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Abstract

The aim of the study was to clarify the effect of melatonin on neuropathic pain by N-type calcium channel (Cav2.2) inhibition
in dorsal root ganglion (DRG) neurons after spared nerve injury (SNI) surgery. Immunofluorescence was used to identify the
co-expression of Cav2.2 and the MT2 receptor and detect the changes in Cav2.2 expression in DRG neurons. Western-blot was
also performed to detect the expression of Cav2.2 in DRG neurons. The action potential and current of Cav2.2 channels in
DRG neurons were detected using whole-cell patch clamp analysis. Behavioral studies were conducted using thermal stimulation
and acetone after melatonin was injected intraperitoneally. The results revealed that Cav2.2 and the MT2 receptor were co-
expressed in medium and small sized DRG neurons, and the intensity of Cav2.2 increased after SNI. Injection of melatonin
activated the MT2 receptor and relieved nociceptive pain through decreased the Cav2.2 expression and current in DRG neurons.
Melatonin can significantly decrease the increase in Cav2.2 current density and excitability after SNI. In addition, the Cav2.2
activation curve shifted to the left after SNI, but there was no change in inactivation. 10 μM melatonin significantly inhibited

the excitability of DRG neurons and Cav2.2 current, the inactivation curve of Cav2.2 current shifted significantly to the left.

However, the MT2 receptor antagonist 4-P-PDOT reversed the inhibition of melatonin on Cav2.2 current. We conclude that

melatonin inhibits the increased Cav2.2 expression and current; on the other hand, it reduces the excitability of DRG neurons

after SNI surgery via the MT2 receptor pathway.

Introduction

For decades, one of the most popular ideas in neuropathic pain literature has been that neuropathic pain,
as defined recently by the International Association for the Study of Pain in 2011, is pain caused by somatic
sensory nervous system injury or disease [1]. In the past epidemiological studies have shown that the incidence
of chronic pain in the general population is 20% to 25% [4], of which the prevalence of neuropathic pain may
be as high as 7% to 8% [2,3], accounting for about one fifth of patients with chronic pain. And ion channels
play a huge role in neuropathic pain. There are studies that show that the electrophysiological basis of
neuropathic pain is usually the increased expression of Na+ channel and voltage-gated Ca2+channel in the
injured nerve cell membrane, which changes the normal physiological activities of neurons and aggravates the
peripheral stimulation response to non noxious or minor injury. Among them voltage-gated calcium channels
are the main channels involved in depolarization-mediated calcium entry into neurons. The calcium channel
family consists of many different channel subtypes and can be broadly divided into two groups based on
their voltage dependence of activation: low voltage activation channels and high voltage activation channels
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. [5, 6]. N-type voltage-dependent calcium channels (N-VDCCs) are high voltage activated channels that
are closely related to pain regulation and are distributed in the neural pathway of nociceptive information
transmission. After activation, they trigger the release of pain-related neurotransmitters from synaptic
vesicles by causing calcium influx and pain conduction. Mainly,N-type voltage-dependent calcium channels
(N-VDCCs) are high voltage activated channels closely related to pain regulation, which are distributed in
nerve cells of nociceptive information transmission pathway. After these channels are activated, they cause
calcium influx into neurons, trigger synaptic vesicles to release pain related neurotransmitters, and produce
and transmit pain. In the dorsal root ganglia (DRG) and spinal dorsal horn pain-transmitting neurons,
N-VDCC current accounts for 60% to 70% of that of all high-voltage activated calcium channels (L-, N.-,
P-, Q-, and R-type) [7]. The N-VDCC has long been considered as a target for the development of analgesic
drugs. Many drugs in clinical use, such as pregabalin, gabapentin, and ziconotide, inhibit pain by acting
on N-type calcium channels [8]. However, their use is likely to be associated with side effects, such as drug
withdrawal syndrome, auditory hallucinations, delusions, euphoria, ataxia, psychosis, and paresthesia [9].
So, the development of potent yet less addictive analgesics remains a challenge and has always been one of
the hot spots in the field of drug research and development.

With the deepening of research, N-acetyl-5-methoxytryptamine (melatonin) gradually became known. Mela-
tonin is a hormone secreted by the pineal gland at an increased level at night and plays a role in regulating
the sleep-wake cycle, changes during puberty, and seasonal adaptation [10]. Melatonin has anxiolytic, an-
tioxidant, anti-injury, anti-depressive, anti-anorexia, anti-tumor, anti-inflammatory, neuroprotective effects,
lowers blood pressure in retinal blood vessels, and regulates exercise activity and pain [11]. Recently, more
and more studies have focused on the multiple functions of melatonin and its receptors subtypes [12]. Alti-
parmak et al. showed that rapid melatonin supplementation can significantly improve the daytime sleepiness
side effects of gabapentin [13]. Melatonin may change cytosolic calcium ion levels and lead to tumor cell
apoptosis [14]. Furthermore, a study by Zhu et al. showed that melatonin protects cardiac microvascular
endothelial cells from oxidative stress damage by activating MAPK/ERK signaling pathway [15]. However,
the effect of melatonin on N-type calcium channels in DRG neurons is rarely studied.

Establishing an appropriate animal model of neuropathic pain can provide a theoretical and practical scien-
tific basis for further exploration of the pathogenesis of neuropathic pain and the search for more effective
drugs and treatments. The Chronic constriction injury (CCI) [16], spared nerve injury (SNI) [17], spinal
nerve ligation (SNL) [18], and partial sciatic nerve ligation (PSNL) [19] models are typical surgical animal
models used for this purpose. Among them, the SNI model has good mechanical pain and thermal allodynia,
and its duration is longer than that of other models of neuropathic pain. Because it is the closest model to
clinical neuropathic pain, researchers often choose SNI model to study pain.

Based on the above reasons, we will use a variety of experimental methods to study the changes of Cav2.2
expression, activation current and neuronal excitability in DRG neurons after standby nerve injury (SNI), and
the effect of melatonin on these changes. MT2 agonist 4-p-pdot (n - [(2S, 4R) - 4-phenyl-1,2,3,4-tetralin-
2-yl] Propionamide) was used to prove that the effect of melatonin on Cav2.2 expression and activation
current was mediated by MT2 receptor. Our ultimate goal is to clarify whether melatonin is involved in pain
modulation by regulating the expression and function of Cav2.2 on DRG neurons through acting on MT2
receptor, so as to confirm whether MT2 receptor can become a new target for the treatment of neuropathic
pain.

1. Materials and Methods

1.1 Animals

All experiments were performed on adult male Sprague-Dawley rats weighting 180–250 g obtained after
approval from the Xinjiang Medical University Animal Center (approval no. SCXK Xin2003-0001). In
a specific pathogen-free environment with controlled temperature and a 12:12 hours light/dark cycle, five
rats were kept in each cage and given ad libitum access to food and water. Animal experiments were
conducted with the approval of the Institutional Ethics Review Board at the First Affiliated Hospital of the
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. Medical College of Shihezi University and were performed in accordance with the ethical guidelines of the
International Pain Research Association’s experimental pain survey of conscious animals.

1.2 Establishment of the SNI model in rats and drug delivery

The SNI model was established as described previously [17]. Under isoflurane anesthesia (5% induced
anesthesia and 2% continuous anesthesia), an incision was made into the skin on the outer left thigh of each
rat, and the bicep femoris muscle was bluntly separated to expose the sciatic nerve and its three branches:
the sural, common peroneal, and tibial nerves. The sciatic nerve was gently separated, the tibial and the
common peroneal nerves were tightly ligated using 4-0 silk and sectioned distal to the ligation, and 3 mm
of the distal stumps at this level were removed leaving the sural nerve intact. Subsequently, the muscle and
skin were closed. Extreme care was taken to avoid excessive pulling of the nerves during the surgery. In the
Sham group, the sciatic nerve was isolated and exposed but not injured. The rats were then kept in a warm
environment, and vital signs were monitored until complete recovery from anesthesia. Post-operatively, the
rats were provided enhanced nutrition and subjected to single-cage feeding, infection prevention, and a strict
12 hours light/dark cycle.

After recovery, all rats were tested for pain behavior, and only rats exhibiting apparent pain behavior were
used for different treatment regimens :1) SNI + Vel group: rats received intraperitoneal (i.p.) injections of
50 ml/kg vehicle (1% ethanol in normal saline), SNI + Mel group: rats received i.p. injections of 50 mg/kg
melatonin [20], SNI + Mel + 4PP group: rats received i.p. injections of 50 mg/kg melatonin and 20 mg/kg
4-P-PDOT. Drug treatment was given every day for 21 days after SNI surgery.

1.3 Behavioral tests

As described in our previous study [21], the threshold responses to painful thermal stimulation of the hind
limbs on the surgical side were evaluated 1 day before surgery and 1, 3, 7, 14, and 21 days after surgery.
After the rats had been quiet for more than 15 minutes, 3 tests were performed for each rat every 5 minutes,
and the results of the 3 tests were averaged (minimum value of 0.5 sec and maximum value of 20 sec). Data
were expressed as thermal withdrawal latencies.

As described previously [22], using a blunt needle connected to a syringe, a drop of acetone solution was
carefully dropped on the sole of the foot without the needle touching the skin, and the duration of paw
withdrawal in the 30 sec immediately following acetone application was measured. Cold allodynia measure-
ments were repeated 3 times per day for each animal, and the average was taken. The next stimulus was
administered once the animal was quiet. Data were expressed as the time that the paw was lifted (minimal
value of 0.5 sec and a maximum of 20 sec).

1.4 Reagents and instruments

The main reagents used in the present study were mouse anti-Cav2.2 antibody (Sc-377489, monoclonal, Santa
Cruz, USA), rabbit anti-Cav2.2 antibody (ab5154, monoclonal, CA, USA), rabbit anti-melatonin receptor
1A (MT1) antibody (ab:203038, polyclonal, Abcam, Cambridge, MA, USA) rabbit anti-melatonin receptor
1B (MT2) antibody (ab:203346, polyclonal, Abcam, Cambridge, MA, USA), mouse anti-NF-200 antibody
(ab82259, Abcam, Cambridge, MA, USA), mouse anti-CGRP antibody (ab81887, Abcam, Cambridge, MA,
USA), isolectin B4 (IB4, Sigma, USA), dimethylsulfoxide (DMSO, Sigma-Aldrich, Merck KGaA), radio-
immunoprecipitation assay buffer (RIPA buffer, Thermo Fisher Scientific, Inc., Waltham, MA, USA), phenyl-
methylsulfonyl fluoride (PMSF, Sigma-Aldrich, Merck KGaA, USA), 4P-P-DOT (SML1189, Sigma-Aldrich,
CA, USA), NP118809 (A3666, APExBIO, USA), melatonin (A2842, APExBIO, USA), and isoflurane (RWD
Life Science, China).

The equipment used included an automatic thermal radiation stimulator (37370 Plantar Test Apparatus,
UGO BASILE S.R.L., Varese, Italy), a patch clamp amplifier (MultiClamp 700B, Axon Instruments, Molec-
ular Devices, LLC, Sunnyvale, CA, USA), a MODEL P-97 Brown Micropipette Puller (Sutter Instrument
Company, USA), a biological data acquisition system (Digidata 1550A, Axon Instruments, Molecular De-
vices, LLC), a micromanipulation instrument (MP-225, Sutter Instrument Company), and an ordinary
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. optical microscope (Olympus Corporation, Tokyo, Japan).

1.5 Isolation and culture of DRG neurons

DRG neurons were isolated using enzyme digestion as previously described [23]. Firstly, rats were anes-
thetized using isoflurane and sacrificed by cervical dislocation, and the thoracic and lumbar segments of
the vertebral column were surgically removed. Next, the segmental L4-L6 DRG was removed quickly, the
redundant nerve fibers and connective tissues were amputated, and the DRG neurons were cut into pieces
using sclerotic scissors in extracellular fluid (150 mM NaCl, 5 mM KCl, 2.5 mM CaCl2, 1 mM MgCl2·H2O, 10
mM HEPES, 10 mM D-glucose; pH was adjusted to 7.4 using NaOH) at a low temperature (on a mixture of
ice and water). Next, the ganglia were gently dissociated using a fire-polished Pasteur pipette and treatment
with digestive enzymes (pancreatic protease, 0.12 mg/ml and collagenase, 0.1 mg/ml) at 37 °C. Digestion was
terminated using DMEM containing 10% fetal bovine serum, and the DRG neuron cell suspension obtained
after enzymatic and mechanical dissociation was plated on poly-d-lysine (0.5 mg/ml, Sigma, USA) pretreated
35mm cell culture dishes specially designed for electrophysiological recording. After the cells had adhered,
the medium was replaced with extracellular fluid pretreated with O2, and electrophysiological experiments
were then performed.

1.6 Immunofluorescence and

immunohistochemistry experiments

As described previously [21], rats were deeply anesthetized using isoflurane and perfused through the aorta
with normal saline followed by 4% paraformaldehyde in 0.1 M phosphate buffer for 10 minutes. After per-
fusion, L4-L6 DRG neurons were removed and post-fixed in the same fixative for 3 hours and then in 30%
sucrose (in 0.1 M PBS) for 24 hours. DRG neuron sections (5 μm thickness) were prepared using a freezing
microtome, mounted on gelatin-coated slides, and air-dried. Sections were washed and incubated in blocking
buffer (5% BSA in PBS with Tween-20) for 1 hour at 25, washed with 0.01 M PBS, and incubated with
primary antibody in a wet box at 4 °C overnight. Next, secondary antibodies were used for incubation at
room temperature for 120 minutes.

For Cav2.2 and MT2 co-expression experiments, sections were incubated with anti-Cav2.2 (mouse mono-
clonal, SANTA CRUZ, USA, 1:100) and anti-MT2 (rabbit polyclonal, Abcam, USA, 1:100). In order to
prove the expression on DRG neuron s, we used primary antibody anti-Cav2.2 (rabbit monoclonal, Ab-
cam, 1:100) and primary antibody anti-MT2 (rabbit polyclonal, Abcam, 1:100) and anti-neurofilament-200
(NF-200, mouse monoclonal; a marker for myelinated A-fibers; 1:200)/anti-calcitonin gene related peptide
(CGRP; mouse monoclonal; a marker of peptidergic C-type neurons; 1:200). Then, secondary antibodies
(TRITC/FITC, 1:200) were used at 25 for 120 minutes. For the relevant experiments, FITC conjugated IB4
(a marker for nonpeptidergic C-type neurons; 20 mg/ml; Sigma, St. Louis, USA) was used for processing
tissue sections during incubation with secondary antibodies. The sections were rinsed with 0.01 M PBS
three times, mounted on gelatin coated slides, and air-dried. Sections were examined using a confocal laser
scanning microscope (LSM710, Carl Zeiss AG, Oberkochen, Germany). Immunofluorescence quantifications
for all target proteins were performed by measuring the mean absorbance following laser confocal microscopy
using the Image J Launcher software (National Institutes of Health, USA).

It’s similar to immunofluorescence [21, 40], for ABC-DAB staining, sections were incubated with the primary
antibody at 4degC overnight (Antibodies were prepared at the ratio of 1:100 with 0.01 M PBS). Subsequently,
on the next day, wash the primary antibody and add the secondary antibody, incubate at 37degC for 1 hour,
add DAB for color development, and rinse off with distilled water immediately after the positive part of the
antibody labeled with the specimen develops, then counter-stain with hematoxylin for 3 minutes, and wash
with distilled water three times, with acid alcohol differentiation for 6-7 seconds, with distilled water for 3
times, then distilled water to blue for 3 minutes, then dehydrated in graded ethanol, dried and mounted
with neutral gum. Randomly select 6 samples in each group, and randomly select 5 fields of view in each
sample to take pictures, and then under the optical microscope.
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. 1.7 Western blot analysis

As previously described [24], the L4-L6 DRG neurons were lysed on ice in lysis buffer (1 μl PMSF in 100 μl
RIPA buffer) supplemented with protease and phosphatase inhibitors. Protein concentration was determined
using the BCA method. Samples were heated in boiling water for 5 minutes, separated using Tris-glycine
denaturing gradient gel electrophoresis on 8% SDS-polyacrylamide gels, and transferred to polyvinylidene
difluoride (PVDF) membranes (EMD Millipore, Billerica, MA, USA). The membranes were then blocked
using 5% non-fat milk in TBS-Tween 20 (TBST) buffer (pH 8.0, 10 mmol/l Tris-HCl, 150 mmol/l NaCl,
and 0.2% Tween 20) for 2 hours at room temperature and probed using rabbit anti-Cav2.2 monoclonal
antibody (1:5,00, 5% non-fat milk) and rabbit anti-MT2 monoclonal antibody (1:1,000, 5% non-fat milk)
overnight at 4 °C. Then, the blots were washed 3 times with TBST for 5 minutes each and incubated
with horseradish peroxidase-conjugated goat anti-mouse or goat anti-rabbit secondary antibodies (1:10,000)
for 2 hours at room temperature. Enhanced chemiluminescence (Pierce) was used to detect the immune
complexes. Protein levels were normalized to β-actin. The intensity of the bands was determined using
Image J Launcher software (National Institutes of Health, USA).

1.8 Whole cell patch clamp recordings

Whole-cell patch-clamp recordings from DRG neurons were obtained using a MultiClamp 700B amplifier and
Axon Digidata 1550A as previously described [25]. A cored borosilicate glass blank (Sutter Instruments)
was selected and transformed into a microelectrode using a P-97 electrode drawing instrument. The micro-
electrode with a resistance value of 2-6 MΩ was selected. The recorded signal was filtered at 2.5 kHz and
converted using a converter with a sampling frequency of 10-20 kHz.

For current-clamp recording [26], extracellular solution (140 mM NaCl, 5 mM KCl, 2 mM CaCl2, 2 mM
MgCl2·H2O, 10 mM HEPES, 11 mM glucose; pH adjusted to 7.4 using NaOH) and pipette solution (135
mM potassium gluconate, 5 mM KCl, 10 mM HEPES, 2 mM MgCl2·H2O, 5 mM EGTA, 0.5 mM CaCl2;
pH adjusted to 7.4 using KOH) were used. The osmolality of all solutions was between 315 and 325 mOsm.
In the current clamp mode, a step protocol from 0 to 500 pA in 50 pA increments was used to measure
the current threshold (rheobase, the minimum current intensity required to excite the first action potential)
with a pulse duration of 200 ms. After that, another step protocol 2×rheobase (duration, 500 ms; amplitude,
double the strength of 1×rheobase) was performed to record the number of action potentials.

For voltage-clamp recording [27], external solution (150 mM TEA-Cl, 5 mM CaCl2, 0.8 mM MgCl2·H2O,
10 mM HEPES, 10 mM D-glucose, 1 mM 4-aminopyridine [to block potassium ion current]; pH adjusted to
7.35 using CsOH) and internal solution (135 mM CsCl, 1 mM CaCl2, 2 mM MgCl2·H2O, 11 mM EGTA,
10 mM HEPES, 10 μM nimodipine [to block L-type Ca2+ channels; pH adjusted to 7.25 using CsOH and
osmolality to 320 mOsm using sucrose]. The recordings were performed at room temperature (22-25 °C). In
the voltage clamp mode for activation of N-type calcium channels, cells were held at -60 mV and voltage
clamped at -90 mV for 100 ms, and a step protocol (from -90 to 20 mV in 10 mV increments with a pulse
duration of 500 ms) was used. For the inactivation curve, currents were evoked by a test potential to 20
mV for 50 ms after a 500 ms pre-pulse at potentials ranging from -90 to 20 mV with 10 mV increments.
The voltage dependencies of activation and steady-state inactivation were described using single Boltzmann
distributions as per the following formulas:

Activation: G(V) = Gmax/(1 + exp[-(V - V50 )/k]),

Inactivation: I(V)= Imax/(1+ exp[(V - V50 )/k]),

where, Gmax is the maximal conductance, Imax is the maximal amplitude of current, V50 is the voltage at
which half the current is activated or inactivated, and k represents the voltage dependence (slope) of the
distribution. The data were analyzed using Origin8 (Microcal Software, Northampton, MA)

1.9 Statistical analysis

SPSS Statistics 17.0 software was used for statistical analysis. In each experiment, data related to two DRG
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. neurons were normalized according to the corresponding values from the left side of the Sham group. For the
nociceptive behavior, data were analyzed using one-way repeated measures analysis of variance (ANOVA),
and one-way ANOVA for different groups at the same time points were carried out. Data for patch clamp
analysis, immunofluorescence experiments, and western blot analysis were analyzed using one-way ANOVA
for multiple groups. All data are expressed as mean +- standard error of the mean. P value < 0.05 was
considered to be statistically significant.

2. Results

2.1 Melatonin can suppress cold allodynia and reduce the expression of N-type calcium channel
protein after SNI surgery

Firstly, we used thermal stimulation (Hargreaves experiments) and acetone experiments to test pain related
behavioral changes using the SNI model. We conducted the acetone experiments (shown in Fig. 1B). The
results show that, compared with that in Sham group, the withdrawal duration in SNI + Vel group increased
significantly (F=1438.042, P<0.001, n=9). But there were no significant differences between each group in
terms of the TWL values (F=0.004, P=0.955, n=9) (shown in Fig. 1A)

Then, rats were treated by i.p. injections of 50 mg/kg melatonin for 21 days to investigate the changes
in nociceptive behavior after SNI surgery; in the SNI + Vel group, we injected the same volume of the
vehicle. Subsequently, immunofluorescence and western blot experiments were conducted. Melatonin can
significantly suppress cold allodynia (SNI + Vel group vs. SNI + Mel group, F=37.117, P<0.005). However,
the effect of melatonin can be inhibited significantly by the MT2 receptor blocker 4-P-PDOT (SNI + Mel +
4PP group vs. SNI + Mel group, F=15.515, P<0.05) (shown in Fig. 1A and B).

2.2 MT2 receptor and Cav2.2 exhibit the same expression patterns in rat DRG neurons

As shown in Fig. 2, immunofluorescence was carried out to observe the expression of Cav2.2 and MT2
in the same DRG neurons. Furthermore, in order to clearly indicate the type of DRG neurons, we used
calcitonin gene-related peptide (CGRP), isolectin B4 (IB4), and neurofilament-200 (NF200) to mark the
neurons. Fig. 3A and Fig. 3B show the co-expression of Cav2.2 and MT2 with NF-200, CGRP, and IB4
in L4-L6 DRG neurons; Fig. 3C shows histograms representing cell diameter measurements in high Cav2.2-
expressing neurons, demonstrating that 65.86 +- 2.34% cells had a diameter of 10-20 μm, 23.14±1.94%
had a diameter of 20-40 μm, and 11.00 ± 2.31% had a diameter greater than 40 μm. Fig. 3D shows the
histograms representing cell diameter measurements in MT2-expressing neurons, demonstrating that 61.00
± 2.21% cells had a diameter of 10-20 μm, 28.01 ± 1.97% had a diameter of 20-40 μm, and 12.33 ± 1.45%
had a diameter greater than 40 μm. Therefore, immunofluorescence staining verified that Cav2.2 and MT2
were mainly expressed in small and medium-sized DRG neurons; this led us to decide that these were the
cells that we needed to study next.

2.3 After SNI surgery, the expression of Cav2.2 increased in L4-L6 DRG neurons

To observe the changes in the levels of the Cav2.2 protein in DRG neurons of rats after SNI surgery, next,
we conducted the immunofluorescence and western blot experiments.

As shown in Fig. 4A, Cav2.2 were expressed in L4-L6DRG neurons (Immunofluorescence experiment). Com-
pared with that in the Sham group (1.02 ± 0.06), the fluorescence intensity ratio of Cav2.2 was significantly
increased at days 7 (1.26 ± 0.01, P<0.05), 14 (2.13 ± 0.07, P<0.001), and 21 (2.20 ± 0.06, P<0.001) after
SNI surgery (shown in Fig. 4 C).

As shown in Fig. 4B, the western-blot experiment also verified the protein expression patterns in L4-L6

DRG neurons. Compared with that in the Sham group (1.02 ± 0.02), the relative density of Cav2.2 was
significantly increased at days 7 (1.91 ± 0.02, P<0.05), 14 (2.88 ± 0.10, P<0.001), and 21 (2.91 ± 0.13,
P<0.001) after SNI surgery (shown in Fig. 4D). As the 21-day changes were the most significant, we selected
21-day rats as the study subjects for the subsequent experiments.

2.4 Melatonin inhibits the increase in L4-L6 DRG neuron frequency of action potentials after SNI surgery
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. Furthermore, in order to clarify the changes in the excitability of DRG neurons after SNI surgery, we used
the whole-cell patch clamp method to estimate the excitability of L4-L6 DRG neurons. In current clamp
mode, we used the rheobase (the minimum current intensity required to excite the first action potential) and
the number of action potentials as indicators of the excitability of DRG neurons.

After the SNI surgery, compared with that in the sham group (366.67±10.54 pA), the 1×rheobase action
potentials were significantly decreased in the SNI + Vehicle group (100 ± 12.91 pA, P< 0.001) (shown in Fig.
5C). Furthermore, the number of action potentials increased significantly in 2×rheobase group (18.83±0.60,
P< 0.001) compared with that in Sham group (2.83 ± 0.31) (shown in Fig. 5D). Compared with the SNI
+ Vehicle group, the result show that different concentrations of melatonin have different effects on DRG
neurons by increasing the 1×rheobase of action potentials (0.1 μM, 166.67 ± 10.54 pA, P<0.01; 1 μM, 250.00
± 12.91 pA, P<0.001; 10 μM, 258.33 ± 15.37 pA, P<0.001). Moreover, the number of action potentials
reduced significantly (0.1 μM, 12 ± 0.63, P<0.05; 1 μM, 7.17 ± 0.40, P<0.001; 10 μM, 5.00 ± 0.37, P<0.001)
in 2×rheobase (shown in Fig. 5C and D).

In addition, administration of NP118809 (N-type calcium channel blocker) also increased the 1×rheobase
of action potentials (333.33 ± 25.82 pA, P<0.001) and decreased the number of the action potentials
(2×rheobase) significantly (4.33 ± 0.82, P<0.001) compared with those in SNI + Vehicle group. Furthermore,
in order to demonstrate the role of the MT2 receptor, we used MT2 receptor antagonist 4-P-PDOT(0.1 μM)
co-incubation with DRG neurons for 30 minute, irrigated the cells using extracellular fluid containing 10 μM
melatonin for 1 minute, and then recorded the action potentials and the number of the action potentials. The
results showed that, compared with SNI + Vehicle group, 4-P-PDOT group had reduced effects of melatonin
on DRG neurons in terms of the 1×rheobase (133.75 ± 40.82 pA, P=0.1449), and the 2×rheobase (11.83 ±
1.47, P<0.001) of action potentials. Fig. 5E shows that no change was detected in the resting potentials in
each group. 10 μM melatonin had the biggest effect on DRG neurons in our study, and 4-P-PDOT could not
block thenegativeeffect of melatonin completely (n=6 neurons in every group).

2.5 A left shift was observed in the N-type calcium channel current activation curve in L4-L6DRG neurons
after SNI surgery

Next, we investigated the L4-L6 DRG neuron N-type calcium channels after SNI surgery in the voltage clamp
mode. Furthermore, the activation curve was hyperpolarized with the V50 left-shifted from -10.23 ± 3.28
mV (k=27.18 ± 6.26) in the Sham group to -21.19 ± 4.67 mV (k=18.51 ± 4.61) in the SNI group (shown in
Fig. 6C); the inactivation curve was not significantly shifted in SNI group vs. Sham group (P=0.37) (shown
in Fig. 6D). The current density of peak Cav2.2 current was increased in SNI group (-90.42 ± 8.49 mV) at
-10mV compared with that in Sham group (-45.68 ± 8.34 mV) at 0 mV (shown in Fig. 6E). Particularly,
0.1 μM NP118809 was observed to block Cav2.2 current specifically, and Cav2.2 current recovered after
extracellular fluid was used to washout DRG cells for 30 sec (shown in Fig. 6A and B). This means that the
use of our stimulation of step protocol can enable the recording of relatively pure Cav2.2 calcium currents.
At the same time, we used 10 μM nimodipine in internal solution and 1 mM 4-aminopyridine in external
solution to block L-type Ca2+ and potassium ion currents, respectively.

2.6 Melatonin reduce the expression of N-type calcium channel protein after SNI surgery by MT2 receptor

To further clarify the possible role of the MT2 receptor, next, we performed W-B and immunofluorescence
experiments, as shown in Fig. 7A immunofluorescence experiment were conducted, and Fig. 7C shown the
fluorescence intensity ratios of Cav2.2 and the corresponding days for Sham group (1.00 ± 0.02), SNI +
Vel group (1.59 ± 0.09, P<0.05 compared with Sham group), and SNI + Mel group (1.13 ± 0.04, P<0.05
compared with SNI +Vel group). The expression levels (shown in Fig. 7B) and relative density of Cav2.2
( shown in Fig. 7D) in each group are also shown for Sham group (1.02 ± 0.06), SNI + Vel group (2.75 ±
0.09, compared with SNI group P=0.7585), and SNI + Mel group (1.15 ± 0.07, P<0.05 compared with SNI
+Vel group). This indicates that melatonin can reduce the expression of the N-type calcium channel protein
after SNI surgery. However, the inhibitory effect of melatonin was weakened significantly after 4P-PDOT
administration, suggesting that melatonin can inhibit the increase of Cav2.2 protein expression after SNI
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. through the MT2 receptor.

2.7 Melatonin (10 μM) induced a significant left shift in the N-type calcium channel inactivation curve of
DRG neurons

Next, we investigated the effect of melatonin on the voltage-dependence of activation and inactivation of
N-type calcium channel potential duration in DRG neurons. Fig. 8A shows the representative current of
N-type calcium channels in L4-L6 DRG neurons after SNI obtained using depolarizing step pulse from -90
mV to 20 mV for 500 ms (up) and a test potential of 20 mV for 50 ms after a 500 ms pre-pulse at potentials
ranging from -90 to 0 mV with 10 mV increments (down). Extracellular fluid containing 10 μM melatonin
was used to irrigate DRG neurons for 15 sec. Net current represents the traces obtained by subtracting the
10 μM melatonin traces from the Before traces. Washout represents the use of extracellular fluid to wash
DRG neurons for 1 minute.

Fig. 8B, C, and D show the effects of melatonin on calcium currents. In Fig. 8B, the activation curves are
unchanged between Sham group (black trace; V50 =-10.72 ± 4.52 mV, k=23.01 ± 3.39), Sham + 10 μM
Mel group (red trace; V50 =-10.59 ± 10.67 mV, k=27.38 ± 8.30), SNI group (blue trace; V50 =-20.96 ±
4.57 mV, k=26.13 ± 5.02), and SNI + 10 μM Mel group (green trace; V50 =-22.32 ± 3.8 mV, k=25.80 ±
4.34). The inactivation curve in Fig. 8C was hyperpolarized, with the V50 left-shifted from 12.65 ± 3.32 mV
(k=26.85 ± 8.52) in Sham group (black trace) to -41.31 ± 2.41 mV (k=21.90 ± 3.51) in Sham + 10 μM
Mel group (red trace, P<0.001 vs. Sham group) and the V50 left-shifted from 11.51 ± 0.48 mV (k=24.07 ±
3.78) in the SNI group (blue trace) to -37.55±3.16 mV (k=23.35 ± 4.28) in SNI + 10 μM Mel group (green
trace, P<0.001 vs. SNI group). Fig. 8D shows the current density (pA/pF) of Cav2.2 current in each group:
Sham group (-45.74 ± 6.78, black trace), Sham+10 μM Mel group (-20.48 ± 6.89, red trace, P<0.001 vs.
Sham group), SNI group (-90.42 ± 8.49, blue trace), and SNI+10 μM Mel group (-31.25 ± 0.10, green trace,
P<0.001 vs. SNI group). Therefore, we conclude that 10 μM melatonin can inhibit the Cav2.2 current and
promote the inactivation of Cav2.2 channels.

Discussion

Our main findings are as follows: 1) Cav2.2 and MT2 are co-expressed in small and medium-sized DRG
neurons in rats; 2) After SNI surgery, the withdrawal duration of cold allodynia increased, and this can be
inhibited by melatonin; 3) The expression of Cav2.2 increased in DRG neurons, and melatonin inhibited the
expression of Cav2.2 after SNI surgery; 4) Melatonin can inhibit the increase in L4-L6 DRG neuron frequency
of action potentials after SNI surgery; 5) The N-type calcium channel current activation curve shifts left in L4-
L6DRG neurons after SNI surgery; 6) Melatonin significantly shifts the N-type calcium channel inactivation
curve of DRG neurons to left. These results revealed that melatonin inhibits neuropathic pain via the MT2
receptor by reducing the excitability of neurons and accelerating the inactivation of N-type calcium channels.

Neuropathic pain usually manifests in a variety of clinical features, including the formation of zones of local
or complete sensory loss, different types of induced pain, burning pain, pain aggravation after repeated
stimulation, and persistent pain after stimulation [1, 28]. Abnormal pain (pain caused by stimuli that
normally do not cause pain) and hyperalgesia (increased pain response caused by stimuli that normally cause
pain) are two other prominent symptoms of neuropathic pain [29, 30]. Abnormal pain and hyperalgesia are
classified as mechanical (dynamic, dotted, and static) or thermal (cold and hot) stimuli that cause pain and
have independent mechanisms. The molecular mechanisms of mechanical allodynia and thermal hyperalgesia
are also different. In our study, we first built the SNI model and tested the latency of heat allodynia and
the withdrawal duration of cold allodynia using acetone; the results showed that the withdrawal duration of
cold allodynia increased clearly 3 days post-surgery, but there was no change in heat allodynia between SNI
group and Sham group. The reason may be that the SNI model damages nerve fibers differently—thermal
stimulation is mediated by C fibers and Aδ fibers, while mechanical aberrant pain is thought to be mediated
by low threshold Aβ fibers [29, 30]. However, thermal threshold is not typical of most neuropathic pain, and
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. it is usually considered to refer to changes in the sensitivity of the peripheral pain receptors rather than to
changes in the overall excitability of the somatosensory system [31].

Many ion channels facilitate the detection and processing of pain signals. Some of these are permeable for
calcium ions [32], which in turn mediate a range of cellular signaling functions, such as neurotransmitter
release [33], calcium-dependent enzyme activation [34], and calcium-dependent changes in gene expression
[35]. Thus, abnormal calcium signaling is a critical step in altering neural network activity involved in
pain regulation, and these changes form the cellular basis for chronic pain. As we all know, voltage-gated
calcium channels are the main channels for depolarization-mediated calcium entry into neurons. N-type
calcium channels are expressed almost exclusively in neuronal tissue and are enriched at presynaptic nerve
endings, where they trigger the release of neurotransmitters through physical involvement in synaptic release
mechanisms [16, 36, 37]. Calcium entry into the synaptic nerve terminals releases neurotransmitters such as
glutamate, Calcitonin Gene-Related Peptide (CGRP), and P substance (SP) [38-40]. Therefore, inhibition of
N-type channel activity leads to reduced neurotransmission, resulting in analgesia. However, the expression
and function of Cav2.2 in DRG neurons has not been extensively studied,particularly , with regard to the
characteristics of electrophysiological Cav2.2 currents.

In our study, in order to prove the relationship between MT2 receptor and Cav2.2, we first proved the co-
expression of the MT2 receptor and Cav2.2 in DRG neurons (shown in Fig. 2). Both Cav2.2 (shown in Fig.
3A) and MT2 are mainly expressed in the small and medium neurons (shown in Fig. 3B), which agrees with
the results of the study by Lin et al. [41]. After SNI surgery, we tested the latency of heat allodynia and the
withdrawal duration of cold allodynia; compared with those in Decosterd’s study [17], the behavioral tests
we used are relatively unitary, but the results were the same as theirs experimental results (shown in Fig.
1), with increased expression of Cav2.2 in DRG neurons (shown in Fig. 4) and increased Cav2.2 currents
(shown in Fig. 6). Administration of melatonin can inhibit the duration of cold allodynia in rats after SNI
surgery (shown in Fig. 1), and at the same time melatonin can reduce the up-regulated expression of Cav2.2
(shown in Fig. 7). Furthermore, administration of melatonin can inhibit the increased excitability (shown
in Fig. 5) and Cav2.2 current (shown in Fig. 8) of DRG neurons in rats after SNI surgery. This is consistent
with the results of a study by Huang et al., in which melatonin was found to have an inhibitory effect on
the neuronal excitability of TG neurons in rats [42]. Suppressing neuronal excitability may be one of the
properties of melatonin; the MT2 receptor blocker 4-P-PDOT can reduce the negative effects of melatonin
on DRG neurons significantly (shown in Fig. 5 and Fig. 1). All the results suggested that melatonin can
accelerate the inactivation of Cav2.2 to inhibit calcium currents via the MT2 receptor pathway. Fig. 9
shows the schematic diagram of the effect of melatonin on Cav2.2 channels in DRG neurons of rats. MT2
receptor and Cav2.2 are expressed on the same neurons, and melatonin activates the MT2 receptor to reduce
the Cav2.2 current by accelerating Cav2.2 inactivation (shown in Fig. 9A). After SNI surgery, the Cav2.2
expression level and current and the excitability of DRG neurons increased, and the left shift of the Cav2.2
channel activation curve represents that it became easier to open (shown in Fig. 9B). Melatonin reduced the
expression and the current of Cav2.2 and decreased the excitability of DRG neurons. At the same time, the
left shift of the inactivation curve of Cav2.2 channelprove that it became easier to close (shown in Fig. 9C).
Studies have shown that four mechanisms underlie the effects of melatonin: binding to melatonin receptors
on the plasma membrane, binding to intracellular proteins such as calmodulin, binding to orphan nuclear
receptors, and the antioxidant effect [11]. One of these mechanisms might be responsible for melatonin
inhibiting the Cav2.2 current and excitability of DRG neurons, as melatonin has multiple receptors and
different effects. Previous research has shown there are three main types of melatonin receptors: Melatonin
receptor type 1a: MT1 (on the cell membrane), Melatonin receptor type 1b: MT2 (on the cell membrane),
and retinoid-related orphan nuclear hormone receptor: RZR/RORα. These melatonin receptors are found
in the brain, retina, kidney, cells of the immune system, epithelial prostate cancer and breast cancer cells,
and so on [43, 44]. Differences in the presence of the receptor result in different effects of the receptor.
In recent years, more and more studies have shown that melatonin can inhibit pain in different ways [12].
Zhang et al. provide direct evidence that melatonin attenuates Cav3.2 T-type currents through stimulation
of the MT2 receptor and via the Gβγ–mediated activation of PKCη in small diameter TG neurons [45].
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. However, in our study, we preliminarily demonstrated that melatonin inhibits Cav2.2 current through MT2
receptors; the changes in downstream factors need to be further verified. However, melatonin also combines
with intracellular proteins such as calmodulin and binds to orphan nuclear receptors. Lin et al. suggest
that melatonin could suppress neuropathic pain via MT2-independent pathways in DRG neurons after cuff
surgery, but RORα activation by high concentrations of melatonin inhibited the down-regulation of MAPK1
and calcium channels via MT2 [41]. Similarly, in our study, we confirmed that MT2 receptors are mainly
expressed in rat DRG neurons, but not MT1 receptor (Supplement Figure). Abla Benleulmi-Chaachoua
and his team show that MT1 is part of the presynaptic protein network and negatively regulates Cav2.2
activity in hippocampi of rat embryos, providing a first hint for potential synaptic functions of MT1 [46].
However, Luca Posa’s results show that the genetic inactivation of MT2, but not MT1 receptors, produces
a distinct effect on nociceptive threshold in mouse, suggesting that the MT2 melatonin receptor subtype
is selectively involved in the regulation of pain responses [47]. The reason for this is probably due to the
inconsistent distribution and function of MT receptors in peripheral neurons and central neurons. What’s
more, this may be because different concentrations of melatonin have different effects and mechanisms of
action; this aspect is also what we need to study next. And a potential mechanism which deserves special
mention is one involving the collapsin response mediator protein (CRMP2), which becomes the central node
in the assembly of several noxious signal complexes, including Cav2.2 and Nav1.7. For voltage-dependent
ion channels, the expression level of CRMP2 and phosphorylation level of Cdk5 alters calcium influx and the
depolarization-induced calcium current in cortical neurons [48, 49]. Moreover, the expression of CRMP2 is
altered in neurodegenerative diseases, and these proteins may be important in the physiological pathology
of the adult nervous system [50]. Therefore, the relationship between melatonin and CRMP2 needs to be
further determined.

In summary, ononehand our study demonstrated that melatonin inhibits neuropathic pain via the MT2
receptor by reducing Cav2.2 expression and excitability in DRG neurons. O ntheotherhand , melatonin
inhibits neuropathic pain by accelerating the inactivation and current of N-type calcium channels. This
finding is expected to provide a new target for treatment therapies for neuropathic pain using melatonin.
However, the shortcoming of this study is that the mechanism which leads to increased expression of Cav2.2
remains unknown. Furthermore, it remains to be further studied whether melatonin treatment can inhibit
neuropathic pain by reducing neurotransmitter release and excitability of primary sensory neurons to reduce
the sensitization of the central nervous system.
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Figure Legends

Figure 1.

Figure 1. Nociceptive pain related behavioral changes before and after melatonin injec-
tions in each group . (A) TWL of rats in response to heat in each group. (B) Time with the
paw lifted for rats in response to cold in each group. SNI + Vel group vs. Sham group, P<0.001
(*P<0.05,**P<0.01,***P<0.001 are 1, 3, 7, 14, and 21 days after surgery), SNI + Mel group vs. SNI +
Vel group, P<0.005 (##P<0.01,###P<0.001 are 7, 14, and 21 days after surgery; n=9). SNI + Mel + 4PP
group vs. SNI + Mel group, P<0.05 (&&&P<0.001 are 7, 14, and 21 days after surgery). n=9 for each group.
SNI: spared nerve injury, Vel: Vehicle, Mel: Melatonin, TWL: thermal withdrawal latency.

Figure 2.

Figure 2. Co-expression of MT2 and Cav2.2 in L4-L6 DRG neurons . Cav2.2 (red), MT2 (green),
Merge (yellow). Scale bar=50 μm. Zoom: magnified view of the area within the white square in the Merge
panel, Scale bar=20 μm.

Figure 3.
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Figure 3. Co-expression of Cav2.2 and MT2 with NF-200, CGRP, and IB4 in L4-L6 DRG
neurons . (A) Representative images showing double immunofluorescence staining of Cav2.2 with NF-200,
CGRP, and IB4 in DRG neurons. (B) Representative images showing double immunofluorescence staining
of MT2 with NF-200, CGRP, and IB4 in DRG neurons. (n=9 and scale bar=50 μm for each group). (C)
Histograms representing the co-localization data of Cav2.2 with CGRP, IB4, and NF200 in L4-L6 DRG
neurons of diameter 20-40 μm vs. 10-20 μm.***P<0.001,**P<0.01 vs. cells with diameter greater than 40
μm (n=9 for each group). (D) Histograms representing the co-localization data of MT2 with CGRP, IB4,
and NF200 in L4-L6 DRG neurons of diameter 20-40 μm vs 10-20 μm. ###P<0.001,###P<0.01 vs. cells
with diameter greater than 40 μm (n=9 for each group). The data were analyzed using one-way ANOVA
followed by Tukey’s post hoc test.

Figure 4.
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Figure 4. Cav2.2 expression levels in L4-L6 DRG neurons after SNI surgery . (A) Immunoflu-
orescent intensity representing Cav2.2 in Sham group and 7, 14, and 21 days after SNI surgery groups.
(B) Protein expression levels of Cav2.2 in each group. (C) Fluorescence intensity ratio of Cav2.2 in each
group. *P<0.05,***P<0.001 vs. Sham group (n=9 for each group). (D) Relative density of Cav2.2 in each
group.##P<0.01,###P<0.001 vs. Sham group (n=9 for each group). SNI: spared nerve injury, DRG: dorsal
root ganglion

Figure 5.
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Figure 5. Effect of melatonin on action potential threshold and number in DRG neurons.

Hyperexcitability of L4-L6 DRG neurons in rats after SNI surgery and effect of different concentrations of
melatonin on cell excitability. (B) Number of action potentials at 2×rheobase in each group. (C) Current
thresholds in each group,***P <0.001 Sham vs. SNI + Vehicle,###P <0.001 SNI+0.1 μM Mel vs. SNI +
Vehicle, and &&&P <0.001 SNI+1 μM Mel vs. SNI + Vehicle, δδδP <0.001 SNI+10 μM Mel vs. SNI +
Vehicle, φφφP <0.001 SNI+NP118809 vs. SNI + Vehicle. P <0.001 SNI+10 μM Mel+4PP vs. Sham, but
P=0.1449 vs. SNI + Vehicle. (D) Number of action potentials at 2×rheobase in each group, ***P <0.001
Sham vs. SNI + Vehicle, SNI + Vehicle group vs. SNI+0.1 μM Mel group, ##P <0.05, vs. SNI+1 μM
Mel group,&&&P <0.001, vs. SNI+10 μM Mel group,δδδP <0.001, vs. SNI+NP118809 group,φφφP <0.001,
vs. SNI+10 μM Mel+ 4PP group,FFFP<0.001. (E) Resting membrane potential data. Patch clamp data
were analyzed using one-way ANOVA followed by Tukey’s post hoc test. n=6 neurons in every group. Mel:
melatonin. 4PP: 4-P-PDOT (MT2 receptor blocker).

Figure 6.
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Figure 6. Upregulation of the Cav2.2 N-type calcium currents in L4-L6 DRG neurons in SNI
rats. (A) and (B) The activation and inactivation of N-type calcium currents in L4-L6 DRG neurons after SNI
surgery (Sham group and SNI group). We used a specific N-type calcium channel blocker (0.1 μM NP118809),
and traces were also obtained after the extracellular fluid washed the neurons for 30 sec (washout). (C) The
activation curve significantly shifted to the left of N-type calcium currents, *P<0.05,***P<0.001, SNI group
vs. Sham group. (D) However, the inactivation curve showed no different between SNI group and Sham
group. (E) Current density of Cav2.2 current in each group.***P<0.001, SNI group vs. Sham group. Black
trace: Sham group. Red trace: SNI group, n=9 for each group. Patch clamp data were analyzed using
one-way ANOVA followed by Tukey’s post hoc test, and Boltzmann method was used to the fit I-V and G-V
curves.

Figure 7.
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Figure 7. Changes of Cav2.2 expression in DRG neurons after SNI surgery and mela-
tonininjections . (A) Immunofluorescence expression of Cav2.2 in each group. (B) Expression lev-
els of Cav2.2 and β-actin in each group. (C) Fluorescence intensity ratio (left) and relative den-
sity of Cav2.2 (right) in each group. Difference between SNI + Vel group vs. SNI group is not
significant.##P<0.01,**P<0.01 SNI + Mel group vs. SNI + Vel group, n=9 for each group. Vel: Vehi-
cle, Mel: melatonin. ns:nostatisticalsignificance .
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Figure 8.

Figure 8. Effect of melatonin on voltage-dependence of activation and inactivation of Cav2.2
channels in DRG neurons of rats after SNI surgery . (A) Representative traces showing the current
of DRG neurons after a step protocol of activation traces (up) and inactivation traces (down). Before: Traces
obtained before melatonin was used in SNI group. 10 μM Mel: 10 μM melatonin was used. Net Current:
Traces obtained by subtracting the traces of 10 μM Mel from the traces of Before. Washout: Extracellular
fluid was used to washed DRG neurons. (B) and (C) Activation and inactivation curves. Black trace: SNI+
Vel group before melatonin was used. Red trace: SNI+10 μM Mel group trace after perfusing the 10 μM
melatonin. Sham+10 μM Mel group vs. Sham group, P<0.001 (Not marked in the figure) and SNI+10 μM
Mel group vs. SNI group, ***P<0.001. (D) Current density of Cav2.2 current in each group. SNI+Vel group
vs. Sham group,###P<0.001 and SNI+10 μM Mel group vs. SNI+Vehicle group, &&&P<0.001. n=7 for
SNI+ Vel group and SNI group, n=9 for SNI+10 μM Mel group. Patch clamp data were analyzed using
one-way ANOVA followed by Tukey’s post hoc test. Boltzmann method was used to fit I-V and G-V curves.
Vel: vehicle. Mel: melatonin.

Figure 9.
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Figure 9. Schematic diagram of the effect of melatonin on Cav2.2 channels in DRG neurons
of rats . (A) Melatonin activated MT2 receptors and reduced the Cav2.2 current by accelerating Cav2.2
inactivation. (B) After SNI surgery, the Cav2.2 expression and current increased, and the excitability of
DRG neurons also increased. (C) Melatonin reduced the Cav2.2 expression and current and decreased the
excitability of DRG neurons. At the same time, Cav2.2 was more easily inactivated by melatonin.
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Figure 10. (A and B) DAB staining of MT2 and MT1 in the L4-L6 DRG in control rats,
respectively. The arrows in A represent the MT2-immunoreactive DRG neurons. The arrows in B indicate
the MT1-immunoreactive satellite cells. Zoom: magnified view of the area within the black square in the A
and B panel (Scale bar=25 μm in A and 20 μm in B; Scale bar=10 μm in Zoom.)

Hosted file

Data-Availability-Statement.docx available at https://authorea.com/users/450963/articles/

549227-melatonin-inhibits-the-up-regulation-of-n-type-calcium-channel-in-neuropathic-

pain-by-activating-the-mt2-receptor-in-rats

22

https://authorea.com/users/450963/articles/549227-melatonin-inhibits-the-up-regulation-of-n-type-calcium-channel-in-neuropathic-pain-by-activating-the-mt2-receptor-in-rats
https://authorea.com/users/450963/articles/549227-melatonin-inhibits-the-up-regulation-of-n-type-calcium-channel-in-neuropathic-pain-by-activating-the-mt2-receptor-in-rats
https://authorea.com/users/450963/articles/549227-melatonin-inhibits-the-up-regulation-of-n-type-calcium-channel-in-neuropathic-pain-by-activating-the-mt2-receptor-in-rats

