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ARTICLE INFO ABSTRACT

Keywords: Vincristine (VCR) use is often related to neuropathy and growing evidence suggest that several factors, including

Sex sex, may influence its development. We addressed VCR-induced neuropathic pain in male and female mice in

chnsnnl:" ) relation to neuroinflammation and prokineticin (PK) system activation in the main stations involved in pain
europathic pain transmission: sciatic nerve, dorsal root ganglia and spinal cord. We also evaluated the efficacy of the PK system
Neuroinflammation

antagonist, PC1, in contrasting neuropathic pain, neuroinflammation and immune activation in both sexes.
Female control mice were characterized by high basal levels of (neuro) inflammatory markers that do not in-
fluence their pain thresholds. VCR induced in male mice a more marked mechanical allodynia and thermal
hyperalgesia in comparison to females, who were precociously sensitive to cold stimuli. Considering neuro-
inflammation, VCR male mice showed a marked up-regulation of the chemokine PK2 and its receptors, cytokines
and glial markers in both PNS and CNS. Differently, in VCR female mice, neuroinflammation is attenuated
moving from PNS towards the spinal cord, the least affected station by VCR treatment. Chronic treatment with
PC1 promptly reduced mechanical and thermal hypersensitivity in male mice, while in females, PC1 had a
delayed and lower effect. In addition, PC1 almost always counteracted neuroinflammation in male mice, but its
effect is not always evident in females. In conclusion, our data describes a sexual dimorphism in the patho-
physiology of VCR-induced neuropathic pain and a different effect of the PK antagonist in the two sexes, con-
firming the importance of conducting experiments in both sexes.

Prokineticin system

1. Introduction

Vincristine (VCR), an alkaloid extracted from vinca, is commonly
used, often in combination with other chemotherapeutic drugs, to treat a
variety of cancers, such as acute lymphoblastic leukaemia, malignant
lymphoma, neuroblastoma and other solid tumours [1]. However, VCR
promotes a dose-dependent neurotoxicity, which is the main factor
restricting its application [2,3]. Vincristine-induced neuropathy not
only limits the dose of VCR and leads to treatment discontinuation but
also significantly impacts patient physical and mental health [4,5].
Although the mechanisms underlying the development of neuropathy
are not fully known, it was suggested a role of immune and glial cells

that are recruited and/ or activated in the peripheral and central nervous
system (PNS and CNS) after drug treatment [6,7]. Macrophages are
highly sensitive to cytotoxic agents and their number is significantly
increased in the sciatic nerve and dorsal root ganglia (DRGs) in rodent
models of VCR-induced peripheral neuropathy (VIPN) [8-13]. More-
over, many studies have demonstrated that VCR induces the activation
of microglia and astrocytes within the CNS, contributing to sustain a
neuroinflammatory condition [8,12,14-16]. Activated immune and
glial cells can in fact release inflammatory mediators such as cytokines
and chemokines which foster neuroinflammation and sensitize neurons,
contributing to painful neuropathy [17-19]. In this context, we previ-
ously demonstrated a role of a new family of chemokines, the
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prokineticins (PK), in the development of neuropathic pain of different
origin [11,20,21] and, in particular, we showed that the activation of the
PK system in the DRGs of VCR-treated male mice was important for
sustaining an already ongoing neuroinflammatory process and pro-
moting neuroinflammation in CNS [12]. In addition, the treatment with
the PK system antagonist PC1 was able to counteract hypersensitivity to
thermal and mechanical stimuli, preventing PK system activation and
spinal cord neuroinflammation [12]. Many factors, including the cu-
mulative dose, age, sex, ethnicity, and genetic variants of patients, might
influence the development of VIPN [4,22]. In accordance, it is now
recognized the presence of sex differences in the mechanisms underlying
immune system activation and pain processing [23] and some clinical
and preclinical studies are providing evidence on the presence of sex
dimorphism in chemotherapy-induced peripheral neuropathy (CIPN)
pathophysiology [24-26]. Sex could therefore be considered as a factor
that may influence the development and magnitude of CIPN [27,28].
Most preclinical research on VIPN are performed using predominantly
male mice; however, considering the possible implications of sex in the
pain cascade, sex is a biological variable that must be considered. Here,
for the first time, we describe in parallel the effect of VCR on neuro-
pathic pain development in male and female mice in relation to neu-
roinflammation and PK system activation in the main stations involved
in pain transmission from PNS to CNS. We also test the efficacy of the PK
system antagonist, PC1, in contrasting neuropathic pain and neuro-
inflammation in both sexes.

2. Materials and methods
2.1. Animals

A total of 84 mice (Charles River Laboratories, Italy) were used in
this study. In detail, 9-week-old male (n = 42) and female (n = 42)
C57BL/6 J mice were housed 3 per cage (Macrolon type II cages,
equipped with sawdust bedding, nesting and environmental enrich-
ment), sex-separated, in standard conditions (i.e. 12 h of light/dark,
temperature 22 + 2 °C and humidity 55 + 10 %) and with food and
water ad libitum. After arrival at the animal facility, before starting the
experiments, all mice were acclimatized for 7 days and subsequently
accustomed to manipulation by daily handling (a few minutes/day), for
a further 7 days. During their stay in the animal facility, mice underwent
periodic veterinary checks. The ARRIVE guidelines and the 3 R princi-
ples were respected in all experiments. All procedures were conducted in
accordance with the EU Directive 2010/63/EU and approved by the
Animal Care and Use Committee of the Italian Ministry of Health
(authorization number 709/2016 to SF).

M, n42

VCR (0.1mg/kg) or saline (10 ul/g) injection

i.p., once aday
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2.2. Experimental protocol

The experimental schedule is shown in Fig. 1. Briefly, at day O, six
naive mice of both sexes were sacrificed for subsequent biochemical
analyses (baseline comparison). The other animals, males and females,
were randomized (from the online source Graphpad - Randomly assign
subjects to treatment groups) into two experimental groups: controls
(CTR, n = 12 males; n = 12 females) and vincristine (VCR, n = 24 males;
n = 24 females). The chemotherapeutic agent VCR (TOCRIS Biosci-
ence™, USA) was injected intraperitoneally (i.p.) at a dose of 0.1 mg/kg
every day for 14 consecutive days as previously described [12]. CTR
mice were treated with saline solution (vehicle) (10 ul/g, i.p.). Seven
days after the first injection of the chemotherapy drug, VCR mice of both
sexes were further divided into two experimental groups (from the on-
line source Graphpad). One group, VCR+PC1 (n = 12 males; n = 12
females), began the therapeutic treatment with the prokineticin receptor
antagonist PC1 [29]. PC1 was administered subcutaneously (s.c.) at a
dose of 150 pg/kg, twice a day for 7 consecutive days (from day 7 until
the end of the VCR program (i.e. day 13)). The other VCR group (n = 12
males; n = 12 females) was treated with vehicle/ saline (10 pl/g, s.c.).
All drugs were daily freshly prepared. Besides, to minimize possible
interactions between the compounds (i.e. VCR and PC1), mice were
treated with VCR always in the late afternoon, while the first adminis-
tration of PC1 took place around 10 a.m. and the second approximately
5 h later (around 3 p.m.). Furthermore, in accordance with 3 R guide-
lines, in the present work CTR + PC1 group was not included because it
has already been tested in our previous studies, observing that PC1
treatment in naive mice did not alter either pain-like behaviors or
biochemical parameters related to neuroinflammation [20,21,30].

2.3. Pain-like behavior evaluation

The von Frey test (mechanical allodynia), acetone drop test (thermal
allodynia) and plantar test (thermal hyperalgesia) were used for pain-
like behavior investigation. All tests were always carried out in the
morning (between 7:00 — 10:00 a.m.) before any daily administration
(VCR and/or PC1). Before each behavioral evaluation, the mice were
familiarized with the new environment (behavioral room) for approxi-
mately 30 min and with the apparatus for approximately 15 min. The
assessments were conducted before (day 0) and 3, 7, 10 and 14 days
after the first VCR injection. Additionally, after the end of the VCR
schedule (day 13) and of PC1 treatment, mice mechanical allodynia was
monitored over time, once a week, until day 70. Furthermore, on day 7
(start of PC1 treatment) the acute effect of PC1 was evaluated by
monitoring the responses to mechanical stimuli from 30 up to 270 min
after its first administration. All assessments were performed in a blin-
ded manner. For all tests, for each mouse, three measurements were

PC1 (150 pg/kg) or vehicle (10 pl/g) treatment
s.c, twice a day

onces week

Pl

PLB LB PLB PLB
g4 101 0 0 2 s 5 7 s 9o o 2 i3] ] ]} doy

housing (14 days PLB PLB
Bloche mical evaluations

!

Bloche mical evaluations

Fig. 1. Experimental protocol timeline. A total of 84 mice (males n = 42, females n = 42), 9-week-old and of the C57BL6J strain, were used in this study. After
arrival in the animal facility, mice were acclimatized to the new environment and researchers for 2 weeks. At day 0, male and female naive mice (n = 6/sex) were
sacrificed. Moreover, before (day 0) and on days 3, 7, 10 and 14 of the experimental protocol, all mice were tested for pain-like behavior (PLB: mechanical and
thermal allodynia and thermal hyperalgesia). At day 0, 48 mice (males n = 24, females n = 24) started the VCR schedule (VCR groups: 10 mg/kg, intraperitoneal (i.
p.), once daily) while 24 mice (males n = 12, females n = 12) were treated with saline (CTR groups: 10 ng/g, i.p., once daily). At day 7, half of the VCR mice (males
n = 12, females n = 12) began therapeutic treatment with PC1 (VCR+PC1 groups: 150 ug/kg, subcutaneous (s.c.), twice daily) while the other half of VCR animals
(males n = 12, females n = 12) were treated with the vehicle (saline) (VCR groups: 10 pg/g, s.c., twice daily). At day 14, the end of the experimental protocol, 6 mice
of each experimental group and sex were sacrificed for biochemical evaluations. The remaining animals (n = 6 for each experimental group and sex) were monitored

over time for PLB evaluation parameters.
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taken for each hind paw. The 3 values obtained from each hind paw
were then averaged to obtain a single value/ paw. The two values (i.e.
average of the right paw and average of the left paw) were subsequently
averaged to obtain a single value for each mouse. Finally, the values thus
obtained from mice of the same experimental group were averaged and
used for statistical analysis.

e Von frey test: mechanical allodynia was assessed using the dynamic
plantar aesthesiometer (Model: 37550 — Ugo Basile, Comerio, Italy).
Briefly, the animals were placed in a modular plexiglass enclosure (1
mouse per module, dimensions of each module in mm: 96 x96 x
140) positioned over a wire mesh. Through a blunt probe (Von Frey
filament, @ 0.5 mm) the mechanical stimulus was applied on the
animal’s hind paws mid-plantar surface, with increasing force
(ranging up to 10 g in 10 s). When this stimulation becomes painful,
the animal responds by removing the paw. The instrument displays
on the monitor the force (in grams) at which the response occurred
(e.g. withdrawal threshold, PWT) [11,12].

Acetone drop test: thermal allodynia to cold stimuli was evaluated by

placing an acetone drop (50 pl) in the middle of the plantar surface of

the hind paws. Briefly, after drop application, the animal was placed
inside a transparent plexiglass arena (in cm: 40 x40 x h 50) and its
behavior was monitored for 20 s (sec). If the animal showed no signs
of withdrawing, beating or licking the paw under analysis, the
observation ended (score equal to 0); on the contrary, if the animal
responded to the stimulus, the observation was prolonged for
another 20 sec, and using a point scale, scores were given as: 1, rapid
withdrawal or single stroke of the paw; 2, prolonged withdrawal or
repeated paw strikes; 3, repeated tapping and licking of the plantar

surface of the paw [11].

o Plantar test: thermal hyperalgesia was tested using the Hargreaves
apparatus (Model 37570 — Ugo Basile, Comerio, Italy). Briefly, the
mice were placed in a modular plexiglass enclosure (1 mouse per
module, dimensions of each module in mm: 96 x96 x 140) posi-
tioned over an opaque glass plate. A constant thermal stimulus,
generated by a focused light source (beam @ 0.5 cm; intensity 20 L
R.), was applied through the glass panel to the plantar surface of
mice hind paws. The response consists of the stimulated paw with-
drawal. The measurement is recorded in seconds (paw withdrawal
latency, PWL). Cut-off: 22 sec [12].

2.4. Tissue sampling and preparation

At day 0, for baseline characterization, a group of naive males
(n =6) and females (n =6) mice were sacrificed by decapitation.
Furthermore, at the end of VCR/PC1 schedule, half of the mice in each
experimental group (n = 6 male/group; n = 6 female/group) were kil-
led by decapitation. The last administration of the drugs (VCR and/or
PC1) was carried out the day before killing (day 13) and the tissues were
collected the following morning (day 14). At the time of both sacrifices
were collected:

i. blood from carotid artery blood; it was incubated for 3 h at room
temperature and then for 2 h at 4°C, to allow correct coagulation
without haemolysis. Subsequently, the blood was centrifuged at
21.000 g for 30 min at 4°C. Serum was removed and stored at -
80°C for following PK2 evaluation by ELISA assay [11].

ii. peritoneal cells (PECs) for macrophage isolation as previously
described [21]. Briefly, after mouse killing, the peritoneum was
washed with 10 ml of RPMI 1640 medium (Sigma-Aldrich, Italy)
supplemented with 10 % FBS (Gibco, Thermofisher Scientific,
USA). An aliquot of the collected sample was used to check cell
viability (exclusion test using trypan blue (Sigma-Aldrich, Italy))
and morphology of nuclei (using Turk’s solution (Sigma-Aldrich,
Italy)) for cell counting. PECs were dispensed into 24-well culture
plates at a final concentration of 10%/ml per well. Macrophage
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purification and isolation were performed by 2-h plate adhesion.
Indeed, through two washes with PBS solution, the non-adherent
cells were removed while the adherent cells (macrophage purity
around 90 %) [21] were incubated with or without lipopolysac-
charide (LPS, Sigma-Aldrich, Italy) to stimulate cytokine pro-
duction. The stimulus was added to the macrophage culture in a
final volume of 1 ml/well in complete RPMI (i.e., 1640 plus 10 %
FCS, 1 % glutamine, 2 % streptomycin solution, and 0.2 -mer-
captoethanol, 1 %) at a concentration of 1 ug/well. After 24 h of
culture at 37°C and 5 % CO2, the supernatant was removed and
adherent cells were detached from the plate by adding
500 pl/well of TRIzol™ Reagent (Invitrogen, USA) and stored at
—80°C for subsequent evaluation of mRNA levels by RT-qPCR.

iii. nervous tissues largely involved in pain transmission, i.e. the
sciatic nerve, DRGs (L4-L6) and spinal cord (L4-L6). Tissues were
immediately frozen in liquid nitrogen and stored at —80°C until
further use for evaluation of mRNA (RT-qPCR) levels of mediators
involved in neuroinflammation [12].

iv. DRGs were homogenized in 150 pl of lysis buffer (ice-cold
PBS + protease inhibitor cocktail, Roche Diagnostics, Italy).
Samples were then centrifuged at 1000 g for 15 min at 4 °C and
supernatant was stored at - 80°C for following PK2 (ELISA assay)
and total protein content (Lowry’s method) measurement [31].

2.5. ELISA

Specific mouse PK2 ELISA kit (Cusabio, USA) was used to measure
the levels of PK2 in the serum and in DRG of CTR, VCR or VCR + PC1
male and female mice. Results are reported as ng/ml for serum as ng of
PK2/mg total protein content for DRG or expressed as % vs. respective
sex matched CTR [11].

2.6. RT-gPCR

The RNA was isolated from macrophages, sciatic nerve, DRGs (L4-
L6) and spinal cord (L4-L6) using TRIzol™ reagent and subsequently
reverse transcribed to cDNA with LunaScript® RT SuperMix Kit ac-
cording to the respective manufacturers’ instructions (Invitrogen, USA
and BioLabs, UK, respectively). The expression levels of interest markers
were analysed by Real Time PCR (RT-qPCR, QuantStudio 5™ - Ther-
mofisher Scientific, USA) using Luna® Universal qPCR Master Mix
(BioLabs, UK) and TagMan probes (Thermofisher Scientific, USA) spe-
cific for the genes under study (i.e. PK2 - Mm01182450_g1, PKR1 -
MmO00517546_m1, PKR2 - Mm00769571_m1, IL-1p - Mm00434228_m1;
IL-6 -MmO00446190_m1; TNF-« - MmO00443258 ml1, IL-10 -
MmO00439616_m1, TLR4 - Mm00445274_m1, CD68 - Mm_03047343,
CD11b - MmO00434455_ml, GFAP - Mm01253033_.mland ATF3 -
MmO00476033_m1) according to the manufacturers’ instructions. Each
sample was run in triplicate alongside non-template controls (NTC). The
mRNA levels of the studied genes were normalized to endogenous gene
GAPDH (Mm99999915_g1) and expressed as 2 —AACt pelative to the
control group (specified in each figure legend).

2.7. Statistical analysis

Statistical analysis was performed using GraphPad Prism 10 (v3, San
Diego, CA). Data analysis was run with parametric statistics being data
normally distributed (as confirmed by Shapiro-Wilk test). For behavioral
tests, data were analysed using Two-way ANOVA for repeated measures
followed by Bonferroni’s post-test. For biochemical evaluations, data
were analysed with unpaired t-test (comparison of baseline values males
vs. females) and with One-Way ANOVA followed by Bonferroni’s post
hoc test. Data represent mean + SEM of 6 animals/group. For all ana-
lyses, differences were considered significant at p < 0.05.
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3. Results

3.1. Vincristine induced neuropathic pain in male and female mice. Effect
of prokineticin antagonism treatment

In Fig. 2 it is reported the development of mechanical allodynia,
thermal hyperalgesia and thermal allodynia in male and female mice
after VCR treatment and the effect of PC1 administration. As shown in
Fig. 2A and B, CTR male and female mice display similar basal with-
drawal thresholds to both mechanical and thermal stimuli; however,
after VCR treatment some differences are evident in the two sexes. Both
male and female mice develop allodynia to mechanical stimuli (Fig. 2A),
however the paw withdrawal thresholds to mechanical stimuli are lower
in male mice at any measuring point (from day 3 until day 14). The
response to thermal stimuli in female mice is delayed and always
significantly less evident in comparison to that observed in male mice
(Fig. 2B). A significant hyperalgesic response to thermal stimuli is
already present in male mice after 3 days of VCR treatment remaining
stable throughout the treatment while, in female mice, a significant
decrease of paw withdrawal thresholds starts to be present after 7 days
of VCR treatment and becomes more evident at the end of the treatment
(day 14). In male mice PC1 significantly counteracts both mechanical
allodynia and thermal hyperalgesia already after 3 days of chronic
treatment (day 10), while in female mice its effect is delayed and be-
comes significant only at the end of the treatment (day 14). Fig. 2C
shows that a clear thermal allodynia is evident in female VCR-treated

Mechanical allodynia
- chronic treatment - B

Thermal hyperalgesia
- chronic treatment - C
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mice starting from 7 days of VCR administration, while this condition
is evident in male mice after 10 days of VCR treatment. PC1 is effective
in contrasting thermal allodynia in both male and female mice; however,
in male mice the effect is already present after 3 days of treatment (day
10) becoming higher after 7 days (day 14) while in female mice PC1 is
effective only at the end of the treatment (day 14). In Fig. 2D it is shown
the acute effect of PC1 on mechanical allodynia in male and female
neuropathic mice. The effect of PC1 was evaluated after the first drug
injection, after 7 days of VCR treatment, in the presence of a well-
established hypersensitivity condition. In male mice, PC1 has a fast
antiallodynic effect already evident 60 min after drug injection. After
120 min, we record the maximum effect of the drug which then begins to
decrease and is no longer evident 210 min after its administration. In
females, the effect of PC1 seems delayed with a maximum effect at
150 min after drug injection, which vanishes faster and is no longer
evident at 210 min. Fig. 2E shows the effect of treatment discontinua-
tion (VCR and PC1) on mechanical allodynia in male and female mice. In
male mice, characterized by a more marked mechanical allodynia con-
dition, hypersensitivity to innocuous mechanical stimuli is still evident
after about 7 weeks since VCR treatment suspension, while in females,
this effect is no longer evident after 5 weeks since discontinuation. The
effect of PC1 is different in the two sexes in fact, in male, its effect is
stronger and long-lasting as the antiallodynic effect of PC1 is still evident
5 weeks after drug discontinuation, while in females the small evident
effect ends sooner.

Thermal allodynia
- chronic treatment -

Score

T T
0 3 7 10 14 0 3

Days after 1t VCR administration

Female: [ ]cTR [l VCR [] VCR +PC1

Mechanical allodynia
D - acute treatment -

o dkkk  KRER  dkk

KXKK Jkkk Jede e Kxkk
T T T T

T T | T T
day7 30 60 90 120 150 180 210 240 270 300
Minutes after 15 PC1 injection

A
PC1

Days after 15t VCR administration

T T |
7 10 14

Days after 15t VCR administration

Male: OCTR @ VCR O VCR +PC1

E Mechanical allodynia

T T T T T T T
1 2 3 4 5 7 8

Weeks from VCR/PC1 suspension

Fig. 2. VCR induced hypersensitivity in male and female mice, effect of PC1 antagonism. Effect of VCR treatment (0.1 mg/ kg i.p. once a day for 14 days) on
mechanical allodynia (A), thermal hyperalgesia (B) and allodynia (C) development in male and female mice; the anti-allodynic and anti-hyperalgesic effect of PC1
was evaluated in both sexes after 3 and 7 days of chronic treatment (150 pg/ kg s.c., two times/ day; A-C) or after its first acute administration (D) performed after
seven days of VCR treatment. (E) Effect of treatment discontinuation (VCR and PC1) on mechanical allodynia in male and female mice. Mice were discontinued from
treatments starting from day 14. The presence of mechanical allodynia was monitored in the 8 following weeks from drug suspension. Data are mean + SEM of 6
mice. Data were analysed using Two-way ANOVA for repeated measures followed by Bonferroni’s post-test. * p < 0.05; ** p < 0.01; p < 0.001; *p < 0.0001
vs sex matched CTR mice; °p < 0.05; °° p < 0.01; °°°p < 0.001; °°°° p < 0.0001 vs sex matched VCR mice; + p < 0.05; + + p < 0.01; + ++ p < 0.001; + ++ +
p < 0.0001 vs male corresponding group.
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3.2. Neuroinflammation in the sciatic nerve of male and female mice.
Effect of VCR and prokineticin antagonism treatment

As shown in Fig. 3, female control mice are characterized by a
physiological generalized enhanced expression of neuroinflammatory
markers in the sciatic nerve if compared to control male mice (left
graphs, Fig. 3A -N). In female mice, we detect higher levels of PK2,
PKR1, proinflammatory cytokines, TLR4, Schwann cell (GFAP) and
macrophage markers (CD68 and CD11B), simultaneously with a

A PK2
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Fig. 3. Sciatic nerve neuroinflammation in male and female mice and effect of PC1 treatment. The left graph in each panel represents the mRNA levels of the
neuroinflammatory markers in male and female CTR mice; results are normalized on the housekeeping gene GAPDH and expressed as fold of changes over control
male mice. Data are mean + SEM of 6 mice. Statistical analysis was performed using unpaired t test. $ p < 0.05; $$ p < 0.01; $$$ p < 0.001 $$$$ p < 0.0001 vs CTR
male mice. The right graph represents the mRNA levels of the neuroinflammatory markers measured in CTR, VCR (14 days of VCR treatment) and VCR-+PC1 mice (14
days of VCR and 7 days of PC1 treatment). Results are normalized on the housekeeping gene GAPDH and expressed as fold of changes over respective male or female
CTR mice. Data are mean + SEM of 6 mice. Statistical analysis was performed using One Way ANOVA followed by Bonferroni’s post hoc test. Prokineticin system
members (A, PK2; B, PKR1 and C, PKR2); pro/anti- inflammatory cytokines (D, IL-1f; E, IL-6; F, TNFa and G, IL-10), Schwann cells marker GFAP (H); macrophage
markers CD68 (I) and CD11b (L), toll-like receptor TLR4 (M) and ATF3 (N). * p < 0.05, p < ** 0.01, *** 0.001 vs sex matched CTR mice; °p < 0.05, °°p < 0.01, °°°
p < 0.001 vs sex matched VCR mice.
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downregulation of the anti-inflammatory cytokine IL-10 in comparison
to CTR male mice. At the end of VCR protocol, considering the nerve
neuroinflammatory condition in both sexes, many differences emerged.
In male VCR treated mice we detect an increase in the levels of the entire
PK system: both PK2 (Fig. 3A) and PKRs (PKR1 and PKR2; Fig. 3B and C
respectively) levels are upregulated while in female VCR mice we reg-
ister an increase of PK2 only (Fig. 3A); PC1 is effective in reducing the
upregulated PK system in both male and female mice. Also considering
cytokines, male and female display a different response: in VCR male
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mice we observed high levels of all the proinflammatory cytokines: IL-1p
(Fig. 3D), IL-6 (Fig. 3E) and TNFa (Fig. 3F) and a decrease of the anti-
inflammatory cytokine IL-10 (Fig. 3G); PC1 was able to counteract
this condition, reducing proinflammatory cytokines (Fig. 3D-3F) and
enhancing the anti-inflammatory one (Fig. 3G). In females, we register a
significant increase in the levels of TNFa (Fig. 3F) in the presence of a
rising trend of IL-10 (Fig. 3G). PC1, in this case, was able to significantly
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TLR4 (Fig. 3H), of both macrophage markers CD68 and CD11b (Fig. 31
and L) and of Schwann cell marker GFAP (Fig. 3M). PC1 reduced TLR4
and the markers of activated macrophages in both sexes and it signifi-
cantly counteract the increase of GFAP in male mice. In the nerve we
also register an increase of the neuronal damage marker ATF 3 in both
male and female VCR mice (Fig. 3N); PC1, reducing ATF3, exerts a
neuroprotective effect in both sexes.

reduce IL-10 and to partially reduce TNFa. We found a similar condition
in male and female VCR-treated mice regarding to increased levels of
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Fig. 4. DRG neuroinflammation in male and female mice and effect of PC1 treatment. The left graph in each panel represents the mRNA levels of the neuro-
inflammatory markers in male and female CTR mice. Results are normalized on the housekeeping gene GAPDH and expressed as fold of changes over control male
mice. Data are mean + SEM of 6 mice. Statistical analysis was performed using unpaired t test. $ p < 0.05; $$ p < 0.01; $$$ p < 0.001vs CTR male mice. The right
graph represents the mRNA levels of the neuroinflammatory markers measured in CTR, VCR (14 days of VCR treatment) and VCR +PC1 mice (14 days of VCR and
7days of PC1 treatment). Results are normalized on the housekeeping gene GAPDH and expressed as fold of changes over respective male or female CTR mice. Data
are mean + SEM of 6 mice. Statistical analysis was performed using One Way ANOVA followed by Bonferroni’s post hoc test. Prokineticin system members (A-C, PK2,
PKR1 and PKR2 respectively); pro/anti- inflammatory cytokines (D-G, IL-1B, IL-6, TNFa and IL-10 respectively); Schwann cells marker GFAP (H); macrophage
markers CD68 (I) and CD11b (L); toll-like receptor TLR4 (M) and ATF3 (N). Statistical analysis was performed using One Way ANOVA followed by Bonferroni’s post

test. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001 vs sex matched CTR mice; °p < 0.05; °° p < 0.01; °°°p < 0.001; °°°° p < 0.0001 vs sex matched
VCR mice.
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3.3. Neuroinflammation in DRGs of male and female mice. Effect of VCR
and prokineticin antagonism treatment

In the DRG, female control mice also show a clear enhancement in
the expression of the neuroinflammatory markers in comparison to CTR
male mice (left graph in the panels). This condition is characterized by
elevated levels of the entire PK system (Fig. 4A-C), of proinflammatory
cytokines (Fig. 4D-F) and macrophage markers (Fig. 41 and L). In the
same figure (right graphs), it is possible to see that VCR treatment in-
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system members, PK2 (Fig. 4A) and PKRs (Fig. 4B and C) and that PC1
counteracts the increase. PK2 mRNA alterations were also confirmed as
proteins. As shown in Supplementary Fig. 1, VCR treatment also in-
creases PK2 protein in male mice and PC1 can counteract the increase.
On the other hand, no alterations in DRG PK2 protein content are
evident of in female mice (experimental groups: CTR, VCR, VCR+PC1).
Similarly, also cytokines appear significantly modulated mainly in male
animals since in this sex we detect increased levels of the pro-
inflammatory cytokines IL-1f (Fig. 4D), IL-6 (Fig. 4E) and TNFa

duces in male mice, but not in female ones, an upregulation of all PK
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(Fig. 4G), while in female only IL-1 appears significantly upregulated in
VCR mice (Fig. 4D). Both in male and in female mice PC1 restores
altered cytokine levels (Fig. 4D-G). The neuroinflammatory condition,
especially evident in male VCR mice, is also confirmed by the presence
in this sex of increased TLR4 levels (Fig. 4H), upregulated levels of the
activated macrophage markers CD68 and CD11b (Fig. 4I and L,
respectively), satellite glial cell marker GFAP (Fig. 4M) and high levels
of ATF3 (Fig. 4N). PC1 treatment significantly reduces TLR4 (Fig. 4H),
macrophage markers increase (Fig. 41 and L) and GFAP (Fig. 4M). In
female VCR-treated mice we only detect a significant increase of both
CD68 and CD11b (Fig. 4I and L) and PC1 significantly reduces CD68
(Fig. 41).

3.4. Neuroinflammation in the spinal cord of male and female mice.
Effect of VCR and prokineticin antagonism treatment

The general increase in the expression of neuroinflammatory
markers observed in the peripheral nervous system stations of female
control mice is also evident in the spinal cord (left graphs in panels). In
fact, also in the spinal cord, female control mice display increased levels
of PK system members (PK2 and PKRs, Fig. 5A-C), increased proin-
flammatory cytokines (Fig. 5D-F), TLR4 (Fig. 5H), glial markers (CD68,
CD11b and GFAP; Fig. 5I-5M) and decreased IL-10 levels (Fig. 5G) in
comparison to control male mice. In the right graphs of the same panels,
it is possible to observe that VCR treatment was practically unable to
induce any alteration in the spinal cord of female mice where we only
register a significant increase of PKR1 that is contrasted by PC1l
(Fig. 5B). Differently from female mice, also at spinal cord level, VCR
treated male mice are characterized by a clear neuroinflammatory
condition with increased levels of PK system members (Fig. 5A-5C),
cytokines (Fig. 5D, F and G), TLR4 (Fig. 5H), glial markers (Fig. 5I-M)
and ATF3 (Fig. 5N). PC1 treatment was able to counteract this neuro-
inflammatory condition without showing a full effect on GFAP
(Fig. 5M).

3.5. PK2 content in the serum of male and female mice. Effect of VCR and
prokineticin antagonism treatment

In Fig. 6 it is reported the PK2 serum quantity. PK2 serum levels are
similar in control male and female mice (left graph); as shown in the
right graph, VCR treatment induces an increase of PK2 serum levels in
both male and female mice, while PC1 treatment reduces them, main-
taining the levels low.

3.6. PK system and cytokines expression in macrophages of male and
female mice. Effect of VCR and PK antagonism treatment

As shown in Fig. 7, also in peripheral macrophages, female control
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mice are characterized by higher basal mRNA levels of inflammatory
markers (PK2, PKRs, IL-6 and IL-1p) in comparison to control male mice
(left graph for each panel). VCR treatment induces in both sexes (right
graphs), an increase of PK2 and PKR1 (Fig. 7A and B, respectively) as
well as of the proinflammatory cytokines IL-1p (Fig. 7D) and IL-6
(Fig. 7E). The VCR effect is counteracted by PC1 treatment.

4. Discussion

Nowadays it is established that sex represents an important biolog-
ical variable that may influence the development of chemotherapy-
induced peripheral neuropathy-CIPN [4,26]. There are several sex spe-
cific differences in the mechanisms underlying immune system activa-
tion and pain processing [23]. It is suggested, for example, that
microglia, the principal immune cell of the CNS, contributes to pain
hypersensitivity in male but not in female experimental models of
neuropathic pain [23,32]. In neuropathic pain conditions, despite
similar microglia proliferation in the spinal cord dorsal horn in both
sexes, females do mnot upregulate P2X4Rs and use a
microglia-independent pathway to mediate pain hypersensitivity [33,
34]. Moreover, Toll-like receptor 4 (TLR4), specifically expressed on
microglia in the CNS, contributes to pain hypersensitivity in male mice
only [35]. These profound sex differences highlight the importance of
including subjects of both sexes in preclinical pain research to uncover
the role of sex in the pathophysiology of CIPN and to improve the
translational relevance of the preclinical pain research.

In our study, in a vincristine-induced neuropathy model, we use in
parallel both male and female mice and we observed in the two cohorts
the development of hypersensitivity and neuroinflammation in the main
stations involved in pain signaling. Our data suggest that male and fe-
male mice display different responses to mechanical and thermal stim-
uli. In particular, male mice treated with VCR are always characterized
by more marked mechanical allodynia as well as thermal hyperalgesia
compared to female VCR-treated mice; in contrast, female mice seem
precociously sensitive to cold stimuli. A sex-dependent response to vinka
alkaloids was also described in rats after chronic vinblastine (VBL)
exposure. In this case, male rats were more susceptible to motor im-
pairments induced by VBL in comparison to female rats [36]. A sexual
dimorphism was also described for other antitumoral agents, for
example in paclitaxel (PTX) induced neuropathy; PTX-induced cold
allodynia was more robust in female mice [37] and a greater mechanical
hypersensitivity was found in males treated with PTX [38] when
compared to female mice. About the impact of sex in the
chemotherapy-induced neuropathic pain provoked by cisplatin (CIS),
contradictory results exist. Some studies revealed that the mechanical
and/or cold allodynia caused by CIS are similarly displayed in male and
female animals [37,39], whereas another showed sex discrepancies in
the maintenance of mechanical allodynia [40]. In order to understand
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Fig. 6. Serum levels of PK2 measured by ELISA after 14 days of chronic VCR treatment (day 14 corresponding to 7 days of chronic PC1 administration). The left
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the different development of pain symptomatology in males and females
after VCR, we investigated the neuroinflammatory status in the two
sexes. Our data show that CTR female mice are characterized by high
basal levels of neuroinflammatory markers in the main stations of pain
signaling, indeed, in the sciatic nerve, DRGs and spinal cord of CTR fe-
male mice we registered a significant up regulation of PK system
members, of proinflammatory cytokines, of glial markers and a down
regulation of the anti-inflammatory cytokine IL-10 in comparison to
male mice. This condition, however, does not significantly affect mice
thresholds to mechanical and thermal stimuli; in fact, male and female
control mice display similar response thresholds. When male and female
mice were treated for 14 consecutive days with VCR, the situation
changes: we register differences in neuroinflammation between male
and female but, in this case, we have a clear and more marked neuro-
inflammatory condition in male mice. PK2 and PKRs mRNA levels are
increased in all nervous stations (sciatic nerve, DRGs, spinal cord) only
in male mice and, in the same animals, also the mRNA for TLR4,
proinflammatory cytokines, microglial/ activated macrophages
markers, Schwann/ satellite/ astrocyte marker and the neuronal damage
marker ATF3 is almost always upregulated with a few exceptions. This
condition, however, does not occur in females where the main station
affected by VCR treatment is the peripheral nerve in which we observe a
similar condition to that observed in males. Our results show that, in
female mice, VCR-induced neuroinflammation seems attenuated as we
move from the periphery towards the spinal cord, which is the station
less affected by VCR treatment in this sex. We could hypothesize that the
elevated physiological levels of neuroinflammatory markers in pain
transmission stations in female mice might contribute to the diminished
PNS neuroinflammation and the subsequent absence of spinal cord al-
terations observed after VCR insult. As above described, microglia and
TLR4 expressed by it are important for pain hypersensitivity in male
mice [35,41] and our data described, in accordance, an increase of these
markers in the DRG and spinal cord of male mice but not in female mice
thus resulting in a less marked mechanical allodynia and thermal
hyperalgesia in female VCR mice. Consistently, Iguchi and colleagues
[42] described, following VCR treatment, a robust macrophage expan-
sion in the lumbar DRGs of male mice that contributes to mechanical
allodynia. The authors also showed a male-specific trend of upregulation
of IL-1p, IL-6 and TNFa in the DRG following VCR exposure suggesting
that VCR induced inflammatory responses at least partly through the
P2x4-P2x7 pathway in the Ls-DRG in male mice [42]. In addition, other
preclinical studies revealed that the activation of p38 MAPK in the
microglia cells of the spinal cord plays a role in neuropathic pain,
resulting in an increased release of pro-inflammatory cytokines, such as
TNF-a and IL-1p. In accordance, the inhibition of p38 MAPK has been
shown to effectively reverse mechanical allodynia and reduce pain in
various models of neuropathic pain [43,44]. Our data clearly shows that
in female mice neither CD11b nor CD68, markers for microglia and
activated macrophages, are upregulated in the spinal cord and, at the
same time, no other alterations (cytokines, PK system, astrocytic
marker, TLR4 and ATF3) are detected in the spinal cord. Differently, in
the spinal cord of VCR male mice we detected a clear neuro-
inflammatory condition with an upregulation of all glial markers, of the
main cytokines, of the entire PK system, of TLR4 and of the marker for
neuronal damage ATF3. We previously demonstrated that the activation
of the PK system in DRGs is important to sustain and amplify an ongoing
neuroinflammatory loop already evident after 7 days of VCR treatment
and that the upregulation of the PK system is an important step for
activating the spinal cord neuroinflammatory pathway that is funda-
mental for pain chronicization [12]. Given the established role of PK2
upregulation in driving spinal cord neuroinflammation in CIPN [11,12],
the absence of PK2 upregulation (both mRNA and protein) at the DRG
level in female mice might suggest the lack of observed spinal cord al-
terations. The attenuated neuroinflammatory response in female
VCR-treated mice could explain their reduced mechanical allodynia and
thermal hyperalgesia. While this is a plausible hypothesis, further
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experiments are needed to confirm it. Our data also describes a clear
correspondence between PK2 mRNA and protein levels in DRG sug-
gesting that transcriptional control is the dominant factor driving
changes in protein content and associated biological function. However,
our data show that female VCR mice seem to be more precociously
sensible to cold stimuli than male mice. The unmyelinated C-fibres and
the slightly myelinated Ad-fibres are involved in the perception of
non-noxious and noxious cold stimuli [45,46]. Recent studies have
elucidated multiple mechanisms underlying the onset and expression of
cold allodynia and hyperalgesia including an upregulation of glial
cell-derived neurotrophic factor (GDNF) family receptor alpha-2
(GFRa3) signalling [47], upregulation of transient receptor potential
cation channel subfamily M member 8 (TRPMS8), dysfunction of sodium
channels, increased sensitization of TRPA1l channels, dysfunction of
calcium channels and potassium hyperpolarization-activated cation
channels, disinhibition of C-polymodal nociceptive fibres with concur-
rent loss of A8 fibres [48-50]. It could be possible, but it should be
verified, that one of these alterations might explain the cold allodynia
time course in female mice. In this context, it was also suggested an
influence of sex hormones on TRP channel function and their signalling
pathways that could influence sex differences in CIPN [51]. For
example, it was described that oestrogens can promote TRPV1 signalling
[52] and despite its insensitivity to cold, TRPV1 can enhance membrane
potential changes and electrical firing of TRPM8 + neurons in response
to cold stimulation. In contrast, progesterone seems to have a protective
role in CIPN development [53], in fact it was described the capacity of
progesterone to prevent neuropathy and to exert an antinociceptive
action in VCR-treated rats [54,55]. These effects are due to a
progesterone-driven downregulation of TRPV1, TRPA1 and TRPV4
channels [56,57]. The protective effect of sex hormones might also
explain the fast recovery after VCR discontinuation observed in female
mice but it should be investigated. The potential involvement of hor-
mones warrants more extensive investigation in future studies. In our
experiments, drug treatments were initiated independently of the
estrous cycle phase. While this approach is clinically relevant, the
inability to directly correlate observed variations with the cycle phase
could represent a limitation.

Allodynia to mechanical stimuli was no more evident in female mice
that underwent VCR treatment after about 30 days of treatment sus-
pension, while this condition is still evident in male mice also after 50
days. The chronic treatment with the PK system antagonist PC1
promptly reduces hypersensitivity to mechanical and thermal stimuli in
male mice while, in females, PC1 seems to take a little longer to act on
both allodynia and hyperalgesia also showing lower efficacy. In accor-
dance, our data show that PC1 can almost always counteract the neu-
roinflammatory condition in the main stations involved in pain
pathways in male VCR-treated mice while, in females, it seems less
effective as it fails to counteract to GFAP and TNFa and CD11b upre-
gulation in the PNS. Although, PC1 can reduce PK2 levels in PNS in both
male and female mice, likely blocking the direct sensitization effect of
PK2 on nociceptors, the differences observed in the two sexes might be
due to a lower efficacy of PC1 to reduce neuroinflammation in PNS in
female mice. Further investigations are warranted to elucidate the
mechanisms underlying the observed sex differences. Emerging research
highlights that males and females frequently utilize distinct cell path-
ways to mediate pain and neuroinflammation, which can consequently
alter the efficacy of targeted pharmacological treatments. As we already
described for bortezomib-induced neuropathy [11], here we found high
PK2 levels in the serum of both male and female VCR-treated neuro-
pathic mice. The damage exerted by VCR in PNS stations is important for
inducing the recruitment and activation of peripheral immune cells that
contribute to sustaining a neuroinflammatory condition in PNS stations.
Peripheral leukocytes are probably the main source of the chemokine,
since monocytes, granulocytes, and lymphocytes produce and release
PK2 when activated [30,58,59]. Moreover, our data show that macro-
phages isolated from both VCR-treated male and female mice express
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high levels of both PK2 and PKR1 receptor in the presence of elevated
levels of proinflammatory cytokines. Our results clearly show that PC1
counteracts peripheral neuroinflammation and reduces the activation of
peripheral immune cells and likely the consequent release of systemic
PK2.

5. Conclusion

Our study suggests a sexual dimorphism in the pathophysiology of
vincristine induced neuropathic pain but also, for the first time, a sex
dependent response to PCl treatment. The effect of PC1 on pain,
although evident in both sexes, seems delayed in female mice and its
effect in contrasting neuroinflammation seems more efficacious in male
mice. The data confirms the importance of conducting experiments in
both sexes to provide insightful information for clinically efficacious
interventions.
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