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ARTICLE INFO ABSTRACT

Keywords: The T-type calcium channels Ca,3.2, one of the low voltage-activated (LVA) calcium channels, have been found
Neuropathic pain to play important roles in the neuronal excitability. Recently, we and others have demonstrated that accumu-
Ca,3.2 T-type calcium channel lation of Ca,3.2 channels in the dorsal root ganglion (DRG) neurons and sensory nerves contributes to neuro-

Interleukin-6
Dorsal root ganglion
Spinal nerve ligation

pathic pain after peripheral nerve injury. In the present study, we aimed to further investigate the regulation of
Ca, 3.2 channels by interleukin-6 (IL-6) in DRG neurons in neuropathic pain rats after spinal nerve ligation (SNL).
The results showed that Ca,3.2 channel protein expression in L5 DRG neurons was upregulated and blockade of
this channel decreased the hyperexcitability of DRG neurons and mechanical allodynia in SNL neuropathic pain
rats. Furthermore, inhibition of IL-6 trans-signaling reduced the upregulation of Ca,3.2 T-type channel induced
by FIL-6 (a fusion protein of IL-6 and sIL-6R) in primary cultured DRG neurons in vitro. In vivo, inhibition of IL-6
trans-signaling reversed the upregulation of Ca,3.2, reduced the hyperexcitability of L5 DRG neurons and al-
leviated mechanical allodynia in SNL rats. Our results suggest that IL-6 upregulates Ca,3.2 T-type channels
expression and function through the IL-6/sIL-6R trans-signaling pathway in DRG neurons, thus contributes to the
development of neuropathic pain in SNL rats.

1. Introduction development of peripheral neuropathic pain. T-type calcium channels,
also referred to as low-voltage activated (LVA) calcium channels in-

It is well known that the increased excitability of the primary sen- clude three types, i.e., Ca,3.1, Ca,3.2 and Ca,3.3. The T-type channels
sory dorsal root ganglion (DRG) neurons is a key factor in the can be opened at tiny depolarization near-resting membrane potentials
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to facilitate the generation of action potentials, and thus regulate the
neuronal excitability. Ca,3.2 channel is a predominant subtype in DRG
neurons (Bernal Sierra et al., 2017; Bourinet et al., 2005; Talley et al.,
1999), and an important regulator in nociceptive transmission
(Catterall, 2010; Joksimovic et al., 2018). Evidence including ours
(Kang et al., 2018) suggest that T-type calcium channels in DRG neu-
rons contribute to neuropathic pain (Jagodic et al., 2008; Takahashi
et al., 2010; Wen et al., 2010).

However, molecular mechanisms underlying the regulation of
Ca,3.2 T-type calcium channels in DRG neurons in chronic neuropathic
pain are largely unknown.

In recent years, immune and inflammatory cytokines attract great
interest in the mediation of neuropathic pain after peripheral nerve
injury. Interleukin-6 (IL-6) is a pleiotropic cytokine originally identified
as a B-cell stimulatory factor 2 (Hirano et al., 1985). IL-6, as well as
other cytokines in its family such as IL-11, leukemia inhibitory factor
(LIF), cardiotrophin-1, ciliary neurotrophic factor (CNTF), oncostatin M
(OSM) and cardiotrophin-like cytokine, is characterized by exerting its
biological effects via a common signal transduction receptor glycopro-
tein 130 (gp130) (Heinrich et al., 2003; Wolf et al., 2014). IL-6 per-
forms its cellular functions through two distinct pathways: classical
signaling and trans-signaling (Scheller and Rose-John, 2006). In the
classical signaling pathway, IL-6 binds to the membrane-bound IL-6R
(mIL-6R) to activate the family common receptor gpl30 and sub-
sequent down-stream signaling pathway (Taga and Kishimoto, 1997).
The mIL-6R is expressed only on limited cell types such as hepatocytes
and some leukocytes (Rose-John et al., 2006), which restricts the role of
IL-6. The alternative IL-6 pathway is trans-signaling pathway in which
IL-6 binds to a soluble form of IL-6R (SIL-6R) and the IL-6/sIL-6R
complex stimulates a response on cells that express gp130 (Rose-John
and Heinrich, 1994).

IL-6 is not only an important immunological activating factor, but
also a major neuroregulin. After nerve injury, IL-6 was released in DRG
and spinal dorsal horn (Latrémoliére et al., 2008; Murphy et al., 1995).
In the visceral inflammation process, IL-6 increased the calcium signals
in the myenteric neurons (Buckley et al., 2014). In the prostate cancer
cell line, IL-6 potentially regulated T-type calcium channel expression
(Weaver et al., 2015).

In the present study, we aim to investigate whether IL-6 could up-
regulate Ca,3.2 T-type channels in DRG neurons in neuropathic pain
rats after peripheral nerve injury. After confirmation of the role of
Ca,3.2 channels in rat DRG neurons in neuropathic pain, we provide
evidence that IL-6 upregulates the expression and function of Ca,3.2 T-
type calcium channels through the IL-6/sIL-6R trans-signaling pathway.

2. Materials and methods
2.1. Animals

Adult male Sprague Dawley rats weighing 180-220 g were pur-
chased from the Department of Experimental Animal Sciences, Peking
University Health Science Center (Beijing, China). Four animals were
raised in plastic cages with corncob bedding and housed under a
standard 12 h reversed light/dark cycle at 22.0 + 1.0 °C with food and
water available ad libitum. All animal experimental protocols were in
compliance with the NIH Guide on Care and Use of Animals and fol-
lowed the Guidelines of the International Association for the Study of
Pain (Zimmermann, 1983). The experimental procedures were ap-
proved by the Institutional Animal Care and Use Committee of Peking
University Health Science Center (LA2017116). All behavioral testing
was performed in a blind manner.

2.2. Drug preparation

Two antagonists of T-type calcium channels, mibefradil (M5441,
Sigma-Aldrich) and TTA-P2 (T-155, Alomone Labs), were used.
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Mibefradil was dissolved in normal saline (NS) to 30 mM as stock so-
lution, and TTA-P2 was dissolved in dimethyl sulfoxide (DMSO) to
300 mM as a stock solution and the final concentration of DMSO was
1.7%. As stock solution, IL-6 (506-RL-050, R&D Systems), sIL-6R (1830-
SR-025, R&D Systems) and sgp130 (an IL-6/sIL-6R signaling inhibitor,
228-GP-050, R&D Systems) were dissolved at 100 mg/ml in sterile
0.01 M phosphate buffered saline (PBS) and stored at —80°C.
Ruxolitinib [a Janus kinase (JAK) inhibitor, S1378, Selleck Chemicals]
was dissolved in DMSO to 10 mM as a stock solution and the final
concentration of DMSO was 0.01%.

2.3. Spinal nerve ligation (SNL) for the establishment of neuropathic pain
model

The surgical procedure for L5 SNL was performed as previously
described (Kim and Chung, 1992) and in our previous reports (Liu et al.,
2010, 2011, 2012). Rats were randomly assigned to receive SNL or
Sham operation. Briefly, rats were anesthetized with 1% pentobarbital
sodium (50 mg/kg, i.p.), the hair of the lower back was shaved, 2 cm-
long skin incision was made on the back at the left side of the L4 — S2
spine level. After removing the transverse process of the left paraspinal
muscles and L5 vertebra, both L4 and L5 spinal nerves were exposed.
The L5 spinal nerve was carefully isolated and tightly ligated with 6-0
silk thread 5-10 mm distal to the L5 DRG. The wound was coated with
penicillin used for infection prophylaxis, and muscle and skin were
sutured in two distinct layers with 3-0 silk thread. In Sham-operated
rats, animals received the same operation except L5 spinal nerve liga-
tion. In each group, the procedure by ligating the L5 spinal nerve would
be taken special care to avoid any possible damage to the L4 spinal
nerve or surrounding area. Aseptic surgical procedures were used to
minimize unnecessary infection.

2.4. Implantation of intrathecal catheter and injection of drugs

Rats were anesthetized with 1% pentobarbital sodium (50 mg/kg,
i.p.). Intrathecal cannula implantation was carried out as described in
our previous report (Xiao et al., 2015). A guide cannula was used to
puncture the dura at the cauda equina level, and a PE-10 catheter was
then implanted to the lumbar enlargement level (3.5-4.0 cm rostral
than the cannula) at the subarachnoid space through the cannula. The
outer part of the PE-10 catheter was plugged and fixed onto the skin
between the rat ears. Rats showing neurological deficits after the ca-
theter implantation were excluded. In order to minimize the surgical
injury, spinal nerve ligation and intrathecal catheter implantation were
performed at the same time.

To examine effects of sgp130 (an IL-6/sIL-6R signaling inhibitor) on
SNL rats, the drug sgp130 (50 ng/10ul) was injected intrathecally to
SNL rats through the implanted catheter in a 15 ul volume of solution
followed by 10 ul of solution for flushing. Each injection lasted for at
least 5min. After an injection, the needle remained in site for 2 min
before being withdrawn. Frequency of drug delivery is once per day
from day 1 to day 3 after SNL operation. An equal volume of PBS was
administrated as a control. The ipsilateral mechanical allodynia, Ca,3.2
protein expression and neuron excitability were measured on day 4
after SNL.

2.5. Assessment of mechanical allodynia

Animals were acclimated to the experimental environment for
30min every day for at least 3 days before testing. The 50% paw
withdrawal threshold (PWT) in response to a series of von Frey hairs
(North Coast Medical, Inc., Gilroy, CA) was examined by the “up and
down” method (Chaplan et al., 1994) and as described previously in our
lab (Chen et al., 2018). Briefly, the rats were placed individually in an
inverted clear acrylic cage (18 x 8 X 8cm), which was placed on a
wire mesh and habituated for 30 min to allow acclimatization. Eight von



Q. Liu, et al.

Frey hairs were chosen (0.4, 0.6, 1.0, 2.0, 4.0, 6.0, 8.0, and 15.0 g).
Each trial started with a von Frey force of 2.0 g delivered perpendicu-
larly to the plantar surface of the left hind-paw. An abrupt withdrawal
of the foot during stimulation or immediately after the removal of the
filament was recorded as a positive response. Once a positive or ne-
gative response was evoked, the next weaker or stronger filament was
applied. This procedure was repeated until 6 stimuli after the first
change in response had been observed. The 50% PWT was calculated
using the following formula: 50% PWT = 10 **%9/10%, where X is the
value of the final von Frey filament used (in log units), k is a value
measured from the pattern of positive/negative responses, and d is the
average increment (in log units) between the von Frey hairs (Dixon,
1980). If a rat responded to the lowest von Frey hair, a value of 0.25g
was assigned; if a rat did not respond to the highest von Frey hair, the
value was recorded as 15.0 g. Only those rats with 50% PWT < 4.0g
were selected and used in subsequent experiments.

2.6. Western blot analysis

2.6.1. Total protein preparation

L5 DRG tissues were homogenized and sonicated in lysis buffer
containing 50 mM Tris-HCI (pH 7.4), 150 mM NacCl, 1% NP-40, 0.1%
sodium dodecyl sulfate (SDS) and protease inhibitor cocktail. After
being kept on ice for 1 h, the lysates were centrifuged at 12, 000 rpm for
15min at 4°C, then the supernatant mixing with loading buffer con-
taining 2% SDS, 100 mM dithiothreitol (DTT), 10% glycerol and 0.25%
bromophenol blue was denatured at 95°C for 5min and next for
Western blot assay.

2.6.2. Membrane protein preparation

Membrane protein sample was prepared following the protocol
(Tian et al., 2018; Tyrrell et al., 2001) as in our lab (Liu et al., 2018).
Briefly, 3 or 4 L5 DRGs were homogenized in lysis buffer containing
0.3 M sucrose, 10 mM Tris pH 8.1, 2mM EDTA, 1 mM PMSF, 1 mM DTT
and protease inhibitor cocktail. After low-speed centrifugation
(1000 x g) for 7 min at 4 °C, the homogenates were kept on ice for 1 h.
Supernatant was centrifuged at high-speed centrifugation (120,000 g)
for 1 h at 4 °C. The pellet, containing the total membrane fraction, was
suspended in 0.2M KCl and 10 mM HEPES (pH 7.4). To solubilize the
membrane fraction, an equal volume of 5% Triton X-100 and 10 mM
HEPES (pH 7.4) was added, and the suspension was kept on ice for 1 h.
Unsolubilized material was pelleted by centrifugation at 10,000 g for
10min at 4°C, and the supernatant was collected for Western blot
assay. Transferrin receptor (TfR, Life Technologies) was served as the
loading control.

2.6.3. Western blot

Protein was separated on 8%-12% SDS-PAGE. The blots were
blocked in 5% non-fat milk with Tris-buffered saline and Tween (TBST)
(20 mM Tris-HCl, pH7.6, 150 mM NacCl, 0.05% Tween 20), and in-
cubated with one of the following primary antibodies at 4 °C overnight:
rabbit anti-Ca,3.2 (1: 500, H-300, Santa Cruz Biotechnology), rabbit
anti-IL-6 (1: 300, ARC0062, Invitrogen), rabbit anti-IL-6R (1: 500, LS-
C294926, LifeSpan Biosciences), rabbit anti-gp130 (1: 800, ab202850,
Abcam), mouse anti-B-actin antibody (1: 1000, TA-09, ZSGB-Bio),
rabbit anti-B-tubulin (1: 2000, 2128S, Cell signaling Technology),
rabbit anti-GAPDH (1: 8000, G9545, Sigma-Aldrich), or mouse anti-TfR
(1: 1000, 13-6800, Invitrogen). After washing with TBST, the mem-
branes were incubated with one of the following secondary antibody:
horseradish peroxidase-conjugated goat anti-rabbit (1: 3000, 111-035-
003, Jackson ImmunoResearch) or goat anti-mouse (1: 3000, 115-035-
003, Jackson ImmunoResearch) for 1 h at room temperature. Protein
bands were detected using ECL reagents (Perkin Elmer) and visualized
by a chemiluminescence imaging system (Tanon-5200).
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2.7. Immunohistochemical analysis

2.7.1. Immunohistochemical staining

Under deep anesthesia with 1% pentobarbital sodium (50 mg/kg,
i.p.), the rats was transcardially perfused through the aorta with 200 ml
of NS at room temperature followed by 300 ml cold (4 °C) 4% paraf-
ormaldehyde (PFA) in 0.1 M phosphate buffer (PB), pH 7.4. Ipsilateral
L5 DRG was rapidly dissected and postfixed in 4% PFA for 4-6 h, then
cryoprotected by incubation of PB with 20% and 30% sucrose solutions
at 4 °C in turn. The DRG tissue was then embedded in O.C.T. compound
(Tissue-Tek), cut to 8-um in thickness with a Leica CM 1800 cryostat
and thaw-mounted onto a gelatin/chrome alum-coated glass slide. After
drying in an incubator at 37 °C, the tissue sections were permeabilized
in 0.01 M PBS containing 0.3% Triton X-100 for 30 min, and blocked in
10% normal goat serum with 0.3% Triton X-100 in PBS for 1 h at room
temperature. The sections were then incubated with one of the fol-
lowing primary antibodies: rabbit anti-Ca,3.2 antibody (1: 200, ACC-
025, Alomone Labs), rabbit anti-IL-6 antibody (1: 300, ARC0062,
Invitrogen), mouse anti-neuronal specific nuclear protein (NeuN, a
neuronal marker, 1: 200, ab104224, Abcam) or mouse anti-glial fi-
brillary acidic protein (GFAP, an astrocyte marker, 1: 500, 3670S, Cell
Signaling Technology) in 1% bovine serum albumin (BSA) with 0.3%
Triton X-100 for 24-36 h at 4 °C. After washing with PBS 3 times, the
sections were incubated with one of the following secondary antibodies:
Alexa Fluor 488-conjugated goat anti-rabbit IgG (1: 500, A-11008,
Invitrogen), Alexa Fluor 594-conjugated goat anti-rabbit IgG (1: 500, A-
11012, Invitrogen), Alexa Fluor 568-conjugated goat anti-mouse IgG (1:
500, A-11004, Invitrogen) at room temperature for 2h. The slide was
rinsed in PBS and then dried and coverslipped with antifade mounting
medium.

In our study, a polyclonal anti-Ca,3.2 antibody (Alomone Labs,
ACC-025) corresponding to residues 581-595 for immunofluorescence
was used. In order to detect the specificity of the antibody, we did the
antigen peptide absorption experiment of anti-Ca,3.2. A peptide with
the amino acid sequence CHVEGPQERARVAHS corresponding to re-
sidues 581-595 of the rat Ca,3.2 protein (0.004 ug/ul) was added
during the incubation step with the anti-Ca,3.2 antibody. The staining
results showed that expression of Ca,3.2 was absent in the cells, which
was similar to that of the negative control group compared with the
positive group (Supplementary Fig. 1). Our results coincide with those
of Becker et al. (Becker et al., 2008).

2.7.2. Immunohistochemical staining for Ca,3.2 or gp130 on adjacent
serial sections

As the antibodies of Ca,3.2 and gpl30 in our experiments were
same genus source, we used slides with adjacent serial sections to ob-
serve the co-localization of these two proteins. The DRG was cut
longitudinally in serial sections in 8-um thickness. During the slicing,
the first section was mounted on one glass slide coated with gelatin, and
the second adjacent section was mounted on another glass slide. In this
order, each two sections were pasted on two slides in series. We tried
our best to keep the cell morphology similar between the two sections.
After drying in an incubator at 37 °C, tissue sections were treated as the
mentioned above. Briefly, after blocking, the sections were incubated
with primary rabbit anti-Ca,3.2 antibody (1: 200) and rabbit anti-
gp130 antibody (1: 300, ab202850, Abcam) separately. Washing with
PBS, sections were incubated with the following secondary antibodies:
Alexa Fluor 488-conjugated goat anti-rabbit IgG (1: 500) and Alexa
Fluor 594-conjugated goat anti-rabbit IgG (1: 500) corresponding to the
primary antibody at room temperature for 2 h.

2.7.3. Confocal microscopy and image analysis

Immunofluorescent photographs were taken by a confocal laser
scanning microscope (FV1000, Olympus) at 20 X or 40 X magnifica-
tion. For quantification, 6-8 non-consecutive sections of the L5 DRG
from each of 5 to 7 rats per group were imaged and counted. At least
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250 labelled DRG neurons per rat were analyzed. To prevent inaccurate
measurements in DRG soma cross-section, only cells with clear nuclei
were counted. For the labeling methods of cell surface expression of
Ca,3.2 the neuron was counted as positive if more than half of its cir-
cumference was encircled by Ca,3.2-immunoreactivity. The total
number of Ca,3.2-immunoreactivity neurons in the region of interest
was counted, and the percentage of the co-localization was determined
separately. DRG neurons were classified according to cross-sectional
area (Liu et al., 2012; Yu et al., 2008) into three types: the small
(=699 um?), the medium (700-1199 ym?) and the large (=1200 pm?).
The cell area was measured using software Image-Pro Plus 6.0 (Media
Cybernetics, Rockville, MD, USA) and the cell number was counted by
Image J1.5 (Wayne Rasband National Institutes of Health, USA).

2.8. Primary culture of DRG neurons

Primary culture of DRG neurons was performed according to the
modified method (Fang et al., 2015; Natura et al., 2005). Briefly, the rat
(aged 2-3 weeks) was euthanized and its DRGs were dissected from
cervical to lumbar spinal segments. The DRGs were digested with 3 mg/
ml collagenase type I, (Sigma-Aldrich) for 50 min and 0.25% trypsin
(Gibco) for 15 min at 37 °C. After terminating the enzymatic treatment
by Dulbecco's modified Eagle medium (DMEM) containing 10% fetal
bovine serum (FBS), ganglia were dissociated with a polished Pasteur
pipette and the suspension of ganglia was sieved through a filter to
remove debris and centrifuged at 800 rpm for 3 min. The re-suspended
cells were placed on 35-mm dishes coated with 0.5 mg/ml poly-p-lysine
(Sigma-Aldrich), cultured for 3-4h, and replaced with neurobasal
growth medium containing B27 supplement, 0.5 mM L-glutamax
(Sigma-Aldrich), 100 U/ml penicillin and 100 mg/ml streptomycin. The
cells were cultured at 37 °C in an incubator with 5% CO, and 95% air.
Subsequent experiments were carried out three days later. These pri-
mary cultured DRG neurons were prepared for the treatment of a fused
IL-6/sIL-6R complex (FIL-6), or sgpl130 for 6-12h to investigate the
effects of IL-6/sIL-6 on functional Ca,3.2 T-type channels expression.

2.9. Acute dissociation of DRG neurons

DRG neurons were acutely isolated as described in our previous
report (Xiao et al., 2015). Briefly, rats were deeply anesthetized and the
L5 DRGs were freshly dissected. After being washed in cold DMEM, the
neurons were digested with 3 mg/ml collagenase type I, for 55 min and
0.25% trypsin for 13 min at 37 °C. The digestion was terminated with
DMEM containing 10% FBS. Next, the ganglia were gently dissociated
by a fire-polished Pasteur pipette and the suspension was placed on
poly-p-lysine (0.5 mg/ml)-coated glass coverslips. Cells were cultured in
an incubator with 95% air and 5% CO, at 37 °C for 3-4 h before the
whole-cell patch clamp recording or the Western blot experiments.

2.10. Whole-cell patch-clamp recordings in vitro

Whole-cell patch-clamp recording was performed at room tem-
perature using an EPC-10 amplifier with Patch-Master software (HEKA,
Freiburg, Germany). Series resistance (Rs) and capacitance (Cm) values
were taken directly from reading of the amplifier. Rs was compensated
at least 75%. The patch pipette was pulled from borosilicate glass ca-
pillaries with a tip resistance of 4 to 9 MQ when filled with internal
solution. For the voltage-clamp recording, the external solution used to
isolate Ca®* currents contained (in mM): 10 BaCl,, 152 TEA-CI, and 10
HEPES adjusted pH to 7.4 with TEA-OH. To minimize contamination of
T-currents with even minimal high voltage-activated (HVA) compo-
nents, the HVA Ca®* current was facilitated to rundown only with
fluoride (F~)-based internal solution contained (in mM): 135 TMA-OH
10 EGTA, 40 HEPES, and 2 MgCl,, adjusted pH to 7.2 with hydrofluoric
acid (Li et al., 2017; Nelson et al., 2007). The amplitude of T-current
was measured from the peak, which was subtracted from the current at

229

Experimental Neurology 317 (2019) 226-243

the end of the depolarizing test potential to avoid contamination with
residual HVA currents that were present at more positive membrane
potentials (typically at —20mV and higher) (Messinger et al., 2009;
Obradovic et al., 2014).

For the current-clamp recording, the patch pipette solution con-
tained the following components (in mM): 110 KCl, 10 NaCl, 2 EGTA,
25 HEPES, 4 Mg-ATP and 0.3 Na,-GTP, pH adjusted to 7.3 with KOH.
The external solution contained (in mM) 128 NaCl, 2 KCl, 2 CaCl,, 2
MgCl,, 30 glucose, 25 HEPES, pH adjusted to 7.4 with NaOH (Zhang
et al., 2014). Under the recording, the neuron was held at 0 pA, and the
firing threshold of the neuron was first measured by a series of 100 ms
depolarizing current injection in 5 pA steps from 0 pA to elicit the first
action potential (AP). In this study, we measured current threshold (CT)
and threshold of AP (TP) to evaluate intrinsic electrophysiological
properties of the neuron.

To isolate T-type channel currents, the neuron was held at —70 mV
and imposed voltage commands of depolarizing pulses from —110 to
—40mV in a 10-mV increment. For the activation curve, T-type
channel currents were evoked by command voltage steps from the
holding potential of —110 mV for 40 ms to test potentials from —80 to
—20mV for 300 ms in a 10-mV increment. For the inactivation curve,
currents were evoked by a test potential to —40 mV for 300 ms after a
1-s pre-pulse at potentials ranging from —110 to —30 mV with a 10-mV
increment.

The voltage dependencies of activation and steady-state inactivation
were described with single Boltzmann distributions of the following
formulas:

Activation:G (V) = Gpax /(1 + exp.[—(V — V5)/k]);

Inactivation:I (V) = L. /(1 + exp.[(V — Vso)/k]).

In these formulas, G,y is the maximal conductance, I, is the
maximal amplitude of the current, Vs is the voltage at which half the
current is activated or inactivated, and k represents the voltage de-
pendence (slop) of the distribution. The data were analyzed using
Origin 8.5 (Microcal Software, Northampton, MA).

2.11. Extracellular electrophysiological recording of ectopic discharges in
vivo

Extracellular electrophysiological recording was performed as in
our previous reports (Chen et al., 2018; Jiang et al., 2008; Sun et al.,
2005). Briefly, rats with ligation of the L5 spinal nerve and rats with
Sham-operation were anesthetized with urethane (1.5g/kg, ip.). A
tracheotomy was performed and rectal temperature was kept constant
at 37-38 °C. L5 dorsal root was exposed in a lower lumbar laminectomy
and covered with warmed paraffin oil (37 °C) in a pool formed by skin
flaps. A well around the DRG for application of mibefradil or TTA-P2
(20 pl), antagonists of T-type calcium channels, was made by agarose.
The teased fiber recording method was used to record the ectopic af-
ferent discharges entering the spinal cord along the dorsal root. Most of
the dorsal muscles supplied by the dorsal ramus of the L5 spinal nerve
were removed during the laminectomy.

Fine axon bundles (microfilaments) were teased from the dorsal
root using specially honed No. 5 jewelers forceps (Fine Science Tools,
Inc., USA). Microfilaments, cut centrally but in continuity with the DRG
distally, were separated from the dorsal root near its point of entry into
the spinal cord, 25-30 mm central to the DRG. The cut end of the mi-
crofilament was placed on a platinum recording electrode referenced to
a nearby indifferent electrode. Each microfilament was observed pas-
sively for =10 min for baseline testing and = 60 min for topical ap-
plication of antagonist-testing. Data were captured and analyzed with
the Micro140 MK II and Spike 2 software (Cambridge Electronic Design,
UK).
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2.12. Statistical analysis

+

All data were presented as mean * SEM. GraphPad Prism 5 was
used for data analysis. A 2-tailed unpaired t-test was used for the
comparison of the mean between two groups. One-way analysis of
variance (ANOVA) or two-way ANOVA followed by Bonferroni post hoc
test was used for multiple comparisons. Differences with p < 0.05
were considered statistically significant.

3. Results

3.1. Increased total and membrane Ca,3.2 protein expression in L5 DRG
neurons after SNL

We first established the rat model of neuropathic pain with L5 SNL
operation. Rats after ligation of the left L5 spinal nerve developed
mechanical allodynia in the ipsilateral hind paw within 1 day and lasted
21 days [group effect: Fy, o9y = 77.10, p < 0.001; time effect: Fs,
90) = 28.09, p < 0.001; interaction: F(s, o0y = 19.90, p < 0.001,
Supplementary Fig. 2], as similar to our previous reports (Liu et al.,
2012, 2018).

To explore the expression changes of Ca,3.2 in neuropathic pain
rats, we examined Ca,3.2 protein expression with Western blotting in
L5 DRGs at 1, 3, 7, 14 and 21 days after SNL. As shown in Fig. 1A,
Ca,3.2 total protein expression increased significantly from day 1 to
day 21 in the SNL rats compared with that in the Sham-operated rats
[group effect: F(3, 45y = 71.17, p < 0.001; time effect: F(4, 4g) = 2.90,
p < 0.05; interaction: F4 45y = 0.46, p > 0.05, two-way ANOVA fol-
lowed by Bonferroni's post hoc test]. In addition, we examined the
membrane expression of Ca,3.2 proteins at day 3 after nerve injury. It
was found that the membrane Ca,3.2 also increased significantly at day
3 after L5 SNL [ta0) = 4.31, p < 0.01, unpaired t-test, Fig. 1B].

In order to visualize the Ca,3.2 membrane expression, we used
immunohistochemical staining to further examine the cellular locali-
zation of Ca,3.2 in DRG neurons. Our results indicated that Ca,3.2 was
expressed in the membrane of all three categories of DRG neurons after
SNL (Fig. 1C), the percentage of neurons with Ca,3.2 membrane ex-
pression increased significantly at days 1, 3 and 14 after SNL [group
effect: F, 16) = 45.62, p < 0.001; time effect: F 16 = 0.13,
p > 0.05; interaction: F», 16) = 0.68, p > 0.05, two-way ANOVA fol-
lowed by Bonferroni's post hoc test, Fig. 1D] than that after Sham-op-
eration.

We next examined the expression patterns of membrane Ca,3.2 in
the DRG neurons. For quantification analysis, the ratio of membrane
Ca,3.2-positive neurons significantly increased at days 1, 3 and 14 after
SNL within small [F3, 26) = 7.40, p < 0.001, one-way ANOVA fol-
lowed by Bonferroni's post hoc test], the medium-sized [F(5, 26) = 13.77,
p < 0.001, one-way ANOVA followed by Bonferroni's post hoc test] and
large [F(3, 26) = 21.75, p < 0.001, one-way ANOVA followed by
Bonferroni's post hoc test] neurons compared with that after Sham-op-
eration (Fig. 1E). Area frequency histograms also showed that mem-
brane Ca,3.2-positive neurons increased significantly after SNL
(Fig. 1F). These results demonstrate that Ca,3.2 channel expression is
upregulated in L5 DRG neurons in neuropathic pain rats after SNL. As
shown in Fig. 1A and Supplementary Fig. 2, L5 SNL operation caused a
stable pain behavior and increased Ca,3.2 protein expression from day
3 to day 21 after nerve injury. Accordingly, the day 3 after nerve injury
was chosen as the representative time point in the following electro-
physiological and behavioral experiments.

3.2. Increased T-type calcium channel currents in L5 DRG neurons after
SNL

Ca,3.2 distributed mainly in the cytoplasm of DRG neurons in
Sham-operation rats, while turned to the membrane of the damaged
DRG neurons in SNL rats (Fig. 1C). It is well known that ion channels in
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the membrane are functional compared to those in the cytoplasm in a
neuron, so we examined T-type calcium channel currents in DRG neu-
rons.

Our results (Fig. 1) demonstrated that small-, the medium-sized and
large DRG neurons expressed Ca,3.2 in Sham-operation and SNL rats. In
the following experiment, small DRG neurons (< 30 um in diameter)
were chosen as the representative in patch clamp recording. Consistent
with the increase of Ca,3.2 membrane protein, the density of T-type
calcium currents was also significantly increased in L5 DRG neurons
3 days after SNL compared with that after Sham-operation [t41, = 2.78,
p < 0.01, unpaired t-test, Fig. 2A and B].

It is well known that the voltage-dependent or steady-state activa-
tion and inactivation are important electrophysiological properties of T-
type Ca®* channels and influence the neuronal excitability (Jagodic
et al.,, 2007). Thus, we examined the changes of activation and in-
activation of T-type channels in DRG neurons in neuropathic pain rats
after SNL. It was found that the activation curve was hyperpolarized,
i.e., the Vs left-shifted from —30.48 = 1.98 mV in the Sham-operation
group to —40.87 = 1.12mV in the SNL group [to1) = 4.94,
p < 0.001, unpaired t-test, Fig. 2C], whereas inactivation properties
showed no obvious changes [-71.25 = 1.97mV s
-67.21 * 1.69mV, SNL group vs. Sham-operation group, t;6) = 1.56,
p > 0.05, unpaired t-test, Fig. 2D]. These results indicate that the hy-
perpolarizing shift of the voltage dependence of activation may account
for the increase in T-type currents in DRG neurons in SNL-induced
neuropathic pain rats.

3.3. Inhibition T-type calcium channel suppresses the ectopic discharges in
the injured DRG neurons of SNL rats

Next, using extracellular electrophysiological recording technique,
we evaluated the effects of two T-type calcium channel antagonists
(mibefradil and a more preferential blocker, TTA-P2) on the ectopic
discharges in the injured DRG neurons at days 3 after SNL. As shown in
Fig. 3, mibefradil applying to DRG neurons (3mM, 5mM, 10 mM)
produced a dose-dependent decrease of the frequency of ectopic dis-
charges in SNL rats [group effect: F(3 2730) = 4.66, p < 0.01; time ef-
fect: F(35’ 2730) = 26.12, p < 0.001; interaction: F(105,2730) = 3.40,
p < 0.001, two-way ANOVA followed by Bonferroni's post hoc test,
Fig. 3A, C-D]. As shown by analysis with area under the curve (AUC)
values (0 to 60 min of the analysis time), mibefradil at 10 mM had
significantly inhibitory effects than NS in SNL rats [F(, 7g) = 4.63,
p < 0.01, one-way ANOVA followed by Bonferroni's post hoc test,
Fig. 3B]. Mibefradil at 10 mM had no obvious effects on the discharge
frequency and AUC values in Sham-operated rats (Fig. 3E-H).

To confirm the mibefradil results, we further tested the effect of
TTA-P2, another more specific blocker of T-type calcium channels, on
ectopic discharges in the DRG neurons. Similarly, in SNL rats, TTA-P2
(0.5mM, 1.5 mM, 5 mM) also dose-dependently inhibited the frequency
of ectopic discharges when compared with DMSO treatment control.
TTA-P2 at 5mM significantly inhibited the frequency of ectopic dis-
charges [group effect: F3 2075y = 45.62, p < 0.001; time effect: Fzs,
2075) = 0.13, p < 0.001; interaction: F(j0s, 2275) = 0.68, p < 0.001,
two-way ANOVA followed by Bonferroni's post hoc test, Fig. 4A, C-D].
Analysis with AUC values clearly exhibited the significantly inhibitory
effects of TTA-P2 as compared with in DMSO treatment in SNL rats [F(3,
65) = 10.47,p < 0.001, one-way ANOVA followed by Bonferroni's post
hoc test, Fig. 4B]. In contrast, in Sham-operation rats, TTA-P2 at 5 mM
had no obvious effects on the discharge frequency and AUC values
(Fig. 4E-H). These results suggest that T-type calcium channels con-
tribute to increase of the excitability of DRG neurons in neuropathic
pain rats after SNL.
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Fig. 1. Increased expression of Ca,3.2 in DRG neurons in SNL rats.

(A) Total protein expression of Ca,3.2. Upper: representative Western blot bands; lower: statistical analysis of total protein expression. The expression of total protein
expression increased significantly in DRG neurons from day 1 to day 21 in SNL rats compared to Sham-operation rats. n =7. *p < 0.05, ** p < 0.01,
***p < 0.001, two-way ANOVA with Bonferroni's post hoc test. (B) Membrane protein expression of Ca,3.2 in DRG neurons in rats 3 days after SNL as an example.
Upper: representative Western blot bands; lower: statistical analysis of membrane protein expression. Membrane protein increased significantly in SNL group
compared with Sham-operation group. n = 7. **p < 0.01, unpaired t-test. (C) Immunofluorescence staining showed expression of Ca,3.2 in the L5 DRG at days 1, 3,
and 14 after SNL or Sham-operation. Arrows indicate membrane Ca,3.2 positive neurons. Scale bar = 50 um. (D) Quantification analysis of neurons with membrane
Ca,3.2 positive over total neurons. Number of neurons with membrane Ca,3.2 positive increased in SNL group compared with Sham-operation group. n = 5.
*p < 0.05, ***p < 0.001, two-way ANOVA with Bonferroni's post hoc test. (E) Percentage of membrane Ca,3.2 positive neurons over total Ca,3.2 positive neurons
with an arbitrary 200-um? subdivision of cross-sectional areas. n = 5. *p < 0.05, **p < 0.01, ***p < 0.001, one-way ANOVA followed by Bonferroni's post hoc
test. (F) Percentage of membrane Ca,3.2 positive neurons over total Ca,3.2 positive neurons in small, the medium-sized, or large DRG neurons. Note that the
percentage of membrane Ca,3.2 positive neurons increased significantly in all types of neurons at days 1, 3, 14 after SNL compared with Sham-operation. n = 5.
*p < 0.05, **p < 0.01, ***p < 0.001, one-way ANOVA followed by Bonferroni's post hoc test.
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Fig. 2. Upregulation of the T-type calcium currents in acutely isolated DRG neurons in SNL rats.

(A) Representative traces of T-type calcium currents in the Sham-operation and SNL rats 3 days after surgery. (B) Statistical analysis. T-type calcium current densities
(in pA/pF) increased in SNL rats compared with that in Sham-operation rats. n = 21-22, **p < 0.01, unpaired t-test. (C) The activation curve. A left-shifting of the
steady-state activation curve indicated the increased channel availability. n = 9-14, ***p < 0.001, two-way ANOVA followed by Bonferroni's post hoc test. (D) The
inactivation curve. No obvious differences were observed between SNL group and Sham-operation group. n = 9, two-way ANOVA followed by Bonferroni's post hoc

test.

3.4. T-type calcium channel inhibition attenuates pain hypersensitivity in
SNL neuropathic pain rats

Intrathecal administration of T-type calcium channel antagonist
mibefradil attenuated the mechanical allodynia at 3 days after SNL
(Fig. 5A). It was found that mibefradil at 10 mM significantly reversed
50% PWTs 1 h after the application, and this effect disappeared at 4 h in
rats 3 days after SNL [group effect: F» 42) = 6.30, p < 0.01; time ef-
fect: Fip, 42y = 18.53, p < 0.001; interaction: F(4 42) = 5.54, p < 0.01,
two-way ANOVA followed by Bonferroni's post hoc test, Fig. 5A]. Fur-
thermore, we examined the effects the mibefradil on mechanical allo-
dynia at 14 days after SNL. Similarly, mibefradil also showed analgesic
effects at 14 days after SNL [group effect: Fi5 42y = 1.99, p > 0.05;
time effect: Fo 42 = 12.45, p < 0.001; interaction: F(4 42 = 7.40,
p < 0.001, two-way ANOVA followed by Bonferroni's post hoc test,
Fig. 5B]. These results suggest that inhibition of T-type calcium channel
reduces pain hypersensitivity, and T-type channels are involved in
neuropathic pain 3 days and 14 days after SNL.

3.5. Upregulation of IL-6 and gp130 in L5 DRG neurons in SNL rats

To investigate the regulatory effect of IL-6 in the membrane ex-
pression of Ca,3.2 in DRG neurons of SNL neuropathic pain rats, we
first examined the change of IL-6 expression in L5 DRG. As shown in
Fig. 6A, the IL-6 expression increased significantly from day 1 to day 21
in SNL rats when compared with that in Sham-operation rats [group
effect: F(1 45) = 112.6,p < 0.001; time effect: F(4 48y = 1.59,p > 0.05;
interaction: F4 45y = 2.03, p > 0.05; two-way ANOVA followed by
Bonferroni's post hoc test]. In addition, we used double immuno-
fluorescence staining to examine the IL-6 expressing cell types in L5
DRG in SNL rats with cell-specific markers: NeuN (a marker of neuron)
and GFAP (a marker of satellite glial cell). The results showed that IL-6

232

was distributed in both neurons and satellite glial cells 3 days after SNL
(Fig. 6B).

IL-6 exerts its biological activities through two molecules, an IL-6-
specific receptor (mIL-6R or sIL-6R) and a signal transducer, gp130
(Rose-John, 2012; Rothaug et al., 2016). In rat DRG, sIL-6R but not
mlIL-6R was detected (Fang et al., 2015). So we focused on the changes
of sIL-6R and gp130 in L5 DRG neurons.

With Western blotting assay, it was shown that sIL-6R expression
had no obvious changes in SNL rats compared with Sham-operation rats
[group effect: F(; 48y = 1.48, p > 0.05; time effect: F44g) = 3.38,
p < 0.05; interaction: F4 45y = 0.38, p > 0.05; two-way ANOVA fol-
lowed by Bonferroni's post hoc test, Fig. 6C], but gp130 increased sig-
nificantly from day 1 to day 21 in SNL rats compared with that in Sham-
operation rats [group effect: F(; 45) = 110.80, p < 0.001; time effect:
F4,48) = 0.59, p > 0.05; interaction: F44g) = 0.10, p > 0.05; two-
way ANOVA followed by Bonferroni's post hoc test, Fig. 6D]. These
results suggest that IL-6 exerts its effects through trans-signaling in DRG
neurons of neuropathic pain rats after SNL.

3.6. Co-localization of Ca,3.2 and gp130 in DRG neurons

Existence of common receptor gp130 on the membrane of Ca,3.2
expressing DRG neurons is the basis for the IL-6-induced up-regulation
of Ca,3.2 channels. Therefore, we examined the co-localization of
gp130 receptor and Ca, 3.2 in DRG neurons. As shown in Fig. 6E, double
immunofluorescent staining showed that gp130 co-localized with
Ca,3.2 in DRG neurons in both Sham-operation and SNL rats. This re-
sult provides a morphological basis for the action of IL-6.
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Fig. 3. Inhibition of T-type Ca>* channel with mibefradil (MIB) suppressed the frequency of ectopic discharges from injured DRG neurons in SNL rats.

(A) Effects of mibefradil (3, 5, and 10 mM) on the ectopic discharges from injured DRG neurons in SNL rats. Note that 10 mM mibefradil significantly suppressed the
firing frequency compared with NS group. **p < 0.01, two-way ANOVA followed by Bonferroni's post hoc test. (B) Statistical analysis with the area under the time-
course curve (AUC) in (A). 10 mM mibefradil significantly reduced the AUC compared with NS group. n = 18-23. **p < 0.01, one-way ANOVA followed by
Bonferroni's post hoc test. (C, D) An example of the frequency-time histogram of ectopic discharges before and after application of mibefradil at 10 mM from a single
fiber in the SNL rat. (E) Effects of mibefradil (10 mM) on the spontaneous discharges from normal DRG neurons in Sham-operation rats. Note that 10 mM mibefradil
had no obvious effects on discharge frequency. Two-way ANOVA followed by Bonferroni's post hoc test. (F) Statistical analysis with the AUC in (E). 10 mM mibefradil
had no obvious effects on the AUC. n = 12-13. (G, H) An example of the frequency-time histogram of spontaneous discharges before and after application of

mibefradil at 10 mM from a single fiber in the Sham-operation rat.

3.7. Activation of IL-6/sIL-6R trans-signaling with FIL-6 upregulates Ca, 3.2
expression in primary cultured DRG neurons

To further validate whether IL-6 mediated trans-signaling con-
tributed to Ca,3.2 membrane expression, we investigated the effect of
IL-6/sIL-6R activation on Ca,3.2 expression by application of FIL-6 [a
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mixture of IL-6 (50 ng/ml) with sIL-6R (50 ng/ml)] to primary cultured
DRG neurons for 6-12h. As shown in Fig. 7A, FIL-6 produced a sig-
nificant increase in total Ca,3.2 proteins from 6 to 12h after FIL-6
application compared with that after PBS treatment [F(» 15 = 12.49,
p < 0.001, one-way ANOVA followed by Bonferroni's post hoc test].
Considering the functional significance of membrane Ca,3.2 channels,
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Fig. 4. Inhibition of T-type Ca®>* channel with TTA-P2 suppressed the frequency of ectopic discharges from injured DRG neurons in SNL rats.

(A) Effects of TTA-P2 (0.5, 1.5, and 5 mM) on the ectopic discharges from injured DRG neurons in SNL rats. Note that 5 mM TTA-P2 significantly suppressed the firing
frequency compared with DMSO group. ***p < 0.001, two-way ANOVA followed by Bonferroni's post hoc test. (B) Statistical analysis with the AUC in (A). 5mM
TTA-P2 significantly reduced the AUC compared with DMSO group. n = 16-20. *** p < 0.001, one-way ANOVA followed by Bonferroni's post hoc test. (C, D) An
example of the frequency-time histogram of ectopic discharges before and after application of TTA-P2 at 5 mM from a single fiber in the SNL rat. (E) Effects of TTA-P2
(5mM) on the spontaneous discharges from normal DRG neurons in Sham-operation rats. Note that 5 mM TTA-P2 had no obvious effects on spontaneous discharge
frequency. Two-way ANOVA followed by Bonferroni's post hoc test. (F) Statistical analysis with the AUC in (E). 5mM TTA-P2 had no obvious effects on the AUC.
n = 12-13. (G, H) An example of the frequency-time histogram of spontaneous discharges before and after application of TTA-P2 at 5mM from a single fiber in the

Sham-operation rat.

we further examined the membrane expression of Ca,3.2 protein.
Consistent with the changes in the total Ca,3.2, FIL-6 (50 ng/ml) in-
cubation for 6h induced a significant increase of membrane Ca,3.2
protein in the cultured DRG neurons [F(,, 15y = 8.85, p < 0.01, one-
way ANOVA followed by Bonferroni's post hoc test, Fig. 7B].

We next tested the effect of sgp130 on the effect of the FIL-6-
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induced Ca,3.2 expression in cultured DRG neurons. The results
showed that sgp130 (50 ng/ml) pretreatment for 10 min significantly
reversed the FIL-6-induced upregulation of total (Fig. 7C) and mem-
brane Ca,3.2 expression (Fig. 7D). The total Ca,3.2 expression de-
creased in the sgp130 + FIL-6 group as compared with the PBS + FIL-6
group [ty = 5.76, p < 0.01, unpaired t-test, Fig. 7C]. Similarly,
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Fig. 5. Mibefradil, a T-type Ca>* channel blocker, alleviated mechanical allo-
dynia in SNL rats.

Intrathecal application of mibefradil (10 mM) significantly attenuated me-
chanical allodynia on 3 days (A) and 14 days (B) after SNL compared with NS
group. n = 8. *** p < 0.001, two-way ANOVA with Bonferroni's post hoc test.
These data indicated that the effect of mibefradil became maximal within 1h
and returned to baseline within 4 h.

Ca,3.2 membrane expression was also decreased in sgpl130 + FIL-6
group compared to that in PBS + FIL-6 group [t4) = 6.12, p < 0.01,
unpaired t-test, Fig. 7D]. Representative immunofluorescent staining
imagings of Ca,3.2 membrane expression in FIL-6 treatment group and
sgp130 + FIL-6 treatment group were shown in Fig. 7E.

Furthermore, we examined whether FIL-6 could induce a functional
upregulation of Ca,3.2 channels using whole-cell patch-clamp re-
cording technique. We found that FIL-6 significantly upregulated the T-
type calcium channel currents in the primary cultured DRG neurons. As
shown in Fig. 8, FIL-6 incubation (50 ng/ml) for 6 h caused a significant
increase in T-type Ca?* current amplitude compared with the PBS
control [tzsy) = 3.28,p < 0.01, unpaired t-test, Fig. 8A and B], and this
FIL-6-induced upregulation of T-type calcium currents was reversed by
sgp130 [ti39) = 2.89, p < 0.01, unpaired t-test, Fig. 8A and B]. Ac-
cording to the activation curve, FIL-6 caused a left-shifting of the ac-
tivation curve compared with the PBS [—39.09 = 0.78 mV vs.
—36.31 = 0.70mV, PBS + FIL-6 group vs. PBS group, tis) = 2.65,
p < 0.05, unpaired t-test, Fig. 8C], while sgp130 had no effect on the
FIL-6-induced left-shifting of activation curve (—39.94 = 1.14mV vs.
—39.09 = 0.78mV, sgpl30 + FIL-6 group vs. PBS + FIL-6 group,
tes) = 2.65, p > 0.05, unpaired t-test, Fig. 8C). Additionally, by the
inactivation curve of T-type calcium currents, FIL-6 had no obvious
effects, and accordingly sgp130 showed no significant reversal
[-68.28 + 0.88mV vs. —65.41 + 1.74mV, PBS + FIL-6 group vs.
PBS group, ts2) =152, p > 0.05 —6559 * 1.91mV vs.
—68.28 = 0.88mV, sgpl30 + FIL-6 group vs. PBS + FIL-6 group,
tz2y = 1.33, p > 0.05, unpaired t-test, Fig. 8D]. These data indicate
that IL-6 via its trans-signaling pathway promotes the membrane ex-
pression and functional upregulation of T-type Ca®>* channels in the
primary culture DRG neurons.
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3.8. Blockade of IL-6 downstream signal pathway inhibits FIL-6-induced
upregulation of Ca,3.2 T-type calcium channels in primary cultured DRG
neurons

We next investigated the effects of ruxolitinib, an inhibitor of JAK
which is the upstream molecule of the IL-6 intracellular signaling
pathway, on the expression and function of Ca,3.2 T-type calcium
channels in vitro. The results showed that ruxolitinib (1 pM) application
1 h before FIL-6 incubation significantly reversed the FIL-6 upregula-
tion on the total [tn) = 2.69, p < 0.1, unpaired t-test, Fig. 9A] and
membrane expression of Ca,3.2 [tq) = 5.15, p < 0.001, unpaired t-
test, Fig. 9B] in the cultured DRG neurons. Coincidently, as shown in
Fig. 9C and D, ruxolitinib also reversed the FIL-6-upregulated T-type
calcium current density [to4) = 2.82, p < 0.01, unpaired t-test].

In addition, ruxolitinib reversed the FIL-6-induced left-shifting of
steady-state activation curve [—45.59 + 0.91 mV Vs.
—42.06 = 1.33mV, DMSO+FIL-6 group vs. DMSO+PBS group,
tas = 2.19, p < 0.05; —40.00 £ 0.71mV vs. —45.59 = 0.91mV,
Rux + FIL-6 group vs. DMSO+FIL-6 group, tgs) = 4.88, p < 0.001,
unpaired t-test, Fig. 9E], but had no obvious effects on the inactivation
curve of T-type channel currents [—67.94 = 1.38mV vs.
—68.51 = 2.14mV, DMSO+FIL-6 group vs. DMSO+PBS group,
ta7 = 0.22, p > 0.05; —66.66 + 2.35mV vs. —67.94 = 1.38mV,
Rux + FIL-6 group vs. DMSO+FIL-6 group, t;s) = 0.44, p > 0.05,
unpaired t-test, Fig. 9F].

3.9. Inhibition of IL-6/sIL-6R trans-signaling reduces upregulation of
Ca,3.2 T-type calcium channel expression, hyperexcitability of DRG neurons
and pain hypersensitivity in SNL rats

To further validate whether or not IL-6/sIL-6 trans-signaling was
involved in the development of SNL-induced neuropathic pain through
membrane Ca,3.2, we used sgp130 (an inhibitor of IL-6/sIL-6 trans-
signaling, 50 ng/10 pl, once per day from day 1 to day 3 after opera-
tion) to probe the role of IL-6. First, we investigated the effects of
sgp130 on expression of Ca,3.2 in SNL rats. As shown in Fig. 10A and B,
sgp130 for 3 days significantly inhibited the SNL-induced total Ca,3.2
proteins [tq0y = 3.31, p < 0.01, unpaired t-test, Fig. 10A] and mem-
brane Ca,3.2 proteins [tg) = 3.90, p < 0.01, unpaired t-test, Fig. 10B]
in DRG neurons compared with the PBS treatment group in SNL rats.

Furthermore, sgp130 significantly inhibited the hyperexcitability of
DRG neurons in SNL neuropathic pain rats. For instance, the current
threshold (CT) to evoke action potentials decreased significantly in SNL
DRG neurons [tz4) = 3.53, p < 0.001, unpaired t-test], but sgp130
could reverse this effect [t3; = 3.50, p < 0.001, unpaired t-test,
Fig. 10C and D]. Consistently, sgp130 reversed the decline of the
threshold of action potential (TP) [t = 4.22, p < 0.001, unpaired t-
test, Fig. 10E].

Morever, the behavioral results showed that intrathecal application
of sgp130 (50 ng/10 pl) significantly attenuated the SNL-induced me-
chanical allodynia. After L5 SNL, 50% PWTs decreased significantly in
the ipsilateral hindpaw of the SNL rats [t7, = 35.44, p < 0.001, un-
paired t-test], and sgp130 significantly reversed this effect [t = 8.61,
p < 0.001, unpaired t-test, Fig. 10F].

These above results indicate that IL-6 mediated trans-signaling
contributes to the upregulation of Ca,3.2 T-type calcium channels after
SNL, sgpl30 inhibition of IL-6/sIL-6R trans-signaling decreases the
expression of Ca,3.2 T-type calcium channels, then suppresses the hy-
perexcitability of DRG neurons and alleviates mechanical allodynia in
SNL neuropathic pain rats.
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Fig. 6. Expression of IL-6, sIL-6 receptor, gp130 and Ca,3.2 in DRG neurons of SNL rats.

(A) IL-6 Western blotting detection. Upper: representative Western blot bands of IL-6; lower: statistical analysis of the relative band intensities of IL-6. The expression
of IL-6 increased significantly in DRG neurons from day 1 to day 21 in SNL rats compared to Sham-operation rats. n = 7. *p < 0.05, **p < 0.01, ***p < 0.001,
two-way ANOVA with Bonferroni's post hoc test. (B) IL-6 cellular distribution in the DRG. Double immunofluorescence staining showed co-localization of IL-6 (green)
with NeuN (red) and GFAP (red). Arrowheads point to co-localization of IL-6 and GFAP. Upper: scale bar = 50 um; lower: scale bar = 20 ym. (C) sIL-6R Western
blotting detection. Upper: representative Western blot bands; lower: statistical analysis of the relative intensities of sIL-6R. No significant differences were observed
on the expression of sIL-6R between Sham-operation and SNL group. n = 7, two-way ANOVA with Bonferroni's post hoc test. (D) gp130 Western blotting detection.
Upper: representative Western blot bands; lower: statistical analysis of the relative intensities of gp130. The expression of gp130 increased significantly in DRG
neurons from day 1 to day 21 in SNL rats compared to Sham-operation rats. n = 7. *p < 0.05, **p < 0.01, two-way ANOVA with Bonferroni's post hoc test. (E)
Representative immunofluorescence images showing the co-localization of Ca,3.2 channels (green) with gp130 receptor (red) in DRG neurons in Sham-operation and
SNL rats. Arrowheads point to co-labelled neurons. Scale bar = 50 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 7. FIL-6 upregulated expression of Ca,3.2 protein in primary cultured DRG neurons.

(A) Total Ca,3.2 protein. Upper: representative Western blot bands; lower: statistical analysis of total protein expression. FIL-6 incubation for 6-12 h on cultured DRG
neurons produced a significant increase compared with the PBS control. n = 7. *p < 0.05, ***p < 0.001, one-way ANOVA with Bonferroni's post hoc test. (B)
Ca,3.2 membrane protein. Upper: representative Western blot bands; lower: statistical analysis of membrane protein expression. FIL-6 incubation on cultured DRG
neurons produced a significant increase of membrane Ca,3.2 compared with the PBS control. n = 6. **p < 0.01, one-way ANOVA with Bonferroni's post hoc test. (C,
D) FIL-6 incubation for 6 h on primary cultured DRG neurons significantly increased the total and membrane expression of Ca,3.2 protein, but pre-treatment with
sgp130, an IL-6/sIL-6 trans-signaling inhibitor, significantly reversed the FIL-6-induced increase of total and membrane Ca,3.2 protein expression. n = 3. *p < 0.05,
***p < 0,001, PBS + FIL-6 vs. PBS control; **p < 0.01, sgp130 + FIL-6 vs. PBS + FIL-6 control, unpaired t-test. (E) Representative immunofluorescence images
showing FIL-6 incubation for 6 h increased the membrane Ca,3.2 in DRG cells, and sgp130 reversed the increased expression. Scale bar = 20 pm.
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Fig. 8. FIL-6 upregulated function of T-type calcium channels in primary cultured DRG neurons.

(A) Representative traces of T-type calcium currents. (B) FIL-6 evoked a significant increase in T-type Ca®>* current densities compared with PBS control, and this FIL-
6-induced potentiation of Ca®>* currents was markedly blocked by sgp130. n = 19-21. **p < 0.01, PBS + FIL-6 vs. PBS; “*p < 0.01, sgp130 + FIL-6 vs. PBS + FIL-
6, unpaired t-test. (C) FIL-6 elicited an obvious left-shifting of steady-state activation curve, and sgp130 showed no obvious reversal of the left-shifting. n = 13-15.
**p < 0.01, ***p < 0.001, PBS + FIL-6 vs. PBS, two-way ANOVA with Bonferroni's post hoc test. (D) FIL-6 showed no obvious effect on the inactivation curve. Note
that the curves in the treatments with PBS, PBS + FIL-6 and sgp130 + FIL-6 overlap almost completely. n = 16-18, two-way ANOVA with Bonferroni's post hoc test.

4. Discussion

4.1. Ca,3.2 T-type calcium channels contribute to SNL-induced neuropathic
pain

Using in situ hybridization (Talley et al., 1999), gene knock-down
(Bourinet et al., 2005) and genetic tracing (Bernal Sierra et al., 2017)
methods, previous studies have demonstrated that the Ca,3.2 is the
predominant subtype of T-type channels in DRG neurons. In the present
study, our results showed that Ca,3.2 protein expressed in all three
types of DRG neurons in Sham-operation and SNL rats (Fig. 1), sug-
gesting that Ca,3.2 T-type calcium channels are not restricted in the
small and medium-sized DRG neurons (Talley et al., 1999). In fact,
recent researches reported that Ca,3.2 expressed not only in small and
the medium-sized DRG neurons, but also in the large ones. With double
immunofluorescent staining, it was shown that 28% NF200™* neurons
expressed Ca,3.2 (Francois et al., 2015). Using Ca,3.2-Cre mice con-
taining fluorescent reporter (tdTomato), it was found that the vast
majority (77 = 4.3%) of tdTomato™ cells expressed NF200 (Bernal
Sierra et al., 2017). In addition, Yue et al. found that T-type Ca®*
current density significantly increased in medium-sized and large DRG
neurons after spared nerve injury (SNI), supporting that Ca,3.2 T-type
calcium channels were expressed in all three types of DRG neurons (Yue
et al., 2013).

During processing of the nociceptive information, small-diameter
DRG neurons are crucial in physiological and pathological pain condi-
tions (Campbell and Meyer, 2006). Large DRG neurons and its fibers
usually process touch information in physiological conditions and are
also important in tactile allodynia in neuropathic pain after peripheral
nerve injury (Xu et al., 2015). More interestingly, in the present study,
we found that the percentage of membrane expressing Ca,3.2 increased
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in all three types of damaged L5 DRG neurons (Fig. 1C-F), suggesting
the increased Ca,3.2 channels in all DRG neurons have functional sig-
nificance.

Our previous study reported that functional up-regulation of Ca,3.2
T-type calcium channels in damaged DRG neurons contributed to
neuropathic pain after peripheral nerve injury (Kang et al., 2018). In
the present study, we further confirmed the role of these Ca,3.2 T-type
calcium channels in neuropathic pain. Our electrophysiological and
behavior experiments showed that T-type channel blocker (mibefradil)
decreased the ectopic discharge and alleviated mechanical allodynia in
a time-dependent manner in SNL rats (Figs. 3 and 5). To double check
the effects of T-type calcium channel blocker mibefradil (Bourinet et al.,
2016), we further examined the effects of TTA-P2, another novel and
selective T-type calcium channel blocker. Consistent with mibefradil,
TTA-P2 also reduced ectopic discharges (Fig. 4A-D). Because the ve-
hicle (1.7% DMSO) had obvious behavioral side effects, we did not
injected TTA-P2 intrathecally to examine the effects of TTA-P2 (5 mM)
on mechanical allodynia. Considering the specificity of mibefradil and
TTA-P2 on Ca,3.2 channels, further studies using subtype specific
blockers or knockout mice will provide more evidence to this issue.
Other subtypes of calcium channels, like Ca,3.1 and Ca,3.3 which are
not excluded in the present study, need further investigation.

Emerging evidence demonstrated in addition to the damaged neu-
rons, the adjacent uninjured L4 DRG neurons also contributed to the
neuropathic pain (Ma et al., 2003). In our previous studies, we found
that Ca,3.2 T-type calcium channels increased in adjacent L4 uninjured
DRG neurons in L5 SNL rats (Liu et al., 2018). Ca,3.2 channel proteins
are also accumulated in the uninjured sural nerve after SNI and con-
tribute to peripheral sensitization and mechanical allodynia in neuro-
pathic pain (Chen et al., 2018). So, the Ca,3.2 channel is a possible
therapeutic target for neuropathic pain.
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Fig. 9. Ruxolitinib (Rux, a JAK inhibitor) blockade on the FIL-6-evoked upregulation of Ca,3.2 protein expression and function in primary cultured DRG neurons.
(A) Total protein expression of Ca,3.2. (B) Membrane protein expression of Ca,3.2. Upper: representative Western blot bands; lower: statistical analysis of Ca,3.2
protein expression. FIL-6 produced a significant increase of total and membrane Ca,3.2, and pre-treatment with ruxolitinib, an IL-6 downstream signal pathway
inhibitor, significantly reversed the FIL-6-induced upregulation of total and membrane Ca,3.2 protein.n = 6. *p < 0.05, **p < 0.01, DMSO + FIL-6 vs. DMSO +PBS
group; “p < 0.05, *#*#p < 0.001, Rux + FIL-6 vs. DMSO +FIL-6, unpaired t-test. (C) Representative traces of T-type calcium currents in primary cultured DRG
neurons. (D) Ruxolitinib significantly blocked the FIL-6-induced increase of T-type Ca®>* current densities. n = 11-15. *p < 0.05, DMSO +FIL-6 vs. DMSO + PBS;
##p < 0.01, Rux + FIL-6 vs. DMSO +FIL-6, unpaired t-test. (E) FIL-6 induced significant left-shifting of the steady-state activation curve, and ruxolitinib reversed
this FIL-6 effect. n = 8-9. ***p < 0.01, DMSO +FIL-6 vs. DMSO +PBS; p < 0.05, ###p < 0.001, Rux + FIL-6 vs. DMSO +FIL-6, unpaired t-test. (F) No obvious
changes were observed in the inactivation curves on DRG neurons treated with DMSO +PBS, DMSO + FIL-6 or Rux + FIL-6. n = 9-11, unpaired t-test.
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Fig. 10. Sgp130 (an IL-6/sIL-6R signaling inhibitor) reversed the upregulation of Ca,3.2 protein expression in DRG neurons, decreased the hyperexcitability of DRG
neurons, and alleviated mechanical allodynia in SNL rats.
(A) Total Ca,3.2 protein expression. (B) Membrane Ca,3.2 protein expression. Upper: representative Western blot bands; lower: statistical analysis of Ca,3.2 protein
expression. Sgpl30 significantly reversed the upregulation of total and membrane Ca,3.2 protein in DRG neurons compared to the PBS treatment. n = 5-6,
**p < 0.01, ***p < 0.001, SNL + PBS vs. Sham +PBS; *#p < 0.01, SNL + sgp130 vs. SNL + PBS, unpaired t-test. (C-E) Sgp130 decreased the hyperexcitabilities
of DRG neurons of SNL rats. Representative traces (C) of the first AP evoked by a series of step depolarizing currents. The depolarizing current threshold for evoking
the first AP decreased, and sgp130 reversed this decreased threshold (D). The threshold of AP was also decreased, and reversed by sgp130 (E) in DRG neurons in SNL
rats compared with Sham-operation rats. n = 18-21, ***p < 0.001, SNL + PBS vs. Sham +PBS; **#p < 0.001, SNL + sgp130 vs. SNL + PBS, unpaired t-test. (F)
Sgp130 alleviated mechanical allodynia in SNL rats. n = 14-15, ***p < 0.001, SNL + PBS vs. Sham +PBS; **#p < 0.001, SNL + sgp130 vs. SNL + PBS, unpaired t-

test.
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Taken together, our results further suggest that the increased
Ca,3.2 T-type calcium channels in the damaged DRG neurons play
important roles in the ectopic discharge, and contribute to neuropathic
pain in L5 SNL rats.

4.2. IL-6 through IL-6/sIL-6R signaling pathway upregulates Ca,3.2 T-type
calcium channel expression in DRG neurons in neuropathic pain rats after
SNL

In order to investigate the underlying mechanisms of Ca,3.2, we
investigate whether and how IL-6 regulate the expression and function
of Ca,3.2 T-type calcium channels in DRG neurons in neuropathic pain
rats after SNL. This is the important goal of our study.

In the nervous system, all microglia and neurons express IL-6 (Lee
et al., 2002; Mérz et al., 1998). After injury of peripheral nerves like L5
SNL in our present study, Wallerian degeneration occurred (Wu et al.,
2002). Inflammatory mediators (such as IL-1a, IL-1f, IL-6 and tumor
necrosis factor-a) were released from activated macrophages, schwann
cells, satellite glial cells and axotomized sensory neurons (Kwon et al.,
2013; Murphy et al., 1995; Wu et al., 2002). In our experiment, after L5
SNL, IL-6 expression increased significantly from day 1 to day 21
(Fig. 6A). Double immunofluorescence staining was used to examine
the IL-6 sources in the DRG, and revealed that both neurons and sa-
tellite glial cells contained IL-6 (Fig. 6B). These form the basis of the IL-
6 regulation on the Ca,3.2 calcium channels in DRG neurons in neu-
ropathic pain.

In L5 DRG neurons in neuropathic pain rats, Ca,3.2 expression in-
creased, IL-6 expression increased also. Our evidence demonstrated that
these two proteins co-localized in the same DRG neurons. For example,
Ca,3.2 expressed in all types of DRG neurons (Fig. 1E) and IL-6 co-
labelled with the neuronal marker NeuN (Fig. 6B). This kind of co-ex-
istence of IL-6 and Ca,3.2 protein in one neuron suggest the possibility
that IL-6 could regulate the Ca,3.2 expression. Direct evidence comes
from the in vitro experiment. In the primary cultured DRG neurons, FIL-
6 (a mixture of IL-6 with sIL-6R) induced a significant increase in the
total expression and membrane expression of Ca,3.2 from 6 to 12h
after FIL-6 incubation (Fig. 7). These results give strong evidence that
IL-6 upregulates Ca,3.2 expression in DRG neurons in neuropathic pain
rats.

IL-6 receptors include its specific receptor IL-6R and common re-
ceptor gp130. The IL-6R has two isoforms. In addition to the naturally
occurring membrane-bound IL-6R (mIL-6R), soluble IL-6R (sIL-6R) has
been found (Miillberg et al., 1993, 1994). In some cells on which sur-
face mIL-6R lacks, IL-6 binds to sIL-6R and then activate target cells
through the intracellular gp130 (Mérz et al., 1998). gp130 is present
essentially in all cell types, mIL-6 receptors are not expressed ubiqui-
tously. So, sIL-6R enriches the cell types that can response to IL-6 by its
presence in serum and a number of inflammatory fluids (Rose-John and
Heinrich, 1994).

It has been reported that sIL-6R but not mIL-6R was detected in rat
DRG (Fang et al., 2015). Thus, we mainly pay attention to the role of IL-
6 trans-signaling in regulating Ca,3.2 in this study. We found that FIL-6
(a complex of IL-6 and IL-6R) incubation in the primary cultured DRG
neurons significantly increased total and membrane Ca,3.2 protein
expression, pretreatment with ruxolitinib (an IL-6 downstream signal
pathway inhibitor) could reverse the FIL-6-induced upregulation of
Ca,3.2 protein. Furthermore, ruxolitinib markedly blocked the FIL-6-
induced increase of Ca®>* current densities and reversed the FIL-6 in-
duced left-shifting of the Ca®™ current activation curve (Fig. 9). In-
trathecal injection of sgp130 reversed the upregulation of total and
membrane Ca,3.2 in L5 DRG in neuropathic pain rats induced by SNL
(Fig. 10). These results indicate that IL-6 takes its effects through IL-6/
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sIL-6R/gp130 trans-signaling pathway in the regulation of Ca,3.2 pro-
tein expression and trafficking in DRG neurons.

In the present study, intrathecal injection of IL-6 inhibitor (sgp130)
attenuated SNL-induced mechanical allodynia. In addition to the per-
ipheral nervous system, IL-6 also regulated central sensitization in the
spinal cord. It has been found that spinal administration of IL-6 induced
central sensitization and heat hyperalgesia in rats, which was suggested
to occur through regulating synaptic and neuronal activity in the su-
perficial spinal cord (Kawasaki et al., 2008). Peripheral nerve injury
induced the upregulation of IL-6 in the spinal cord. IL-6 induced spinal
glial activation in neuropathic pain (Lee et al., 2010). So, we cannot
exclude the effects of intrathecal sgp130 application on spinal cord in
our current study. Since our study proved that intrathecal spg130 de-
creased Ca,3.2 channel expression and neurons hyperexcitability in
DRG, these results suggested that the anti-allodynia effect of intrathecal
spg130 was mediated very likely through peripheral Ca,3.2 channels.

In addition, in the present study, both sgp130 (an IL-6/sIL-6R sig-
naling inhibitor) and ruxolitinib (an IL-6 downstream signal pathway
inhibitor) could reverse the FIL-6-induced upregulation on Ca,3.2 ex-
pression (Fig. 7C-E, Fig. 9A and B) and T-type calcium current density
(Fig. 8A and B, Fig. 9C and D). It is also noticed that sgp130 could not
reverse the FIL-6-induced left-shifting of activation curve (Fig. 8C), but
ruxolitinib could (Fig. 9E). This discrepancy can not be fully explained
from the present results or literatures. Whether or not there are other
signals participating into this regulation need further investigation.

A previous study reported that IL-6 synthesis increased the sensi-
tivity of sensory neurons to axotomy (Murphy et al., 1995; Ramer et al.,
1998). In bone cancer pain model of rats, IL-6 upregulated TRPV1 ex-
pression and the hyperexcitability of DRG neurons (Fang et al., 2015).
In our study, in vivo extracellular electrophysiological recordings on
teased fibers showed that blockade of T-type calcium channels with
antagonist mibefradil (Fig. 3) or TTA-P2 (Fig. 4) inhibited the ectopic
discharges in the nerve fibers in SNL rats. FIL-6 evoked a significant
increase in T-type Ca* current densities, and this FIL-6-induced po-
tentiation of Ca®>* currents was markedly blocked by sgp130 (Fig. 8).
Thresholds for the AP induction were significantly decreased in DRG
neurons in SNL rats, and sgp130 almost completely blocked this phe-
nomenon (Fig. 10). These results suggest that IL-6 upregulates the
Ca,3.2-mediated neuronal excitability in neuropathic pain rats after
SNL.

Our present results demonstrate that IL-6-upregulated Ca,3.2 con-
tributes to neuropathic pain. In IL-6 knockout mice, sympathetic
sprouting induced by nerve injury was significantly reduced, and thus
mechanical allodynia was markedly delayed, implying a facilitatory
role for IL-6 in pain (Murphy et al., 1995; Ramer et al., 1998). It has
been reported that IL-6 antibody combined with corticotropin-releasing
factor receptor 1 receptor antagonist reduced Ca,3.2 channel expres-
sion and normalized visceral pain in rat model of irritable bowel syn-
drome (Buckley et al., 2014). In our present study, intrathecal appli-
cation of sgp130, an inhibitor of IL-6/IL-6R/gp130 signaling pathway,
could reverse the upregulation of membrane Ca,3.2 expression (Fig. 7),
the hyperexcitability of DRG neurons as well as mechanical allodynia in
SNL neuropathic pain rats (Fig. 10).

5. Conclusions

Our present study suggest that IL-6 upregulates Ca,3.2 T-type
channels expression and function through the IL-6/IL-6R/gp130 trans-
signaling pathway in DRG neurons, thus contributes to the development
of neuropathic pain in rats after peripheral nerve injury (Fig. 11).

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.expneurol.2019.03.005.
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Fig. 11. A schematic of interleukin-6 (IL-6)-mediated upregulation of Ca,3.2 T-
type channels through IL-6/sIL-6R trans-signaling in dorsal root ganglion (DRG)
neurons in the development of neuropathic pain.

The expression of IL-6 and gp130 increases significantly in DRG after spinal
nerve ligation (SNL). The elevated IL-6 binds to sIL-6R and induces homo-
dimerization of gp130, which subsequently activates the JAK signaling cascade
and then triggers the functional upregulation of Ca,3.2 T-type channels. The
potentiated Ca,3.2 T-type channels lead to an increase in calcium influx, and
then result in ectopic discharges of DRG neurons and pain behaviors of neu-
ropathic pain rats.
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