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Background: Paclitaxel (PTX) can induce chemotherapy-induced peripheral neuropathy (CIPN) as a side effect. The aim of this
study was to understand the neurochemical changes induced by NGF/TrkA signaling in PTX-induced neuropathic pain.

Methods: The PTX-induced CIPN mouse model was evaluated using nerve conduction velocity (NCV) and behavioral tests. Protein
expression in mouse DRG was observed by Western blotting and immunohistochemistry. Nerve growth factor (NGF), IL-6, and IL-1f
mRNA levels were determined using qRT-PCR by isolating total RNA from whole blood.

Results: PTX showed low amplitude and high latency values in NCV in mice, and induced cold allodynia and thermal hyperalgesia in
behavioral assessment. Activating transcription factor 3 (ATF3) and MAPK pathway related proteins (ERK1/2), tropomyosin receptor
kinase A (TrkA), calcitonin gene related peptide (CGRP) and transient receptor potential vanilloid 1 (TRPV1) were upregulated 7th
and 14th days after 2 mg/kg and 10 mg/kg of PTX administration. Protein kinase C (PKC) was upregulated 7th days after 10 mg/kg
PTX treatment and 14th days after 2 mg/kg and 10 mg/kg PTX administration. NGF, IL-6, and IL-1p fold change values also showed
a time- and dose-dependent increase.

Conclusion: Taken together, our findings may improve our understanding of the nociceptive symptoms associated with PTX-induced
neuropathic pain and lead to the development of new treatments for peripheral neuropathy.

Keywords: Chemotherapy-induced peripheral neuropathy, paclitaxel, nerve growth factor, tropomyosin receptor kinase A, transient
receptor potential vanilloid 1

Introduction
Chemotherapy-induced peripheral neuropathy can occur with the administration of several chemotherapeutic drugs, such
as cisplatin, oxaliplatin, vincristine, and paclitaxel (PTX). PTX is widely used to treat several types of cancer, including
breast, ovarian, and lung cancers, but it reduces the quality of life of chemotherapy patients as a major side effect.'> The
likelihood of peripheral neuropathy caused by PTX depends on the cumulative dose, the dose per cycle, and clinical
symptoms, such as hypoesthesia, paresthesia, burning pain, tingling, mechanical allodynia, and distal extremity pain.'’
Animal models of PTX-induced peripheral neuropathy have been developed to explain the mechanisms of PTX-induced
pain.® !

Nerve growth factor (NGF) is a neurotrophin that is crucial for neuronal survival and development.'> Recently,
increased NGF expression was observed in an animal model of neuropathic pain with a neuropathic pain component.'* In
animal models of neuropathy, NGF levels increased in the dorsal root ganglion (DRG), dorsal horn neurons and

peripheral nerves.'*'® NGF binds to tropomyosin receptor kinase A (TrkA), a receptor with high affinity for NGF,
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triggering pain signals by stimulating the production of several peptides that promote pain transmission.'” NGF allows
the recognition of NGF receptors by intracellular signaling proteins.'® NGF plays a central role in hyperalgesia, acting
through its receptor TrkA to initiate hyperalgesia in a TRPV1-dependent manner.'”® NGF/TrkA signaling mainly
bypasses the TRPV1 pathway, which releases calcitonin gene-related peptide (CGRP) and directs it to the noninvasive
membrane.

Transient receptor potential vanilloid 1 (TRPV1) is a cation channel expressed in primary sensory neurons and plays
an important role in hyperalgesia.’’ > It is present in polymodal nociceptors and can be sensitized by protons and
endogenous compounds released after tissue damage.>' While its role as an indicator of thermal nociception is widely
recognized, evidence suggests that TRPV1 may additionally contribute to mechanotransduction at both peripheral and
central levels, particularly after nerve injury.'®2%?*> In particular, a recent study reported that TRPV 1 expressed in the
spinal cord was associated with chemotherapy-induced neuropathic injury.>>*® CGRP is a biomarker for a neuropeptide
subpopulation (approximately 40% of cells) consisting primarily of small neurons with unmyelinated axons (C-fibers)
that innervate polymodal nociceptors.”’” TRPV1 activation releases sensory neuropeptides such as CGRP from nerve
endings, inducing nerve depolarization and resulting in pain. Neuropeptides are known to enhance nociceptor sensitiza-
tion and activate effector cell receptors.?®

The aim of this study was to understand the neurochemical changes induced by NGF/TrkA signaling in PTX-induced
neuropathic pain. Therefore, we aimed to observe changes in the activation of CGRP and TRPV1 in the DRG in an
animal model of PTX-induced neuropathic pain and confirm the effect of PTX administration on the frequency of CGRP
in immune-labeled DRG neurons. Taken together, our findings may improve our understanding of the nociceptive
symptoms associated with PTX-induced neuropathic pain and lead to the development of new treatments for peripheral
neuropathy.

Material and Methods

Animals

Male BALB/c mice, aged four weeks and weighing 20-25 g, were obtained from Samtaco-Bio (Samtaco-Bio, Gyeonggi-
do, Republic of Korea). After a one-week acclimatization period, the experiments were conducted. The animals were
housed under a 12/12h light/dark cycle at a constant ambient temperature of 20 + 1°C with humidity maintained at 55 +
5%. The animal experimental procedures were approved by the Animal Research Ethics Committee (CUP AEC
2023-003) of the Catholic University of Pusan, and complied with the ethical guidelines of the National Institutes of
Health and the International Association for the Study of Pain.

Drug Administration

Mice weighing approximately 20-25 g were randomly divided into four groups with six mice per group. To maintain
social housing, three mice were housed per cage. PTX (6 mg/mL) was dissolved in sterile saline containing 50%
Kolliphor EL (Sigma-Aldrich, MO, USA) and 50% ethanol (Sigma-Aldrich, MO, USA) to obtain a final concentration of
1 mg/mL. Mice were administered the diluted drug intraperitoneally (i.p). at a dose of 10 mg/kg every other day for 14
days. Similarly, after diluting PTX to a dose of 2 mg/kg, groups of mice (n = 6) were injected intraperitoneally. This
dosing schedule has been used in previous studies to induce CIPN in mice.?”*? The vehicle group received treatment for
14 days with sterile, endotoxin-free saline. AR786, a TrkA inhibitor (Array Biopharma, CO, USA), was used in BALB/c
mice (n = 6).37> A stock solution of 750 mg/mL AR786 in DMSO was used. The dosing schedule used in this study
was repeated three times.

Behavioral Assessment

The response duration (s) for the cold plate test, and the incubation period (m/s) for the hot plate test were measured and
monitored 14 days after the administration of PTX (10 mg/kg), PTX (2 mg/kg), and oral AR786. Six mice per group
were placed on cooling plates (Panlab SL, Barcelona, Spain), and the temperature was adjusted to 4 °C. The time taken
for the mouse to lick its paw was recorded, and the animal was immediately removed from the cooling plate. A 60-
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second blocking period was maintained to prevent foot damage. To measure the hot plate test, the surface temperature of
the hot plate apparatus (Ugo Basile, VA, Italy) was set to 52 °C. The reaction latency and the latency (s) between the time
that the mouse was placed and the start of paw-licking behavior were monitored at 2-day intervals. A 40-second blocking
time was used to minimize tissue damage.*® All behavioral assessments were performed individually.

Electrophysiology

Before sacrifice, the nerve conduction velocity (NCV) in mice was measured using a Medtronic Keypoint Portable
2-channel electromyography machine (Medtronic, Skovlunde, Denmark). All mice were anesthetized with alfaxalone
(25 mg/kg; Careside, Seongnam, Republic of Korea) and xylazine (5 mg/kg; Bayer Korea, Seoul, Republic of Korea) and
gently dissected to expose the sciatic nerve and posterior gastrocnemius muscle from surrounding tissues for NCV
measurement. Stimulating needle electrodes were placed on the proximal and distal sides of the sciatic nerve, and
recording needle electrodes were inserted into the gastrocnemius on the same side. The NCV was obtained by calculating
the amplitude (mV) and latency (s) between the stimulation and recording electrodes.’’

Histological Observation

After sacrificing the mice, the sciatic nerve and gastrocnemius muscle were dissected and fixed in 10% formalin (Sigma-
Aldrich, MO, USA). The tissues were then embedded in paraffin, sectioned, and stained with haematoxylin and eosin at
St. Maria Pathology (Busan, Republic of Korea).

Immunohistochemistry

For immunohistochemistry (IHC), the sections were incubated with primary antibodies, namely anti-Activating tran-
scription factor 3 (ATF3) (1:100; Abcam, MA, USA) and anti-Calcitonin gene-related peptide (CGRP) (1:1000; Abcam,
MA, USA) overnight at 4°C. They were then incubated with a goat anti-rabbit secondary antibody for 1 hour at room
temperature. After antigen retrieval, the sections were stained using the VECTASTAIN Elite ABC HRP kit (Vector
Laboratories, CA, USA) according to the manufacturer’s instructions. Finally, all paraffin sections were counterstained
with haematoxylin and eosin and mounted using mounting medium. Morphological changes were photographed using
a Leica DMil inverted microscope (Leica Microsystems, Wetzlar, Germany).

Western Blotting

Proteins were extracted from mouse DRG samples using radioimmunoprecipitation assay (RIPA) buffer containing
protease inhibitors, and homogenized using the IKA Homogenizer (LKLAB, Gyeonggi-do, Republic of Korea). The
following antibodies were used for Western blot analysis: TrkA (cat no. 2505; 1:1000; Cell Signaling Technology, MA,
USA), PKC (cat no. P5704; 1:1000; Sigma-Aldrich, MO, USA), TRPV1 (cat no. sc-398417; 1:100; Santa Cruz
Biotechnology, CA, USA), CGRP (cat no. 14959; 1:1000; Cell Signaling Technology, MA, USA), and ERK1/2 (44/
42) (cat no. 9102; 1:1000; Cell Signaling Technology, MA, USA), as well as GAPDH (cat no. 2118; 1:3000; Cell
Signaling Technology, MA, USA). The target proteins were detected using horseradish peroxidase (HRP)-labeled anti-
mouse IgG (cat no. 7076; Cell Signaling Technology, MA, USA) or anti-rabbit IgG secondary antibodies (cat no. 7074;
Cell Signaling Technology, MA, USA), and the images were analyzed using the Molecular Image Gel Doc™ XR+
system (Bio-Rad, CA, USA).

Total RNA Extraction from Whole Blood in Mice

Total RNA was isolated from whole blood using the Mouse RiboPure™-Blood RNA Isolation Kit (Thermo Fisher
Scientific, MA, USA). RNA yield was quantified by measuring UV absorbance using a NanoDrop spectrophotometer
(Thermo Fisher Scientific, MA, USA). Total RNA was stored at —80°C until cDNA synthesis was performed.

Quantitative Real-Time Polymerase Chain Reaction (PCR) Analysis
To measure gene expression levels, we synthesized complementary DNA (cDNA) using the PrimeScript™ RT Master
Mix (Takara Korea Biomedical, Seoul, Republic of Korea). Quantitative PCR was performed using a QuantStudio 7 Flex

Journal of Pain Research 2024:17 hetps: 3921

Dove:


https://www.dovepress.com
https://www.dovepress.com

Kim et al Dove

Real-Time PCR system (Thermo Fisher Scientific, MA, USA) and SYBR Green Realtime PCR MasterMix (TOYOBO,
Osaka, Japan). Macrogen (Seoul, Republic of Korea) provided the primers to detect the expression and sequence of IL-
1B, IL-6, and NGF in mouse blood. Reaction conditions for real-time PCR were as follows: 95 °C for 10 minutes,
followed by 40 cycles of 95 °C for 10 seconds and 60 °C for 30 seconds. We used the Comparative Cycle Threshold (CT)
method to analyze the real-time PCR data with GAPDH as a control. All experiments were performed in triplicate, and
the final data were analyzed using the 2-**CT method.

Statistical Analysis

All results were performed in triplicate and shown as mean + standard deviation (SD). Statistical analysis was performed using
GraphPad Prism 6 software (GraphPad Software Inc., CA, USA) version 6.01. Data were analyzed using two-way analysis of
variance (ANOVA) followed by Bonferroni’s post hoc test. Values with p < 0.05 were considered statistically significant.

Results

Behavioral Alterations

Mechanical allodynia is a hallmark of mouse CIPN.**>° Locomotor activity tests were performed to assess potential
motor deficits induced by PTX. Hind paw licking was measured in response to the cold plate test twice a week for 14
days (2nd, 4th, 6th, 8th, 10th, 12th and 14th days). The shaking duration of mice was significantly increased, indicating
the development of cold allodynia. As shown in (Figure 1A), significant cold allodynia was observed from days 2 to 14
after PTX administration (p < 0.001; 2 mg/kg vs vehicle, 2nd, 4th, 6th, 8th, 10th, 12th and 14th days), (» < 0.001; 10 mg/
kg vs vehicle, 2nd, 4th, 6th, 8th, 10th, 12th and 14th days). The PTX 10 mg/kg + AR786 treatment group normalized (p <
0.001; PTX 10 mg/kg vs PTX 10 mg/kg + AR786, 2nd, 4th, 6th, 8th, 10th, 12th and 14th days). Significant thermal
hyperalgesia was observed in response to the hot plate test from the 4th to the 14th day after PTX treatment initiation
(Figure 1B) (p < 0.001; 2 mg/kg vs vehicle, 4th, 6th, 8th, 10th, 12th and 14th days), (p <0.001; 10 mg/kg vs vehicle, 4th,
6th, 8th, 10th, 12th and 14th days). The PTX 10 mg/kg + AR786 treatment group normalized (p < 0.001, PTX 10 mg/kg
vs PTX 10 mg/kg + AR786, 4th, 6th, 8th, 10th, 12th and 14th days). Our results demonstrated that 2 mg/kg and 10 mg/kg
PTX induced sensory neuropathy with mechanical allodynia and distinct gait changes. In contrast, the 10 mg/kg PTX +
AR786 group recovered to a level similar to that of the vehicle.

Electrophysiology

The NCV analysis was performed to further characterize the peripheral neuropathy of the sciatic nerve. Stimulation of the
sciatic nerve in anesthetized mice showed changes in NCV over time. All animals treated with PTX showed a significant
decrease in amplitude (mV) compared to the vehicle on the 7th day (p < 0.05; 2 mg/kg PTX vs vehicle, p < 0.01; 10 mg/
kg PTX vs vehicle) and on the 14th day (p < 0.01; 10 mg/kg PTX vs vehicle) (Figure 2A). The amplitude decreased
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Figure | Changes over time in cold allodynia (A) and thermal hyperalgesia (B) with repeated PTX treatment in mice. Allodynia and thermal hyperalgesia in mice were
compared with the vehicle group from days 2nd to 14th immediately after the first PTX administration and AR786 oral administration. Trial number licking and mouse
shaking behaviors were calculated in hot plate test and cold plate test. The data are presented as mean * standard deviation (SD). (n = 6 per treatment, ***p < 0.001).
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Figure 2 Electrophysiological measurement results of the CIPN model. Representative series of electrophysiological measurements of the sciatic sensory nerve in mice
treated with PTX. All animals receiving PTX injections had significantly reduced amplitude (mV) in the sciatic nerve on days 7th and 14th (A). Compared with the vehicle
group, the Latency (s) significantly increased on day 14th in the PTX 2 mg/kg and PTX 10 mg/kg treated groups (B). The data are presented as mean * standard deviation
(SD). (n = 6 per treatment, *p < 0.05, *p < 0.01, **p < 0.001).

proportionally with the PTX dose. Latency values decreased in animals treated with PTX 2 mg/kg (p < 0.01; vs vehicle)
and PTX 10 mg/kg (p < 0.001; vs vehicle) after 14 days. However, no significant changes were observed on the 7th day
(see Figure 2B). In summary, PTX treatment consistently decreased the NCV amplitude (mV) and increased latency (s) in

a dose-dependent manner, indicating axonal pathology.***

Muscle Atrophy

This study confirms the presence of muscle atrophy in the PTX group compared to the vehicle and PTX 10 mg/kg +
AR786 groups. Visible gastrocnemius atrophy was observed in the PTX 2 mg/kg and PTX 10 mg/kg groups.
Gastrocnemius muscles were collected and weighed after sacrifice each week, and as the cumulative drug concentra-
tion of PTX (2 mg/kg or 10 mg/kg) increased over time, the muscle weight decreased due to muscle atrophy.
Significant muscle mass loss due to gastrocnemius atrophy was observed between the 4th and 14th days (p < 0.05;
2 mg/kg vs vehicle, day 6th), (p < 0.001; 2 mg/kg vs vehicle, 8th, 10th, 12th and 14th days), (p < 0.01; 10 mg/kg vs
vehicle, 4th day) and (p < 0.001; 10 mg/kg vs vehicle, 6th, 8th, 10th, 12th and 14th days). However, the PTX 10 mg/kg
+ AR786 treatment group had normalized muscle mass (p < 0.01; 10 mg/kg vs PTX 10 mg/kg + AR786, 4th day) and
(p <0.001; 10 mg/kg vs PTX 10 mg/kg + AR786, 6th, 8th, 10th, 12th and 14th days) (Figure 3A). Increased fibrosis
and fat infiltration, which are obvious features of muscular atrophy, were confirmed through haematoxylin and eosin
staining. Photomicrographs (100x) were obtained for each mouse (Figure 3B). Degenerated muscle fibers were
quantified using Image J and the vehicle group was compared with the PTX group, the 7th day (p < 0.001; 2 mg/kg
vs vehicle), (p < 0.001; 10 mg/kg vs vehicle), (p < 0.001; 10 mg/kg vs PTX 10 mg/kg + AR786) and 14th day (p <
0.001; 2 mg/kg vs vehicle), (p < 0.001; 10 mg/kg vs vehicle), (p < 0.001; 10 mg/kg vs PTX 10 mg/kg + AR786) after
administration (Figure 3C). Measurements of muscle fiber diameter showed smaller muscle fibers in the rectus femoris
muscle of the PTX-treated group than in the vehicle group (Figure 3B), suggesting reduced muscle mass and muscular
atrophy in the PTX-treated group.

Increased ATF3 Expression in and in DRG Cells After PTX Administration

The expression of ATF3 is a sensitive indicator of neuronal damage or injury.** Immunohistochemical (IHC) staining
showed increased expression of ATF3 in the dorsal root ganglia (DRG) of mice treated with PTX (Figure 4A). Significant
changes were observed on the 7th and 14th days following PTX administration. On the 7th and 14th days, there was
a significant increase in ATF3 expression for both PTX 2 mg/kg vs vehicle (p < 0.001) and PTX 10 mg/kg vs vehicle (p <
0.001) groups. Normalization in the PTX 10 mg/kg + AR786 treatment group on the 7th and 14th days showed
significant changes (p < 0.001; PTX 10 mg/kg vs PTX 10 mg/kg + AR786) (Figure 4B and C).
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Figure 3 Histopathological confirmation of amyotrophic morphometry by H&E staining. Gastrocnemius muscle weight in the PTX-administered group compared to the
vehicle group and the PTX |0mg/kg + AR786 group at days 8th, 10th, 12th, and |4th after PTX administration (A). Compared to the vehicle group and the PTX |0mg/kg +
AR786 group, gastrocnemius atrophy was visually observed in the PTX group through staining. Increased fibrosis and fatty infiltration indicate overt muscular atrophy. Scale
bar = 100 pm (B). Quantitative of the cross-sectional area of muscle fibers and collagen fibers in the gastrocnemius muscle (C). The data are presented as mean * standard
deviation (SD). (n = 6 per treatment, *p < 0.05, **p < 0.01, **p < 0.001).
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Figure 4 PTX treatment produced ATF3-positive signals in DRG nuclei of mice. ATF3 representative images of vehicle, PTX 2mg/kg treatment, PTX |0mg/kg treatment and
PTX 10mg/kg + AR786 treatment group (A). The area of ATF3 observed at 7th and |4th days after treatment with 2 mg/kg PTX and 10 mg/kg PTX was statistically analysed.
The percentage of ATF3 area (%) was significantly higher in the PTX-treated group than in the vehicle group (B, C). The data are presented as mean * standard deviation
(SD). (n = 6 per treatment, ¥**p < 0.001).
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Expression of ERK1/2 in Mouse DRG After Paclitaxel Treatment

The modulation of MAPK activation, including the ERK1/2, p38 kinase, and JNK pathways, has been associated with
pain development.**** In this study, Western blot analysis was conducted to measure ERK1/2 expression in the DRG of
mice treated with PTX and compared with that of vehicle-treated mice (Figure 5A). In the PTX group, ERK1/2
expression was upregulated on the 7th day (p < 0.01; PTX 2 mg/kg vs vehicle, p < 0.001; PTX 10 mg/kg vs vehicle)
and 14th day (p < 0.001; PTX 10 mg/kg vs vehicle) after PTX administration. The PTX 10 mg/kg + AR786 group
showed a decrease in ERK1/2 expression similar to that of the vehicle group on the 14th day (p < 0.001; PTX 10 mg/kg
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Figure 5 Expression of ERK1/2 protein in DRG on day 14th after PTX administration (A). Significantly increased ERK /2 expression in DRG of PTX-treated mice (B). Fold
change of IL- 1B and fold change of IL-6 showed a significant increase in whole blood of mice treated with PTX 10 mg/kg 14th days after PTX administration compared to the
vehicle group (C, D). The data are presented as mean * standard deviation (SD). (n = 6 per treatment, *p < 0.05, **p < 0.01, **p < 0.001).
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vs PTX 10 mg/kg + AR786) (Figure 5B). The Western blot original image of ERK1/2 is included in the supplemental
material (Figure S1).

Furthermore, this study analyzed the mRNA expression of IL-1 in the whole blood, which showed a significant
increase in mice treated with 10 mg/kg PTX on the 14th day after cumulative administration of PTX (p < 0.01; vs
vehicle) (Figure 5C). The IL-6 fold-change values in whole blood showed a statistically significant increase in the PTX
10 mg/kg group (p < 0.05; vs vehicle) (Figure 5D).

PTX Injection Induced Expression of NGF/TrkA, PKC, TRPVI and CGRP Proteins in

CIPN Mouse DRGs

NGF, its receptor TrkA, and related downstream proteins (PKC, TRPV1, and CGRP) were significantly elevated on the 7th
and 14th days after PTX administration. NGF signaling through the TrkA receptor is involved in the basic mechanisms of
neuropathic pain.'* Compared with the vehicle group, NGF fold-change values significantly increased on the 7th (p <0.01;
PTX 2 mg/kg vs vehicle, p < 0.01; PTX 10 mg/kg vs vehicle) and 14th (p <0.001; PTX 2 mg/kg vs vehicle, p <0.05; PTX
10 mg/kg vs vehicle) days with PTX treatment (Figure 6A). Based on the NGF data, other potential downstream signals
were analysed by Western blotting (Figure 6B). TrkA, PKC, TRPV1, and CGRP proteins were strongly expressed in mouse
DRG on the 7th and 14th days of PTX administration compared with the vehicle group. TrkA (p <0.05; 2 mg/kg vs vehicle,
p<0.001; 10 mg/kg vs vehicle, 7th day) and (p < 0.05; 2 mg/kg vs vehicle, p <0.001; 10 mg/kg vs vehicle, 14th day), PKC
(p <0.001; 10 mg/kg vs vehicle, 7th day) and (p < 0.05; 2 mg/kg vs vehicle, p < 0.001; 10 mg/kg vs vehicle, 14th day),
TRPV1 (p <0.05; 2 mg/kg vs vehicle, p <0.001; 10 mg/kg vs vehicle, 7th day) and (p <0.01; 2 mg/kg vs vehicle, p <0.001;
10 mg/kg vs vehicle, 14th day), and CGRP (p < 0.05; 2 mg/kg vs vehicle, p <0.001; 10 mg/kg vs vehicle, 7th day) and (p <
0.01; 2 mg/kg vs vehicle, p < 0.001; 10 mg/kg vs vehicle, 14th day). For PTX 10 mg/kg + AR786, the expression levels
were close to those of the vehicle (Figure 6C). The original images of the Western blot of TrkA, PKC, TRPV1, and CGRP
are included in the supplemental material (Figure S2).

CGRP Expression in CIPN Mouse Spinal Cord

As a result of IHC, CGRP protein showed strong yellow or brown staining of cell nuclei in the PTX 2mg/kg group and
the PTX 10mg/kg group compared to the vehicle group days 14th after PTX injection (Figure 7A). As a result of
quantitative analysis, there was little CGRP-positive expression in the vehicle group. Comparison with the vehicle group,
the PTX group showed significant expression levels (p < 0.001; PTX 2mg/kg vs vehicle), (p < 0.001; PTX 10mg/kg vs
vehicle). In the PTX 10mg/kg + AR786 treatment group, it was normalized to the vehicle level (p < 0.001; PTX 10mg/kg
+ AR786 vs PTX 10mg/kg) (Figure 7B).

Discussion
PTX-induced peripheral neuropathic pain is a major problem for cancer patients, often leading to complaints of pain in
the hands and feet from mechanical and thermal stimulation, accompanied by magnetic pain and tingling. This type of
pain can severely reduce patients’ quality of life and may lead to treatment discontinuation.*>* It has been reported that
CIPN caused by administration of anticancer drugs causes damage to the sciatic nerve as well as DRG.*”*®

Therefore, in this paper, we observed changes in mice days 7th and 14th after administration of 2 mg/kg or 10 mg/kg
PTX to investigate the pathogenesis and potential treatment of peripheral neuropathic pain induced by PTX. It was
confirmed that thermal hyperalgesia and cold allodynia were observed in both mice 7th and 14th days after administra-
tion of 2 mg/kg or 10 mg/kg PTX. The NCV showed low amplitude values and high latency values over time. These
results showed that PTX treatment induced CIPN. The results of cold allodynia / thermal hyperalgesia and NCV test in
rats are consistent with previous reports.**>° In addition, muscular atrophy and weakness have been reported as
symptoms accompanying PTX administration. They tended to report the most severe acute side effects.”’ In this
study, changes in muscle wasting and muscle weakness in mice caused by PTX administration were confirmed.

In this study, we focused on the NGF/TrkA mechanism, one of the pain signaling mechanisms, and added an
experimental group in which AR786, a TrkA antagonist, was administered simultaneously with PTX in all experiments.
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Figure 6 Real-time PCR analysis of NGF in mouse whole blood at day 7th and day |14th of PTX administration (A). NGF fold change showed s significantly increase in the
PTX group than in the vehicle group on days 7th and 14th. Western blot bands using TrkA, PKC, TRPVI and CGRP antibodies showing bands at 140 kDa, 80 kDa, 100 kDa
and 5 kDa in DRG of PTX and vehicle mice (B). Statistical analysis of each band revealed significant differences in protein expression levels between PTX and vehicle mice.
AR786 reduced TrkA, PKC, TRPVI and CGRP levels in PTX-treated mice (C). The data are presented as mean * standard deviation (SD). (n = 6 per treatment, *p < 0.05,
*#p < 0.01, #*p < 0.001).

First, an increase in the mRNA expression of NGF was confirmed of the CIPN mouse model administered with PTX, and
activation of the TrkA receptor and a significant increase in the expression of ERK1/2 and PKC, which are sub-signaling
mechanisms, in mouse DRG were confirmed, respectively. In addition, it was confirmed that the expression of
representative pain signal molecules, TRPV1 and CGRP, increased due to the activation of the TrkA receptor. These
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Figure 7 Representative images of CGRP immunoreactivity in DRG days |4th after PTX administration by IHC (A). On the 14th day after PTX injection, an increase in
CGRP expression was observed in the PTX 2mg/kg group and the PTX 10mg/kg group in the DRG. The expression rate of the PTX 10mg/kg + AR786 group was similar to
that of the vehicle group (Scale bar = 100 um) (B). The data are presented as mean % standard deviation (SD). (n = 6 per treatment, ***p < 0.001).

results were not confirmed in the experimental group in which AR786 and PTX were simultaneously administered, and it
was demonstrated that the signal transduction mechanism was induced by the activity of the TrkA receptor.

Following TrkA receptor activation, the signaling mechanisms include the Ras-MAPK, PI3K and PLC-yl
pathways.'® Several studies have shown that MAPK pathways including (c-Jun NH2 terminal kinase) JNK, (extracellular
signal-regulated kinase) ERK1/2 and p38 contribute to CIPN and play a central role in chemotherapy-induced peripheral
neuropathy pain. In this study, it was confirmed that ERK1/2 in DRG tissue was activated by PTX treatment. The JNK
and p38 pathways will require further studies to confirm more accurate signaling mechanisms. Moreover, it was
confirmed that PTX treatment released pro-inflammatory cytokines by mRNA expression of IL-1B and IL-6 and
cytokines in whole blood. It has been reported that these pro-inflammatory cytokines are involved in additional
sensitization of peripheral sensory neurons leading to allodynia.’*>

In immunohistochemical analysis, we showed increased ATF3 protein levels in PTX-treated mouse DRG. Previous
studies have reported that PTX produces up-regulation of ATF3 in the primary sensory neurons of DRG of experimental
animals and is also induced in microglia and macrophages by the cytokine IL-6.*3->*>°

In nociceptive neurons, NGF plays an important role in pain and represents its initiation. Re-efflux of NGF and
activation of TrkA, a tyrosine kinase that binds to NGF receptors, is induced by inflammation. NGF-binding induces
TrkA dimerization, autophosphorylation and subsequent binding and activation of PLCy.>*>” In this study, increased
PKC expression was observed in the DRG of the CIPN mouse model. This finding provides a potential mechanism and
target by which persistent activation of PKC may contribute to CIPN hyperalgesia.*®
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The TRPV1 receptor is reported to an important play in the regulation of nociceptive signal transduction in
inflammatory pain and is also reported to play a pivotal role in peripheral neuropathic pain induced by chemotherapy
drugs.*"**% In this study, it was confirmed that the TRPV1 receptor in DRG tissue was activated by PTX treatment. In
addition, we observed increased CGRP expression in DRG tissues of PTX-treated mice. In the experimental group
administered with AR786 and PTX, neither TRPV1 receptor nor CGRP expression increased. These results demonstrate
that the response is driven by TrkA receptor activation. A previous study reported that intrathecal (i.t). administration of
K252a, a nonselective inhibitor of several receptor tyrosine kinases, including the TrkA receptor, significantly alleviated
mechanical hypersensitivity in paclitaxel-treated rats.>® In our study, we demonstrated that NGF directly targets TrkA by
using AR786, a highly specific inhibitor of TrkA, and confirmed the expression of factors such as ERK1/2, PKC, TRPV1,
and CGRP to confirm the pain pathway in paclitaxel-induced peripheral neuropathy. Activation of TRPV1 can lead to
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Figure 8 Schematic representation of the pathways. In nociceptive neurons, NGF plays an important role in pain and represents its initiation. Re-efflux of NGF and
activation of TrkA, a tyrosine kinase that binds to NGF receptors, is induced by inflammation. NGF-binding induces TrkA dimerization, autophosphoryla tion and subsequent
binding and activation of PLCy.***7 In this study, increased PKC expression was observed in the DRG of the CIPN mouse model. This finding provides a potential mechanism

and target by which persistent activation of PKC may contribute to CIPN hyperalgesia.38
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neuronal depolarization and release of neuropeptides such as CGRP at peripheral nerve terminals and central nerve. It is
then reported that the neuropeptide enhances the sensitivity of nociceptors by binding to the relevant receptors.®® To sum
up, excitatory neuropeptides such as CGRP can release from primary afferent nociceptors due to TRPV1 and conse-
quently may play a pivotal role in initiating and developing pain.

In conclusion, as a result of this study, it was identified that NGF-TrkA signaling acts as a pivotal etiological
mechanism for PTX-induced neuropathic pain. In addition, it was confirmed that the activation of the TrkA signaling
pathway activates the lower signaling pathways, the Ras-MAPK and PLC-yl pathways. It was confirmed that TRPV1
and CGRP, whose expression is increased in PTX-induced neuropathic pain, were inhibited by TrkA antagonist
treatment, indicating that the two molecules are directly affected by the activation of the TrkA signaling pathway
(Figure 8). However, more direct molecular interaction experiments between AR786 and TRPV1 and CGRP are needed
to confirm a direct effect.

Our findings may therefore improve our understanding of NGF/trkA signaling mechanisms in nociceptive symptoms
associated with PTX-induced neuropathic pain. In addition, the development of a targeted therapy using TrkA is expected
to be presented as a new treatment for PTX-induced neuropathy.

Conclusion

Taken together, the NGF gene expression and TrkA receptor activation in the DRG of animal models after PTX treatment
can be co-expressed with the NGF/TrkA downstream proteins PKC, TRPV1, and CGRP. It suggests that each protein
may be involved in pain signals in PTX-induced peripheral neuropathy.
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