PAIN MEDICINE

Cerebrospinal Fluid Oxaliplatin Contributes to the Acute
Pain Induced by Systemic Administration of Oxaliplatin

Zhen-Zhen Huang, Ph.D., Dai Li, Ph.D., Han-Dong Ou-Yang, Ph.D., Cui-Cui Liu, Ph.D.,
Xian-Guo Liu, Ph.D., Chao Ma, Ph.D., Jia-You Wei, Ph.D., Yong Liu, Ph.D., Wen-Jun Xin, Ph.D.

ABSTRACT

Background: Systemic administration of oxaliplatin has no effect on the tumors in the central nervous system (CNS) due to
the limited concentration of oxaliplatin in the cerebrospinal fluid (CSF), while it was clinically reported that oxaliplatin can
induce acute encephalopathy. Currently, the impairment of neuronal functions in the CNS after systemic administration of
oxaliplatin remains uninvestigated.

Methods: The von Frey test and the plantar test were performed to evaluate neuropathic pain behavior after a single intra-
peritoneal administration of oxaliplatin (4 mg/kg) in rats. Inductively coupled plasma—mass spectrometry, electrophysiologic
recording, real-time quantitative reverse transcription polymerase chain reaction, chromatin immunoprecipitation, Western
blot, immunohistochemistry, and small interfering RNA were applied to understand the mechanisms.

Results: Concentration of oxaliplatin in CSF showed a time-dependent increase after a single administration of oxaliplatin.
Spinal application of oxaliplatin at the detected concentration (6.6 nM) significantly increased the field potentials in the dorsal
horn, induced acute mechanical allodynia (n = 12 each) and thermal hyperalgesia (n = 12 each), and enhanced the evoked
excitatory postsynaptic currents and spontaneous excitatory postsynaptic currents in the projection neurokinin 1 receptor—
expressing lamina I to II neurons. The authors further found that oxaliplatin significantly increased the nuclear factor-xB p65
binding and histone H4 acetylation in ex3c/I promoter region. Thus, the upregulated spinal CX3CL1 markedly mediated the
induction of central sensitization and acute pain behavior after oxaliplatin administration.

Conclusions: The findings of this study suggested that oxaliplatin in CSF may directly impair the normal function of central
neurons and contribute to the rapid development of CNS-related side effects during chemotherapy. This provides novel targets
to prevent oxaliplatin-induced acute painful neuropathy and encephalopathy. (ANESTHESIOLOGY 2016; 124:1109-21)

AINFUL neuropathy manifested as allodynia and tin-

gling frequently occurs in the cancer patients treated
with chemotherapeutic drugs such as oxaliplatin, paclitaxel,
and bortezomib.!? Previous studies demonstrated that such
painful neuropathy was largely mediated by axonopathy
and/or myelinopathy, especially intraepidermal nerve fiber
degeneration, a delayed neurotoxic effect of chemothera-
peutic drugs.># However, clinical evidences also showed that
chemotherapeutic drugs, in spite of the limited permeabil-
ity across the blood-brain barrier (BBB), can induce acute
encephalopathy manifested as seizures and progressive gait
and balance difficulties.>®

What We Already Know about This Topic

e Oxaliplatin is a commonly used chemotherapeutic agent for
non-central nervous system tumors

e The low concentrations of oxaliplatin reaching the central
nervous system after systemic administration might contribute
to the drug’s side effects including pain and encephalopathy

What This Article Tells Us That Is New

e The administration of oxaliplatin to rats leads to nociceptive
sensitization and the accumulation of the drug in cerebrospinal
fluid

e Oxaliplatin may support sensitization of spinal cord neurons

through an epigenetic mechanism resulting in the up-regulation
of CX3CL1
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Opxaliplatin is a specific first-line antitumor agent.” Applica-
tion of oxaliplatin induces severe painful neuropathy, charac-

terized by two types of neurologic symptoms including acute
and chronic peripheral neuropathy. Although cold hypersensi-
tivity is the most prominent symptom in the patients receiving

oxaliplatin, oxaliplatin evoked allodynia and hyperalgesia in
the rodents. However, chemotherapy-induced neuropathic
pain is a dose-limiting side effect, which may persist beyond
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termination of treatment and lead to a sustained condition as
painful or more painful than the original cancer.? For chronic
peripheral neuropathy, the accumulation of platinum in the
dorsal root ganglia (DRG) induces the axonopathy of periph-
eral nerves, thus leading to the persistent sensory abnormal-
ity.> Meanwhile, oxaliplatin-induced acute neuropathy is
characterized by a rapid onset and emergence of symptoms
immediately after infusion,'® while axonopathy of peripheral
nerves can unlikely occur in such a short time. Notably, low
concentration of chemotherapeutic drugs can be detected
in the central nervous system (CNS) after a single systemic
"1-13 which implies that the chemotherapeu-
tic drug entering the CNS might directly disturb the normal
function of central neurons to mediate acute neuropathy. In
this study, oxaliplatin-induced, acute pain—related behavior is
adopted as a model to elucidate the mechanism of acute CNS
disorder caused by the chemotherapeutic drugs.

administration,,

A large body of evidence has shown that central sensitiza-
tion, referring to the augmented response of central signaling
neurons, plays a key role in the induction and maintenance of
neuropathic pain.'* Long-term potentiation at the synapses
between afferent fibers and spinal dorsal horn neurons is an
attractive cellular model of central sensitization.!>!¢ Studies
also showed that neurokinin 1 receptor (NK1R)—expressing
neurons in the spinal dorsal horn played an important role
in the processing of acute or sustained nociceptive informa-
tion. For example, selective elimination of NK1R-expressing
neurons by intrathecal injection of saporin-conjugated sub-
stance P remarkably attenuated the development of thermal
hyperalgesia and mechanical allodynia.!”!8 It was also well
known that large proportion of spinothalamic and spinal
brachial neurons located in lamina I expressed NKIR, sug-
gesting that these NK1R-expressing neurons participated in
the ascending conduction of nociceptive information."

Therefore, in this study, we aimed to determine the criti-
cal involvement of low concentration of cerebrospinal fluid
(CSF) oxaliplatin, and the underlying mechanism, in the
central sensitization and painful behavior induced by sys-
temic administration of the chemotherapeutic agent. We
hypothesized that the CSF oxaliplatin crossing the brain—
blood barrier may directly activate transcriptional factor
nuclear factor (NF)-kB signaling and epigenetic up-regula-
tion of CX3CL1 in the dorsal horn neurons, thus contribut-
ing to central sensitization and acute neuropathy induced by
systemic administration of oxaliplatin.

Materials and Methods

Animals

Male Sprague-Dawley rats (220 to 250g) were housed in
a temperature-controlled room (22° + 1°C) with a 12-h
light—dark cycle. Rats were randomly divided into different
experimental groups. All animal experimental procedures
were approved by the Sun Yat-Sen University Animal Care
and Use Committee (Guangzhou, Guangdong, China) and
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carried out in accordance with the National Institutes of
Health (Bethesda, Maryland) guideline on animal care.

Drug Administration and Behavioral Test

Oxaliplatin was purchased from Sigma Aldrich (USA) and
freshly dissolved in 5% glucose/H,O as a stock solution of
1 mg/ml. Rats received a single intraperitoneal administra-
tion of oxaliplatin (4mg/kg) to induce acute mechanical
allodynia and thermal hyperalgesia. The control animals
received an equivalent volume of 5% glucose/H,O. Intrathe-
cal injection of neutralizing antibody against CX3CL1 (10
pg in 10 pl, Torrey Pines Bio Labs, USA), isotype IgG (10
pg in 10 pl, R&D system, USA), ammonium pyrrolidin-
edithiocarbamate (PDTC; 200ng in 10 pl, Sigma, USA),
NEF-kB p65 small interfering RNA (siRNA; 50 g in 15 pl,
Ribobio, China), or scramble siRNA (50 pg in 15 pl, Ribo-
bio) was performed 30 min before oxaliplatin application.

Intrathecal injection was preformed according to our
previously described method.? In brief, laminectomy of the
L5 vertebra was performed during anesthesia using sodium
pentobarbital (50 mg/kg, intraperitoneally). After the dura
was probed with an 8G needle, a polyethylene-10 catheter
was inserted into the subarachnoid space of the rat through
the L5/L6 intervertebral space, and the tip of the catheter
was placed at the L5 spinal segmental level. After intrathecal
implantation, the rats were allowed to recover from surgery
for at least 5 days before subsequent drug injection. Any rats
exhibiting hind limb paralysis or paresis after surgery were
excluded from the study.

The 50% withdrawal threshold was assessed using von
Frey hairs as described previously.?!** Briefly, each animal
was loosely restrained in a plastic box on a metal mesh and
allowed to acclimate for at least 15 min per day for 3 con-
secutive days. On the first testing day, the animals were
reintroduced to the testing environment and allowed to
accommodate, and then von Frey filaments (bending force:
0.8¢, 1.12¢, 1.68¢, 3.2¢, 4.89¢, 6.3¢, 8.6¢, 12.6¢, and 20.2g)
were presented alternately from the underneath to the mid-
plantar surface of each hind paw. Each von Frey hair was
applied 10 times. A nociceptive response was defined as a
brisk paw withdrawal or flinching of the paw after von Frey
filament application. The responses to all filaments for both
paws were tabulated as a single value, and 50% withdrawal
threshold was defined as the lowest bending force that pro-
duced 10 or more responses.

Thermal hyperalgesia was tested using a plantar test
(7370, Ugo Basile Plantar Test Apparatus, Italy) according
to the described method.?® Briefly, a radiant heat source
beneath a glass floor was aimed at the plantar surface of
the hind paw. Three measurements of hind paw withdrawal
latency were taken for each hind paw in each test session.
The hind paw was tested alternately with more than 5-min
intervals between the consecutive tests. Three measure-
ments of latency per side were averaged as the result of each
test. A 20-s cutoff was set to prevent the tissue damage.

Huang et al.
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The experimenter who conducted the behavioral tests was
blinded to all treatments.

Inductively Goupled Plasma-Mass Spectrometry

CSF was drawn from a temporary foramen magnum, and
bilateral plantar subcutaneous tissues (including skins and
superficial muscle) were excised. CSF samples (0.1 ml) and
plantar subcutaneous tissues (about 0.1 g/total, 0.05g/per
side) were obtained at different time points from different
animals (i.e., only one group of sample including CSF and
plantar subcutaneous tissue was collected from one rat). The
total platinum level in CSF samples or plantar subcutane-
ous tissues was assessed by inductively coupled plasma—mass
spectrometry (ICP-MS; iCAP Qc; Thermo Fisher Scien-
tific, USA) according to the method previously described.?*
Briefly, CSF samples (0.1 ml) or plantar subcutaneous tis-
sues (0.1 g) were digested in a water bath at 90° to 100°C in
a Teflon bomb with optimal-grade HNO, (2ml) and then
diluted in 10 ml distilled water. The resulting solutions were
injected into the ICP-MS device to quantify the platinum
accumulated in CSF samples or plantar subcutaneous tis-
sues. Iridium (0.005 pg/ml in 1% nitric acid) was added
as an internal standard to correct instrument drift during
analysis. Blank samples were also digested and analyzed to
provide correction. Each measurement used the average
platinum value of the regent blanks as blank correction. CSF
samples or plantar subcutaneous tissues from naive animals
were used as control. Each sample was measured in triplicate.

In Vivo Field Potentials Recordings and Nerve
Stimulations

Recording of C-fiber—evoked potentials in spinal dorsal
horn was performed according to our previously described
method.?>? Briefly, the rats were anesthetized with urethane
(1.5g/kg, intraperitoneally) and successfully maintained
normal vital signs. The left sciatic nerve or sural nerve was
dissected free for bipolar stimulation with a silver hook
electrode. A laminectomy was performed to expose lum-
bar segments 4 and 5. A- or C-fiber—evoked field potentials
were recorded at a depth of 50 to 400 pm from the dorsal
surface of the spinal cord in ipsilateral lumbar enlargement
with glass electrodes (impedance, 1 to 2 M) in response
to stimulation of sciatic nerve fibers or sural nerve fibers.
An A/D converter card (DT2821-F-16SE, Data Translation,
USA) was used to digitize and collect data at a sampling rate
of 10kHz. Single square pulses (0.5 ms duration in 1-min
intervals) were delivered to the sciatic nerve or sural nerve as
test stimuli. The strength of stimulation was adjusted to 1.5
to 2 times of the threshold for C-fiber response. The ampli-
tudes of C-fiber—evoked field potentials were determined by
long-term potentiation program.'®? In each experiment,
responses to five consecutive test stimuli were averaged. The
mean amplitudes of C-fiber responses before drug or vehicle
application served as baseline. Only one recording was con-
ducted on each animal.
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Patch Glamp Recording in Spinal Slices

Spinal cord slices from 22 rats were prepared as described
previously.”” Briefly, the spinal cord was quickly removed
and immersed in oxygenated (95% O,  and 5% CO,)
cold artificial cerebrospinal fluid (ACSF; in millimolar):
127 NaCl, 3.1 KCI, 1.2 MgCl,, 2.4 CaCl,, 26 NaHCO,,
and 10 glucose, pH 7.3, osmolarity 300 to 310 mOsm/l.
Then, 500-pm thick sagittal spinal L4 to L6 cord slices with
an attached root were cut with a vibratome (DTK-1000,
Dosaka, Japan). Slices were incubated in gassed ACSF for at
least 1h at 32°C. After incubation, an individual slice with
attached dorsal root was transferred to a recording chamber
and continually perfused with oxygenated ACSF solution
at room temperature. The dorsal root was gently led into
the suction electrode. Lamina I to II neurons were visual-
ized using a 60x water-immersion objective on an upright
infrared Nikon microscope (Nikon, Japan). EPC-10 ampli-
fier and the PULSE program (HEKA Electronics, Germany)
were used with pipette (4 to 6 MQ) containing the inter-
nal solution as following (in millimolar): K-gluconate 135,
KCl 5, CaCl, 0.5, MgCl, 2, EGTA 5, HEPES 5, biocytin
5, and Mg-ATP 5. A seal resistance of more than or equal
to 2 GQ and an access resistance of 20 to 35 MCQ were
considered acceptable. The series resistance was optimally
compensated by more than or equal to 70% and constantly
monitored throughout the experiments. Spontaneous EPSC
and dorsal root stimulation—evoked EPSCs were recorded at
the holding potential of -70 mV. Three neurons per slice
were sampled for electrophysiologic recording,.

Immunohistochemistry to Identify the NK1R Neurons in
Lamina |

During the whole cell recording experiment, biocytin was
included in the pipette solution to identify whether the
recorded neurons were projection neurons. After completion
of the recording, the spinal slice was fixed by immersion in
4% paraformaldehyde/phosphate buffer overnight. The sec-
tions were then blocked with 10% normal goat serum in
Tris-Triton buffer and incubated for 72h with rabbit anti-
NKIR (1: 500, Novus, USA). After washing in Tris-buffered
saline, sections were incubated for 24h with a cocktail of
Alexa Fluor 488-coupled goat anti-rabbit IgG (1:800; Jack-
son Immuno Reseach, USA) and Cy3-streptavidin (Invitro-
gen, USA). The stained sections were then examined with a
Zeiss confocal microscope (Zeiss, Germany) equipped with
a Zeiss digital camera (Zeiss).

RNA Extraction and Real-time Quantitative PCR

Total RNA was extracted from the rat dorsal horn tissues
with Trizol reagent (Invitrogen). Reverse transcription was
performed using oligo-dT primer and M-MLV reverse tran-
scriptase (Promega, USA) according to the manufacturer’s
protocol. Specific primers sequences of the examined mRNA
and f-actin for polymerase chain reaction (PCR) reactions
were listed in table 1. Real-time quantitative PCR was

Huang et al.

%20z Iidy 01 uo 3s8nb Aq Jpd'82000-0 00509102/922981/601 LIS/+Z L /4Pd-ajo1e/ABOjoISaUISaUE/LI0D JIeYDIBA|IS ZeSE// )Y WOl papeojumoq

Copyright © 2016, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



Table 1. Specific Primer Sequences

Gene Primer Sequence

CcCL1 Forward  5-AGAAAGCTGCGCCTTAA-3’

Reverse  5-CTCTGGTGCTGGGATGG-3’
TNF-o. Forward  5-GGCCACCACGCTCTTCTGTC-3’
Reverse  5-GGGCTACGGGCTTGTCACTC-3’
IL-18 Forward  5-GGATGATGACGACCTGCTA-3’
Reverse ~ 5-CACTTGTTGGCTTATGTTCTG-3’
IL-6 Forward  5-CCACTGCCTTCCCTACTT-3’
Reverse  5'TTGCCATTGCACAACTCT-3
CX3CL1 Forward 5-CTCCAGCCATCCAGCCATG-3"
Reverse  5-CATTTCGTCATGCCGAGGTG-3’
MCP-1  Forward  5-CATTGTGGCCAAGGAGATCTG-3’
Reverse  5-CTTCGGAGTTTGGGTTTGCTT-3
IL-10 Forward  5-TGGACAACATACTGCTGACAG-3’
Reverse  5-GGTAAAACTTGATCATTTCTGACAAG-3
IFN-y Forward  5-CATCGCCAAGTTCGAGGTGA-3
Reverse ~ 5-CACCGACTCCTTTTCCGCTT-3"
p-Actin  Forward  5-AGGGAAATCGTGCGTGACAT-3’
Reverse  5-GAACCGCTCATTGCCGATAG-3’

IFN = interferon; IL = interleukin; MCP = monocyte chemotactic protein;
TNF = tumor necrosis factor.

performed using SYBR Green qPCR SuperMix (Invitro-
gen) and the ABI PRISM 7500 Sequence Detection System
(USA). The reactions were set up based on the manufacture’s
protocol. PCR reaction conditions were incubation at 95°C
for 3 min followed by 40 cycles of thermal cycling (10s at
95°C, 20s at 58°C, and 105 at 72°C). The relative expression
ratio of mRNA in the spinal tissues was quantified by the
2-AACT method.

Western Blot

Rats were anesthetized with sodium pentobarbital (50 mg/
kg, intraperitoneally) at different time points. The spinal
cord was removed and sectioned in a cryostat. The spinal
dorsal horn punch was taken with a 15-gauge cannula and
frozen at -80°C until used. Samples (about 40 mg) were
homogenized on ice in 15 mmol/l Tris buffer containing a
cockrail of proteinase inhibitors and phosphatase inhibitors.
Protein samples were separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis and transferred onto a
polyvinylidene difluoride membrane. The blots were placed
in the block buffer for 1h at room temperature and incu-
bated with primary antibody against CX3CL1 (1:1000, Tor-
rey Pines Bio Labs), NF-xB p65 (1:1000, Abcam, USA),
phosphorylated NE-xB p65 (Ser311; 1:1000, CST, USA),
acetylated histone H4 (1:1000, Millipore, USA), histone
H4 (1:1000, Millipore), acetylated histone H3 (K9; 1:500,
Abcam), or histone H3 (1:500, Abcam) overnight at 4°C.
‘The blots were then incubated with horseradish peroxidase—
conjugated secondary antibodies. Electrochemiluminescence
(Pierce, USA) was used to detect the immune complex. The

band was quantified with computer-assisted imaging analy-
sis system (Image]; NIH, USA).
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SiRNA Preparation, Transfection, and Screening

Specific siRNAs were applied to targetedly knockdown the
expression of NF-KB p65 as previously described.?® Three
siRNAs targeting rat Rela (NF-xB p65) gene were designed
and synthesized by Ribobio (China). The nucleotide
sequences were as follows: siRNA1: 5-GCAUCCAGAC-
CAACAAUAAdTAT-3" (sense) and 3’-dTdTCGUAG-
GUCUGGUUGUUAUU-5" (antisense); siRNA2: 5’-C
UCAAGAUCUGCCGAGUAAATAT-3"  (sense)  and
3’-dTdTGAGUUCUAGACGG CUCAUU-5" (antisense);
and siRNA3: 5'-GCAGUUCGAUGCUGAUGAAdTdT-3"
(sense) and 3’-dTdTCGUCAAGCUACGACUACUU-5"
(antisense). According to our previous screening test,”® the
siRNA with sequence 1 demonstrated remarkable efficacy
to suppress the expression of NF-xB p65 subunit in the
HBZY-1 cell line and spinal cord 7 vivo. Hence, the syn-
thesized siRNA1 was chosen for the subsequent experiments
in vivo.

Chromatin Immunoprecipitation Assays

Chromatin immunoprecipitation (ChIP) assays were per-
formed using the ChIP Assay Kit (Thermo, USA).?® The
rat L4 to L5 spinal dorsal horns were removed quickly
and placed in 1% formaldehyde for 2 min. The DNA was
fragmented by sonication and digested with micrococcal
nuclease. After the addition of ChIP dilution buffer, 100 pl
samples were saved as input. Eight microliters of NF-xB p65
antibody (Abcam) or acetylated histone H4 antibody (Mil-
lipore) was added to 500 pl precleared chromatin solution,
and the sample was incubated overnight. Immunoprecipi-
tation with control rabbit IgG (Cell Signaling Technol-
ogy, USA) was performed as a negative control. Antibody/
DNA complexes were captured, washed, and eluted, and
the cross-link was reversed. The DNA was purified from the
complexes and input fractions. The precipitated DNA was
resuspended in 60 pl of nuclease-free water, and quantitative
real-time PCR or semiquantitative PCR was performed on
5 pl of samples as described above. ChIP/input ration was
calculated. Primers (5-GCTGCCCTGACCATAAAT-3"
and 5-AGCTGTACGGCACTCACC-3") were designed to
amplify a -1941/-1931 region relative to the transcription
start site of rat ex3c/I promoter, which contains an NF-kB-
binding site.?’

Statistical Analysis

All data were expressed as means + SD and analyzed using
SPSS 13.0 (SPSS, USA). Western blot, reverse transcription
PCR, and electrophysiologic data were analyzed by two-way
ANOVA followed by Tukey post hoc test. For behavioral test,
one-way or two-way ANOVA with repeated measures fol-
lowed by Tukey post hoc test was carried out. The criterion for
statistical significance was P < 0.05. While no power analysis
was performed, the sample size was determined according to
our and peers’ previous publications in painful behavior and
pertinent molecular studies.
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Results single oxaliplatin treatment compared with vehicle group
(fig. 1, D and E). The rapid onset of pain behaviors and
electrophysiologic adaptation suggested that the behavioral
hypersensitivity might result from the central sensitization
directly induced by oxaliplatin in spinal dorsal horn.

To determine whether the oxaliplatin entering the
CNS directly induced central sensitization and nocicep-
tive transmission in the spinal dorsal horn, we detected the

CSF Oxaliplatin Increased Field Potentials in the

Spinal Dorsal Horn and Induced Acute Pain-related
Behavior in Rats

This study showed that a single intraperitoneal administra-
tion of oxaliplatin (4 mg/kg) elicited the rapid development
of pain-related behavior. As shown in figure 1, A and B,

significant decreases in the 50% paw withdrawal threshold . 0unt of oxaliplatin in both CSF and plantar subcutane-
(F=38.56, P<0.01) and paw withdrawal latency (#= 62.89, ous tissue by ICP-MS after a single injection of oxaliplatin
P < 0.01) were detected in 60 min and persisted for at least (4mg/kg, intraperitoneally). The amount of oxaliplatin in
10h after injection of oxaliplatin. We also found that oxali-  CSF was 6.6+0.53nM in 1h (8.7+0.66nM in 2h and
platin with a single intraperitoneal injection significantly 18.4+1.53nM in 6h) and that in plantar subcutaneous
enhanced C-fiber—evoked field potentials in dorsal horn in tissue was 5.5+0.42ng/100 mg tissue in 1h (6.9+0.94ng
60 min with a peak in about 120 min (fig. 1C). As the ther-  in 2h and 19.1+2.08ng in Gh) after a single intraperito-

o
Q
2
S
o
1
Q.
@
Q.
g
3
=3
mal hyperalgesia and mechanical allodynia were mediated ~ neal administration of oxaliplatin (fig. 1, F and G). In view g
by different nerve fibers, we further examined the responses  of a total approximate 580 pl volume of CSF in rats,*® we ¢
N
of sciatic-evoked C- or A-fiber potentials in the spinal dor-  directly applied 38 nM oxaliplatin (the final concentration )
. . . . . . . @
sal horn. The results showed that the amplitude of C- and  after dilution in CSF was similar with the detected concen- g
A-fiber field potentials significantly increased at 60 min after ~ tration in CSF in 1 h after systemic administration) onto the 3
o
El
Q
3
&
a b =
@
@,
53
A B C 8
—O— Naive —¥— Oxal —O— Naive —¥— Oxal ~§
5 —e— Vehicle —e— Vehicle = Ed
525 Z25 £ 351 —o— vVehicle 2
2 20 g § 30 E
e s 20 5 2.5 N
£15 5 z 2.0 &
3 515 e =
£ 10 g o 1.5 =
[ * [ * < 1.0 g
T 5 T Tax owk s T 10 T oxx g *%x g 05 8 ]
é 0 Oxal (4mg/kg, i.p) ; s Oxal (4mg/kg, i.p) 5 0'0 Oxal (4 mgikg, i.p) g
N N Q2 - v =
# 120 0 120 240 360 480 600 § -120 0 120 240 360 480 600 § 20 0 120 240 360 8
Time (mins) Time (mins) Time (mins) §
‘8
Vehicle Oxal Vehicle Oxal g
o
D 7v 1/-/ E 1.45v‘_1\/’ ‘J\/’ F G S
N
\F/ 5
°
3
S 04 S0 wx 5 g
B —O— Vehicle o E —O— Vehicle S 55 £,5 5
s 0.3 { —e— Oxal 5808 —e— oxal £ *k 5 ** &
] T w r
o8 0.2 $8086 g% 5% 3
S0 £804 c 15 15 o
£3 01 EE ] *k = *k -5
E-E <ED.Z E 10 *% 510 - ;
< 0.0 0.0 = 5 2 5 S
2 go : s ] ®
i < © o o0
O 123456789101 0.4 07 10 13 16 1.9 veh 1h 2h 6h veh 1h 2h 6h
Stimulation Intensity (V) Stimulation of Intensity (V)

Fig. 1. A single intraperitoneal administration of oxaliplatin (oxal) induced the pain-related behavior and the increases of sciatic-
evoked C- or A-fiber responses in the spinal dorsal horn. A single intraperitoneal injection of oxal (4 mg/kg) produced significant
mechanical allodynia (A) and thermal hyperalgesia (B), which started at 1h and lasted for at least 10h. n = 12 in each group;
*P < 0.05, **P < 0.01 versus the vehicle (veh) group. (C) Long-term potentiation of C-fiber—evoked field potentials in the spinal
cord was induced after oxal treatment (4 mg/kg, intraperitoneally [i.p.]). n = 12 in each group. Traces at top were recorded before
(@) and 120 min after (b) oxal application. (D) The stimulus-response curves of the C-fiber-evoked field potentials. Traces at top
were the representative original recordings of spinal C-fiber—evoked field potentials on stimulus intensity of 7V after veh or oxal
treatment. n = 12 in each group; *P < 0.05, **P < 0.01 versus the veh group. (E) Single oxal treatment significantly increased the
amplitude of A-fiber-evoked field potential. Traces at top were the representative original recordings of spinal A-fiber-evoked
field potentials on stimulus intensity of 1.45V after veh or oxal treatment. n = 12 in each group; *P < 0.05, *™P < 0.01 versus the
veh group. The amount of oxal in cerebrospinal fluid (CSF) (F) and plantar subcutaneous tissue (G) at 1, 2, and 6 h after injection
of oxal (4mg/kg, intraperitoneally). n = 6 in each group; **P < 0.01 versus the veh group.
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spinal dorsal surface, and the alterations of field potentials
and pain behavior were examined. The results showed that
the application of oxaliplatin directly onto the spinal dor-
sal surface at the detected amount in CSF (38 nM, 100 pl)
significantly enhanced the field potentials in dorsal horn.
At 60 min after oxaliplatin application, the potentiation of
C-fiber—evoked field potentials was 145.36+17.35% com-
pared to the baseline. The potentiation reached maximum in
120 min and remained at high level until the end of experi-
ments (fig. 2A). Behavioral analysis also showed that oxalipl-
atin by intrathecal injection (380 nM in 10 pl) decreased the
50% withdrawal threshold (fig. 2B) and withdrawal latency
(fig. 2C). Recent study showed that intraplantar administra-
tion of higher dose of oxaliplatin (1 or 40 pg) can induce
hyperalgesia.>!*> Our results showed that intraplantar injec-
tion of oxaliplatin at the detected concentration in plantar
subcutaneous tissue (20ng in 10 pl) did not show obvious
effect on the 50% withdrawal threshold compared with
the vehicle group (fig. 2D). Consistent with the behavioral
finding, intraplantar injection of oxaliplatin (20 ng in 10pul)
did not change the field potentials in dorsal horn (fig. 2E).
Furthermore, to rule out the disturbance of the tibial nerve
and the gastrocnemius-soleus nerve,’> we recorded the
C-fiber—evoked field potential by electrical stimulation of
the sural nerve. The results showed that C-fiber—evoked field

potentials by electrical stimulation of the sural nerve did not

CSF Oxaliplatin Mediated Pain-related Behavior

change in the rats with intraplantar injection of oxalipla-
tin (20ng in 10 pl; fig. 2F). These results implied that the
oxaliplatin entering the CNS, but not that distributed in the
plantar subcutaneous tissue, played an important role in the
induction of rapid onset of central sensitization and pain-
related behavior.

Up-regulation of CX3CL1 Contributes to Pain-related
Behavior and CGentral Sensitization Induced by Systemic
Administration of Oxaliplatin

In view of the pivotal role of neuroinflammation in the

34 we here

induction of central sensitization and hyperalgesia,
determined whether oxaliplatin-induced central sensitization
and behavioral hypersensitivity were mediated by regulat-
ing the expression of cytokine and chemokines. The results
showed that a single intraperitoneal treatment of oxaliplatin
induced significant increase in the mRNA levels of several
surveyed cytokines including monocyte chemotactic pro-
tein 1, interleukin-6, CX3CL1, interferon-y, tumor necrosis
factor-a, and interleukin-1{ at different time points, respec-
tively (fig. 3A). Among these cytokine/chemokines, CX3CL1
underwent a significant dynamic change, which was coinci-
dent with behavioral hypersensitivity induced by oxaliplatin.
Considering its critical role in the central sensitization and
neuropathic pain,® including paclitaxel-induced neuropathic
pain,?® subsequent investigation was carried out to study the

—&— Oxal —O— Vehicle —O— Naive —¥— Oxal —@— Vehicle —O— Naive —¥— Oxal —@— Vehicle

835 o25 ONES
v 3.0 = by
@ 220 S 20
c 2.5 » -
2 20 £1s 3
o = ; 15
2 =
3 1.5 ; 10 % ® 'T *
'g 1.0 g 5 /T *k *% % 2 10 ik *k *k
> 0.5 £
; 0.0 Oxal (38 nM, 100 pl) § o | Oxal (380 nM, 10 pl, i.t) § Oxal (380 nM, 10 ul, i.t)
-;E -120 0 120 240 360 2 -120 0 120 240 360 480 600 é_“ -120 0 120 240 360 480 600
0 ©
o Time (mins) o Time (mins)
—O— Naive —¥— Vehicle —@— Oxal —&— Oxal —O— Vehicle —&— Oxal —O— Vehicle
= —_ = sural nerve
=2 < 35 < 35

25 - e
% @ 3.0 S 3.0
= (7] "
S 20 2 25 £ 25
o ) g_
£ 15 & 2.0 2 2.0
- e 45 e,
g 10 s g 1°
s 0 £ 10 < 1.0
i r3 o
2 . 305 & 0.5
; Oxal (20ng, 10 yl, i.pl.) 50 Oxal (20ng, 10 yl, i.pl.) 5 00 Oxal (20ng, 10 pl, i.pl.)

+ o 0 F . ¥

3 -120 0 120 240 360 480 600 g -120 0 120 240 360 ;‘% -120 0 120 240 360
& Time (mins) o Time (mins) o Time (mins)

Fig. 2. Local application of oxaliplatin (oxal) induced the long-term potentiation in dorsal horn and pain-related behavior. (A) After
basal threshold was determined, local bath application of oxal (38nM in 100 pl) to the spinal cord surface was carried out, and
C-fiber—evoked field potentials began to increase at 60min and lasted for 6h. n = 12 in each group. (B) Intrathecal (i.t.) injection
of oxal (380nM in 10 pl) induced significant mechanical allodynia. n = 12 in each group; *P < 0.01, *P < 0.01 versus the vehicle
group. (C) Paw withdrawal latency was significantly decreased after i.t. injection of oxal (380nM in 10 pl). n = 12 in each group;
*P < 0.01, *™P < 0.01 versus the vehicle group. (D) Intraplantar injection of oxal (20ng in 10 pl) had no effect on mechanical with-
drawal threshold. n = 12 in each group. (E) Intraplantar injection of oxal (20ng in 10 pl) had no effect on the C-fiber-evoked field
potentials in the dorsal horn. n = 12 in each group. (F) Intraplantar injection of oxal (20ng in 10 pl) had no effect on the C-fiber—evoked
field potentials in the spinal cord by electrical stimulation of the sural nerve. n = 12 in each group. i.pl. = intraperitoneally.
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Fig. 3. Increased CX3CL1 in the dorsal horn mediated oxaliplatin (oxal)-induced long-term potentiation (LTP) and pain-related
behavior. (A) mRNA levels of cytokines/chemokines in the spinal dorsal horn after single oxal treatment (4 mg/kg, intraperitone-
ally). n = 6 in each group; *P < 0.05, **P < 0.01 versus vehicle (veh) group. (B) Expression of CX3CL1 protein began to increase at
60 min after oxal treatment (4 mg/kg, intraperitoneally) and lasted for 600 min. n = 6 in each group; **P < 0.01 versus veh group.
(C) Local application of CX3CL1 (2 pg in 100 pl) induced LTP in the spinal dorsal horn. n = 12 in each group. (D) Local application
of CX3CL1 neutralizing antibody (10 pg in 100 pl) on the spinal cord blocked LTP induced by the intraperitoneal injection of oxal.
n =12 in each group. (E, F) Intrathecal injection of CX3CL1 neutralizing antibody (10 pg in 10 pl) blocked oxal-induced mechani-
cal allodynia (E) and thermal hyperalgesia (F). n = 12 in each group; *P < 0.05, **P < 0.01 versus veh group. IFN = interferon; IL =
interleukin; i.pl. = intraperitoneally; MCP = monocyte chemotactic protein; TNF = tumor necrosis factor.

role of CX3CLLI in the oxaliplatin-induced central sensitiza-
tion and pain-related behavior. Consistent with the change
of CX3CL1 mRNA, oxaliplatin also induced an increase in
the CX3CL1 protein expression in the spinal dorsal horn
at 60 min, which maintained till the end of the experiment
(10h) when compared with the vehicle group (fig. 3B).

To define the role of CX3CL1 in oxaliplatin-induced
central sensitization and pain-related behavior, we first
observed whether the application of CX3CLI onto the
spinal dorsal surface can induce the potentiation of noci-
ceptive transmission. The results showed that markedly
increased field potentials in the dorsal horn were evoked
by CX3CL1 (2 pg, fig. 3C), mimicking the spinal plastic-
ity induced by oxaliplatin. Local spinal application with
neutralizing antibody against CX3CL1 (10 pg/100 pl), but
not IgG (10 pg/100 pl), significantly inhibited the oxali-
platin (4 mg/kg, intraperitoneally)-induced increase of field
potentials in dorsal horn (fig. 3D). Consistently, intrathe-
cal injection of CX3CLI neutralizing antibody, but not
IgG, also attenuated acute mechanical allodynia (fig. 3E)
and thermal hyperalgesia (fig. 3F) induced by oxaliplatin
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(4 mg/kg, intraperitoneally). Intrathecal injection of neu-
tralizing antibody alone had no effect on the pain-related
behavior in the naive rats (fig. 3, E and F). These findings
suggested that increased expression of CX3CL1 substantially
contributed to the spinal sensitization and painful behavior
induced by oxaliplatin in the rodent model.

CSF Oxaliplatin Increased the CX3CL1 Expression and
Excitability of the NK1R+ Project Neurons of Spinal
Lamina |

Spinal lamina I projection neurons play a major role in the
processing and integration of peripheral nociceptive informa-
tion that is relayed to supraspinal brain regions. To further
define the mechanism underlying the increased efficiency of
synaptic transmission induced by local application of oxali-
platin, we examined the potential involvement of CX3CL1
signaling in the spinal plasticity and painful behavior induced
by local application of oxaliplatin. First, the results showed a
significantly increased expression of CX3CL1 in the spinal
cord slices incubated with oxaliplatin (6.6nM) for 1 and 2h
(fig. 4A). Next, we performed whole cell recording on the
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lamina I projection neurons in spinal cord slices with attached
dorsal root to examine the involvement of CX3CL1 signaling
in the central sensitization induced by oxaliplatin. The results
showed that amplitude of C-response elicited by dorsal roots
C-fiber stimulation in the lamina I NKIR+ projection neurons
was significantly increased after oxaliplatin (6.6 nM) incubation
for 1h (fig. 4B). Moreover, amplitude, but not the frequency,
of spontaneous excitatory postsynaptic currents (SEPSCs) was
significantly increased in the surveyed NK1R+ neurons in the
spinal cord slices incubated with oxaliplatin (fig. 4C). Further-
more, our results also showed that incubation of spinal cord
slices with CX3CL1 (2 pg) for 1h significantly increased the
amplitude of C-response of NKI1R+ projection neurons elic-
ited by dorsal roots C-fiber stimulation (fig. 3B). We also
found that incubation of the slices with CX3CL1 neutralizing
antibody (10 pg) significanty attenuated the enhancement
of dorsal root stimulation—elicited evoked excitatory post-
synaptic currents (eEPSC) induced by oxaliplatin (fig. 4B).
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Meanwhile, CX3CL1 incubation significantly increased the
amplitude of sEPSCs, and inhibition of CX3CL1 with neu-
tralizing antibody significantly attenuated the increases of
sEPSCs amplitude induced by oxaliplatin (fig. 4C). Note that
NKI1R+ projection neurons of spinal lamina I were afterward
confirmed by immunohistochemistry results that the recorded
biocytin-positive cells were colocalized with the NKIR-
positive cells (fig. 4D). These results further suggested the critical
involvement of CX3CL1 signaling in the enhanced excitatory
synaptic transmission in dorsal horn induced by oxaliplatin.

NF-xB p65 Mediated Pain-related Behavior and Increase
of Field Potentials via Up-regulation of CX3CL1 after
Oxaliplatin Treatment

NF-kB, an important transcriptional factor, regulates the
expression of many cytokines and chemokines.’® Next,
we determined whether NF-kB signaling participated in
the oxaliplatin-induced pain-related behavior and central
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Fig. 4. CX3CL1 mediated the enhanced synaptic transmission. (A) Up-regulation of CX3CL1 in spinal cord slice was induced
after incubation of oxaliplatin (oxal) (6.6 nM) for 1 and 2h. n = 8 in each group; **P < 0.01 versus vehicle (veh) group. (B) Inhibition
of CX3CL1 with neutralizing antibody attenuated the increase of evoked excitatory postsynaptic currents amplitude in the spinal
slices after oxal incubation (6.6 nM). n = 31 in each group; **P < 0.01 versus veh group, ##P < 0.01 versus oxal group. (C) CX3CL1
neutralizing antibody inhibited the increase of amplitude, but not frequency, of spontaneous excitatory postsynaptic currents
(SEPSCs) in the spinal slices after oxal incubation (6.6 nM). n = 28 in each group; **P < 0.01 versus veh group; ##P < 0.01 versus
oxal group. (D) Projection neurons in the spinal lamina | were identified by intracellular biocytin labeling and immunohistochem-
istry for neurokinin 1 receptor (NK1R) after electrophysiologic study.
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sensitization via upregulating CX3CL1 expression. First,
the expression of NF-kB p65 phosphorylated at Ser311 was
significantly increased at 30 min and persisted to the end
point of the experiment (10h) after a single intraperitoneal
oxaliplatin injection (fig. 5A). Electrophysiologic results
showed that pretreatment of NF-kB p65 inhibitor PDTC
(200ng in 100 pl), but not vehicle, onto the spinal dor-
sal surface significantly prevented the oxaliplatin-induced
increase of field potentials (fig. 5B). Furthermore, pretreat-
ment of siRNA targeting NF-xB p65 (50 pg in 100 pl),
but not scramble RNA, by direct application onto the spinal
dorsal surface also prevented the increase of field potentials
induced by single intraperitoneal treatment of oxaliplatin
(fig. 5C). Consistently, intrathecal administration of PDTC
(200ng in 10 pl) or specific p65 siRNA (50 pg in 10 pl)
significantly inhibited oxaliplatin-induced acute mechani-

cal allodynia (fig. 5D) and thermal hyperalgesia (fig. SE).

—O— Veh + Oxal

Meanwhile, intrathecal injection of PDTC (200 ng in 10 pl)
or specific p65 siRNA (50 pg in 10 pl) significantly reduced
the up-regulation of CX3CLI protein (fig. 5F) and mRNA
(fig. 5G) in the spinal dorsal horn at 10h after the treat-
ment with oxaliplatin. These results suggested that up-regu-
lation of CX3CL1 induced by oxaliplatin was dependent on
NF-kB p65 signaling pathway.

Oxaliplatin Increased NF-x B p65-mediated Histone H4
Acetylation in the cx3cl1 Promoter Region

Upon activation of NF-kB pathway, NF-kB p65 can bind
to the promoter regions and modify the acetylation of his-
tones,””?® thereby facilitating the expression of target genes.
Therefore, we determined whether treatment with oxali-
platin promoted the binding of NF-kB p65 to the ex3c/l
promoter in the dorsal horn using ChIP-PCR assay. A
potent binding site administration of NF-kB p65 in the
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Fig. 5. Activation of transcriptional factors such as nuclear factor (NF)-kB p65 was involved in oxaliplatin (oxal)-induced long-
term potentiation (LTP) and pain-related behavior through modulating CX3CL1 signaling in the dorsal horn. (A) Phosphorylation
of NF-xB p65 was increased after single oxal treatment. n = 6 in each group; **P < 0.01 versus vehicle (veh) group. Pretreatment
with intrathecal ammonium pyrrolidinedithiocarbamate (PDTC) (B) or p65 siRNA (C) 30 min before oxal administration blocked
the induction of spinal LTP compared with oxal-treated group. n = 12 in each group. (D) Inhibition of NF-kB signaling pathway
by PDTC or siRNA attenuated oxal-induced acute mechanical allodynia. n = 12 in each group; *P < 0.01, **P < 0.01 versus
oxal group. (E) Inhibition of NF-kB signaling pathway by PDTC or siRNA attenuated oxal-induced acute thermal hyperalgesia.
n = 12 in each group; “P < 0.05, **P < 0.01 versus oxal group. Pretreatment with intrathecal PDTC (F) or p65 siRNA (G) re-
duced the up-regulation of CX3CL1 protein and mRNA induced by oxal. n = 12 in each group; **P < 0.01 versus oxal group.

i.p. = intraperitoneally.
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ex3cll gene at position -1941/-1931 was firstly identified
using TFSEARCH and JASPAR database. Then the DNA
precipitated by the NF-xB p65 antibody was subjected to
PCR with the primers designed to amplify a 162-bp frag-
ment (-2029/-1867) of the ex3c/l promoter flanking the
NF-xB-binding site. The results showed that the recruit-
ment of p65 to the ex3c/I promoter in the dorsal horn was
significantly increased after oxaliplatin treatment at 60 and
600 min compared with vehicle group by semiquantitative
(fig. 6A) and quantitative real-time PCR analysis (fig. 6B).
Next, we examined whether treatment with oxaliplatin may
modify histone acetylation in the ex3c/I promoter region.
The western blotting results showed that global acetylation
of H4 in the dorsal horn was significantly increased at 60
and 600 min after application of oxaliplatin (fig. 6C). No
alteration of acetylation of H3 (K9) was detected (fig. 6D).
For ChIP assay, the DNA precipitated by the acetylated H4
antibody was used for PCR analysis, and the ex3c/l pro-
moter region flanking the NF-kB-binding site was ampli-
fied. The results showed that the level of H4 acetylation
on the ex3cll gene promoter was enhanced at 60 min after
treatment with oxaliplatin (fig. 6E). Furthermore, the effect
of oxaliplatin on H4 acetylation in ex3c/I promoter region
was reduced by intrathecal administration of PDTC or p65
siRNA (fig. 6E). Taken together, these results indicated that
treatment with oxaliplatin remarkably increased the binding

CSF Oxaliplatin Mediated Pain-related Behavior

of NF-xB and H4 acetylation in ex3c/I promoter region,
thus potentially contributing to the CX3CL1 up-regulation
induced by oxaliplatin.

Discussion

The painful neuropathy induced by chemotherapeutic drugs
is generally thought to result from their indirect and chronic
toxicities on the nervous system. Our studies, for the first
time, demonstrated that chemotherapeutic drugs cross-
ing the BBB in the CSF directly affected the normal func-
tion of central neurons in the model of oxaliplatin-induced
acute neuropathy. The results showed that concentration of
oxaliplatin in CSF gradually increased in a time-dependent
manner after a single intraperitoneal administration, and
intrathecal application of the mimicked amount of oxalipla-
tin in CSF (6.6nM) to the lumbar spinal cord induced the
sensitization of nociceptive synaptic transmission, mechani-
cal allodynia, and thermal hyperalgesia. Incubation with
oxaliplatin (6.6nM) significantly increased the eEPSC and
sEPSCs in the NKI1R+ projection neurons of lamina I in
the spinal cord slices. Meanwhile, injection of a low dose
of oxaliplatin into the plantar subcutaneous tissue failed to
alter the spinal field potentials after stimulation of sciatic
nerve or sural nerve and pain-related behavior. This study
also revealed that application of oxaliplatin substantially
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Fig. 6. Treatment with oxaliplatin enhanced nuclear factor (NF)-xB p65-dependent acetylation of histone H4 on the cx3c/1 pro-
moter region. Semiquantitative (A) and quantitative real-time polymerase chain reaction (B) showed the increased recruitment
of NF-xB p65 to the cx3c/1 gene promoter in oxaliplatin (oxal) group by chromatin immunoprecipitation (ChIP) assays. n = 8 in
each group; **P < 0.01 versus vehicle (veh) group. Treatment with oxal significantly increased the global acetylation of histone H4
(C), but not H3 K9 (D), in the dorsal horn. n = 8 in each group; **P < 0.01 versus veh group. (E) ChIP assay was performed with
acetylated H4 antibody or IgG. Increased acetylation of histone H4 on the cx3cl1 promoter region flanking NF-xB p65 binding
site was reduced by ammonium pyrrolidinedithiocarbamate (PDTC) or p65 siRNA in the rats with oxal treatment. n = 8 in each
group; **P < 0.01 versus veh group, ##P < 0.01 versus oxal group.
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upregulated the expression of CX3CL1 and NF-kB p-p65
in the dorsal horn of the intact animals or spinal slices, and
inhibition of CX3CL1/p-p65 remarkably prevented the cen-
tral sensitization 7 vivo and in vitro and acute pain-related
behaviors induced by oxaliplatin. Further, ChIP assay dem-
onstrated that inhibition of NF-xB with PDTC or siRNA
significantly decreased the recruitment of NF-kB p65 and
H4 acetylation in the ex3¢/l promoter region and suppressed
the upsurge of CX3CL1 expression induced by oxaliplatin.
These findings suggested that the oxaliplatin entering CNS
directly upregulated CX3CL1 expression by increasing the
NF-xB p65 binding and H4 acetylation in the ex3c/l pro-
moter region, thus contributing to the increased efficiency of
spinal nociceptive synaptic transmission and the emergence
of acute pain-related behavior.

While some chemotherapeutic drugs, such as oxaliplatin
or paclitaxel, have limited BBB permeability,!"1234 clinical
or animal studies show that these chemotherapeutic drugs
can induce the acute or chronic encephalopathy.”®4! Previ-
ous studies showed that oxaliplatin induced serious acute
and chronic painful neuropathy.? It is generally accepted
that axonopathy in peripheral nerves due to the damage of
DRG plays an important role in oxaliplatin-induced chronic
painful neuropathy.®>%* However, oxaliplatin-induced acute
painful behavior may appear immediately after the first
injection,® while axonopathy unlikely occurs in such a short
time. In this study, a low concentration of oxaliplatin in
the CSF was detected at 1 h and peaked at 6h after a single
systemic administration (intraperitoneally). Actually previ-
ous studies also reported the detectable oxaliplatin in CSF
after systemic administration of oxaliplatin (intravenously)
IL12 while the time courses varied
possibly due to the difference in the species and the delivery
method of agent. Moreover, local spinal application of oxali-
platin (6.6nM) rapidly enhanced field potentials in dorsal
horn neurons and induced the pain-related behaviors, which
was similar with those after the single systemic administra-

in nonhuman primates,

tion. Recent study showed that intraplantar administration
of large dose of oxaliplatin (1 or 40 pg) significantly induced
3132 suggesting that periph-
eral mechanism might participate in the oxaliplatin-induced

acute hyperalgesia in the rodents,

acute neuropathy. However, this study showed a remark-
ably lower dose of oxaliplatin (20 ng/100 mg tissue) in the
plantar subcutaneous tissue after a single systemic adminis-
tration of oxaliplatin with the routine dose (4 mg/kg). Fur-
thermore, intraplantar administration of oxaliplatin at the
detected dose (20 ng) did not change field potentials in dor-
sal horn neurons and pain-related behavior in the rodents.
Therefore, our results provided the evidences that acute
neuropathy induced by single systemic injection of oxali-
platin with routine dose might not be critically associated
with the peripheral mechanism. Furthermore, incubation of
oxaliplatin (6.6 nM) significantly increased the amplitude of
eEPSC and sEPSCs of NK1R+ projection neurons in spinal
cord slices, indicating that oxaliplatin entering the CNS can
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directly sensitize the projection neurons in the lamina I. A
significant accumulation of oxaliplatin in dorsal root gangli-
ons after systemic administration is well demonstrated. 47
While it is somehow unlikely that oxaliplatin in DRG may
significantly induce sensitization of spinal neurons and pain-
ful behavior in a short time (1 h), we cannot exclude the pos-
sible involvement of oxaliplatin-induced DRG damage in
the emergence of acute neuropathy induced by oxaliplatin.
Besides, an acute thermal hyperalgesia was observed in the
rats receiving oxaliplatin, implying that a potential sensiti-
zation of nociceptor, possibly the central terminal in dorsal
horn, cannot be excluded. Although this study remained
underdeveloped, these evidences indicated that the CSF
oxaliplatin may directly affect the activity of dorsal horn
neurons and mediate the emergence of acute painful behav-
ior after the systemic administration of oxaliplatin.

Our study also showed that treatment with oxalipla-
tin significantly upregulated the expression of chemokines
CX3CL1 and p-p65 in the dorsal horn, and inhibition of
NF-xB p65/CX3CL1 signaling pathway markedly prevented
the central sensitization and pain-related behavior induced
by oxaliplatin. This study found that incubation of oxalipla-
tin with a mimicked dose (6.6 nM) significantly increased the
expression of CX3CLI in the spinal cord slices. It was previ-
ously reported that intrathecal injection of CX3CL1 induced
a delayed pain behavior.*® Here, we further found that block-
ade of CX3CLI signaling with the neutralizing CX3CL1
antibody largely inhibited the increase of eEPSC and sEPSCs
amplitude in NKI1R+ projection neurons induced by oxali-
platin. Furthermore, we also found that inhibition of NF-xB
p65 with PDTC or specific siRNA significantly prevented
the up-regulation of CX3CLI1 and pain-related behavior
induced by oxaliplatin. Similarly, we previously reported that
treatment with paclitaxel also induced NF-xB p65-mediated
epigenetic up-regulation of CX3CL1 in the dorsal horns,
thus contributing to the mechanical allodynia induced by
systemic administration of paclitaxel.?® This study further
demonstrated that the low concentration of chemotherapeu-
tic agents, e.g., oxaliplatin, crossing the BBB exhibited the
sufficient potency to induce such epigenetic modification and
central sensitization in dorsal horn and pain behavior. Recent
studies showed that oxaliplatin, a DNA-damaging agent, acti-
vated NF-xB through acting on protein IkB kinase (IKK)-y
in normal cells and tissues.*’-! In addition to their affinity
for DNA, platinum analogs or metabolites may undergo
spontaneous chemical reactions and irreversibly bind to pro-
tein and low-molecular-weight nucleophiles. These protein-
bound and low-molecular-weight platinum complexes might
contribute to the toxic effect of these drugs.“’52 Altogether,
our data strongly suggested that oxaliplatin entering the CNS
may directly activate the NF-kB/CX3CL1 pathway and con-
sequently affect the normal function of central neurons and
mediate the pain-related behaviors.

In general, this study, for the first time, reported that
oxaliplatin entering the CNS directly activated the NF-xB/
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CX3CLI signaling pathway and consequently upregulated
the excitability of NKIR projection neurons and contrib-
uted to the acute painful neuropathy induced by systemic
administration of oxaliplatin. Our findings revealed a novel
mechanism for chemotherapy-induced acute painful behav-
ior and proposed the potential targets for the development
of interventions to prevent acute CNS-related symptoms,
such as acute painful neuropathy or encephalopathy, during
chemotherapy in the cancer patients.

Acknowledgments

The authors thank Professor Mark P. Mattson from the National
Institute on Aging, Baltimore, Maryland, for editing the draft.

This study was funded by National Natural Science Foun-
dation of China (31171034, 81271474, 81300966, 81171469,
and U1201223), Fundamental Research Funds for the Cen-
tral Universities, China (15ykjc04b), Program for New Cen-
tury Excellent Talents in University, China (NCET-12-0568),
and Science and Technology Project in Guangzhou, China
(2014J4100180) from Science and Information Technology
of Guangzhou, China.

Competing Interests
The authors declare no competing interests.

Correspondence

Address correspondence to Dr. Xin: Department of Physiol-
ogy and Pain Research Center, Zhongshan Medical School
of Sun Yat-Sen University, Guangzhou, Guangdong, People’s
Republic of China. xinwj@mail.sysu.edu.cn. Information on
purchasing reprints may be found at www.anesthesiology.
org or on the masthead page at the beginning of this issue.
AnestHesiology’s articles are made freely accessible to all
readers, for personal use only, 6 months from the cover date
of the issue.

References

1. Hershman DL, Lacchetti C, Dworkin RH, Lavoie Smith EM,
Bleeker J, Cavaletti G, Chauhan C, Gavin P, Lavino A, Lustberg
MB, Paice J, Schneider B, Smith ML, Smith T, Terstriep S, Wagner-
Johnston N, Bak K, Loprinzi CL: Prevention and management
of chemotherapy-induced peripheral neuropathy in survivors
of adult cancers: American Society of Clinical Oncology clinical
practice guideline. J Clin Oncol 2014; 32:1941-67

2. Miltenburg NC, Boogerd W: Chemotherapy-induced neu-
ropathy: A comprehensive survey. Cancer Treat Rev 2014;
40:872-82

3. Holmes J, Stanko J, Varchenko M, Ding H, Madden VJ,
Bagnell CR, Wyrick SD, Chaney SG: Comparative neurotox-
icity of oxaliplatin, cisplatin, and ormaplatin in a Wistar rat
model. Toxicol Sci 1998; 46:342-51

4. Han Y, Smith MT: Pathobiology of cancer chemotherapy-
induced peripheral neuropathy (CIPN). Front Pharmacol
2013; 4:156

5. Nieto Y, Cagnoni PJ, Bearman SI, Shpall EJ, Matthes S,
DeBoom T, Baron A, Jones RB: Acute encephalopathy: A new
toxicity associated with high-dose paclitaxel. Clin Cancer Res
1999; 5:501-6

6. Femia G, Hardy TA, Spies JM, Horvath LG: Posterior revers-
ible encephalopathy syndrome following chemotherapy with
oxaliplatin and a fluoropyrimidine: A case report and litera-
ture review. Asia Pac J Clin Oncol 2012; 8:115-22

Anesthesiology 2016; 124:1109-21 1120

10.

11.

12.

13.

14.

15.

10.

17.

18.

19.

20.

21.

22.

23.

24.

CSF Oxaliplatin Mediated Pain-related Behavior

. Guastalla JP III, Diéras V: The taxanes: Toxicity and quality

of life considerations in advanced ovarian cancer. Br J Cancer
2003; 89(suppl 3):516-22

. Pachman DR, Qin R, Seisler DK, Smith EM, Beutler AS, Ta

LE, Lafky JM, Wagner-Johnston ND, Ruddy KJ, Dakhil S,
Staff NP, Grothey A, Loprinzi CL: Clinical course of oxali-
platin-induced neuropathy: Results from the random-
ized phase III trial NO8CB (alliance). J Clin Oncol 2015;
33:3416-22

. Joseph EK, Levine JD: Comparison of oxaliplatin- and cispl-

atin-induced painful peripheral neuropathy in the rat. J Pain
2009; 10:534-41

Zhao M, Isami K, Nakamura S, Shirakawa H, Nakagawa T,
Kaneko S: Acute cold hypersensitivity characteristically
induced by oxaliplatin is caused by the enhanced respon-
siveness of TRPA1 in mice. Mol Pain 2012; 8:55

Jacobs SS, Fox E, Dennie C, Morgan LB, McCully CL, Balis
FM: Plasma and cerebrospinal fluid pharmacokinetics of
intravenous oxaliplatin, cisplatin, and carboplatin in nonhu-
man primates. Clin Cancer Res 2005; 11:1669-74

Jacobs S, McCully CL, Murphy RF, Bacher J, Balis FM, Fox
E: Extracellular fluid concentrations of cisplatin, carboplatin,
and oxaliplatin in brain, muscle, and blood measured using
microdialysis in nonhuman primates. Cancer Chemother
Pharmacol 2010; 65:817-24

Guo P, Ma J, Li S, Gallo JM: Determination of paclitaxel in
mouse plasma and brain tissue by liquid chromatography-
mass spectrometry. ] Chromatogr B Analyt Technol Biomed
Life Sci 2003; 798:79-86

Woolf CJ, Salter MW: Neuronal plasticity: Increasing the gain
in pain. Science 2000; 288:1765-9

Sandkiihler J: Understanding LTP in pain pathways. Mol Pain
2007; 3:9

Liu X, Sandkiihler J: Characterization of long-term potentia-
tion of C-fiber-evoked potentials in spinal dorsal horn of adult
rat: Essential role of NK1 and NK2 receptors. ] Neurophysiol
1997; 78:1973-82

Mantyh PW, Rogers SD, Honore P, Allen BJ, Ghilardi JR, Li J,
Daughters RS, Lappi DA, Wiley RG, Simone DA: Inhibition of
hyperalgesia by ablation of lamina I spinal neurons express-
ing the substance P receptor. Science 1997; 278:275-9
Nichols ML, Allen BJ, Rogers SD, Ghilardi JR, Honore P,
Luger NM, Finke MP, Li J, Lappi DA, Simone DA, Mantyh
PW: Transmission of chronic nociception by spinal neu-
rons expressing the substance P receptor. Science 1999;
286:1558-61

Marshall GE, Shehab SA, Spike RC, Todd AJ: Neurokinin-1
receptors on lumbar spinothalamic neurons in the rat.
Neuroscience 1996; 72:255-63

Xu JT, Xin WJ, Wei XH, Wu CY, Ge YX, Liu YL, Zang Y, Zhang
T, Li YY, Liu XG: p38 activation in uninjured primary afferent
neurons and in spinal microglia contributes to the develop-
ment of neuropathic pain induced by selective motor fiber
injury. Exp Neurol 2007; 204:355-65

Weng HR, Cordella JV, Dougherty PM: Changes in sensory
processing in the spinal dorsal horn accompany vincristine-
induced hyperalgesia and allodynia. Pain 2003; 103:131-8
Liu CC, Lu N, Cui Y, Yang T, Zhao ZQ, Xin WJ, Liu XG:
Prevention of paclitaxel-induced allodynia by minocycline:
Effect on loss of peripheral nerve fibers and infiltration of
macrophages in rats. Mol Pain 2010; 6:76

Hargreaves K, Dubner R, Brown F, Flores C, Joris J: A new
and sensitive method for measuring thermal nociception in
cutaneous hyperalgesia. Pain 1988; 32:77-88

Morrison JG, White P, McDougall S, Firth JW, Woolfrey SG,
Graham MA, Greenslade D: Validation of a highly sensitive
ICP-MS method for the determination of platinum in bio-
fluids: Application to clinical pharmacokinetic studies with
oxaliplatin. ] Pharm Biomed Anal 2000; 24:1-10

Huang et al.

%20z Iidy 01 uo 3s8nb Aq Jpd'82000-0 00509102/922981/601 LIS/+Z L /4Pd-ajo1e/ABOjoISaUISaUE/LI0D JIeYDIBA|IS ZeSE// )Y WOl papeojumoq

Copyright © 2016, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.


mailto:xinwj@mail.sysu.edu.cn
http://www.anesthesiology.org
http://www.anesthesiology.org

PAIN MEDICINE

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

Anesthesiology 2016; 124:1109-21

Liu XG, Sandkiihler J: Long-term potentiation of C-fiber-
evoked potentials in the rat spinal dorsal horn is prevented
by spinal N-methyl-D-aspartic acid receptor blockage.
Neurosci Lett 1995; 191:43-6

Gong QJ, Li YY, Xin WJ, Zang Y, Ren WJ, Wei XH, Li YY,
Zhang T, Liu XG: ATP induces long-term potentiation of
C-fiber-evoked field potentials in spinal dorsal horn: The
roles of P2X4 receptors and p38 MAPK in microglia. Glia
2009; 57:583-91

Huang ZZ, Li D, Liu CC, Cui Y, Zhu HQ, Zhang WW, Li YY,
Xin WJ: CX3CL1-mediated macrophage activation contributed
to paclitaxel-induced DRG neuronal apoptosis and painful
peripheral neuropathy. Brain Behav Immun 2014; 40:155-65

Li D, Huang ZZ, Ling YZ, Wei JY, Cui Y, Zhang XZ, Zhu
HQ, Xin WJ: Up-regulation of CX3CL1 via nuclear factor-
kB-dependent histone acetylation is involved in paclitaxel-
induced peripheral neuropathy. ANESTHEsIOLOGY 2015;
122:1142-51

Bhavsar PK, Sukkar MB, Khorasani N, Lee KY, Chung KF:
Glucocorticoid suppression of CX3CL1 (fractalkine) by
reduced gene promoter recruitment of NF-kappaB. FASEB ]
2008; 22:1807-16

Lai YL, Smith PM, Lamm WJ, Hildebrandt J: Sampling and anal-
ysis of cerebrospinal fluid for chronic studies in awake rats. J
Appl Physiol Respir Environ Exerc Physiol 1983; 54:1754-7
Joseph EK, Chen X, Bogen O, Levine JD: Oxaliplatin acts
on IB4-positive nociceptors to induce an oxidative stress-
dependent acute painful peripheral neuropathy. J Pain 2008;
9:463-72

Deuis JR, Zimmermann K, Romanovsky AA, Possani LD,
Cabot PJ, Lewis RJ, Vetter I: An animal model of oxaliplatin-
induced cold allodynia reveals a crucial role for Nav1.6 in
peripheral pain pathways. Pain 2013; 154:1749-57
Decosterd I, Woolf CJ: Spared nerve injury: An animal
model of persistent peripheral neuropathic pain. Pain 2000;
87:149-58

Clark AK, Old EA, Malcangio M: Neuropathic pain and cyto-
kines: Current perspectives. J Pain Res 2013; 6:803-14

Gao Y]J, Ji RR: Chemokines, neuronal-glial interactions, and
central processing of neuropathic pain. Pharmacol Ther
2010; 126:56-68

Baeuerle PA, Henkel T: Function and activation of NF-kappa
B in the immune system. Annu Rev Immunol 1994; 12:141-79
Sheppard KA, Rose DW, Haque ZK, Kurokawa R, McInerney
E, Westin S, Thanos D, Rosenfeld MG, Glass CK, Collins T:
Transcriptional activation by NF-kappaB requires multiple
coactivators. Mol Cell Biol 1999; 19:6367-78

Ghizzoni M, Haisma HJ, Maarsingh H, Dekker FJ: Histone
acetyltransferases are crucial regulators in NF-kB mediated
inflammation. Drug Discov Today 2011; 16:504-11

Heimans JJ, Vermorken JB, Wolbers JG, Eeltink CM, Meijer
OW, Taphoorn MJ, Beijnen JH: Paclitaxel (Taxol) concentra-
tions in brain tumor tissue. Ann Oncol 1994; 5:951-3

1121

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Fouladi M, Blaney SM, Poussaint TY, Freeman BB III,
McLendon R, Fuller C, Adesina AM, Hancock ML, Danks MK,
Stewart C, Boyett JM, Gajjar A: Phase 1I study of oxaliplatin
in children with recurrent or refractory medulloblastoma,
supratentorial primitive neuroectodermal tumors, and atypi-
cal teratoid rhabdoid tumors: A pediatric brain tumor consor-
tium study. Cancer 2006; 107:2291-7

Paul BS, Singh G, Bansal R, Paul G: Diffusion weighted MR
imaging of 5-fluorouracil and oxaliplatin-induced leukoen-
cephalopathy. J Postgrad Med 2013; 59:135-7

Stengel M, Baron R: Oxaliplatin-induced painful neuropa-
thy—Flicker of hope or hopeless pain? Pain 2009; 144:225-6
Cavaletti G, Tredici G, Petruccioli MG, Donde E, Tredici P,
Marmiroli P, Minoia C, Ronchi A, Bayssas M, Etienne GG: Effects
of different schedules of oxaliplatin treatment on the periph-
eral nervous system of the rat. Eur J Cancer 2001; 37:2457-63
Pasetto LM, D’Andrea MR, Rossi E, Monfardini S: Oxaliplatin-
related neurotoxicity: How and why? Crit Rev Oncol Hematol
20006; 59:159-68

Descoeur J, Pereira V, Pizzoccaro A, Francois A, Ling B, Maffre
V, Couette B, Busserolles J, Courteix C, Noel J, Lazdunski M,
Eschalier A, Authier N, Bourinet E: Oxaliplatin-induced cold
hypersensitivity is due to remodelling of ion channel expres-
sion in nociceptors. EMBO Mol Med 2011; 3:266-78

Jong NN, Nakanishi T, Liu JJ, Tamai I, McKeage M]J:
Oxaliplatin transport mediated by organic cation/carnitine
transporters OCTN1 and OCTN2 in overexpressing human
embryonic kidney 293 cells and rat dorsal root ganglion neu-
rons. ] Pharmacol Exp Ther 2011; 338:537-47

Ip V, Liu JJ, McKeage M]J: Evaluation of effects of copper
histidine on copper transporter 1-mediated accumulation of
platinum and oxaliplatin-induced neurotoxicity in vitro and
in vivo. Clin Exp Pharmacol Physiol 2013; 40:371-8

Milligan ED, Zapata V, Chacur M, Schoeniger D, Biedenkapp
J, O’Connor KA, Verge GM, Chapman G, Green P, Foster AC,
Naeve GS, Maier SF, Watkins LR: Evidence that exogenous
and endogenous fractalkine can induce spinal nociceptive
facilitation in rats. Eur J Neurosci 2004; 20:2294-302

Huang TT, Wuerzberger-Davis SM, Wu ZH, Miyamoto S:
Sequential modification of NEMO/IKKgamma by SUMO-1
and ubiquitin mediates NF-kappaB activation by genotoxic
stress. Cell 2003; 115:565-76

Lowe JM, Cha H, Yang Q, Fornace AJ Jr: Nuclear factor-kap-
paB (NF-kappaB) is a novel positive transcriptional regula-
tor of the oncogenic Wipl phosphatase. ] Biol Chem 2010;
285:5249-57

du Plessis-Stoman D, du Preez J, van de Venter M: Combination
treatment with oxaliplatin and mangiferin causes increased
apoptosis and downregulation of NFkB in cancer cell lines.
Afr J Tradit Complement Altern Med 2011; 8:177-84
Daley-Yates PT, McBrien DC: Cisplatin metabolites in plasma,
a study of their pharmacokinetics and importance in the
nephrotoxic and antitumour activity of cisplatin. Biochem
Pharmacol 1984; 33:3063-70

Huang et al.

%20z Iidy 01 uo 3s8nb Aq Jpd'82000-0 00509102/922981/601 LIS/+Z L /4Pd-ajo1e/ABOjoISaUISaUE/LI0D JIeYDIBA|IS ZeSE// )Y WOl papeojumoq

Copyright © 2016, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



