Nav1.7 with
1Cs, of 0.3 or 0.7nM in vitro (Schmalhofer et al., 2008; Xiao et al.,
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FIGURE 6

Recording of fast and slow-repriming TTX-S currents in small DRG
neurons of mice. Representative traces showing the dissection of
repriming TTX-S currents recorded in a IB;* (A) and a 1B, (B) small
DRG neuron dissociated from adult C57BL/6 mice. The voltage
protocol used for recording of sodium current repriming is the same
as shown in Figure 1. Current density of total TTX-S (C), TTX-R (D), SR
TTX-S currents (E), and FR TTX-S currents (F) in I1B,* (green bars) and
IB,~ (gray bars) neurons were compared among control (Con),
paclitaxel (Pac), and high glucose (HG) groups. Paclitaxel (1uM) or high
glucose (30mM compared to 10mM in control) were pre-treated
overnight in the culture medium. Data were presented as
mean+standard errors of mean. **, p<0.01 (vs. IB,~ neurons), student t
test; #, p<0.05 (vs. control), one-way ANOVA and post-hoc Tukey test.

2010). However, in the current study, ProTx-II significantly inhibits
SR TTX-S currents at concentrations of 10nM and 100 nM for rat and
mouse DRG neurons, respectively. At these concentrations, ProTx-II
also insignificantly inhibits FR TTX-S currents. These results suggest
that ProTx-II might be less effective and selective in inhibiting
endogenous Navl.7 currents compared to Navl.7 expressed in vitro.
Interestingly, it has been reported that Nav1.2 loses its sensitivity to
100nM ProTx-II when co-expressed with sodium channel 4 subunits
(Gilchrist et al., 2013). Since p4 subunits are expressed in DRG
neurons (Tan et al., 2014; Xie et al., 2016), it might be suggested that
(34 subunits contribute to the lower efficacy and selectivity of ProTx-II,
inhibiting endogenous Nav1.7 currents in DRG neurons. PF-05198007
is a potent and selective Nav1.7 inhibitor that blocks a majority of
TTX-S currents in small DRG neurons of mice (Alexandrou et al.,
2016). Future studies may utilize the dissecting protocol described in
the current study, combined with recently developed selective Nav1.8
blockers (Jones et al., 2023), to validate efficacy and selectivity of
Navl.7 inhibitors for endogenous Nav1.7 currents in DRG neurons.
The current study has identified three groups of small DRG
neurons based on the expression pattern of SR and FR TTX-S currents
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FIGURE 7

Recording of membrane excitability in simulated small DRG neurons
of mice. A cell model of a small mouse DRG neuron was constructed
using NEURON simulation software. Mouse Nav1.6 and/or Navl.7
channels were inserted into the model cell, along with TTX-R Nav1.8,
transient and delayed rectifier potassium channels. Action potentials
were triggered by a series of square (D) or ramp (H) current injection
in model neurons with Nav1.7 but not Nav1.6 (A,E), half amount of
Nav1.7 and Nav1.6 (B,F), and Nav1.6 but not Nav1.7 (C,G),
respectively. The amount of Nav1.6 in Navl.6 neurons was the same
as the amount of Navl1.7 in Navl.7 neurons.

in both rats and mice. However, the majority (65%) of rat neurons are
SR neurons, while the majority (78%) of mouse neurons are DR
neurons. In addition, approximately 20% of rat neurons are DR
neurons, while approximately 20% of mouse neurons are FR neurons.
These results indicate that expression of Nav1.7 might be much higher
and combinational expression of Navl.7 and FR currents might
be much lower in rat small DRG neurons compared to mice. As many
studies utilize the mouse model for easier adaptation to transgenic
studies (Liu and Wood, 2011) while other studies prefer the rat model
for easier surgical procedures (Xie et al., 2016), it may be important to
take into consideration the differential expression of functional
Navl.7 in rats and mice. Moreover, the differential expression of
Navl.7 between rats and mice might suggest that Nav1.7 plays a more
important role in primary nociception of rats compared to mice.
Considering the current failure of the development of Navl.7
inhibitors into painkillers in clinical trials (Eagles et al., 2022), it might
be speculated that in human DRG, Nav1.7 plays a less important role
compared to rats and that targeting Nav1.7 alone may not achieve
sufficient pain-reducing effects.
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Previous studies have found that small IB,” neurons express
higher TTX-S currents compared to IB,* neurons in DRG (Wang
et al,, 2008). The current study identifies that the majority of either
IB,” or IB,* small neurons are DR neurons in mouse DRG. Moreover,
both SR and FR TTX-S current are larger in IB,~ compared to IB,” DR
neurons. These results might suggest that a majority of peptidergic
DRG neurons (IB,”) have a lower threshold for action potential
generation and a higher intrinsic excitability compared to
non-peptidergic DRG neurons (IB,). However, our recent current
clamp study revealed that mouse IB,” neurons display a lower
rheobase of action potential compared to IB,” neurons (Wu et al.,
2021). Nevertheless, this contradiction can be explained by other
properties of these neurons. For example, mouse IB," neurons have a
more depolarized resting membrane potential compared to 1B,~
neurons (Wu et al., 2021). The depolarized resting membrane
potential likely contributes to the lower rheobase of action potential
in mouse IB," neurons. On the other hand, mouse IB,” neurons
generate more action potentials upon supra-threshold current
injections compared to IB," neurons (Wu et al., 2021). This difference
might involve the higher expression of both SR and FR TTX-S
currents, but not TTX-R currents, in IB,” neurons compared to IB,
neurons. However, differential expression of other ion channels such
as voltage-gated potassium and calcium channels in these two groups
of neurons could contribute to differential supra-threshold responses
as well (Wu and Pan, 2004; Vydyanathan et al., 2005).

Multiple studies have found that paclitaxel increases Nav1.7 in the
DRG neuron following in vivo treatment (Xia et al., 2016; Li et al.,
2018). Moreover, a previous study has found that paclitaxel selectively
increases Nav1.7 but not Nav1.8 in DRG neuron culture (Chang et al.,
2017). The current study suggests that paclitaxel increases Nav1.7 in
IB,™ neurons selectively. Moreover, paclitaxel does not increase FR
TTX-S currents indicating the increasing effects of paclitaxel is selective
to Nav1.7 but no other TTX-S sodium channels. However, the current
study reveals an increasing effect of paclitaxel on TTX-R currents in
IB," neurons, while a previous study did not find an increasing effect of
paclitaxel on Navl.8 (Chang et al., 2017). This might be due to the
difference in methods (patch clamp vs. qPCR) or in species (mouse vs.
human). In contrast to previous findings that diabetes or high glucose
increases Navl.7 and Nav1.8 in DRG neurons, the current study does
not find changes in SR TTX-S current or TTX-R current following high
glucose treatment (Hong et al., 2004; Chattopadhyay et al., 2008; Sun
etal, 2012; Hu et al., 2016; Nakatani et al., 2020). Multiple factors could
contribute to the difference including species, age, in vivo or in vitro
treatment, levels of high glucose (30 vs. 45mM), and examining
methods. Overall, studying SR and FR TTX-S currents in both IB,* and
B, neurons might be an efficient way to explore the functional change
of VGSCs in DRG neurons.

Although the current study does not use animal models of pain,
the separation of SR and FR TTX-S could be applied to chronic pain
models. A potential confounding sodium channel isoform in chronic
pain seems to be Nav1.3 which is re-expressed in adult DRG neurons
following peripheral nerve injuries (Waxman et al., 1994; Cummins
and Waxman, 1997; Kim et al., 2002; Hong et al., 2004). However, a
TTX-R Navl.3 expressed in DRG neurons displays a similar repriming
time constant at relevant negative membrane potentials (for example
4ms at -100mV) compared to a TTX-R Navl1.6 (3ms at -100mV;
Cummins et al., 2001, Herzog et al., 2003). Nav1.6 is presumably the
major FR component recorded in the current study. Moreover, in the
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large DRG neurons following axotomy (which is supposed to have
increased Navl.3 and decreased Nav1.6), the repriming time constant
at -100mV is indistinguishable between control and axotomy groups
(Everill et al., 2001). These findings suggest that Navl.3 may not
significantly confound the separation of SR and FR TTX-S
components in DRG neurons following nerve injury. Another
potential confounding sodium channel isoform (Navl.8) is often
up-regulated in inflammatory pain models (Tanaka et al., 1998; Yu
etal, 2011). Although a couple of studies do not suggest a significant
change in Nav1.8 repriming in inflammatory pain models (Bielefeldt
et al,, 2002; Biet et al., 2021), one study suggests that chronic tumor
necrosis factor slows the repriming of Nav1.8 which may confound
the separation of TTX-S currents from Navl.8-mediated TTX-R
currents using the current separation protocol (Fischer et al., 2017).
Therefore, for pain models that cause slowed repriming of Nav1.8, a
selective Nav1.8 blocker (Jones et al, 2023) may be used in
combination with the current separation protocol.

Modulation of sodium channels by protein kinases has been well
studied, and their effects on channel repriming have not been reported
much. A previous study has found that PKA does not affect Navl.7
repriming (Chatelier et al., 2008). In addition, Navl.6 (which is
presumably the major FS component in the current study) is largely
resistant to PKA or PKC (Chen et al., 2008). Based on these findings, it
might be suggested that PKA may not affect the current separation
protocol if it does not slow Nav1.8 repriming. However, if PKA does
slow Nav1.8 repriming, a Nav1.8 selective blocker may be needed for
the separation of SR and FR current (Jones et al., 2023). For PKC or
other protein kinases, more experimental data on sodium channel
repriming will be needed for further discussion. In contrast to PKA,
several frequently used sodium channel inhibitors (carbamazepine,
lacosamide, and lamotrigine) slightly slow the repriming of Nav1.7 and
Nav1.6 (Hinckley et al., 2021). Moreover, vixotrigine induces a dramatic
change in the repriming of both channels (Hinckley et al., 2021).
Therefore, if a compound causes a slight change in repriming of both
SR and FR currents, the current separation protocol may still work.
Otherwise, the current protocol might not work for the compound.

The current study likely dissects out Navl.7 from other TTX-S
currents electrophysiologically in small DRG neurons. Nav1.7-like
currents are differentially expressed among small DRG neurons
between rats and mice and between IB,* and IB,” neurons. ProTx-II
shows reduced efliciency and selectivity inhibiting endogenous
Navl.7-like currents. Paclitaxel selectively increased Navl.7-like
currents in IB,” neurons. Navl.7 contributes to a lower threshold of
small DRG neurons. The
electrophysiological dissection of Navl1.7-like current may provide a

action potentials in simulated
useful way to study the functional expression and pharmacology of
Navl.7 channels in DRG neurons. Moreover, combined with other
approaches (pharmacology, neuronal staining, genetic reporter,
patch-Seq, and so on), the electrophysiological dissection may
improve feasibility and depth for studies on Nav1.7 and other TTX-S
VGSCs in small DRG neurons.

Data availability statement

The original contributions presented in the study are included in
the article/supplementary material, further inquiries can be directed
to the corresponding author/s.

frontiersin.org


https://doi.org/10.3389/fnmol.2023.1336664
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org

Tanetal.

Ethics statement

The animal study was approved by Indiana University School of
Medicine Institutional Animal Care and Use Committee. The study
was conducted in accordance with the local legislation and
institutional requirements.

Author contributions

Z-YT: Conceptualization, Data curation, Formal analysis, Funding
acquisition, Investigation, Methodology, Project administration,
Resources, Supervision, Writing — original draft, Writing — review &
editing. BW: Data curation, Formal analysis, Investigation, Methodology,
Writing - review & editing. XS: Investigation, Methodology, Writing —
review & editing. YZ: Conceptualization, Writing — review & editing.
Y-H]J: Conceptualization, Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. Z-YT was
supported by Department of Defense Discovery Award (W81XWH-
20-1-0138) and Natural Science Foundation of Hebei Province

References

Alexandrou, A. J., Brown, A. R., Chapman, M. L., Estacion, M., Turner, J., Mis, M. A.,
et al. (2016). Subtype-Selective Small Molecule Inhibitors Reveal a Fundamental Role
for Nav1.7 in Nociceptor Electrogenesis, Axonal Conduction and Presynaptic Release.
PLoS One 11:€0152405. doi: 10.1371/journal.pone.0152405

Bielefeldt, K., Ozaki, N., and Gebhart, G. F. (2002). Experimental ulcers alter voltage-
sensitive sodium currents in rat gastric sensory neurons. Gastroenterology 122, 394-405.
doi: 10.1053/gast.2002.31026

Biet, M., Dansereau, M. A., Sarret, P., and Dumaine, R. (2021). The neuronal
potassium current IA is a potential target for pain during chronic inflammation. Physiol.
Rep. 9:14975. doi: 10.14814/phy2.14975

Breese, N. M., George, A. C., Pauers, L. E., and Stucky, C. L. (2005). Peripheral
inflammation selectively increases TRPV1 function in IB4-positive sensory neurons
from adult mouse. Pain 115, 37-49. doi: 10.1016/j.pain.2005.02.010

Catterall, W. A., Goldin, A. L., and Waxman, S. G. (2005). International Union of
Pharmacology. XLVIIL. Nomenclature and structure-function relationships of voltage-
gated sodium channels. Pharmacol. Rev. 57, 397-409. doi: 10.1124/pr.57.4.4

Chang, W, Berta, T., Kim, Y. H,, Lee, S., Lee, S. Y., and Ji, R. R. (2017). Expression and
Role of Voltage-Gated Sodium Channels in Human Dorsal Root Ganglion Neurons with
Special Focus on Nav1.7, Species Differences, and Regulation by Paclitaxel. Neurosci.
Bull. 34, 4-12. doi: 10.1007/s12264-017-0132-3

Chatelier, A., Dahllund, L., Eriksson, A., Krupp, J., and Chahine, M. (2008).
Biophysical properties of human Na v1.7 splice variants and their regulation by protein
kinase A. J. Neurophysiol. 99, 2241-2250. doi: 10.1152/jn.01350.2007

Chattopadhyay, M., Mata, M., and Fink, D. J. (2008). Continuous delta-opioid receptor
activation reduces neuronal voltage-gated sodium channel (NaV1.7) levels through
activation of protein kinase C in painful diabetic neuropathy. J. Neurosci. Off. . Soc.
Neurosci. 28, 6652-6658. doi: 10.1523/JNEUROSCI.5530-07.2008

Chen, Y., Yu, E H,, Sharp, E. M., Beacham, D., Scheuer, T., and Catterall, W. A. (2008).
Functional properties and differential neuromodulation of Na(v)1.6 channels. Mol. Cell.
Neurosci. 38, 607-615. doi: 10.1016/j.mcn.2008.05.009

Cox, J. J., Reimann, E, Nicholas, A. K., Thornton, G., Roberts, E., Springell, K., et al.
(2006). An SCN9A channelopathy causes congenital inability to experience pain. Nature
444, 894-898. doi: 10.1038/nature05413

Cummins, T. R., Aglieco, F, Renganathan, M., Herzog, R. L, Dib-Hajj, S. D., and
Waxman, S. G. (2001). Nav1.3 sodium channels: rapid repriming and slow closed-state
inactivation display quantitative differences after expression in a mammalian cell line
and in spinal sensory neurons. The Journal of neuroscience: the official journal of the
Society for. Neuroscience 21, 5952-5961. doi: 10.1523/JNEUROSCI.21-16-05952.2001

Frontiers in Molecular Neuroscience

10.3389/fnmol.2023.1336664

(C2023201035). BW was supported by National Natural Science
Foundation of China (82101305).

Acknowledgments

The authors also thank Yongqi Yu for technical assistance and
thank Zhenyi Xue for statistical consultation.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Cummins, T. R., Howe, J. R., and Waxman, S. G. (1998). Slow closed-state inactivation:
a novel mechanism underlying ramp currents in cells expressing the hNE/PN1 sodium
channel. J. Neurosci. Off. J. Soc. Neurosci. 18, 9607-9619. doi: 10.1523/
JNEUROSCI.18-23-09607.1998

Cummins, T. R., and Waxman, S. G. (1997). Downregulation of tetrodotoxin-resistant
sodium currents and upregulation of a rapidly repriming tetrodotoxin-sensitive sodium
current in small spinal sensory neurons after nerve injury. J. Neurosci. Off. J. Soc.
Neurosci. 17, 3503-3514. doi: 10.1523/JNEUROSCI.17-10-03503.1997

Dib-Hajj, S. D., Cummins, T. R,, Black, J. A., and Waxman, S. G. (2010). Sodium
channels in normal and pathological pain. Annu. Rev. Neurosci. 33, 325-347. doi:
10.1146/annurev-neuro-060909-153234

Dib-Hajj, S. D., Yang, Y, Black, J. A., and Waxman, S. G. (2013). The Na(V)1.7 sodium
channel: from molecule to man. Nat. Rev. Neurosci. 14, 49-62. doi: 10.1038/nrn3404

Due, M. R,, Yang, X. F, Allette, Y. M., Randolph, A. L., Ripsch, M. S., Wilson, S. M.,
etal. (2014). Carbamazepine potentiates the effectiveness of morphine in a rodent model
of neuropathic pain. PLoS One 9:¢107399. doi: 10.1371/journal.pone.0107399

Eagles, D. A., Chow, C. Y., and King, G. F. (2022). Fifteen years of Na(V) 1.7
channels as an analgesic target: Why has excellent in vitro pharmacology not
translated into in vivo analgesic efficacy? Br. J. Pharmacol. 179, 3592-3611. doi:
10.1111/bph.15327

Emery, E. C,, Luiz, A. P, and Wood, J. N. (2016). Nal.7 and other voltage-gated
sodium channels as drug targets for pain relief. Expert Opin. Ther. Targets 20, 975-983.
doi: 10.1517/14728222.2016.1162295

Everill, B., Cummins, T. R., Waxman, S. G., and Kocsis, J. D. (2001). Sodium currents
of large (Abeta-type) adult cutaneous afferent dorsal root ganglion neurons display rapid
recovery from inactivation before and after axotomy. Neuroscience 106, 161-169. doi:
10.1016/S0306-4522(01)00258-5

Faber, C. G., Hoeijmakers, J. G., Ahn, H. S., Cheng, X., Han, C., Choi, J. S., et al.
(2012). Gain of function Nanul.7 mutations in idiopathic small fiber neuropathy. Ann.
Neurol. 71, 26-39. doi: 10.1002/ana.22485

Fertleman, C. R., Baker, M. D., Parker, K. A., Moffatt, S., Elmslie, F. V., Abrahamsen, B.,
et al. (2006). SCN9A mutations in paroxysmal extreme pain disorder: allelic variants
underlie distinct channel defects and phenotypes. Neuron 52, 767-774. doi: 10.1016/j.
neuron.2006.10.006

Fischer, B. D., Ho, C., Kuzin, I, Bottaro, A., and O'Leary, M. E. (2017). Chronic
exposure to tumor necrosis factor in vivo induces hyperalgesia, upregulates sodium
channel gene expression and alters the cellular electrophysiology of dorsal root ganglion
neurons. Neurosci. Lett. 653, 195-201. doi: 10.1016/j.neulet.2017.05.004

frontiersin.org


https://doi.org/10.3389/fnmol.2023.1336664
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1371/journal.pone.0152405
https://doi.org/10.1053/gast.2002.31026
https://doi.org/10.14814/phy2.14975
https://doi.org/10.1016/j.pain.2005.02.010
https://doi.org/10.1124/pr.57.4.4
https://doi.org/10.1007/s12264-017-0132-3
https://doi.org/10.1152/jn.01350.2007
https://doi.org/10.1523/JNEUROSCI.5530-07.2008
https://doi.org/10.1016/j.mcn.2008.05.009
https://doi.org/10.1038/nature05413
https://doi.org/10.1523/JNEUROSCI.21-16-05952.2001
https://doi.org/10.1523/JNEUROSCI.18-23-09607.1998
https://doi.org/10.1523/JNEUROSCI.18-23-09607.1998
https://doi.org/10.1523/JNEUROSCI.17-10-03503.1997
https://doi.org/10.1146/annurev-neuro-060909-153234
https://doi.org/10.1038/nrn3404
https://doi.org/10.1371/journal.pone.0107399
https://doi.org/10.1111/bph.15327
https://doi.org/10.1517/14728222.2016.1162295
https://doi.org/10.1016/S0306-4522(01)00258-5
https://doi.org/10.1002/ana.22485
https://doi.org/10.1016/j.neuron.2006.10.006
https://doi.org/10.1016/j.neuron.2006.10.006
https://doi.org/10.1016/j.neulet.2017.05.004

Tanetal.

Gilchrist, J., Das, S., Van Petegem, F, and Bosmans, E (2013). Crystallographic
insights into sodium-channel modulation by the beta4 subunit. Proc. Natl. Acad. Sci. U.
S. A. 110, E5016-E5024. doi: 10.1073/pnas.1314557110

Herzog, R. I, Cummins, T. R., Ghassemi, F, Dib-Hajj, S. D., and Waxman, S. G.
(2003). Distinct repriming and closed-state inactivation kinetics of Nav1.6 and Nav1.7
sodium channels in mouse spinal sensory neurons. J. Physiol. 551, 741-750. doi:
10.1113/jphysiol.2003.047357

Hinckley, C. A., Kuryshev, Y, Sers, A., Barre, A., Buisson, B., Naik, H., et al. (2021).
Characterization of Vixotrigine, a Broad-Spectrum Voltage-Gated Sodium Channel
Blocker. Mol. Pharmacol. 99, 49-59. doi: 10.1124/molpharm.120.000079

Hines, M. L., and Carnevale, N. T. (1997). The NEURON simulation environment.
Neural Comput. 9, 1179-1209. doi: 10.1162/nec0.1997.9.6.1179

Ho, C., and O'Leary, M. E. (2011). Single-cell analysis of sodium channel expression
in dorsal root ganglion neurons. Mol. Cell. Neurosci. 46, 159-166. doi: 10.1016/j.
mcn.2010.08.017

Hodgkin, A. L., and Huxley, A. F. (1952). A quantitative description of membrane
current and its application to conduction and excitation in nerve. J. Physiol. 117,
500-544. doi: 10.1113/jphysiol.1952.sp004764

Hong, S., Morrow, T. J., Paulson, P. E., Isom, L. L., and Wiley, J. W. (2004). Early painful
diabetic neuropathy is associated with differential changes in tetrodotoxin-sensitive and
-resistant sodium channels in dorsal root ganglion neurons in the rat. J. Biol. Chem. 279,
29341-29350. doi: 10.1074/jbc.M404167200

Hu, J., Song, Z. Y., Zhang, H. H., Qin, X,, Hu, S, Jiang, X., et al. (2016). Colonic
Hypersensitivity and Sensitization of Voltage-gated Sodium Channels in Primary
Sensory Neurons in Rats with Diabetes. J. Neurogastroenterol. Motil. 22, 129-140. doi:
10.5056/jnm15091

Jarecki, B. W., Sheets, P. L., Jackson, J. O. 2nd, and Cummins, T. R. (2008). Paroxysmal
extreme pain disorder mutations within the D3/84-S5 linker of Nav1.7 cause moderate
destabilization of fast inactivation. J. Physiol. 586, 4137-4153. doi: 10.1113/
jphysiol.2008.154906

Jones, J., Correll, D. J., Lechner, S. M., Jazic, 1., Miao, X., Shaw, D., et al. (2023).
Selective Inhibition of NaV1.8 with VX-548 for Acute Pain. N. Engl. J. Med. 389,
393-405. doi: 10.1056/NEJM0a2209870

Kim, C. H,, Oh, Y,, Chung, J. M., and Chung, K. (2002). Changes in three subtypes of
tetrodotoxin sensitive sodium channel expression in the axotomized dorsal root
ganglion in the rat. Neurosci. Lett. 323, 125-128. doi: 10.1016/S0304-3940(02)00127-1

Lee, J. H., Park, C. K., Chen, G., Han, Q, Xie, R. G, Liu, T, et al. (2014). A monoclonal
antibody that targets a NaV1.7 channel voltage sensor for pain and itch relief. Cells 157,
1393-1404. doi: 10.1016/j.cell.2014.03.064

Li, Y, North, R. Y., Rhines, L. D., Tatsui, C. E., Rao, G., Edwards, D. D., et al. (2018).
DRG Voltage-Gated Sodium Channel 1.7 Is Upregulated in Paclitaxel-Induced
Neuropathy in Rats and in Humans with Neuropathic Pain. J. Neurosci. 38, 1124-1136.
doi: 10.1523/JNEUROSCI.0899-17.2017

Liu, M., and Wood, J. N. (2011). The roles of sodium channels in nociception:
implications for mechanisms of neuropathic pain. Pain Med. 12, $93-599. doi: 10.1111/j.
1526-4637.2011.01158.x

Nakatani, Y., Negoro, K., Yamauchi, M., Katasho, M., Ishikura, K. I, Iwaki, A., et al.
(2020). Neoline, an active ingredient of the processed aconite root in Goshajinkigan
formulation, targets Nav1.7 to ameliorate mechanical hyperalgesia in diabetic mice. J.
Ethnopharmacol. 259:112963. doi: 10.1016/j.jep.2020.112963

Noda, M., Ikeda, T., Kayano, T., Suzuki, H., Takeshima, H., Kurasaki, M., et al. (1986).
Existence of distinct sodium channel messenger RNAs in rat brain. Nature 320, 188-192.
doi: 10.1038/320188a0

Rush, A. M., Cummins, T. R., and Waxman, S. G. (2007). Multiple sodium channels
and their roles in electrogenesis within dorsal root ganglion neurons. J. Physiol. 579,
1-14. doi: 10.1113/jphysiol.2006.121483

Sangameswaran, L., Fish, L. M., Koch, B. D., Rabert, D. K., Delgado, S. G., IInicka, M., et al.
(1997). A novel tetrodotoxin-sensitive, voltage-gated sodium channel expressed in rat and
human dorsal root ganglia. J. Biol. Chem. 272, 14805-14809. doi: 10.1074/jbc.272.23.14805

Schmalhofer, W. A., Calhoun, J., Burrows, R., Bailey, T., Kohler, M. G., Weinglass, A. B.,
et al. (2008). ProTx-II, a selective inhibitor of NaV1.7 sodium channels, blocks action
potential propagation in nociceptors. Mol. Pharmacol. 74, 1476-1484. doi: 10.1124/
mol.108.047670

Sheets, P. L., Jackson, J. O. 2nd, Waxman, S. G., Dib-Hajj, S. D., and Cummins, T. R.
(2007). A Navl.7 channel mutation associated with hereditary erythromelalgia

Frontiers in Molecular Neuroscience

11

10.3389/fnmol.2023.1336664

contributes to neuronal hyperexcitability and displays reduced lidocaine sensitivity. J.
Physiol. 581, 1019-1031. doi: 10.1113/jphysiol.2006.127027

Su, X., Wu, B, Zhang, W, Ji, Y. H., Wang, Q,, and Tan, Z. Y. (2020). Inhibitory Effects
of Columbianadin on Nociceptive Behaviors in a Neuropathic Pain Model, and on
Voltage-Gated Calcium Currents in Dorsal Root Ganglion Neurons in Mice. Front.
Pharmacol. 10:1522. doi: 10.3389/fphar.2019.01522

Sun, W,, Miao, B., Wang, X. C,, Duan, J. H., Wang, W. T., Kuang, F, et al. (2012).
Reduced conduction failure of the main axon of polymodal nociceptive C-fibres
contributes to painful diabetic neuropathy in rats. Brain 135, 359-375. doi: 10.1093/
brain/awr345

Tan, Z. Y., Piekarz, A. D., Priest, B. T., Knopp, K. L., Krajewski, J. L., McDermott, J. S.,
etal. (2014). Tetrodotoxin-resistant sodium channels in sensory neurons generate slow
resurgent currents that are enhanced by inflammatory mediators. J. Neurosci. Off. J. Soc.
Neurosci. 34, 7190-7197. doi: 10.1523/JNEUROSCI.5011-13.2014

Tanaka, M., Cummins, T. R., Ishikawa, K., Dib-Hajj, S. D., Black, J. A., and
Waxman, S. G. (1998). SNS Na+ channel expression increases in dorsal root ganglion
neurons in the carrageenan inflammatory pain model. Neuroreport 9, 967-972. doi:
10.1097/00001756-199804200-00003

Toledo-Aral, J. J., Moss, B. L., He, Z. J., Koszowski, A. G., Whisenand, T.,
Levinson, S. R,, et al. (1997). Identification of PN1, a predominant voltage-dependent
sodium channel expressed principally in peripheral neurons. Proc. Natl. Acad. Sci. U. S.
A. 94, 1527-1532. doi: 10.1073/pnas.94.4.1527

Vydyanathan, A., Wu, Z. Z., Chen, S. R., and Pan, H. L. (2005). A-type voltage-gated
K+ currents influence firing properties of isolectin B4-positive but not isolectin B4-
negative primary sensory neurons. J. Neurophysiol. 93, 3401-3409. doi: 10.1152/
1.01267.2004

Wang, J. G,, Strong, J. A., Xie, W, Yang, R. H., Coyle, D. E., Wick, D. M., et al. (2008).
The chemokine CXCLI/growth related oncogene increases sodium currents and
neuronal excitability in small diameter sensory neurons. Mol. Pain 4:1744-8069-4-38.
doi: 10.1186/1744-8069-4-38

Waxman, S. G. (2013). Painful Na-channelopathies: an expanding universe. Trends
Mol. Med. 19, 406-409. doi: 10.1016/j.molmed.2013.04.003

Waxman, S. G., Kocsis, J. D., and Black, J. A. (1994). Type III sodium channel
mRNA is expressed in embryonic but not adult spinal sensory neurons, and is
reexpressed following axotomy. J. Neurophysiol. 72, 466-470. doi: 10.1152/
jn.1994.72.1.466

Wu, Z. Z., and Pan, H. L. (2004). High voltage-activated Ca(2+) channel currents in
isolectin B(4)-positive and -negative small dorsal root ganglion neurons of rats.
Neurosci. Lett. 368, 96-101. doi: 10.1016/j.neulet.2004.06.067

Wu, B,, Su, X., Zhang, W,, Zhang, Y. H., Feng, X,, Ji, Y. H,, et al. (2021). Oxaliplatin
Depolarizes the IB4- Dorsal Root Ganglion Neurons to Drive the Development of
Neuropathic Pain Through TRPM8 in Mice. Front. Mol. Neurosci. 14:690858. doi:
10.3389/fnmol.2021.690858

Xia, Z., Xiao, Y., Wu, Y., and Zhao, B. (2016). Sodium channel Nav1.7 expression is
upregulated in the dorsal root ganglia in a rat model of paclitaxel-induced peripheral
neuropathy. Springerplus 5:1738. doi: 10.1186/s40064-016-3351-6

Xiao, Y., Blumenthal, K., Jackson, J. O. 2nd, Liang, S., and Cummins, T. R. (2010). The
tarantula toxins ProTx-II and huwentoxin-IV differentially interact with human Nav1.7
voltage sensors to inhibit channel activation and inactivation. Mol. Pharmacol. 78,
1124-1134. doi: 10.1124/mol.110.066332

Xie, W,, Tan, Z. Y., Barbosa, C., Strong, J. A., Cummins, T. R., and Zhang, J. M. (2016).
Upregulation of the sodium channel NaVbeta4 subunit and its contributions to
mechanical hypersensitivity and neuronal hyperexcitability in a rat model of radicular
pain induced by local dorsal root ganglion inflammation. Pain 157, 879-891. doi:
10.1097/j.pain.0000000000000453

Yang, Y., Huang, J., Mis, M. A., Estacion, M., Macala, L., Shah, P, et al. (2016). Nav1.7-
A1632G Mutation from a Family with Inherited Erythromelalgia: Enhanced Firing of
Dorsal Root Ganglia Neurons Evoked by Thermal Stimuli. J. Neurosci. Off. J. Soc.
Neurosci. 36, 7511-7522. doi: 10.1523/JNEUROSCL.0462-16.2016

Yang, Y., Wang, Y, Li, S., Xu, Z., Li, H., Ma, L., et al. (2004). Mutations in SCN9A,
encoding a sodium channel alpha subunit, in patients with primary erythermalgia. J.
Med. Genet. 41, 171-174. doi: 10.1136/jmg.2003.012153

Yu, Y. Q, Zhao, E, Guan, S. M., and Chen, J. (2011). Antisense-mediated knockdown
of Na(V)1.8, but not Na(V)1.9, generates inhibitory effects on complete Freund's

adjuvant-induced inflammatory pain in rat. PLoS One 6:¢19865. doi: 10.1371/journal.
pone.0019865

frontiersin.org


https://doi.org/10.3389/fnmol.2023.1336664
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1073/pnas.1314557110
https://doi.org/10.1113/jphysiol.2003.047357
https://doi.org/10.1124/molpharm.120.000079
https://doi.org/10.1162/neco.1997.9.6.1179
https://doi.org/10.1016/j.mcn.2010.08.017
https://doi.org/10.1016/j.mcn.2010.08.017
https://doi.org/10.1113/jphysiol.1952.sp004764
https://doi.org/10.1074/jbc.M404167200
https://doi.org/10.5056/jnm15091
https://doi.org/10.1113/jphysiol.2008.154906
https://doi.org/10.1113/jphysiol.2008.154906
https://doi.org/10.1056/NEJMoa2209870
https://doi.org/10.1016/S0304-3940(02)00127-1
https://doi.org/10.1016/j.cell.2014.03.064
https://doi.org/10.1523/JNEUROSCI.0899-17.2017
https://doi.org/10.1111/j.1526-4637.2011.01158.x
https://doi.org/10.1111/j.1526-4637.2011.01158.x
https://doi.org/10.1016/j.jep.2020.112963
https://doi.org/10.1038/320188a0
https://doi.org/10.1113/jphysiol.2006.121483
https://doi.org/10.1074/jbc.272.23.14805
https://doi.org/10.1124/mol.108.047670
https://doi.org/10.1124/mol.108.047670
https://doi.org/10.1113/jphysiol.2006.127027
https://doi.org/10.3389/fphar.2019.01522
https://doi.org/10.1093/brain/awr345
https://doi.org/10.1093/brain/awr345
https://doi.org/10.1523/JNEUROSCI.5011-13.2014
https://doi.org/10.1097/00001756-199804200-00003
https://doi.org/10.1073/pnas.94.4.1527
https://doi.org/10.1152/jn.01267.2004
https://doi.org/10.1152/jn.01267.2004
https://doi.org/10.1186/1744-8069-4-38
https://doi.org/10.1016/j.molmed.2013.04.003
https://doi.org/10.1152/jn.1994.72.1.466
https://doi.org/10.1152/jn.1994.72.1.466
https://doi.org/10.1016/j.neulet.2004.06.067
https://doi.org/10.3389/fnmol.2021.690858
https://doi.org/10.1186/s40064-016-3351-6
https://doi.org/10.1124/mol.110.066332
https://doi.org/10.1097/j.pain.0000000000000453
https://doi.org/10.1523/JNEUROSCI.0462-16.2016
https://doi.org/10.1136/jmg.2003.012153
https://doi.org/10.1371/journal.pone.0019865
https://doi.org/10.1371/journal.pone.0019865

	Differential expression of slow and fast-repriming tetrodotoxin-sensitive sodium currents in dorsal root ganglion neurons
	Introduction
	Experimental procedures
	Cell culture
	Electrophysiology
	Neuronal modeling
	Statistical analysis

	Results
	Dissecting slow and fast-repriming components of TTX-S currents in small DRG neurons of rats
	Expression pattern of slow and fast-repriming TTX-S currents in small DRG neurons of rats
	Dissecting and expression pattern of slow and fast-repriming TTX-S currents in small DRG neurons of mice
	Effects of ProTx-II on slow and fast-repriming TTX-S currents in small DRG neurons
	Effects of paclitaxel and high glucose on the expression of slow and fast-repriming TTX-S currents in IB4+ and IB4− small DRG neurons
	Contribution of slow and fast-repriming TTX-S currents to membrane excitability in small DRG neuron models

	Discussion
	Data availability statement
	Ethics statement
	Author contributions

	References

