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Purpose: Chemotherapy-induced painful neuropathy (CIPN) is a severe adverse effect of 
many anti-neoplastic drugs that is difficult to manage. Serotonin (5-hydroxytryptamine, 
5-HT) is an important neurotransmitter in the rostral ventromedial medulla (RVM), which 
modulates descending spinal nociceptive transmission. However, the influence of the des-
cending 5-HT from the RVM on CIPN is poorly understood. We investigated the role of 
5-HT released from descending RVM neurons in a paclitaxel-induced CIPN rat model.
Methods: CIPN rat model was produced by intraperitoneally injecting of paclitaxel. Pain 
behavioral assessments included mechanical allodynia and heat hyperalgesia. 5-HT content 
was analyzed by high-performance liquid chromatography (HPLC). Western blot and immu-
nohistochemistry were used to determine tryptophan hydroxylase (Tph) and c-Fos expres-
sion. The inhibitors p-chlorophenylalanine (PCPA) and SB203580 were administrated by 
stereotaxical RVM microinjection. Ondansetron was injected through intrathecal 
catheterization.
Results: The results demonstrated that Tph, the rate-limiting enzyme in 5-HT synthesis, was 
significantly upregulated in the RVM, and that spinal 5-HT release was increased in CIPN 
rats. Intra-RVM microinjection of Tph inhibitor PCPA significantly attenuated mechanical 
and thermal pain behavior through Tph downregulation and decreased spinal 5-HT. Intra- 
RVM administration of p38 mitogen-activated protein kinase (p38 MAPK) inhibitor 
SB203580 alleviated paclitaxel-induced pain in a similar manner to PCPA. Intrathecal 
injection of ondansetron, a 5-HT3 receptor antagonist, partially reversed paclitaxel-induced 
pain, indicating that 5-HT3 receptors were involved in descending serotoninergic modulation 
of spinal pain processing.
Conclusion: The results suggest that activation of the p38 MAPK pathway in the RVM 
leads to increased RVM Tph expression and descending serotoninergic projection to the 
spinal dorsal horn and contributes to the persistence of CIPN via spinal 5-HT3 receptors.
Keywords: chemotherapy-induced painful neuropathy, paclitaxel, rostral ventromedial 
medulla, descending facilitation, 5-hydroxytryptamine

Introduction
Chemotherapy is part of the standard of care for cancer. Widely used chemother-
apeutic drugs in clinical practice include taxanes, vinca alkaloids, and platinum- 
based drugs.1 These are used against the most common types of cancer, but may 
cause chemotherapy-induced painful neuropathy (CIPN). CIPN is an important 
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clinical problem that impedes cancer treatment by limiting 
therapeutic options (eg, reducing doses, switching to less 
effective treatments, and discontinuing treatment).2,3 

Paclitaxel, a member of the taxane class, is among the 
most effective and commonly used anti-cancer drugs. The 
neurotoxicity caused by paclitaxel usually manifests as 
sensory neuropathy. It is reported that neuropathic symp-
toms occur in 20–80% of all patients treated with pacli-
taxel depending on the dosage used.4,5 The most common 
symptoms are spontaneous pain, mechanical allodynia, 
and numbness in the hands and feet. These sensory symp-
toms usually start symmetrically from the feet, sometimes 
appearing on both hands and feet simultaneously, in 
a “stocking and glove” distribution.2,4 Although most 
patients’ symptoms disappear within months after pacli-
taxel therapy discontinuation, paresthesia and pain some-
times become persistent. This persistent pain affects the 
patient’s quality of life.4,6

In recent years, important progress has been made on 
the neural mechanisms underlying CIPN, particularly the 
functions of spinal dorsal root ganglia and spinal sensory 
neurons.1,7 However, the mechanism of CIPN is still not 
fully understood. Descending modulation of nociceptive 
transmission from the supraspinal center plays an impor-
tant role in the maintenance of persistent pain.8 The rostral 
ventromedial medulla (RVM) is a critical component of 
the descending pain modulatory system that constitutes 
a major mechanism of spinal nociceptive transmission 
regulation during different pain states.9,10 The RVM con-
sists of the nucleus raphe magnus (NRM), nucleus reticu-
laris gigantocellularis pars alpha (GiA), and the ventral 
nucleus reticularis gigantocellularis (vGi). The RVM is 
a major source of serotonergic projections into the spinal 
dorsal horn.11 The RVM receives neuronal inputs from 
supraspinal sites, and is likely the final common relay in 
descending modulation of nociception from the 
brain.9,11,12

There is an anatomically discrete group of serotonin 
(5-hydroxytryptamine, 5-HT)-containing neurons in the 
RVM. 5-HT is an important neurotransmitter involved in 
the descending pain modulatory pathway from the RVM. 
The spinal projection of RVM 5-HT-containing neuronal 
axons constitutes the descending serotoninergic pathway 
to the spinal cord.11,13 5-HT plays a crucial role in the 
development of central sensitization and amplification of 
pain responses in the spinal cord.12 Some studies have 
shown that activation of mitogen-activated protein kinases 
(MAPKs) in some brain regions plays an important role in 

the descending nociception modulation after peripheral 
tissue injury.14–17 Tryptophan hydroxylase (Tph) is the 
rate-limiting enzyme in 5-HT biosynthesis.18 It has been 
reported that the transcription of Tph could be regulated 
by phosphorylation of p38 MAPK.19 Recent studies have 
indicated that selectively depleting 5-HT in RVM neurons 
with regional ablation of Tph inhibited inflammatory and 
neuropathic pain.13 Despite these results, the role of 5-HT 
in the pathogenesis of CIPN is unclear. The aim of the 
present study was to investigate the role of 5-HT released 
from RVM neurons in descending pain modulation during 
CIPN development in a paclitaxel-induced CIPN rat 
model.

Materials and Methods
Animals
Adult male Sprague Dawley rats weighing 250–300 
g were housed in a temperature-controlled room (22°C– 
24°C) with free access to food and water under a natural 
light/dark cycle. Animals were placed in the testing equip-
ment to habituate to the environment before experiments. 
All experimental protocols were approved by the 
Experimental Animal Care and Use Committee of 
Shandong Provincial Hospital affiliated to Shandong First 
Medical University (NO:2019–134) and carried out in 
accordance with the National Institutes of Health Guide 
for the Care and Use of Laboratory Animals and the 
International Association for the Study of Pain guidelines 
for pain research. All rats were randomly divided into 
groups in each experiment.

Modeling of CIPN in Rats
We produced the paclitaxel-induced pain model by intra-
peritoneally injecting 1 mg/kg paclitaxel (Taxol®, Bristol– 
Myers–Squibb, New York City, NY, USA) on four alter-
nating days (days 1, 3, 5, and 7).20 Sham rats were intra-
peritoneally injected with the vehicle (a 2:1 mixture of 
saline/Cremophor EL). Naïve rats did not undergo any 
treatment. None of the rats showed signs of ill health 
such as diarrhea, alopecia, or weight loss.

Behavioral Assessment
Mechanical Allodynia
Mechanical allodynia was assessed by measuring the hind 
paw withdrawal threshold (PWT) after von Frey filament 
stimulation. Rats stood on a wire mesh floor beneath an 
inverted plastic cage. The von Frey filament was applied to 
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the hind paw plantar surface in ascending order of force 
(0.16, 0.4, 0.6, 1, 2, 4, 6, 8, 10 and 15 g) for up to 6 s per 
filament. Once a withdrawal response was established, the 
hind paw was re-tested, starting with the next lower von 
Frey filament, until no response occurred. The lowest 
amount of force required to elicit a positive response was 
designated as the PWT, represented in grams (g).21–23

Heat Hyperalgesia
Heat hyperalgesia of the hind paw was measured using 
methods reported by Hargreaves et al.24 In brief, rats were 
placed in a plastic cage on a glass plate, and the light 
source under the glass plate was aimed at the plantar 
surface of the hind paw. The time from the start of irradia-
tion to the withdrawal reflex of the hind paw was defined 
as the paw withdrawal latency. The light source automati-
cally cut off for 15 s to prevent tissue damage. The thermal 
stimulation intensity remained consistent throughout the 
experiment. The left and right hind paws of each rat were 
measured three times alternately, and the interval between 
each test was 5 min. The average of paw withdrawal 
latencies of the last two tests was taken as the thermal 
hyperalgesia threshold. All behavioral tests were con-
ducted under blind conditions.

5-HT Analysis by High-Performance 
Liquid Chromatography (HPLC)
Rats were anesthetized with 10% chloral hydrate 
(300 mg/kg, intraperitoneally) and decapitated at 1 day 
before, 7, 14, and 21 days after drug administration. The 
dorsal part of each lumbar spinal cord segment was 
dissected. Spinal cord tissue was fully homogenized in 
an ice bath with 1 mL of 0.4 mol/L perchloric acid for 
every 100 mg of spinal cord tissue. Homogenate stood 
for 10 min before centrifugation at 4°C for 20 min. The 
supernatant was stored at −20°C until use. HPLC was 
carried out using an Agilent chromatograph equipped 
with a fluorescence detector (Agilent, Santa Clara, 
California, USA). A C18 column (4.6 mm×250 mm, 5 
μm, Agilent) was used for the reserve phase. A mixture 
(9:1) of 0.1 mol/L potassium dihydrogen phosphate solu-
tion and methanol was used as a mobile phase. The 
mobile phase flow rate was 1.0 mL/min (λEx: 254 nm; 
λEm: 338 nm; column temperature: 25°C). Serotonin 
hydrochloride (H9523, Sigma, USA) was used as the 
internal standard. The supernatant of spinal cord tissue 
homogenate was mixed with methanol in a 1:1 ratio, 

precipitated for 30 min, and centrifuged at 4°C for 10 
min. The supernatant was passed through a 0.45-μm 
filtration membrane and the injection sample volume 
was 20 μL. The analysis was performed in triplicate, 
and data are expressed as the mean ± standard deviation 
of three measurements.25

Western Blot Assay
The RVM tissues were removed from the anesthetized 
and decapitated rats as previously described.26 The pro-
teins were extracted using a total protein extraction kit 
(Cat. No: SJ-200,501, ProMab) according to the protocol 
provided by the manufacturer. Equal amounts of total 
proteins (50 μg) from the RVM were separated on 10% 
SDS-PAGE gels and then trans-blotted to nitrocellulose 
membranes. The blot was incubated with sheep anti-Tph 
antibody (1:1000, Millipore, USA) overnight at 4°C. The 
membrane was washed with Tris-buffered saline and 
incubated for 1 h with anti-sheep IgG/HRP (1:2000, 
Santa Cruz Biotechnology, USA) in 5% milk/TBS. The 
loading and blotting of an equal amount of proteins were 
verified by reprobing the membrane with an anti- 
GAPDH antibody (1:1000, ProMab). The blots were 
finally visualized in enhanced chemiluminescence solu-
tion (Pierce, Rockford, IL, USA) and exposed to X-ray 
films. The developed X-ray films were scanned with 
a Bio-Rad scanner for data analysis.21,27

RVM Drug Microinjection
Rats were anesthetized with 10% chloral hydrate (300 mg/ 
kg, intraperitoneally) and then placed on the stereotaxic 
apparatus. A midline incision was made after the infiltra-
tion of 2% lidocaine into the skin. A small hole was drilled 
in the skull to insert a microinjection needle into the target 
site. The coordinates for RVM were as follows: –10.5 mm 
caudal to bregma, midline, and –9.0 mm ventral to the 
surface of the cerebellum.13 Microinjection was performed 
by delivering 0.5 μL of the drug solution slowly over a 30 
s period, using a 0.5-μL Hamilton syringe with a 32-gauge 
needle. The injection needle was left in place for at least 5 
min before withdrawal. Microinjection sites in the RVM 
were verified by the administration of 0.5 μL of carbon 
black ink, and medullary sections were observed and 
photographed with an Olympus fluorescence microscope 
(Figure 1). In inhibitor experiments, the selective Tph 
inhibitor para-chlorophenylalanine (PCPA, #C6506, 
Sigma) was dissolved in normal saline, and the p38 
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MAPK inhibitor SB203580 (#S8307, Sigma) was dis-
solved in 2% dimethyl sulfoxide (DMSO).18,26,28,29

Immunohistochemistry
Animals were anesthetized using 10% chloral hydrate 
(300 mg/kg, intraperitoneally) and perfused transcardially 
with 0.9% saline followed by 4% paraformaldehyde. The 
brain was removed, post-fixed in 4% paraformaldehyde, and 
immersed in a 10–30% sucrose gradient in phosphate buffer 
saline (PBS) at 4°C. Transverse brain sections of the RVM 
(20 μm) were cut in a cryostat according to the stereotaxic 
coordinates by Paxinos and Watson, and processed for 
immunofluorescence. All sections were blocked with 10% 
goat serum, and incubated for 24 h at 4°C with the primary 
antibody. The primary antibodies used in this study were as 
follows: sheep anti-Tph (1:500, Millipore), and rabbit anti- 
c-Fos (1:200, Santa Cruz Biotechnology, Inc.). The sections 
were rinsed in PBS and subsequently incubated with the 
corresponding secondary antibodies (Cy3-rabbit-anti-sheep 
[1:200] and fluorescein isothiocyanate-conjugated goat-anti- 
rabbit-immunoglobulin G [1:200]) for 2 h at room tempera-
ture. The immunofluorescent sections were imaged with an 
Olympus fluorescence microscope with a charge-coupled 
device spot camera for data analysis. The numbers of 
RVM Tph-positive neurons and spinal c-Fos neurons were 
counted in one out of every neighboring three sections by 
two researchers blind to the treatment conditions.26

Intrathecal Catheterization
Fourteen days after intraperitoneal injection of paclitaxel, 
rats received intrathecal catheterization. After being 

anesthetized with an intraperitoneal injection of 10% 
chloral hydrate (300 mg/kg), the rat’s lumbar area was 
prepared, and then disinfected with 75% ethanol. 
A longitudinal 1.5-cm incision was made in the skin at 
the L3–L4 level, and the spinous process of L3 was 
removed until the spinal dura mater was exposed. The 
intrathecal catheter (PE-10 tube, AniLab Software and 
Instruments Co. Ltd, Ningbo, China) was inserted 2.5 cm 
into the subarachnoid space. After entry into the subarach-
noid space was confirmed by sudden tail movement, the 
catheter was situated at the lumbar enlargement of the 
spinal cord. The other end was tunneled subcutaneously 
toward the occiput, exposing the distal tip out of the 
posterior cervical area. After recovery from anesthesia, 
only rats that had normal motor function were chosen for 
further observation. Three days after catheterization, 10 μL 
of 2% lidocaine was injected intrathecally through the 
catheter to observe lower limb paralysis. Only the rats 
showing bilateral lower limb paralysis were selected for 
further experiments.12,21 Four days after catheterization, 
5-HT3 receptor antagonist ondansetron was injected 
intrathecally, and its impact on pain behavior was deter-
mined. Ondansetron (O3639, Sigma) was dissolved in 
normal saline (20 μg in 20 μL/rat, intrathecally).30

Statistical Method
Data were expressed as mean ± SEM and analyzed using 
SPSS Statistics 22.0 (SPSS Inc., Chicago, USA). The 
mechanical allodynia and heat hyperalgesia data and the 
5-HT levels at the spinal cord determined by HPLC 
obtained in the naive, sham and CIPN groups were 

Figure 1 RVM microinjection sites and schematic illustration of the experimental protocol. (A) Carbon black ink indicates the microinjection site in the RVM. Triangles 
indicate the microinjection sites in the inset figure. (B) Rats received RVM injection of PCPA or saline. (C) Rats received RVM injection of SB203580 or DMSO. (D) Rats 
received intrathecal injection of ondansetron.
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analyzed by one-way ANOVA followed by post hoc com-
parison (Tukey’s honestly significant difference test). The 
other behavioral data and the data obtained in Western 
blot, HPLC and immunohistochemistry were compared 
by unpaired Student’s t-tests. P < 0.05 was considered 
statistically significant.

Results
Changes in Pain Thresholds of 
Paclitaxel-Injected Rats
The possible effects of paclitaxel on mechanical allodynia 
and heat hyperalgesia were determined. Mechanical PWT 
was significantly decreased in paclitaxel-injected rats 
compared with the control groups. The PWT decreased 
significantly from day 7 to day 21 after paclitaxel injec-
tion (n = 6, P < 0.05) (Figure 2A). The response latencies 
to thermal stimuli were significantly shortened in pacli-
taxel-injected rats compared with those in control groups. 
The response latencies to thermal stimuli shortened sig-
nificantly from day 5 to day 21 after injection (n = 6, P < 
0.05) (Figure 2B). Paclitaxel-injected rats exhibited 
obvious mechanical allodynia and thermal hyperalgesia 
without significant weight loss or health changes until day 
21. The results did not show significant changes in PWT 
and response latencies in the control groups (P > 0.05).

Upregulation of Descending 
Serotoninergic Projection in CIPN Rats
HPLC showed that the spinal content of 5-HT was sig-
nificantly upregulated in the CIPN rats compared with the 
sham and naïve group on days 7, 14, and 21 after pacli-
taxel injection (day 7:F(2,6)=6.663, P=0.030; CIPN vs 
naive, P=0.048; CIPN vs sham, P=0.042; day 14:F(2,6) 
=32.937, P=0.001; CIPN vs naive, P=0.001; CIPN vs 
sham, P=0.001; day 21:F(2,6)=59.226, P<0.001; CIPN vs 
naive, P<0.001; CIPN vs sham, P<0.001). There was no 
significant change in the content of spinal 5-HT between 
the sham group and naïve group (P > 0.05) (Figure 3A). 
Western blotting showed that Tph expression was signifi-
cantly upregulated in the RVM on days 7, 14, and 21 in 
CIPN rats compared with the sham and naïve groups (day 
7: CIPN vs naive, P=0.003; CIPN vs sham, P=0.001; day 
14: CIPN vs naive, P=0.005; CIPN vs sham, P=0.003; Day 
21: CIPN vs naive, P=0.001; CIPN vs sham, P<0.001) 
(Figure 3B). There was no significant difference in Tph 
expression between the sham group and the naïve group 
(P=0.918).

Inhibition of Tph in the RVM Alleviates 
CIPN
The results of the von Frey test showed that microinjection 
of 20 µg PCPA (the selective inhibitor of Tph) into the RVM 
significantly attenuated the chemotherapy-induced mechan-
ical allodynia from day 1 to day 3 after administration (day1: 
CIPN-PCPA vs CIPN-saline, P<0.001; day2: CIPN-PCPA vs 
CIPN-saline, P<0.001; day3: CIPN-PCPA vs CIPN-saline, 
P=0.001) (Figure 4A). Heat hyperalgesia was also signifi-
cantly alleviated after microinjection of PCPA into the RVM 
of CIPN rats compared with the RVM saline microinjection 
CIPN group (day1: CIPN-PCPA vs CIPN-saline, P<0.001; 
day2: CIPN-PCPA vs CIPN-saline, P<0.001; day3: CIPN- 
PCPA vs CIPN-saline, P<0.001) (Figure 4B). The baseline 
mechanical and thermal pain thresholds were not 

Figure 2 Changes in pain thresholds of paclitaxel-injected rats. (A) Mechanical 
PWT decreased significantly in the paclitaxel-injected group from day 7 and con-
tinued to day 21. (B) The response latencies to thermal stimuli were significantly 
shortened in paclitaxel-injected rats from day 5 to day 21 after injection. * vs naive 
group, P < 0.05. # vs sham group, P < 0.05. n=6 per group.
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significantly altered by RVM microinjection of PCPA in the 
control groups (P > 0.05).

Inhibition of Descending Serotoninergic 
Projection by RVM Microinjection of 
PCPA
To determine the changes in Tph neurons in the RVM after 
PCPA microinjection, we examined the number of Tph 

neurons in the RVM via immunofluorescence on the 
third day after microinjection. Tph neurons were found 
throughout the RVM in both sham and CIPN rats. 
However, the number of RVM Tph neurons was dramati-
cally reduced by PCPA compared with the saline micro-
injection group (sham-PCPA vs sham-saline, P=0.038; 
CIPN-PCPA vs CIPN-saline, P=0.001; CIPN-saline vs 
sham-saline, P=0.003) (Figure 5A–E). We also determined 
5-HT content in the dorsal spinal cord at levels L4–L6 via 
HPLC. HPLC showed a time-dependent decrease of 5-HT 
concentration in the spinal dorsal horn after microinjection 
of PCPA. 5-HT content in the spinal dorsal horn was 
significantly lower in PCPA-treated rats than in saline- 
treated rats (day 1: sham-PCPA vs sham-saline, P=0.002; 
CIPN-PCPA vs CIPN-saline, P=0.002; day 3: sham-PCPA 

Figure 3 Upregulation of descending serotoninergic projection in CIPN rats. (A) The 
spinal 5-HT was significantly upregulated on days 7, 14 and 21 after paclitaxel injection 
compared with the naive and sham group. (B) The expression of Tph was significantly 
increased in the RVM on days 7, 14, and 21 in CIPN rats compared with the naive and 
sham group. * vs naive group, P < 0.05. # vs sham group, P < 0.05. n=3 per group.

Figure 4 Inhibition of Tph in the RVM attenuates paclitaxel-induced pain. (A) RVM 
microinjection of PCPA significantly attenuated the chemotherapy-induced mechanical 
allodynia (* vs CIPN-saline group, P < 0.05). (B) RVM microinjection of PCPA signifi-
cantly alleviated CIPN-induced heat hyperalgesia (* vs CIPN-saline group, P < 0.05). 
n=6 per group.
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vs sham-saline, P=0.002; CIPN-PCPA vs CIPN-saline, 
P=0.001; day 5: sham-PCPA vs sham-saline, P=0.028; 
CIPN-PCPA vs CIPN-saline, P=0.410) (Figure 5F).

Intra-RVM Microinjection of SB203580 
Alleviates CIPN Behaviors
Previous studies indicated that p38 MAPK was involved in 
both neuropathic pain and inflammatory pain. To investigate 
the role of p38 MAPK in the RVM in paclitaxel-induced 
pain, either selective p38 MAPK inhibitor SB203580 (50 μg) 
or DMSO was microinjected into the RVM of the experi-
mental rats. The results of the von Frey test showed that 
paclitaxel-induced mechanical allodynia was significantly 
attenuated one day after RVM microinjection of SB203580 
without altering the baseline mechanical pain threshold in the 
sham group (day 1: CIPN-SB203580 vs CIPN-DMSO, 
P<0.001) (Figure 6A). In addition, the thermal pain threshold 
was significantly reversed at one day after RVM microinjec-
tion of SB203580 (day 1: CIPN-SB203580 vs CIPN-DMSO, 
P<0.001) (Figure 6B). The pain thresholds were not altered 
by RVM microinjection of DMSO in both CIPN rats and 
sham rats (P > 0.05).

Inhibition of Descending Serotoninergic 
Projection by Intra-RVM Microinjection of 
SB203580
To investigate the effect of intra-RVM microinjection of 
SB203580 on the expression of Tph, the RVM tissue was 

removed from the experimental rats one day after drug 
administration. Western blotting showed that the protein 
level of Tph in SB203580-treated CIPN rats was signifi-
cantly lower compared with the vehicle-treated CIPN rats 
(P =0.001). The expression of Tph was not significantly 
altered by SB203580 in sham rats (P > 0.05) (Figure 7A). 
The HPLC results showed that the 5-HT level in the dorsal 
spinal cord was significantly downregulated in SB203580- 
treated CIPN rats compared with DMSO-treated CIPN rats 
(P=0.046) (Figure 7B). 5-HT content in the dorsal spinal 
cord was not significantly changed in SB203580-treated 
sham rats (P > 0.05).

Reduction of c-Fos Expression in the 
Spinal Cord by Intra-RVM Microinjection 
of SB203580
To further investigate whether RVM descending serotoniner-
gic projection contributed to the activation of spinal pain- 
sensitive neurons, c-Fos expression was detected in the spinal 
dorsal horn. One day after the intra-RVM administration of 
SB203580, mechanical noxious stimuli were applied to the 
plantar surface of the rat’s hind paw, and the lumbar spinal 
cords were collected 2 hours later. The results of immuno-
fluorescence showed that SB203580 significantly suppressed 
CIPN-induced c-Fos expression in the spinal dorsal horn 
(P<0.001), suggesting that pain-sensitive neurons in the 
spinal cord were inhibited by SB203580 (Figure 8).

Figure 5 Inhibition of descending serotoninergic projection by RVM microinjection of PCPA. (A–E) Down-regulation of the RVM Tph expression by microinjection of 
PCPA. (A) Sham-saline group, (B) Sham-PCPA group, (C) CIPN-saline group, (D) CIPN-PCPA group. Bar: 200 μm. (E) Tph neurons count in RVM (n=3 per group, * vs 
Sham-saline group, P < 0.05, # vs CIPN-saline group, P < 0.05). (F) HPLC showing 5-HT content in the spinal dorsal horn at spinal levels L4–L6 was significantly lower in 
PCPA-treated rats compared with saline-treated rats in a time-dependent manner (n=3 per group, * vs Sham-saline group, P < 0.05, # vs CIPN-saline group, P < 0.05).
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Intrathecal Injection of Ondansetron 
Partially Reversed Paclitaxel-Induced 
Mechanical Allodynia and Thermal 
Hyperalgesia
5-HT from the RVM plays an important role in modulating 
spinal nociceptive signaling via the 5-HT receptor subtypes, 
including the 5-HT3 receptor. To investigate the role of the 
spinal 5-HT3 receptor in CIPN, the 5-HT3 receptor antago-
nist ondansetron was injected intrathecally. Mechanical allo-
dynia and thermal hyperalgesia were significantly reversed 
from 5 min to 60 min after intrathecal injection of ondanse-
tron in CIPN rats (P<0.001) (Figure 9). The mechanical and 
thermal pain thresholds were not changed by intrathecal 
injection of ondansetron in sham rats (P > 0.05).

Discussion
In this study, we showed that RVM Tph and spinal 5-HT were 
apparently upregulated in CIPN rats, and intra-RVM adminis-
tration of PCPA significantly alleviated mechanical and ther-
mal pain behaviors through selective depletion of RVM-spinal 

Figure 6 Alleviation of chemotherapy-induced pain through intra-RVM microinjec-
tion of SB203580. (A) Mechanical allodynia was significantly attenuated one day 
after RVM microinjection of SB203580 (* vs CIPN-DMSO, P < 0.05). (B) The 
thermal pain threshold was significantly reversed at day 1 after RVM microinjection 
of SB203580 (* vs CIPN-DMSO, P < 0.05). n=6 per group.

Figure 7 Inhibition of descending serotoninergic projection by intra-RVM micro-
injection of SB203580. (A) The protein level of Tph in SB203580-treated CIPN rats 
was significantly lower compared with the vehicle-treated CIPN rats. The expres-
sion of Tph was not significantly altered by SB203580 in sham rats (# vs CIPN- 
DMSO, P < 0.05, * vs Sham-DMSO group, P < 0.05, n=3 per group). (B) HPLC 
showing that the 5-HT level in the dorsal spinal cord was significantly decreased in 
SB203580-treated CIPN rats compared with DMSO-treated CIPN rats (P < 0.05). 
5-HT content in the dorsal spinal cord was not significantly altered in SB203580- 
treated sham rats (# vs CIPN-DMSO group, P < 0.05, * vs Sham-DMSO group, P < 
0.05, n=3 per group).
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descending serotonergic projection. Additionally, intra-RVM 
microinjection of SB203580 attenuated paclitaxel induced 
pain and partially abolished the descending serotonergic pro-
jection. Moreover, the upregulated c-Fos expression in the 
spinal dorsal horn of the CIPN rats was significantly inhibited 
by RVM injection of SB203580. Intrathecal ondansetron par-
tially relieved paclitaxel-induced pain behaviors, indicating 
5-HT3 receptors were involved in descending serotonergic 
modulation of spinal nociceptive transmission. Our findings 
suggest that RVM-spinal descending serotonergic projection 
pathway activation is involved in the modulation of spinal 
nociceptive transmission of CIPN and activation of RVM 
p38 MAPK signaling pathway contributes to descending ser-
otonergic facilitation of CIPN.

In recent years, researchers have examined the mechan-
isms involved in the development of CIPN. Most of these 
studies focused on the mechanisms at the peripheral and 
spinal levels.7 CIPN has been associated with a variety of 

alterations, including abnormalities in injured and uninjured 
afferents supplying the lesion site, upregulation of inflam-
matory mediators, altered ion channel activity, central sen-
sitization, and autonomic nervous system alterations.1 

However, the exact pathophysiology is still unclear, and 
various underlying mechanisms have been proposed for 
different classes of chemotherapy drugs. The cytotoxicity 
mechanisms of chemotherapy drugs are often linked to their 
neurotoxicity side-effect, implying the difficulty in elimi-
nating toxicity without reducing the anti-cancerous efficacy 
of the drugs.7 The endogenous descending pain modulating 
system is an integral part of supraspinal pain signal inhibi-
tory and facilitatory processing, particularly in persistent 
pain.14,31 The descending pain modulation system has been 
shown to contribute to the development of chronic pain in 
various conditions, including inflammatory, neuropathic, 
and cancer pain.9,32,33 Since CIPN is usually accompanied 
by inflammation and nerve damage, it is reasonable to 

Figure 8 Reduction of c-Fos expression in spinal cord by intra-RVM microinjection of SB203580. The immunofluorescence of c-Fos in the spinal dorsal horn. (A) Sham 
group; (B) CIPN-DMSO group; (C) CIPN-SB203580 group; (D) Fos positive neurons count (* vs Sham group, P < 0.05, # vs CIPN-DMSO group, P < 0.05, n = 4 per group). 
Bar: 100 μm.
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speculate that descending pain modulation is involved in 
the pathogenesis of CIPN. The RVM is a key part of the 
endogenous descending pain modulating system that relays 
information about pain modulation from higher brain sites, 
and exerts bidirectional pain modulation for spinal pain 
transmission.14 The RVM is a major source of serotonergic 
projection to the spinal dorsal horn, and 5-HT is one of the 
major neurotransmitters involved in descending modulation 
of spinal nociceptive transmission.9 Changes in descending 
5-HT release have been observed under pathological pain 
conditions.34 For example, spinal 5-HT level was increased 
in several models of neuropathic pain and inflammatory 
pain.35,36 Serotonin released from RVM neurons plays an 
important role in descending pain modulation during dif-
ferent persistent pain states, but its role in CIPN is not fully 
understood. In the present study, RVM Tph and spinal 5-HT 

were upregulated in CIPN rats, and intra-RVM administra-
tion of the Tph inhibitor PCPA significantly alleviated 
mechanical and thermal pain behaviors through selective 
depletion of RVM spinal descending serotonergic projec-
tion. Therefore, our findings suggest that RVM spinal des-
cending serotonergic projection pathway activation is 
involved in the modulation of spinal nociceptive transmis-
sion in CIPN.

It has been established that the RVM descending sero-
tonergic pathway exerts an inhibitory or facilitatory influ-
ence on spinal pain processing, depending on the activation 
of diverse 5-HT subtype receptors.37 5-HT in the spinal 
dorsal horn greatly contributes to pain modulation. Spinal 
5-HT receptors mediate complex pro- and anti-nociceptive 
effects; in general, 5-HT2A/5-HT3/5-HT4 receptors are 
considered to be facilitatory whereas 5-HT1/2C/7 receptors 
are inhibitory. These receptors are present in the pre- 
synaptic terminals of primary afferent nerve fibers, inhibi-
tory interneurons, excitatory interneurons and projection 
neurons, and modify nociceptive transmission. Several 
lines of evidence suggest that 5-HT receptor function 
changes in various neuropathic pain states.38 The 5-HT1A 
receptor is involved in central pain modulation mechanisms 
with a pivotal role in the inhibitory descending pain path-
way. It is expressed in the raphe nucleus and in several areas 
involved in central pain modulation mechanisms. Full and 
partial 5-HT1A receptor agonists have shown to be effec-
tive in pain relieving.39 Previous findings have shown that 
5-HT2C receptor activation in the spinal cord induced anti-
allodynic effects in neuropathic pain models, but mediated 
the nociceptive effects of oxaliplatin-induced neuropathy.40 

It has been proposed that the balance between RVM des-
cending serotonergic facilitation and inhibition shifts 
toward pronociception in persistent pain via enhanced acti-
vation of pronociceptive 5-HT receptors, including the 
5-HT3 receptor.12 The presence of spinal 5-HT3 receptors 
has been reported in the superficial layers of the spinal 
dorsal horn, on terminals of excitatory interneurons and 
on neurokinin 1 projection neurons in laminae I/III. 
5-HT3 receptors are also expressed on inhibitory 
GABAergic interneurons.37,41 Previous studies have 
reported key roles of the 5-HT2A and 5-HT3 receptors in 
descending pain facilitation in a lot of pain states. These 
data identified modality and intensity selective facilitatory 
roles of spinal 5-HT2A and 5-HT3 receptors on sensory 
neuronal processing within the pain ascending transmission 
pathway. It was reported that cold and heat stimuli trans-
mission was facilitated via spinal 5-HT2A and 5-HT3 

Figure 9 Intrathecal injection of ondansetron partially reversed chemotherapy- 
induced pain. Paw withdrawal thresholds (A) and paw withdrawal latencies (B) were 
significantly reversed from 5 min to 60 min after intrathecal injection of ondanse-
tron in CIPN rats (* vs CIPN-NS group, P < 0.05, n = 6 per group).
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receptors, respectively, in spinal nerve ligation rats. The 
5-HT3R-mediated sensitisation of transient receptor poten-
tial vanilloid 1 (TRPV1) in injured and uninjured primary 
afferent terminals likely led to sensitisation to mechanical 
and heat stimuli in neuropathic pain. In neuropathic pain 
animal models, many studies demonstrated that ablation of 
descending serotoninergic pathways inhibited pain hyper-
sensitivity, and have also indicated that nerve injury 
induced descending facilitation by activating spinal 5-HT3 
receptors.38,42 In mice with genetic deletion of the 5-HT3 
receptor, the second phase nociceptive behavioral responses 
to mechanical and thermal stimuli in the formalin test, 
which involves centrally mediated mechanisms, were sig-
nificantly alleviated.43,44 These studies implied that spinal 
5-HT upregulated to bind to 5-HT3 receptors under condi-
tions of tissue-injury-induced pain. 5-HT is synthesized in 
RVM descending neurons, and the 5-HT3 receptors are 
located on the nerve terminals of myelinated and unmyeli-
nated primary afferent fibers (Aδ and C) in the superficial 
layers of the spinal dorsal horn.44,45 In this study, compared 
with control rats, Tph expression in the RVM was signifi-
cantly upregulated in CIPN rats. Activation of Tph-positive 
neurons in the RVM resulted in 5-HT release into the spinal 
cord and binding to 5-HT3 receptors. The HPLC results in 
our study indicated that the release of 5-HT was increased in 
the spinal cord during the persistence of CIPN. An increase 
in c-Fos-immunoreactive neurons has been widely used as 
an indicator for the activation of pain-sensitive neurons.12 

To confirm our observations of pain behaviors, we investi-
gated c-Fos protein expression in the spinal cord. Consistent 
with upregulated 5-HT release and enhanced pain behaviors 
in CIPN rats, c-Fos expression was elevated in the spinal 
dorsal horn. Intrathecal injection of ondansetron partially 
relieved paclitaxel-induced pain behaviors, indicating that 
the 5-HT3 receptor is involved in descending serotonergic 
modulation of spinal nociceptive transmission. Therefore, 
these results imply that the activation of spinal 5-HT3 
receptors is involved in the persistence of CIPN via des-
cending facilitation of spinal processing of nociceptive 
information, which is consistent with the previous studies. 
In addition, the effects of other spinal 5-HT receptor sub-
types in the development of spinal neuronal hyperexcitabil-
ity during CIPN require further study.

The role of RVM 5-HT-containing neurons in chronic 
pain has been previously studied by inducing lesions in 
these neurons. Some studies have shown that RVM 5-HT- 
containing neurons played a role in descending pain facil-
itation, while other studies have reported that they 

participated in descending pain inhibition.37,41 Wei et al 
reported that descending 5-HT released from the RVM 
played a critical role in descending pain facilitation, rather 
than inhibition, during hyperalgesia and allodynia main-
tenance after peripheral inflammation and nerve injury via 
RNAi of Tph in the RVM.13 Wei et al’s results suggest that 
spinal projection of 5-HT from the RVM is necessary to 
maintain persistent pain states. In this study, we stereotac-
tically microinjected the selective Tph inhibitor PCPA into 
the RVM of CIPN rats. Using this method, the synthesis of 
5-HT in RVM neurons was selectively inhibited, thus 
reducing the descending projection of 5-HT to the spinal 
cord. As compared with the method of inducing lesions in 
RVM 5-HT-containing neurons using the selective seroto-
nergic neurotoxin 5,7-DHT,46 or loss of serotonergic neu-
rons by genomic knock-out of the transcription factor 
Lmx1b,47 our method only specifically eliminated the 
RVM spinal 5-HT projection without affecting the other 
functions of RVM 5-HT-containing neurons. 5.7-DHT and 
gene regulation methods could lead to lesions in the RVM 
5-HT-containing neurons, which also damage other colo-
calized neurotransmitters and the multiple receptors 
expressed in serotonergic neurons. Thus, with our method, 
it is possible to accurately evaluate the role of RVM spinal 
descending 5-HT in CIPN pathogenesis.

It has been known that the descending pain modula-
tory system undergoes plastic changes following periph-
eral inflammation and nerve injury, and exerts 
bidirectional (facilitatory and inhibitory) influence on 
spinal nociceptive responses.9,14 Many studies have 
shown that peripheral tissue inflammation and nerve 
injury can activate mitogen-activated protein kinases 
(MAPKs) in some brain regions that are key components 
of the descending pain modulatory system.15,16 Activation 
of these MAPKs is thought to play an important role in 
the development of central nervous system plasticity, 
which itself has critical involvement in the dynamic 
changes that occur in the descending nociception modu-
latory system after peripheral tissue injury.17 Peripheral 
inflammation induced by complete Freund’s adjuvant acti-
vated p38 MAPK in RVM neurons.48 Carrageenan- 
induced inflammatory pain was alleviated by microinjec-
tion of the p38 MAPK inhibitor SB203580 into the 
RVM.26 It has been reported that intrathecal delivery of 
the Ras inhibitor attenuates hyperalgesia and allodynia in 
vincristine-induced neuropathic pain. Ras is a key element 
in activating the intracellular signal transduction pathway 
involving MAP-kinase family members, such as Ras/Raf/ 
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MEK/ERK2. MAP-kinase cascade activation might be an 
important mechanism in the onset of vincristine-related 
neuropathic pain.49 Paclitaxel is known to induce strong 
inflammatory responses in the central and peripheral ner-
vous systems, which has been associated with the forma-
tion and sustention of persistent pain.5 Inflammatory 
events, such as an increased release of proinflammatory 
cytokines in the peripheral nerves, are also linked to 
paclitaxel-induced pain.50 In this study, intra-RVM 
administration of the p38 MAPK selective inhibitor 
SB203580 significantly alleviated CIPN caused by pacli-
taxel, and the analgesic effect was related both to the 
inhibition of Tph expression in the RVM and 5-HT release 
in the spinal cord. A previous study has demonstrated that 
phosphorylation of p38 MAPK can activate the transcrip-
tion of Tph, thereby increasing the biosynthesis of 5-HT.19 

In the RVM of CIPN rats, the expression of Tph was 
significantly increased, and intra-RVM injection of 
SB203580 selectively blocked the p38 MAPK pathway, 
thereby at least partially blocking the transcription of Tph 
in RVM serotonergic neurons. This in turn inhibited the 
expression of Tph and reduced 5-HT projection to the 
spinal cord. This may be one of the mechanisms by 
which the p38 MAPK pathway is involved in RVM ser-
otonergic descending pain facilitation in CIPN. In addi-
tion, the role of other members of the MAPK superfamily 
in CIPN development requires further investigation.

Conclusion
Taken together, our data indicate that increased RVM 
descending serotonergic projection to the spinal dorsal 
horn contributes to paclitaxel-induced pain. This process 
can be attributed at least partially to the activation of the 
p38 MAPK pathway in the RVM. Descending serotonergic 
activation of spinal 5-HT3 receptors is involved in the 
persistence of CIPN via descending facilitation of spinal 
nociceptive transmission. Our findings shed new light on 
the supraspinal descending serotonergic mechanism under-
lying the persistence of CIPN caused by paclitaxel, and 
provide experimental evidence for the exploitation of new 
mechanism-based treatments for CIPN.
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