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Ion channels at the nodes of Ranvier (NRs) are believed to play essential roles in intrinsic electrophysiological properties and
saltatory conduction of action potentials (AP) at the NRs of myelinated nerves. While we have recently shown that two-pore
domain potassium (K2P) channels play a key role at the NRs of Ab-afferent nerves, K1 channels and their functions at the
NRs of mammalian motor nerves remain elusive. Here we addressed this issue by using ex vivo preparations of lumbar spinal
ventral nerves from both male and female rats and the pressure-patch-clamp recordings at their NRs. We found that depola-
rizing voltages evoked large noninactivating outward currents at NRs. The outward currents could be partially inhibited by
voltage-gated K1 channel blockers, largely inhibited by K2P blockers and cooling temperatures. Inhibition of the outward
currents by voltage-gated K1 channel blockers, K2P blockers, or cooling temperatures significantly altered electrophysiologi-
cal properties measured at the NRs, including resting membrane potential, input resistance, AP width, AP amplitude, AP
threshold, and AP rheobase. Furthermore, K2P blockers and cooling temperatures significantly reduced saltatory conduction
velocity and success rates of APs in response to high-frequency stimulation. Voltage-gated K1 channel blockers reduced AP
success rates at high-frequency stimulation without significantly affecting saltatory conduction velocity. Collectively, both K2P
and voltage-gated K1 channels play significant roles in intrinsic electrophysiological properties and saltatory conduction at
NRs of motor nerve fibers of rats. The effects of cooling temperatures on saltatory conduction are at least partially mediated
by K2P channels at the NRs.

Key words: action potential; node of Ranvier; patch-clamp recording; saltatory conduction; two-pore domain K1 channel;
voltage-gated K1 channel

Significance Statement

Ion channels localized at the NRs are believed to be key determinants of saltatory conduction on myelinated nerves. However,
ion channels and their functions at the NRs have not been fully studied in different types of mammalian myelinated nerves.
Here we use the pressure-patch-clamp recordings to show that both K2P and voltage-gated K1 channels play significant roles in
intrinsic electrophysiological properties and saltatory conduction at NRs of lumbar spinal ventral nerves of rats. Furthermore,
cooling temperatures exert effects on saltatory conduction via inhibition of ion channels at the NRs. Our results provide new
insights into saltatory conduction on myelinated nerves and may have physiological as well as pathologic implications.

Introduction
Action potential (AP) propagation through nodes of Ranvier
(NRs) along myelinated nerves, known as saltatory conduc-
tion (Ranvier, 1871, 1872; Lillie, 1925; Tasaki, 1939; Huxley
and Stampfli, 1949; Boullerne, 2016), is essential for timely
sensory responses with high acuity and rapid muscle move-
ment with fine control. Saltatory conduction can reach speeds
over 100 m/s and frequencies over hundreds of Hertz, 100
times more rapid than impulse conduction on unmyelinated
nerves in mammals (Waddell and Lawson, 1990). Impairment
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of saltatory conduction at NRs occurs in many neurologic dis-
eases, including multiple sclerosis, spinal cord injury, and
inflammatory demyelinating polyneuropathy (Waxman, 1992,
2006; Devaux et al., 2012; Arancibia-Carcamo and Attwell,
2014; Stathopoulos et al., 2015), leading to sensory and motor
dysfunctions. NRs are the only sites on myelinated nerves
where APs can be regenerated for saltatory conduction. Ion
channels localized at the NRs are thought to be key determi-
nants of intrinsic electrophysiological properties and saltatory
conduction at the NRs, and believed to have important physi-
ological and pathologic implications. However, ion channels
and their functions at the NRs have not been fully studied in
different types of mammalian myelinated nerves.

AP regeneration and conduction at NRs of myelinated nerves
have long been thought to use the same ion channel mechanism
as that in the other parts of nerves; that is, AP depolarization is
driven by voltage-gated Na1 channels and AP repolarization
driven mainly by voltage-gated K1 channels (Hodgkin and
Huxley, 1952; Bean, 2007). Indeed, this classical ion channel
mechanism largely underlies AP regeneration and propagation
at amphibian NRs (Hille, 1967; Hucho et al., 1976). On myelin-
ated nerves of mammals, immunohistochemical studies have
shown that Nav1.6 voltage-gated Na1 channels are highly clus-
tered at NRs (Caldwell et al., 2000; Waxman, 2006). These chan-
nels are believed to drive membrane depolarization to regenerate
APs at the NRs (Caldwell et al., 2000). Interestingly, in mamma-
lian species, including rats and rabbits, Chiu and Ritchie (1980,
1981) failed to detect significant K1 currents at intact NRs of
mammals, except when the myelin sheaths of the nerves were
chemically loosen, and they suggested that K1 channels were not
present at intact mammalian NRs. On the other hand, Binah and
Palti (1981) detected large K1 currents at NRs of rat myelinated
nerves. Since then, there have been long debates on whether or
not K1 channels are present at NRs for AP regeneration and
conduction at NRs. Using immunohistochemical approaches,
Kv7.2 (Devaux et al., 2004) and Kv3.1b (Devaux et al., 2003) volt-
age-gated K1 channels were detected at mammalian NRs, and
Kv1.1 as well as Kv1.2 voltage-gated K1 channels were detected
in juxtaparanodal regions (Rhodes et al., 1997). However, roles
of these voltage-gated K1 channels in intrinsic electrophysiology
properties and saltatory conduction at mammalian NRs remain
largely unclear since it has been technically challenging to per-
form patch-clamp recordings at the NRs of mammalian nerves.

Only recently has it become possible to directly study ion
channels and their functions at mammalian NRs by recently
developed pressure-patch-clamp recording technique (Kanda
et al., 2019, 2021a). Applying this technique to the NRs of rat
trigeminal Ab -afferent nerves, we have shown that TREK-1
and TRAAK, the thermosensitive and mechanosensitive two-
pore domain potassium (K2P) channels, are principal K1 chan-
nels clustered at mammalian NRs of somatosensory nerves.
Consistently, immunohistochemical studies have shown strong
TREK-1 and TRAAK immunoreactivity clustered at mamma-
lian NRs of different nerves, including somatosensory nerves
(Brohawn et al., 2019; Kanda et al., 2019). K2P channels are a
family of 15 members that are originally known as “leak” or
“background” K1 channels (Goldstein et al., 2005; Lotshaw,
2007; Enyedi and Czirjak, 2010). K2P channels are distinct
from voltage-gated K1 channels in their structure, biophysical
and pharmacological properties, and electrophysiological func-
tions (Enyedi and Czirjak, 2010). K2P channels are expressed at
low levels on somas of neurons and contribute to setting mem-
brane input conductance and resting membrane potential

(RMP) (Enyedi and Czirjak, 2010). We have found that K2P
channels, but not voltage-gated K1 channels, are involved in
intrinsic electrophysiological properties and AP regeneration at
the NRs of somatosensory nerves (Kanda et al., 2019, 2021b).
Furthermore, we have shown that K2P channels permit high-
speed and high-frequency AP conduction along somatosensory
nerves (Kanda et al., 2019). Our immunohistochemical study
has also shown strong TREK-1 immunoreactivity clustered at
the NRs of motor nerves of rats (Kanda et al., 2019). In addition,
strong TRAAK immunoreactivity has been observed at the NRs
of mouse sciatic nerves (Brohawn et al., 2019). However, func-
tions of K2P channels and voltage-gated K1 channels at the NRs
of mammalian motor nerves have so far not been studied using
the patch-clamp recording technique.

Materials and Methods
Ex vivo lumbar spinal ventral nerve preparation. Sprague Dawley

rats of both males and females 6-14weeks of age were deeply anesthe-
tized with isoflurane and killed by decapitation. Lumbar L4 or L5 spinal
ventral nerves each at the length of ;20 mm were dissected out and
placed in a Petri dish filled with Krebs solution that contained the fol-
lowing (in mM): 117 NaCl, 3.5 KCl, 2.5 CaCl2, 1.2 MgCl2, 1.2 NaH2PO4,
25 NaHCO3, and 11 glucose. The Krebs solution was saturated with 95%
O2 and 5% CO2, had pH of 7.35 and osmolarity of 324 mOsm, and at
room temperature of ;24°C. Connective tissues on the surface of the
nerve bundles were removed with a pair of fine forceps under a dissec-
tion microscope, then affixed in a recording chamber by a tissue anchor
and submerged in the Krebs solution. The recording chamber was
mounted on the stage of an Olympus BX51 microscope that was
equipped with IR-DIC and fluorescent imaging systems. To facilitate the
penetration of patch-clamp electrode through perineural tissues, the
lumbar spinal ventral nerves were briefly exposed to a mixture of 0.07%
dispase II (Roche) and 0.07% collagenase (Millipore Sigma) in the Krebs
solution for 5-10min at room temperature, and the enzymes were then
washed off with the Krebs solution. The ex vivo nerve preparation was
continuously perfused with the Krebs solution at 24°C maintained by a
Peltier temperature control system (CL-200A, Warner Instrument).

Morphology of NRs and internodal axons of lumbar spinal ventral
nerves. To determine lengths and diameters of nodal axons and interno-
dal axons, axons were labeled by the fluorescent dye AlexaFluor-555 dye
(Thermo Fisher Scientific). The dye was included in recording electrode
internal solution at a final concentration of 85 mM. Pressure-patch-clamp
was applied to the NR (see Pressure-patch-clamp recordings at NRs),
and following the establishment of the whole-cell configuration for
30min, nodal and internodal axons filled with AlexaFluor-555 were
visualized under the fluorescent light. The fluorescence excitation was
provided by an LED illumination system (X-Cite 120 LED, Lumen
Dynamics). A filter set with excitation wavelength of 500-550 nm and
emission wavelength of 565-625 nm was used for imaging AlexaFluor-
555 fluorescence. The images of dye-labeled axons were captured with a
digital complementary metal-oxide semiconductor (CMOS) camera
(ORCA-Flash 4.0, Hamamatsu). The images were then analyzed using
the ImageJ software (National Institutes of Health) to measure the
lengths and diameters of nodal, paranodal, and internodal axons.

Pressure-patch-clamp recordings at NRs. NRs in lumbar spinal ven-
tral nerves were visualized under a 40� (NA 0.80) water immersion
objective with live images captured by an infrared CCD camera (IR-
1000, DAGE-MTI). Patch-clamp recordings were performed at the NRs
of lumbar spinal ventral nerves. Recording electrodes were pulled with a
Flaming/Brown Micropipette Puller (P-97, Sutter Instruments). The
electrode resistance after filling recording electrode internal solutions
ranged from 5 to 8 MV for patch-clamp recordings at NRs. For most
experiments, recording electrodes were filled with a K1-based internal
solution containing the following (in mM): 105 K-gluconate, 30 KCl, 0.5
CaCl2, 2.4 MgCl2, 5 EGTA, 10 HEPES, 5 Na2ATP, and 0.33 GTP-TRIS
salt; the pH of the solution was adjusted to 7.35 with KOH. In a different
set of experiments, a Cs1-based recording electrode internal solution
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was used and the solution contained the following (in
mM): 135 CsCl, 0.5 CaCl2, 2.4 MgCl2, 1 4-aminopyridine
(4-AP), 5 EGTA, 10 HEPES, 5 Na2ATP, and 0.33 GTP-
TRIS salt; the pH of the solution was adjusted to 7.35
with CsOH. In the Cs1-based recording electrode
internal solution, Cs1 served as a major intracellular
cation and also as a blocker for voltage-gated K1 chan-
nels. To access nodal axon membranes by recording
electrodes and achieve high-quality membrane seals, a
high-speed pressure-clamp device (HSPC-1, ALA
Scientific Instruments) was connected to the patch-
clamp recording electrode holder to finely control in-
ternal pressures of patch-clamp recording electrodes
while approaching nodal membranes. The pressure-
patch-clamp recordings were performed in the same
manner as those described in our previous studies
(Kanda et al., 2019, 2021a,b). Signals of voltage-clamp
experiments were recorded and amplified using a mul-
ticlamp 700B amplifier, filtered at 10 kHz and sampled
at 10 kHz using the pCLAMP 11 software (Molecular
Devices). Signals of current-clamp recordings for APs
at NRs were low-pass filtered at 10 kHz and sampled at
50 kHz.

To measure ionic currents flowing through nodal
membranes following voltage steps, recordings were
performed under the whole-cell voltage-clamp configu-
ration with nodal membranes held at �72mV. Voltage
steps were applied from �112 to 58mV (voltage com-
mand of �100 to 70mV) with increments of 10mV
each step and a step duration of 500ms. Unless other-
wise indicated, membrane voltages mentioned in the
text have been corrected for the calculated junction
potentials of 12.3mV for the recording electrode inter-
nal solution with 135 mM K1 and of 4.3mV for the re-
cording electrode internal solution with 135 mM CsCl.
To determine the properties of membranes and APs at
the NRs, patch-clamp recordings were performed under
the whole-cell current-clamp configuration with bridge
balance being applied during recordings. Step currents
were injected into NRs through recording electrodes.
Step currents were applied from �100 to 2000pA with
increments of 50 pA per step, and the duration of each
step was 500ms.

Determination of saltatory conduction velocity (CV)
and AP success rates at NRs of lumbar spinal ventral
nerves. To determine conduction velocity of APs propa-
gated through NRs on lumbar spinal ventral nerves, APs
were orthodromically evoked using a suction stimula-
tion electrode. The distance between the stimulation
sites and the recording site was ;15 mm. The tip of the
suction stimulation electrode was ;0.5 mm in diameter
and was fire-polished. The end of the nerve bundle was
aspirated into the suction stimulation electrode to pro-
duce a tight fitting by negative pressure. The negative
pressure was continuously applied into the suction stim-
ulation electrode to maintain the tight fitting during
experiments. To initiate APs at the end of the nerve
bundle, monophasic square wave pulses were generated
by an electronic stimulator (Master-8, A.M.P.I.) and
delivered via a stimulation isolator (ISO-Flex, A.M.P.I.)
to the suction stimulation electrode. The duration of the
stimulation pulse was 50 ms. Stimulation threshold of
the nerve (i.e., the minimum stimulation intensity for
evoking APs) was first determined and was ;100mA.
Then stimulation was applied at the intensity of twofold
threshold throughout the experiments. CV was calcu-
lated based on the latency of APs and the length of nerve
fibers. The latency of APs was measured from the time
of stimulation that was marked by stimulation artifacts

Figure 1. Morphology of the nodal and intermodal axons of freshly prepared ex vivo lumbar spinal
ventral nerves. A, Bright field image represents a region of a fresh ex vivo preparation of L5 lumbar
spinal ventral nerve viewed under a 40� objective. Arrow indicates an NR on a nerve fiber. To the
right side of the arrow, there is a patch-clamp recording electrode whose tip is on the NR. B,
Fluorescent image of the same field of A shows the axon vitally labeled by AlexaFluor-555 following
the whole-cell patch-clamp recording. AlexaFluor-555 (85 mM) was included in the recording electrode
internal solution. C, A series of fluorescent images of AlexaFluor-555-labeled axon that was distal from
the recording site (not shown). Arrows indicate two NRs on the axon. Two regions in the box Ci and Cii
are enlarged and displayed below to show two NRs each with narrower axon. D, Top, Diagram repre-
sents morphologic components of a myelinated nerve. Bottom, Morphologic parameters (n = 8) of
nodal, paranodal, and internodal axons of fresh lumbar spinal ventral nerves following AlexaFluor-
555-labeling. Data are mean 6 SEM.
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to the time when AP was initiated at the recording site. The length of the
nerve fiber was the distance between stimulation site and the recording
site. To determine success rates of APs at the NRs following different
stimulation frequencies, stimulation pulses were applied to the nerve
bundles at frequencies of 1, 10, 50, 100, 200, 500, and 1000Hz.
Stimulation at each frequency was applied for 20 s. Intervals between dif-
ferent tests were 30 s. Success rates of APs conducted through the NRs
were defined as the percentage of successfully propagated APs through
the nodal recording sites during 20 s period of stimulation.

Pharmacology. Effects on intrinsic electrophysiological properties of
NRs by compounds that blocked voltage-gated K1 and K2P channels were
examined. Blockers of voltage-gated K1 channels tested in this set of experi-
ments included tetraethylammonium (TEA, 20 mM, Millipore Sigma), 4-AP
(1 mM, Millipore Sigma), and cesium (Cs1, 135 mM, Millipore Sigma). 4-
AP and Cs1 were applied intracellularly, and 135 mM Cs1 replaced 135 mM

K1 in the recording electrode internal solution. Testing compounds with
blocking effects on K2P channels included barium (Ba21, 5 mM,
Millipore Sigma), ruthenium red (RR, 200 mM, Millipore Sigma), nor-
fluoxetine (NF, 50 and 250 mM, Cayman Chemical, mibefradil (10 mM,

Millipore Sigma), amlodipine (100 mM, Tocris
Bioscience), gadolinium (Gd31, 50 mM, Millipore
Sigma), spadin (1 mM, Millipore Sigma), chlopro-
mazine (100 mM, Millipore Sigma), diltiazem (1
mM, Millipore Sigma), and bupivacaine (3 mM,
Millipore Sigma). In addition to the aforemen-
tioned testing compounds, TTX (500 nM, Tocris
Bioscience) was tested for its blocking effect
on voltage-gated Na1 channels. Unless other-
wise indicated, testing compounds were bath-
applied. For all pharmacology tests with bath
application of testing compounds, unless oth-
erwise indicated, each compound was perfused
to ex vivo nerve preparations for 10min.

Effects of temperatures. Effects of tempera-
tures on intrinsic electrophysiological proper-
ties at NRs as well as on saltatory conductions
of APs through NRs along lumbar spinal ven-
tral nerves were investigated by the aforemen-
tioned electrophysiological experiments at
bath solution temperatures of 35°C, 24°C, and
15°C. The temperatures of bath solutions
were controlled by a Peltier temperature con-
trol system (CL-200A, Warner Instrument),
and were continuously monitored with a
thermal probe placed in the recording cham-
ber (TA-29, Warner Instrument). The bath
solution was applied at 2 ml/min from a short
tube (500 mm in internal diameter) whose
outlet was positioned 1 cm away from the re-
cording site. The time was ,1min for warm-
ing from 24°C to 35°C and ,1min for
cooling from 24°C to 15°C at the recording
site.

Data analysis. Electrophysiological data
were measured using Clampfit 11 (Molecular
Devices). Data were collected from L4 and
L5 lumbar spinal ventral nerves of 33 male
and 23 female animals, and were aggregated
for data analysis since no significant differ-
ences in electrophysiological results were
found between male and female animals.
Input resistance was determined with a
�10mV voltage step from the membrane
holding voltage of �72mV. RMP was meas-
ured under current-clamp configuration at
the zero holding current. AP rheobase was
the threshold step current that evoked AP
firing. AP threshold was the potential at
which AP upstroke started. AP amplitude
was measured from RMP to AP peak. AP

width was measured as the duration from 50% AP upstroke to 50%
AP repolarization. All the above AP parameters were determined
with the AP evoked by the rheobase step current at the NR. AP suc-
cess rates at the NRs were calculated as the number of APs recorded
at the NRs divided by the number of electrical stimuli, where the
electrical stimuli were applied to the lumbar spinal ventral nerves at
different frequencies for 20 s. Curve-fitting was performed using a
nonlinear regression fit with the following equation: Y=100/
(1110^((LogIC50 � X) � Hill Slope)), where Y is normalized
response (AP success rate), X is variable (stimulation frequency),
IC50 is stimulation frequency at which success rate is 50% (FS50). All
data analyses were performed using Graph Pad Prism (version 8).
Analysis for normality was performed with the Shapiro–Wilk test
for each set of data before statistical analysis, and all data were nor-
mally distributed. Unless otherwise indicated, all data were reported
as mean 6 SEM of n independent observations. Statistical signifi-
cance was evaluated using one-way ANOVA with Tukey’s post hoc
tests or Student’s t tests.

Figure 2. NRs of lumbar spinal ventral nerves represent a high level of leak K1 currents and a low level of voltage-gated
K1 currents. A, Two sets of sample traces represent currents recorded at an NR following voltage steps in the absence (left,
control) and presence of voltage-gated K1 channel blockers Cs1 1 4-AP1 TEA (right). Circles and triangles represent the
initial and the end components of the currents, respectively. Currents at these two places are used to plot I–V relationship in
B and C. Voltage commands are shown under each set of the sample current traces. B, Left, I–V curves of noninactivating cur-
rents of the initial component in control (n= 13) and the presence of Cs1 1 4-AP1 TEA (n=13). Right, AUC of the noninac-
tivating currents of the initial component in control (n=13) and the presence of Cs1 1 4-AP 1 TEA (n=13). C, Left, I–V
curves of noninactivating currents of the end component in control (n=13) and the presence of Cs1 1 4-AP1 TEA (n=13).
Right, AUC of the noninactivating currents of the end component in control (n=12) and the presence of Cs1 1 4-AP1 TEA
(n=13). AUCs were used for statistical comparison of noninactivating currents in control and the presence of Cs1 1 4-AP1
TEA. In experiments with voltage-gated K1 channel blockers, 135 mM Cs1 plus 1 mM 4-AP were applied intracellularly, and 20
mM TEA was applied extracellularly. Data are mean6 SEM. **p, 0.01 (Student’s t test).
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Results
Axon morphology of freshly prepared
lumbar spinal ventral nerves
Under a 40� objective in bright field, indi-
vidual nerve fibers and their NRs could be
visualized in lumbar spinal ventral nerves.
The diameters of these nerve fibers with
their myelin sheath were 11.76 0.8mm
(n=8, Fig. 1A,D). However, axons at the
NRs and internodal regions could not be
directly visualized in the bright field because
of heavy myelination. In our experiments
with pressure-patch-clamp recordings, we
labeled axons by including the fluorescent
dye AlexaFluor-555 in recording electrode
internal solution. Under a fluorescent micro-
scope, we could visualize fluorescence-la-
beled axons of freshly prepared lumbar
spinal ventral nerves (Fig. 1B). Axons at NRs
were much narrower than internodal axons
(Fig. 1C). In eight nerve fibers sampled, the
diameters of NRs and the paranodal region
were 2.76 0.4mm (n=8) and 1.96 0.1mm
(n=8, Fig. 1D), respectively. The diameter
of internodal axons was 6.06 0.4mm (n=8,
Fig. 1D). The length of nodal axons and
internodal axons was 6.36 0.6mm (n=8)
and 878.56 56.3mm (n=8), respectively
(Fig. 1D).

Ionic currents evoked by depolarizing
voltages at the NRs of lumbar spinal
ventral nerves
Under voltage-clamp configuration, we examined mem-
brane currents evoked by depolarizing voltage steps at NRs
of lumbar spinal ventral nerves (Fig. 2). Depolarizing volt-
age steps evoked large transient inward currents immedi-
ately followed by large noninactivating outward currents
(Fig. 2A, left) in the control group without voltage-gated
K1 channel blockers. The noninactivating outward currents
at the NRs reversed at �84.66 1.1 mV (n = 13) in the con-
trol group (Fig. 2B,C, left). In the presence of the voltage-
gated K1 channel blockers (extracellular 20 mM TEA, and
intracellular 135 mM Cs1 plus 1 mM 4-AP), the noninacti-
vating outward currents were smaller than those of the con-
trol group (Fig. 2A right, B,C). The reversal potential of the
outward current in the presence of the voltage-gated K1 channel
blockers was �77.46 1.6mV (n=13, Fig. 2B,C, left). We ana-
lyzed noninactivating outward currents using the area under the
I–V curve (AUC), which showed that the voltage-gated K1 chan-
nel blockers significantly reduced noninactivating outward cur-
rents (Fig. 2B,C, right panels). However noninactivating outward
currents remain at high amplitudes in the presence of the volt-
age-gated potassium channel blockers (Fig. 2B,C).

Strong transient inward currents were detected at the NRs of
lumbar spinal ventral nerves in response to depolarizing voltage
steps. We tested effects of TTX on the transient inward currents
evoked by depolarizing voltage steps at NRs of lumbar spinal
ventral nerves. The transient inward currents were completely
blocked by 500 nM TTX, suggesting that they were mediated by
TTX-sensitive voltage-gated Na1 channels (Fig. 3A). We isolated
TTX-sensitive inward currents by subtracting total currents in

the presence of TTX from the total currents in the absence of
TTX (Fig. 3B). The I–V curve of the isolated transient inward
currents were consistent with the currents mediated by TTX-sen-
sitive voltage-gated Na1 channels (n= 5, Fig. 3C). It should be
noted that the I–V curve of the TTX-sensitive inward currents
was distorted in the voltage for evoking the peak inward currents
and the reversal potential. This was most likely because of a poor
space-clamp for the large transient inward currents at the NRs.

Role of voltage-gated K1 channels in intrinsic
electrophysiological properties at the NRs of lumbar spinal
ventral nerves
We determined electrophysiological properties of membranes
and APs at the NRs of lumbar spinal ventral nerves. To investi-
gate the role of voltage-gated K1 channels in intrinsic electro-
physiological properties at the NR, we examined effects of
voltage-gated K1 channel blockers on intrinsic electrophysiolog-
ical properties at the NRs. RMP at the NRs was �85.06 1.0mV
(n= 12, Fig. 4A,B) under the condition in the absence of voltage-
gated K1 channel blockers (control), and became significantly
less negative at�76.26 1.8mV (n=13, p, 0.001, Fig. 4B) in the
presence of voltage-gated K1 channel blockers 20 mM TEA in
bath solution and 135 mM Cs1 plus 1 mM 4-AP in recording elec-
trode internal solution. The injection of depolarizing step cur-
rents resulted in nodal membrane depolarization and AP firing
at the NRs once membrane depolarization reached AP threshold
(Fig. 4A). AP threshold was �58.96 1.5mV (n=12) in the con-
trol group, and significantly less negative at �52.26 1.6mV
(n= 13) in the presence of the aforementioned voltage-gated K1

channel blockers (Fig. 4C, p, 0.05). AP width was 0.96 0.04ms

Figure 3. Transient inward currents evoked at the NR of lumbar spinal ventral nerves and their sensitivity to TTX. A,
Sample traces represent currents recorded at an NR following voltage steps in the absence (control, left) and presence of
voltage-gated Na1 channel blocker TTX (500 nM, right). Voltage commands are shown under the sample current traces. B,
Left, TTX-sensitive inward currents obtained by subtraction of total currents in TTX from total currents in the control. Right,
TTX-sensitive inward currents displayed in an expanded time scale. C, Current–voltage relationship (I–V curve) of TTX-sen-
sitive voltage-activated Na1 currents recorded at NRs of lumbar spinal ventral nerves (n= 5). Data are mean6 SEM.
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(n=12) in the control group, and significantly prolonged to
1.16 0.03ms (n= 13) in the presence of the voltage-gated K1

channel blockers (Fig. 4D, p, 0.01). AP rheobase was 537.56
40.4 pA (n=12) in the control group, and 496.16 42.2 pA
(n=13) in the presence of the voltage-gated K1 channel block-
ers, and was not significantly different (Fig. 4E). AP amplitude
was 68.26 6.5mV (n=12) in the control group and 79.16
2.5mV (n= 13) in the presence of the voltage-gated K1 channel
blockers, and was not significantly different (Fig. 4F). Input re-
sistance, measured under the voltage-clamp configuration fol-
lowing a �10mV testing pulse from membrane holding voltage
at�72mV, was 35.86 1.6 MV (n=12) in the control group, and
significantly increased to 49.06 2.9 MV (n=13) in the presence
of the voltage-gated K1 channel blockers (Fig. 4G, p, 0.001).
Collectively, the results revealed roles of voltage-gated K1 chan-
nels in the intrinsic electrophysiological properties of the NRs of
lumbar spinal ventral nerves.

Role of voltage-gated K1 channels in saltatory conduction at
the NRs of lumbar spinal ventral nerves
To investigate the role of voltage-gated K1 channels in saltatory
conduction at the NRs, we determined whether block of voltage-
gated K1 channels affect saltatory conduction along lumbar spi-
nal ventral nerves. In this set of experiments, electrical stimula-
tion was applied to a distal site of lumbar spinal ventral nerves to
orthodromically evoke APs, and APs were recorded at the NRs
;15 mm away from the stimulation site (Fig. 5A,B). We exam-
ined effects by TEA and 4-AP plus Cs1 on AP propagation to

the NRs at the recording sites. AP CV
was 26.96 2.2 m/s (n= 7) and 23.46 2.3
m/s (n=6) in the absence and presence
of the voltage-gated K1 channel blockers,
respectively, and was not significantly dif-
ferent (Fig. 5C). We determined effects of
the voltage-gated K1 channel blockers on
AP success rate at the NRs. In this set of
experiments, APs were elicited at distal
sites of lumbar spinal ventral nerves by
train stimulation for 20 s at the frequen-
cies of 1, 10, 50, 100, 200, 500, and
1000Hz, and APs were recorded at the
NRs. In the control group, AP success
rate was 100% for stimulation frequencies
from 1 to 100Hz, and 73.06 7.2% (n=6)
at train stimulation frequency of 200Hz,
19.96 2.3% (n=6) at train stimulation
frequency of 500Hz and 3.56 1.9%
(n=6) at train stimulation frequency of
1000Hz (Fig. 5D,E). In the presence of
TEA and 4-AP plus Cs1, AP success rate
reduced to 66.26 17.8% (n = 6) at stim-
ulation frequencies of 100Hz, 22.56
10.9% (n= 6) at train stimulation fre-
quency of 200Hz, 3.86 2.7% (n= 6) at
train stimulation frequency of 500Hz,
and 0.16 0.1% (n = 6) at train stimula-
tion frequency of 1000Hz (Fig. 5D,E).
Thus, the curve of AP success rate at
different train stimulation frequencies
showed left shift in the presence of
the voltage-gated K1 channel blockers
(Fig. 5E). We used the frequency at
which AP success rate was 50% (FS50)
to quantitatively describe the effect of

voltage-gated K1 channel blockers on the success rate of APs
(Fig. 5E,F). FS50 was 302.26 25.1 Hz (n = 6) in the control
group, and significantly reduced to 156.36 32.8 Hz (n = 6) in
the presence of the voltage-gated K1 channel blockers (Fig.
5E,F, p, 0.01). Together, the results suggest that voltage-
gated K1 channels play a regulatory role in the saltatory con-
duction at the NRs of lumbar spinal ventral nerves.

K2P-mediated K1 currents at the NRs of lumbar spinal
ventral nerves
Voltage-gated K1 channel blockers only inhibited a small frac-
tion of noninactivating outward currents at the NRs (Fig. 2),
suggesting that most of the noninactivating outward currents
may be mediated by leak K1 or K2P channels. To directly
investigate K2P-medaited currents at the NRs, we determined
inhibitory effects on noninactivating outward currents at the
NRs by compounds, which were previously shown to inhibit
K2P channels (Enyedi and Czirjak, 2010). The compounds
being tested included mibefradil (10 mM), Ba21 (5 mM), spadin
(1 mM), RR (200 mM), amlodipine (100 mM), NF (50 and 250 mM),
Gd31 (50 mM), chlopromazine (100 mM), diltiazem (1 mM), and
bupivacaine (3 mM). Figure 6A–C shows inhibitory effects on
noninactivating outward currents at the NRs of lumbar spinal
ventral nerves by 50 and 250 mM NF (n= 5). The noninactivat-
ing outward currents were dose-dependently inhibited by 50
and 250 mM NF. Measured by the AUC, the noninactivating
outward currents were inhibited by 27% by 50 mM NF (n= 5)

Figure 4. Effects of voltage-gated K1 channel blockers on electrophysiological properties at the NR of lumbar spinal ventral
nerves. A, Sample traces represent APs recorded at an NR in the absence (control, left) and presence of the voltage-gated K1

channel blockers Cs1 1 4-AP1 TEA (middle). Recordings were performed under the whole-cell current-clamp configuration,
and step currents were injected into the NR through the recording electrode. Right, Overlay APs in the control (gray) and the
presence of Cs11 4-AP 1 TEA (black) at an expanded time scale. Voltage commands are shown under the sample current
traces. B-G, Bar graph represents the absence (control, open bars, n= 12) and presence of Cs1 1 4-AP 1 TEA (gray bars,
n= 13), nodal RMPs, (B), AP threshold (C), AP width (D), AP rheobase (E), AP amplitude (F), and membrane input resistance
(G). In experiments with voltage-gated K1 channel blockers, 135 mM Cs1 plus 1 mM 4-AP were applied intracellularly, and 20
mM TEA was applied extracellularly. Data are mean6 SEM. ***p, 0.001 (Student’s t test). ns, p� 0.05.
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and 45% by 250 mM NF (n= 5; Fig. 6C).
In addition to the inhibition of the
noninactivating outward currents, it
was noted that NF at 50 and 250 mM
also inhibited the transient inward cur-
rents at the NRs (Fig. 6A). Bupivacaine,
a voltage-gated Na1 channel blocker,
also showed strong inhibitory effects on
the noninactivating outward currents at
the NRs. Measured by the AUC, the
noninactivating outward currents were
inhibited by 60% by 3 mM bupivacaine
(n=4, Fig. 6F). In addition to the inhi-
bition of the noninactivating outward
currents, the transient inward currents
at the NRs were also blocked by 3 mM

bupivacaine (Fig. 6D). Figure 6G shows
the summary data of the inhibitory
effects of 11 compounds tested on non-
inactivating outward currents, and data
represent changes of the AUCs (in refer-
ence to control) following the treatment
of nerve preparations with each testing
compound. While the 11 testing com-
pounds blocked noninactivating out-
ward currents at the NRs in different
degrees (Fig. 6G), most of them also
inhibited voltage-activated transient in-
ward currents, which were mediated by
TTX-sensitive voltage-gated Na1 chan-
nels (Fig. 6H). For example, both NF
at 250 mM and bupivacaine at 3 mM

c>ompletely blocked the transient inward
currents (Fig. 6A,D,H). Among these
compounds, Ba21 (5 mM), spadin (1 mM),
and RR (200 mM) each inhibited noninac-
tivating outward currents but had no sig-
nificant effects on the transient inward
currents (Fig. 6G,H). Noninactivating
outward currents become 79.56 3.0%
(n=8, p, 0.001), 75.66 3.8% (n=10,
p, 0.001), and 74.26 2.4% (n = 7,
p, 0.001) in the presence of 5 mM

Ba21, 1 mM spadin, and 200 mM RR,
respectively (Fig. 6G). Thus, while
many K2P channel blockers inhib-
ited the noninactivating outward
currents at the NRs of lumbar spinal
ventral nerves, only a few of them
appear to be suitable for exploring
functions of K2P channels at the
NRs.

Role of K2P channels in intrinsic
electrophysiological properties at the NRs of lumbar spinal
ventral nerves
To investigate the role of K2P channels in intrinsic electrophys-
iological properties at the NRs of lumbar spinal ventral nerves,
we examined effects of RR (200 mM), Ba21 (5 mM), and spadin
(1 mM) on the membrane and AP properties at the NRs of lum-
bar spinal ventral nerves. These three compounds were tested
because they inhibited noninactivating outward currents but
did not have significant effects of the voltage-gated Na1

currents at the NRs (Fig. 6G,H). Experiments were performed
under the current-clamp configuration in the absence (control)
and presence of RR (200 mM), Ba21 (5 mM), or spadin (1 mM).
RMP was �89.56 1.8mV (n=7) in the control group, and depo-
larized to �84.26 2.3mV (n=7, p=0.05) in the presence of 200
mM RR (Fig. 7A). AP threshold was �60.16 1.0mV (n=7) in the
control group, and significantly increased to �45.36 1.9mV
(n=7) in the presence of RR (Fig. 7B, p, 0.01). AP width was
1.16 0.03ms (n=7) in the control group, and significantly pro-
longed to 1.46 0.09ms (n=7) in the presence RR (Fig. 7C,
p, 0.01). AP amplitude was 106.26 2.3mV (n=7) in the control

Figure 5. Effects of voltage-gated K1 channel blockers on saltatory conduction through NR of lumbar spinal ventral nerves. A,
Experimental setting for recording action potentials through NRs of lumbar spinal ventral nerves. B, Two overlay sample traces
represent APs recorded from an NR following electrical stimulation applied to a distal site. The recordings were performed in the
absence (control, black) and presence of Cs1 1 4-AP1 TEA (red). Arrow indicates stimulation artifact. C, Summary data of AP
CV determined from recordings shown in A, B in control (n= 7) and the presence of Cs1 1 4-AP1 TEA (n= 6). D, Two sets of
sample trances represent APs recorded at an NR following a train of electrical stimulation at 200 Hz in control (top) and the pres-
ence of Cs1 1 4-AP 1 TEA (bottom). Stimulation was applied for a period of 20 s. Only a short period of APs at initial time
point (0 s), 5, 10, 15, and 20 s time point are presented to illustrate changes of AP success rates over the time period of 20 s. E,
AP success rates at NRs with distal stimulation at frequency of 1, 10, 100, 200, 500, and 1000 Hz (n= 6). Dashed lines indicate
the frequency at which AP conduction success rates fall to 50% (FS50). Recording duration at each frequency was 20 s. F, Bar
graphs represent summary data of FS50 in control (n= 6) and the presence of Cs1 1 4-AP1 TEA (n= 6). In experiments with
voltage-gated K1 channel blockers, 135 mM Cs1 plus 1 mM 4-AP were applied intracellularly, and 20 mM TEA was applied extrac-
ellularly. Data are mean6 SEM. *p, 0.05; **p, 0.01; Student’s t test. ns, p� 0.05.
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group, and significantly increased to 112.86 1.4mV (n=7) in the
presence of RR (Fig. 7D, p, 0.05). AP rheobase was 428.66
47.4 pA (n=7) in the control group, and significantly increased to
628.86 55.5 pA (n=7) in the presence of RR (Fig. 7E, p, 0.01).
Input resistance was 44.16 4.0 MV (n=7) in the control group,
and significantly increased to 52.16 3.8 MV (n=7) in the pres-
ence of RR (Fig. 7F, p, 0.01). We next investigated effects of
Ba21 on intrinsic electrophysiological properties of membranes
and APs at the NRs. RMP was�83.66 1.4mV (n=8) in the con-
trol group, and significantly depolarized to �78.26mV (n=8) in
the presence of 5 mM Ba21 (Fig. 7G, p, 0.05). AP threshold was
�59.96 2.1mV (n=8) in the control group, and significantly
depolarized to�51.06 0.6mV (n=8) in the presence of the Ba21

(Fig. 7H, p, 0.01). AP width was 1.06 0.03ms (n=8) in the con-
trol group, and significantly prolonged to 1.16 0.05ms (n=8) in

the presence of Ba21 (Fig. 7I, p, 0.01). AP amplitude was 83.16
4.8mV (n=8) in the control group and 85.46 6.1mV (n=8) in
the presence of Ba21, and was not significantly different (Fig. 7J).
AP rheobase was 443.86 67.8 pA (n=8) in the control group, and
significantly increased to 550.06 59.8 pA (n=8) in the presence
of Ba21 (Fig. 7K, p, 0.05). Input resistance was 43.16 2.0 MV
(n=8) in the control group, and significantly increased to 63.26
5.4 MV (n=8) in the presence of Ba21 (Fig. 7L, p, 0.01). Finally,
we determined effects of spadin on intrinsic electrophysiological
properties at the NRs. RMP was �85.36 0.8mV (n=10) in
the control group, and depolarized to �78.86 2.9mV (n=10,
p=0.05, Fig. 7M) in the presence of spadin. AP threshold was
�61.86 1.3mV (n= 10) in the control group, and became
�55.16 4.0mV (n=10) in the presence of the spadin (p=0.08,
Fig. 7N). AP width was 1.16 0.09ms (n=10) in the control

Figure 6. Effects of K2P channel blockers on noninactivating outward and transient inward currents at the NR of lumbar spinal ventral nerves. A, Sample traces represent ionic currents
recorded at an NR following voltage steps in the absence (control, left), presence of 50 mM (middle), and presence of 250 mM (right) of NF. B, C, I–V curves (B) and AUC (C) of noninactivation
currents following voltage steps in control (circles in B and open bar in C, n= 10), the presence of 50 mM (triangles in B and gray bar in C, n= 5), and the presence of 250 mM (squares in B or
black bar in C, n= 5) NF. D, Sample traces represent ionic currents recorded at an NR following voltage steps in the absence (control, left) and presence of 3 mM bupivacaine (right). E, F, I–V
curves (E) and AUC (F) of noninactivation currents following voltage steps in control (open circles in E and open bar in F, n= 4) and the presence of 3 mM bupivacaine (filled circle in E and or
gray bar in F, n= 4). G, Pharmacological profile of noninactivating outward currents recorded at the NRs with 11 compounds known to block K2P channels. H, Pharmacological profile of tran-
sient inward currents tested with the 11 compounds listed in G. Statistical analyses were only applied to the testing groups of Ba21 (5 mM, n= 8), spadin (1 mM, n= 10), and RR (200 mM,
n= 7) since these compounds did not have inhibitory effects on the transient inward currents. Data are mean 6 SEM. *p, 0.05; **p, 0.01; one-way ANOVA with Tukey post hoc test or
Student’s t test. ns, p� 0.05.
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group, and 1.06 0.05ms (n=10) in the presence of spadin, and
was not significantly different (Fig. 7O). AP amplitudes were
92.46 3.1mV (n=10) in the control group and 84.86 4.7mV
(n=10) in the presence of spadin, and was not significantly differ-
ent (Fig. 7P). AP rheobase was 390.06 22.1 pA (n=10) in the
control group, and 370.06 20.0 pA (n=10) in the presence of spa-
din, and was not significantly different (Fig. 7Q). Input resistance
was 40.66 2.2 MV (n=10) in the control group, and significantly
increased to 58.36 5.3 MV (n=10) in the presence of spadin (Fig.
7R, p, 0.01). Collectively, the results demonstrate significant roles
of K2P channels in the intrinsic electrophysiological properties of
the NRs of lumbar spinal ventral nerves.

Role of K2P channels in saltatory conduction at the NRs of
lumbar spinal ventral nerves
To determine the role of K2P channels in saltatory conduction at
the NRs, we investigated whether K2P channel blockers affect
saltatory conduction along lumbar spinal ventral nerves. In this
set of experiments, electrical stimulation was applied to a distal
site of lumbar spinal ventral nerves to evoke APs, and APs were
recorded at the NRs ;15 mm away from the stimulation site.
We examined effects of RR (200 mM) on the propagation of APs
to the recording sites. AP CV was 37.86 2.1 m/s (n=7) in the
absence of RR and significantly decreased to 30.76 2.6 m/s
(n= 7) in the presence of RR (Fig. 8A, p, 0.01). We determined
effects of RR on AP success rates at the NRs in lumbar spinal
ventral nerves. In this set of experiments, APs were elicited at
distal sites of lumbar spinal ventral nerves by train stimulation
for 20 s at the frequencies of 1, 10, 50, 100, 200, 500, and
1000Hz, and APs were recorded at the NRs. In the control
group, AP success rate was 100% for stimulation frequencies
from 1 to 100Hz, 90.26 0.007% (n= 7) at train stimulation fre-
quency of 200Hz, 32.56 5.0% (n= 7) at train stimulation fre-
quency of 500Hz, and 9.16 3.5% (n=7) at train stimulation
frequency of 1000Hz (Fig. 8B). In the presence of RR, AP success
rate was 100% for stimulation frequencies from 1 to 100Hz, and
reduced to 65.46 6.3% (n=7) at train stimulation frequency
of 200Hz, 19.66 3.5% (n= 7) at train stimulation frequency of
500Hz, and 5.46 1.9% (n= 7) at train stimulation frequency of
1000Hz (Fig. 8B). The curve of AP success rate at different train
stimulation frequency showed left shift in the presence of RR
(Fig. 8B). We used the frequency at which AP success rate was
50% (FS50) to quantitatively describe the effects of K2P channel
blockers on the success rates of APs evoked by train stimuli (Fig.
8C). FS50 was 418.56 37.8Hz (n=7) in the control group, and
significantly reduced to 277.96 27.0Hz (n=7) in the presence
of RR (Fig. 8C, p, 0.01). We next determined effects on AP CV
and APs success rate by Ba21 and spadin. AP CV was 34.26 2.2
m/s (n= 7) in the control group and significantly reduced to
28.56 1.3 m/s in the presence 5 mM Ba21 (n=7, p, 0.01, Fig.
8D). AP CV was 35.36 4.0 m/s (n= 7) in the control group and
significantly reduced to 33.96 4.3 m/s (n= 7) in the presence of
1 mM spadin (Fig. 8G, p, 0.01). However, both Ba21 and spadin
did not significantly affect AP success rates (Fig. 8E,F,H,I).
Together, the results suggest that K2P channels play a role in the
saltatory conduction at the NRs of lumbar spinal ventral nerves.

Effects of cooling temperatures on ionic currents at the NRs
of lumbar spinal ventral nerves
K2P channels can be inhibited by cooling temperatures (Kanda
et al., 2019, 2021b). We tested effects of cooling temperatures on
the noninactivating outward currents at the NRs of lumbar ven-
tral nerves. Noninactivating outward currents were strong and

Figure 7. Effects of inhibiting K2P channels on electrophysiological properties at the NR of
lumbar spinal ventral nerves. A-F, Effects of RR on nodal RMP (A), AP threshold (B), AP width
(C), AP amplitude (D), AP rheobase (E), and input resistance (F). The electrophysiological
properties were determined in the absence (control, open bars) and presence of 200 mM RR
(n= 7, red bars). G-L, Effects of Ba21 on nodal RMP (G), AP threshold (H), AP width (I), AP
amplitude (J), AP rheobase (K), and input resistance (L). The electrophysiological properties
were determined in the absence (control, open bars) and presence of 5 mM Ba21 (n= 8,
blue bars). M-R, Effects of spadin on nodal RMP (M), AP threshold (N), AP width (O), AP am-
plitude (P), AP rheobase (Q), and input resistance (R). The electrophysiological properties
were determined in the absence (control, open bars) and presence of 10 mM spadin (n= 10,
green bars). Data are mean6 SEM. *p, 0.05; **p, 0.01; Student’s t test. ns, p� 0.05.
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had large amplitudes at 35°C and progressively reduced when tem-
peratures were reduced to 24°C and 15°C (Fig. 9A,B). The I–V
curves of the noninactivating outward currents had reversal poten-
tials of �83.06 1.2mV (n=9) at 35°C, �85.16 1.3mV (n=9) at
24°C, and �80.16 1.7mV (n=9) at 15°C, and were significantly
different between 24°C and 15°C (p, 0.05). Expressed as AUC,
the noninactivating outward currents were 46.96 2.8 nA*mV
(n = 9) at 35°C, significantly reduced to 37.36 2.0nA*mV
(n=9, p ,0.001) at 24°C, and to 28.36 1.9nA*mV (n=9,
p, 0.001) at 15°C; the noninactivating outward currents were sig-
nificantly lower at 24°C and 15°C compared with those at 35°C
(Fig. 9C). The AUC of transient inward currents was 48.16
6.3nA*mV (n=9) at 35°C, significantly reduced to 31.46
3.7nA*mV (n=9, p, 0.001) at 24°C, and to 17.16 2.3nA*mV
(n=9, p, 0.001) at 15°C (Fig. 9D).

Effects of cooling temperatures on intrinsic
electrophysiological properties of lumbar spinal ventral
nerves
We determined effects of cooling temperatures on the membrane
and AP properties at the NRs of lumbar spinal ventral nerves.

Experiments were performed under the cur-
rent-clamp configuration with bath solution
at the temperatures of 35°C, 24°C, and 15°C
(Fig. 10A). RMP was �83.36 1.7mV (n=9)
at 35°C, �85.76 1.4mV (n= 9) at 24°C, and
�80.36 2.1mV (n=9) at 15°C, and was sig-
nificantly different between 24°C and 15°C (Fig.
10B, p, 0.05). AP width was 0.56 0.03ms
(n=8) at 35°C and significant prolonged to
1.06 0.05ms (n=8, p, 0.001) at 24°C, and
1.96 0.08ms (n=8, p, 0.001) at 15°C (Fig.
10C). AP amplitude was 74.36 3.4mV (n=8)
at 35°C, and significant increased to 88.86
13.4mV (n=8, p, 0.001) at 24°C, and 88.66
6.1mV (n=8, p, 0.05) at 15°C (Fig. 10D). AP
threshold was �58.96 2.0mV (n=8) at 35°C,
�59.76 2.0mV (n=8) at 24°C, and �54.86
2.6mV (n=8) at 15°C, and was not signifi-
cantly different (Fig. 10E). Time to threshold
was 2.36 0.1ms (n=8) at 35°C and significant
increased to 5.16 0.7ms (n=8, p, 0.001) at
24°C, and 5.86 1.0ms (n=8, p, 0.01) at 15°C
(Fig. 10F). AP rheobase was 718.86 70.0pA
(n=8) at 35°C, and significantly decreased to
512.56 50.7pA (n=8, p, 0.01) at 24°C, and
418.86 42.2pA (n=8, p, 0.01) at 15°C (Fig.
10G). Input resistance was 31.26 2.5 MV
(n=8) at 35°C, and significant increased to
37.66 2.9 MV (n=8, p, 0.01) at 24°C, and
47.46 4.5 MV (n=8, p, 0.001) at 15°C (Fig.
10H).

Effects of cooling temperatures on
saltatory conduction along lumbar spinal
ventral nerves
We investigated effects of cooling tempera-
tures on saltatory conduction of APs along
lumbar spinal ventral nerves. In this set of
experiments, electrical stimulation was applied
to a distal site of lumbar spinal ventral nerves
to evoke APs, and APs were recorded at the
NRs ;15 mm away from the stimulation site
(Fig. 11A). We determined CV of APs at 35°C,

24°C, and 15°C. AP CV was 41.96 4.0 m/s (n=7) at 35°C, signifi-
cant decreased to 29.46 1.1 m/s (n=7, p, 0.05) at 24°C, and
18.36 1.5mV (n=7, p, 0.01) at 15°C (Fig. 11B). We also exam-
ined effects of cooling temperatures on the properties of APs con-
ducted to the recording sites. AP width was 0.46 0.04ms (n=7)
at 35°C, and significantly prolonged to 0.86 0.04ms (n=7,
p, 0.001) at 24°C, and 1.76 0.06ms (n=7, p, 0.001) at 15°C
(Fig. 11C). AP amplitude was 78.76 3.5mV (n=7) at 35°C,
95.06 3.7mV (n=7) at 24°C, and 83.76 6.3mV (n=7) at 15°C,
and was significantly different between 35°C and 24°C (Fig. 11D,
p, 0.01).

We investigated effects of cooling temperatures on AP success
rates at the NRs of lumbar spinal ventral nerves. In this set of
experiments, APs were elicited at distal sites of lumbar spinal
ventral nerves by train stimulation for 20 s at the frequencies of
1, 10, 50, 100, 200, 500, and 1000Hz. APs were recorded at the
NRs at 35°C, 24°C, and 15°C. Figure 12A shows sample traces of
APs evoked by 200Hz stimuli for 20 s at 35°C, 24°C, and 15°C.
AP success rates were progressively reduced with decreasing
temperatures from 35°C to 24°C and 15°C. At 35°C, AP success

Figure 8. Effects of inhibiting K2P channels on saltatory conduction at the NR of lumbar spinal ventral nerves. A,
Summary data of AP CV determined in the absence (control) and presence of 200 mM RR (n= 7). B, AP success rates at
NRs with distal stimulation at frequency of 1, 10, 100, 200, 500, and 1000 Hz (n= 7) determined in control and the pres-
ence of 200 mM RR (n= 7). Recording duration at each frequency was 20 s. C, Bar graphs represent summary data of
FS50 (n= 7) in control and the presence of 200 mM RR (n= 7). D, Summary data of AP CV determined in the absence
(control) and presence of 5 mM Ba21 (n= 7). E, AP success rates at NRs with distal stimulation at frequency of 1, 10,
100, 200, 500, and 1000 Hz (n= 5) determined in control and the presence of 5 mM Ba21 (n= 5). Recording duration
at each frequency was 20 s. F, Bar graphs represent summary data of FS50 (n= 5) in control and the presence of 5 mM

Ba21 (n= 5). G, Summary data of AP CV determined in the absence (control) and presence of 1 mM spadin (n= 7). H,
AP success rates at NRs with distal stimulation at frequency of 1, 10, 100, 200, 500, and 1000 Hz (n= 7) determined in
control and in the presence of 1 mM spadin (n= 7). Recording duration at each frequency was 20 s. I, Bar graphs repre-
sent summary data of FS50 (n= 7) in control and the presence of 1 mM spadin (n= 7). In all experiments, whole-cell
current-clamp recordings were performed at NRs and APs were evoked by electrical stimulation from distal sites of nerve
bundles. Data represent mean6 SEM. *p, 0.05; **p, 0.01; Student’s t test. ns, p� 0.05.
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rate was 100% for stimulation frequencies
from 1 to 200Hz, 39.06 10.8% (n= 6) at
train stimulation frequency of 500Hz, and
9.66 3.8% (n= 6) at train stimulation fre-
quency of 1000Hz (Fig. 12B). At 24°C, AP
success rate was 100% for stimulation fre-
quencies from 1 to 100Hz, and reduced to
73.06 7.2% at train stimulation frequency
of 200Hz, 19.96 2.2% (n=6) at train stim-
ulation frequency of 500Hz, and 3.56 1.9%
(n=6) at train stimulation frequency of
1000 Hz (Fig. 12B). At 15°C, AP success
rate was 100% for stimulation frequen-
cies from 1 to 10 Hz, and reduced to
82.96 10.4% (n = 6) at the train stimu-
lation frequency of 50Hz, 38.96 8.0%
(n = 6) at 100 Hz train stimulation,
15.56 3.7% (n = 6) at 200Hz train stim-
ulation, 0.66 0.4% (n = 6) at 500 Hz
train stimulation, and 0.0086 0.002%
(n = 6) at 1000 Hz train stimulation (Fig.
12B). Thus, the curve of AP success rate
at different train stimulation frequency
showed left shift at cooling tempera-
tures (Fig. 12B). We used the frequency
at which AP success rate was 50% (FS50)
to quantitatively describe the effects
of temperatures on the success rates
of APs evoked by train stimuli (Fig.
12C). FS50 was 497.56 43.4 Hz (n = 6)
at 35°C, significantly reduced to 302.26
25.1Hz (n=6, p, 0.01) at 24°C, and
90.76 12.1Hz (n=6, p, 0.001) at 15°C
(Fig. 12C).

Discussion
In the present study, we have used the ex
vivo lumbar spinal ventral nerve prepara-
tion and applied pressure-patch-clamp
recordings to investigate K1 channels and
their roles in intrinsic electrophysiological
properties and saltatory conduction at the
NRs of lumbar spinal ventral nerves. We
have characterized effects on the intrinsic
electrophysiological properties and salta-
tory conduction at the NRs by voltage-
gated K1 channel blockers, K2P channel
blockers, and cooling temperatures. To
our knowledge, this is the first whole-cell
patch-clamp recording study at the NRs
of motor nerve fibers of mammals. We
have demonstrated that NRs of lumbar
spinal ventral nerves expressed a signifi-
cant level of voltage-gated K1 channels.
However, K2P channels remain to be the
principal K1 channels at the NRs of these
nerve fibers. We have shown that both
K2P and voltage-gated K1 channels play
significant roles in intrinsic electro-
physiological properties and saltatory
conduction at NRs of lumbar spinal ven-
tral nerves. Inhibition of voltage-gated K1

Figure 9. Effects of cooling temperatures on ionic currents at the NR of lumbar spinal ventral nerves. A,
Sample traces represent currents recorded at an NR following voltage steps at 35°C (left), 24°C (middle), and 15°
C (right). Circles represent the places where the noninactivating outward currents are used to plot I–V relation-
ship in B. B, I–V curves of noninactivating currents at 35°C (red circles, n = 9), 24°C (gray circles, n = 9), and 15°
C (blue circles, n = 9). C, AUC of the noninactivating currents at 35°C (red bar, n = 9), 24°C (white bar, n = 9),
and 15°C (blue bar, n = 9). D, AUC of the inward currents evoked by voltage steps at 35°C (red bar, n = 9), 24°C
(white bar, n = 9), and 15°C (blue bar, n = 9). Data are mean 6 SEM. *p, 0.05; **p, 0.01; one-way ANOVA
with Tukey post hoc test.

Figure 10. Effects of cooling temperatures on intrinsic electrophysiological properties of lumbar spinal ventral nerves. A,
Sample traces represent RMP and APs recorded at 35°C (red), 24°C (black), and 15°C (blue). Recordings were performed
under the whole-cell current-clamp configuration, and step currents were injected into the NR through the recording elec-
trode. B-H, Bar graph represents recordings at NRs performed at 35°C (red bars, n= 8), 24°C (gray bars, n= 8), and 15°C
(blue bars, n= 8) for nodal RMP (B), AP width (C), AP amplitude (D), AP threshold (E), time to AP threshold (F), AP rheobase
(G), and membrane input resistance (H). Data are mean 6 SEM. *p, 0.05; **p, 0.01; ***p, 0.001; one-way ANOVA
with Tukey post hoc test.
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channels and K2P channels by their blockers or cooling temper-
atures significantly alters the intrinsic electrophysiological
properties and saltatory conduction at the NRs of lumbar
spinal ventral nerves.

Patch-clamp recordings at the NRs are technically challenging
and have never been used previously at the NRs of motor nerve
fibers of mammals. We applied pressure-patch-clamp recording
technique that we recently developed (Kanda et al., 2019, 2021a,b)
to investigate ion channels and their functions at the NRs of
motor nerve fibers. In addition, we included AlexaFluor-555 in
the recording electrode to label axons of recorded nerve fibers
and visualize morphologic characteristics of the axons of
these nerve fibers. The axons of lumbar spinal ventral nerves
were morphologically similar to those of trigeminal Ab -
afferent somatosensory nerves shown in our previous study
(Kanda et al., 2019). However, the diameter and length of
NRs in the lumbar spinal ventral nerves were found to be
greater than those of trigeminal Ab -afferent nerves (Kanda
et al., 2019). This size difference of the NRs may partially
contribute to the differences in electrophysiological proper-
ties of NRs between motor nerves and somatosensory nerves.

At the NRs of rat lumbar spinal ventral nerves, we show that
voltage-activated inward currents could be completely blocked
by TTX, indicating these inward currents are mediated by TTX-
sensitive voltage-gated Na1 channels. These channels are most
likely to be NaV1.6 channels since strong immunoreactivity of
NaV1.6 has been shown to be clustered at the NRs (Caldwell et
al., 2000; Waxman, 2006). We show that voltage-gated K1

channels are present at a significant level at the NRs on lum-
bar spinal ventral nerves. This is evidenced by the signifi-
cant inhibition of noninactivating outward currents by the
voltage-gated K1 channel blockers TEA and 4-AP plus Cs1.
Immunohistochemical studies have shown the presence of
Kv7.2 immunoreactivity at the NRs of myelinated nerve
fibers (Devaux et al., 2004). Thus, the noninactivating out-
ward currents that are sensitive to voltage-gated K1 channel
blockers in the present study are most likely mediated by
Kv7.2 channels. In addition to Kv7.2, immunoreactivity to
Kv1.1 and Kv1.2 channels has been observed in paranodal
regions of myelinated nerve fibers (Rhodes et al., 1997),
raising a possibility that these voltage-gated K1 channels
may also mediate the noninactivating outward currents at
the NRs. However, voltage-gated K1 channels at paranodal
regions are thought to be functionally silent in intact NRs
(Chiu and Ritchie, 1980). Nevertheless, they are believed to
contribute to the enhanced outward currents following
nerve demyelination (Chiu and Ritchie, 1980, 1981). In the
present study, noninactivating outward currents recorded
at the NRs of motor nerve fibers remain to have high ampli-
tudes in the presence of the voltage-gated K1 channel
blockers. This result suggests that voltage-gated K1 chan-
nels are not the principal K1 channels at the NRs of motor
fibers. In the present study, NF, bupivacaine, and other K2P
channels blockers (Maingret et al., 1999, 2000; Kim et al.,
2001; Kang et al., 2005; Enyedi and Czirjak, 2010) signifi-
cantly inhibited the noninactivating outward currents at the
NRs of lumbar spinal ventral nerves, suggesting the nonin-
activating outward currents are largely mediated by K2P
channels. Furthermore, the noninactivating outward cur-
rents at the NRs of the lumbar spinal ventral nerve fibers
are highly temperature-sensitive and significantly inhibited
at cooling temperatures, suggesting that the noninactivat-
ing outward currents are mediated by thermal K2P chan-
nels. This is consistent with somatosensory nerves which
express thermal K2P channels TREK1 and TRAAK at their
NRs. However, in somatosensory nerves, noninactivating
outward currents are mostly, if not exclusively, mediated by
thermal K2P channels, and the involvement of voltage-
gated K1 channels is negligible (Kanda et al., 2019).

We have demonstrated that voltage-gated K1 channels play
significant roles in intrinsic electrophysiological properties at
the NRs of lumbar spinal ventral nerves, as is evidenced by the
changes of intrinsic electrophysiological properties following the
application of voltage-gated K1 channel blockers. For example,
RMP at the NRs becomes significantly depolarized and mem-
brane input resistance significantly increased following the appli-
cation of the voltage-gated K1 channel inhibitors. These results
suggest that voltage-gated K1 channels, most likely Kv7.2 chan-
nels, are involved in passive membrane properties at the NRs.
We show that voltage-gated K1 channel blockers significantly
prolonged AP width at the NRs, suggesting that these channels
are partially involved in AP repolarization at the NRs of motor
nerve fibers. In contrast to these effects on the intrinsic electro-
physiological properties in motor nerve fibers, in our previous
study, voltage-gated K1 channel blockers did not significantly
affect intrinsic electrophysiological properties of NRs at somato-
sensory Ab -afferent nerves (Kanda et al., 2019).

We show that K2P channels also play significant roles in
intrinsic electrophysiological properties at the NRs of motor
nerve fibers, as is evidenced by the changes of the intrinsic elec-
trophysiological properties following the application of K2P

Figure 11. Effects of cooling temperatures on the velocity of saltatory conduction along
lumbar spinal ventral nerves. A, Three overlay sample traces show APs recorded from an NR
following electrical stimulation applied to a distal site. The recordings were performed at 35°
C (red), 24°C black), and 15°C (blue). Arrowhead indicates stimulation artifact. B, Summary
data of AP CV determined from recordings shown in A at 35°C (red bar, n= 7), 24°C (gray
bar, n= 7), and 15°C (blue bar, n= 7). C, D, Summary data of widths and amplitudes of
nodal APs (n= 7) evoked by electrical stimulation at distal locations. Data are mean6 SEM.
*p, 0.05; **p, 0.01; ***p, 0.001; one-way ANOVA with Tukey post hoc test.
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channel blockers. In the present study, a
number of compounds that are previ-
ously shown to be K2P channel blockers
(Maingret et al., 1999, 2000; Kim et al.,
2001; Kang et al., 2005; Enyedi and
Czirjak, 2010) significantly inhibited
noninactivating outward currents at the
NRs of lumbar spinal ventral nerves.
Among the 11 tested compounds, Ba21,
RR, and spadin inhibited the outward cur-
rents without affecting voltage-activated
inward currents at the NRs. Therefore,
they appear to be suitable for studying the
role of K2P channels in intrinsic electro-
physiological properties and saltatory con-
duction at the NRs. However, it should be
noted that RR has previously been found
to inhibit mitochondrial Ca21 uniporter
and TRPV2 channels (Broekemeier et al.,
1994; Shibasaki et al., 2010). We show that
RR, Ba21, and spadin depolarized RMPs
and increased input resistance, suggesting
a potential role of K2P channels in passive
membrane properties at the NRs of motor
nerve fibers. This result is consistent with
our previous study on the role of K2P
channels at NRs of somatosensory nerves
(Kanda et al., 2019, 2021b). AP width was
prolonged by Ba21 and RR, which may
suggest that K2P channels play a role in
AP repolarization at the NRs of motor
nerve fibers. In somatosensory Ab -affer-
ent nerves, K2P channels at the NRs play a
key role in AP repolarization since voltage-
gated K1 channels are functionally negligi-
ble (Kanda et al., 2019). We have observed
that the inhibition of K2P channels and
also voltage-gated K1 channels decreased
rather than increased nodal membrane
excitability since AP threshold becomes
higher (less negative). One possible reason
for this effect is that the inhibition of these
K1 channels shifts RMP to a much less
negative level, which leads to large steady-state inactivation of volt-
age-gated Na1 channels and thereby resulting in the reduction of
membrane excitability at the NRs.

We have observed that cooling temperatures have profound
effects on intrinsic electrophysiological properties at the NRs of
motor nerve fibers. Some of these effects, for example, depolariz-
ing RMP, increasing input resistance, reducing AP rheobase, and
prolonging AP width are similar to the effects of K2P inhibitors.
These results may suggest that the effects of cooling temperatures
on intrinsic electrophysiological properties of NRs are at least
partially mediated by the inhibition of K2P channels. These
results are consistent with the strong immunoreactivity of ther-
mal K2P channels at the NRs of different peripheral nerves,
including motor nerve fibers (Brohawn et al., 2019; Kanda et al.,
2019). We show that cooling temperatures increase AP ampli-
tude at the NRs. The increase of AP amplitude at cooling tem-
peratures has been previously reported in the giant axons of the
squid (Hodgkin and Katz, 1949). At the NRs, thermal K2P chan-
nels could be inhibited by cooling temperatures to substantially
increase nodal membrane input resistance, which would

increase the efficiency of voltage-gated Na1 channels for gen-
erating APs with greater amplitudes. In contrast, cooling
temperatures reduce AP amplitude on the somas of somato-
sensory neurons (Zimmermann et al., 2007), which may be
because of the reduction of voltage-gated Na1 channel avail-
ability at cooling temperatures.

We have demonstrated that saltatory CV of the lumbar spinal
ventral nerves is not significantly affected by voltage-gated K1

channel blockers. However, voltage-gated K1 channel blockers
significantly reduced AP success rates at high-frequency stimula-
tion. The lack of effect by voltage-gated K1 channel blockers on
saltatory CV in the present study is consistent with a previous
study performed on rat sciatic nerves (Rasband et al., 1998). The
significant reduction of AP success rates at high-frequency stim-
ulation by voltage-gated K1 channel blockers suggests that volt-
age-gated K1 channels play a role in securing AP conduction at
high frequency in motor nerve fibers. In contrast to voltage-
gated K1 channel, we show that K2P channels at NRs are
involved in high-speed saltatory conduction as is evidenced by
the reduction of saltatory CV by K2P channel blockers RR, Ba21

and spadin. This result is consistent with our previous study on

Figure 12. Effects of cooling temperatures on AP success rates at the NR of lumbar spinal ventral nerves. A, Three sample
traces represent APs recorded at an NR following a train of electrical stimulation at 200 Hz at 35°C (top), 24°C (middle), and
15°C (bottom). In each test, stimulation was applied at a distal site for a period of 20 s. B, AP success rates at NRs with distal
stimulation at frequency of 1, 10, 100, 200, 500, and 1000 Hz (n= 6). Dashed lines indicate the frequency at which AP conduc-
tion success rate fall to 50% (FS50). Recording duration at each frequency was 20 s. C, Bar graphs represent summary data of
FS50 at 35°C (red, n= 6), 24°C (gray, n= 6), and 15°C (blue, n= 6). Data are mean 6 SEM. *p, 0.05; **p, 0.01;
***p, 0.001; one-way ANOVA with Tukey post hoc test.
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the role of K2P channels in saltatory conduction on somatosen-
sory Ab -afferent nerves (Kanda et al., 2019). K2P channels at
NRs maintained nodal membranes at a lower input resistance,
which would shorten nodal membrane time constant. Based on
studies with computational modeling, it has been suggested that
the speed of membrane charge or membrane time constant for
AP initiation at NRs may be a rate-limiting factor for saltatory
CV (Castelfranco and Hartline, 2015, 2016). Biophysically, the
speed of membrane charge is faster with smaller membrane ca-
pacitance and also with smaller membrane input resistance
(Halter and Clark, 1993; Castelfranco and Hartline, 2016). In
addition, the role of K2P channels in maintaining very negative
RMPs and rapid AP repolarization may also be contributing fac-
tors for high-speed saltatory conduction. In the present study,
we show AP success rates at high stimulation frequency were
reduced by RR, suggesting K2P channels may be involved in
securing high-frequency AP conduction in motor nerves.
However, the lack of effects by Ba21 and spadin on AP success
rates raises a possibility that RR may have nonspecific effects on
AP success rates. Alternatively, the lack of significant effect on
AP success rates by Ba21 and spadin could be because of their
weak inhibition on K2P channels.

We have found that cooling temperatures not only reduced
saltatory conduction speed but also decreased AP success rates at
high-frequency stimulation. The effects of cooling temperatures
are at least partially because of the inhibition of K2P channels
and voltage-gated K1 channels. The inhibition of K2P and volt-
age-gated K1 channels could depolarize RMPs, which would
promote steady-state inactivation of voltage-gated Na1 channels
to decrease their availability for APs (Zimmermann et al., 2007;
Kanda et al., 2021a). The inhibition of K2P and voltage-gated K1

channels by cooling temperatures slows AP repolarization and
broadens AP width, which may also account for the effects of cool-
ing temperatures on saltatory conduction as shown in the present
study. Furthermore, cooling temperatures directly inhibit voltage-
gated Na1 channels and induce steady-state inactivation of voltage-
gated Na1 channels. These multiple factors may underlie the effects
of cooling temperatures on saltatory conduction.

In conclusion, the findings in the present study provide ion
channel bases for the intrinsic electrophysiological properties of
nodal membranes and uncovered functions of voltage-gated K1

channels and K2P channels in saltatory conduction on motor
nerve fibers of rats. One physiological implication of this study is
the effect of cooling temperatures on saltatory conductions as
demonstrated in the present study. It would be interesting to
know whether these K1 channels are present at the NRs of
human motor nerves and play similar roles as shown in the pres-
ent study. Future studies on ion channels and their potential dys-
functions at the NRs of motor nerves may provide novel
pathologic mechanisms in demyelination disorders and thera-
peutic implications.
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