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BACKGROUND AND PURPOSE

Chemokines are involved in neuroinflammation and contribute to chronic pain processing. The new chemokine prokineticin 2
(PROK2) and its receptors (PKR; and PKR;) have a role in inflammatory pain and immunomodulation. In the present study, we
investigated the involvement of PROK2 and its receptors in neuropathic pain.

EXPERIMENTAL APPROACH

Effects of single, intrathecal, perineural and s.c. injections of the PKR antagonist PC1, or of 1 week s.c. treatment, on thermal
hyperalgesia and tactile allodynia was evaluated in mice with chronic constriction of the sciatic nerve (CCl). Expression and
localization of PROK2 and of its receptors at peripheral and central level was evaluated 10 days after CCl, following treatment
for 1 week with saline or PC1. IL-1B and IL-10 levels, along with glia activation, were evaluated.

KEY RESULTS

Subcutaneous, intrathecal and perineural PC1 acutely abolished the CCl-induced hyperalgesia and allodynia. At 10 days after
CCl, PROK2 and its receptor PKR, were up-regulated in nociceptors, in Schwann cells and in activated astrocytes of the spinal
cord. Therapeutic treatment with PC1 (s.c., 1 week) alleviated established thermal hyperalgesia and allodynia, reduced the
injury-induced overexpression of PROK2, significantly blunted nerve injury-induced microgliosis and astrocyte activation in the
spinal cord and restored the physiological levels of proinflammatory and anti-inflammatory cytokines in periphery and in
spinal cord.

CONCLUSION AND IMPLICATIONS
The prokineticin system contributes to pain modulation via neuron—glia interaction. Sustained inhibition of the prokineticin
system, at peripheral or central levels, blocked both pain symptoms and some events underlying disease progression.

Abbreviations
CFA, complete Freund’s adjuvant; PC1, prokineticin receptor antagonist; PKR;, prokineticin receptor 1; PKR,,
prokineticin receptor 2; PROK2, prokineticin 2
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Introduction

Neuropathic pain, resulting from damage to or dysfunction
of the nervous system, is a chronic pain largely resistant to
treatment mainly because the underlying mechanisms are
still poorly understood. Increasing evidence now suggests
that potent neuromodulators as proinflammatory cytokines
and chemokines are involved in neuroinflammation at dif-
ferent anatomical locations, including the injured nerve,
dorsal root ganglion (DRG), spinal cord and brain, and con-
tribute to chronic pain processing (Abbadie et al., 2009; Gao
and Ji, 2010a).

The cytokine prokineticin 2 (PROK2 or mammalian Bv8),
which belongs to a new family of chemokines, displays a
major role in triggering inflammatory pain by acting on two
GPCRs, the prokineticin receptors PKR; and PKR, (see Negri
et al., 2007; Negri and Lattanzi, 2012; receptor nomenclature
follows Alexander et al., 2013), localized on peripheral noci-
ceptors also expressing the ion channels, TRPV1 and TRPA1
(Negri et al., 2006b; Vellani et al., 2006). Prokr1 gene deletion
or pretreatment with the prokineticin receptor antagonist,
PC1, markedly reduced the inflammation-induced hypersen-
sitivity and the up-regulation of Bv8/PROK2 (Balboni et al.,
2008; Giannini et al., 2009; Negri and Lattanzi, 2011). Apart
from the central and peripheral nervous system (Cheng et al.,
2006; Hu et al., 2006; Negri et al., 2006a), PROK2 is constitu-
tively expressed also in the bone marrow and in the periph-
eral blood cells, but it is strongly up-regulated in
inflammatory conditions, associated with infiltrating cells
(LeCouter et al., 2004; Giannini et al., 2009).

In vivo and in vitro experiments from our and other groups
demonstrated potent chemotactic and immunomodulatory
activities of the prokineticins, able to induce a proinflamma-
tory phenotype of macrophages and to skew the Th1/Th2
balance towards a Th1 response mainly through PKR; activa-
tion (Dorsch et al., 2005; Martucci et al., 2006; Franchi et al.,
2008). As the prokineticins and their receptors, usually found
in neurons and in immuno-inflammatory cells, are also
expressed in glia cells (Koyama et al.,, 2006; Cheng etal.,
2012) and Bv8/PROK?2 is involved in both nociception and
immunoregulation, the prokineticin system appears to be a
pivotal candidate for mediating the neuroimmune interac-
tions in neuropathic pain.

This possibility was confirmed by our results demonstrat-
ing that PROK2 and PKR, were overexpressed in sciatic nerve,
DRG and spinal cord of mice with chronic constriction (CCI)

of the sciatic nerve and that therapeutic treatment with the
prokineticin receptor antagonist PC1 alleviated thermal
hyperalgesia and prevented development of allodynia. The
fact that such treatment also prevented activation of glia and
restored pro-inflammatory and anti-inflammatory cytokines
to physiological levels, suggests that blocking of the prokine-
ticin system might offer a new opportunity for disease modi-
fication in inflammatory states.

Methods

Animal preparation
All animal care and experimental procedures complied with
the International Association for the Study of Pain and Euro-
pean Community (E.C.L358/118/12/86) guidelines and were
approved by the Animal Care and Use Committee of the
Italian Ministry of Health. All efforts were made to minimize
animal suffering and to reduce the number of animals used.
Studies involving animals are reported in accordance with
the ARRIVE guidelines for reporting experiments involving
animals (Kilkenny et al., 2010; McGrath et al., 2010). A total
of 140 animals were used in the experiments described here.
Experiments were carried out in male CD1 mice (25-30 g,
Harlan Laboratories, San Pietro al Natisone, Udine, Italy).
Animals were housed individually in cages, under conditions
of optimum light, temperature and humidity (12:12 h light/
dark cycles, 22 £ 2°C, 50-60%) with food and water ad libitum
and acclimatized to the environment for 4-5 days before
surgery or pharmacological treatment. Mononeuropathy was
induced by the CCI of the sciatic nerve (Bennett and Xie,
1988) in CD1 mice anaesthetized with ketamine-xylazine
(60 mg kg' + 10 mg kg', i.p.). Three loose ligatures with 4-0
silk suture thread were made around the nerve with a 1.0-
1.5 mm interval between each of them. In sham-operated
mice, an identical dissection was performed on the same side,
except that the sciatic nerve was not tied.

Nociceptive behavioural tests

Behavioural experiments were carried out by researchers
unaware of the treatments, between 1000 h and 1400 h, in a
reserved quiet temperature-controlled room. For testing
mechanical sensitivity, animals were put in boxes on an
elevated metal mesh floor and allowed 30 min for habitua-
tion before examination. The plantar surface of each
hindpaw was stimulated with a series of von Frey hairs with
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logarithmically incrementing stiffness (0.04-2.0 g, 2Biologi-
cal Instruments, Besozzo, Varese, Italy), presented perpen-
dicular to the plantar surface (7-8 s for each hair). The 50%
paw withdrawal threshold (PWT) was determined using
Dixon’s up-down method (Chaplan et al., 1994). For testing
heat sensitivity, animals were put in plastic boxes and
allowed 30 min for habituation before examination. Heat
sensitivity was tested by radiant heat using a Hargreaves
apparatus (Ugo Basile, Comerio, Varese, Italy) and expressed
as paw withdrawal latency (PWL). The radiant heat intensity
was adjusted so that basal PWL was between 10 and 12 s with
a cut-off of 20 s to prevent tissue damage.

Experimental design

The PKR antagonist PC1 is a triazine-guanidine derivative that,
in vitro blocks Bv8-induced intracellular calcium increase, in
CHO cells transfected with PKR; and PKR,,. It shows an affinity
30 times higher for PKR; than for PKR;, and, in vivo, antagonizes
hyperalgesia induced by the intraplantar, s.c. or intrathecal
administration of Bv8, being ineffective against other pro-
algesic mediators such as bradykinin, PGE, and ATP (Balboni
et al., 2008; Miele et al., 2010). PC1 was injected in CD1 mice
intrathecally (i.t., 5 pL per mice) with a 30G needle inserted
between the L5 and L6 level (Hylden and Wilcox, 1980), by
perineural injection (p.n., 10 uL per mice) with a 30G needle
in the region surrounding the sciatic nerve at high thigh level
of the limb in which the sciatic nerve was ligated (Kiguchi
et al., 2010) or s.c. (50 uL for 10 g body weight) into the flank
region of the mouse. Single bolus i.t. injections of PC1 (1, 10,
100 ng per mice, n=15) and single bolus p.n. injections (5, 15,
50 ng per mice, n = 15) were performed, in different group of
mice, on day 3 after CCI. Single bolus systemic (s.c.) injection
of PC1 (30, 75 and 150 ug kg's.c.) was performed on day 3 and
on day 17 after CCI (n = 15). Then we chose the highest, more
effective dose (150 pg kg™ s.c.) for chronic treatment in thera-
peutic schedules: groups of mice were divided as follows: (i)
sham-operated mice (n = 5); (ii) CCI mice treated with saline
from day 3 to day 9 after sciatic nerve ligation (CCl/saline; n=
8); (iii) CCI mice treated with PC1 150 pg kg™ s.c., twice a day
from day 3 to day 9 after sciatic nerve ligation (CCI/PC1, n=8);
(iv) CCI mice treated with PC1 150 pg kg™ s.c., twice a day
from day 17 to day 20 after sciatic nerve ligature (n = 8). In
sham mice, in CCl/saline and in CCI/PC1 animals, tactile
allodynia and thermal hyperalgesia were assessed daily before
and on day 1 to day 42 after CCI, in the following sequence:
von Frey stimulation, plantar test.

Histochemical and biochemical evaluation

The expression (RT-PCR) and the distribution (immunohisto-
chemistry) of PROK2, PKR; and PKR, in the spinal cord,
lumbar DRG and sciatic nerve, the activation of microglia
and astrocytes in the spinal cord, the mRNA expression and
the protein amount of IL-1f and IL-10 in the spinal cord and
in the sciatic nerve were evaluated in different groups of
sham, CCl/saline and CCI/PC1 mice killed 10 days after CCI
induction. Each group consisted of at least five animals.

RNA extraction and real-time PCR. Total RNA was extracted
from sciatic nerves, pooled from two mice (six samples, i.e. 12
mice per experimental group), from L4, LS DRG and from
dorsal spinal cord at L4-L6 level using TRIzol reagent (Invit-
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rogen, Life Technologies, San Giuliano Milanese, Italy). Real-
time PCR procedure has already been described in detail
(Sacerdote etal., 2013). Tagman probes for mouse Prok2
(Mm 01182450_g1); prokineticin receptors (Prokrl: Mm
00517546_m1; Prokr2: Mm 00769571_m1); interleukins (IL-
18: Mm 00434228_m1; IL-10: Mm00439616_m1) and GAPDH
(Mm99999915_g1) were purchased from Applied Biosystems
(Monza, Italy). The reaction conditions were as follows: 95°C
for 2 min (initial denaturation), followed by 45 cycles at 95°C
for 15 s (cycled template denaturation) and at 60°C for 60 s
(annealing and extension). The Ct value of the specific gene of
interest was normalized to the Ct value of the endogenous
control, GAPDH, and the comparative Ct method (2) was
then applied using sham group as calibrator.

Cytokine protein measurement. The nerve and spinal cord
samples were homogenized in ice-cold PBS containing a pro-
tease inhibitor cocktail (Roche Diagnostics, Monza, Italy).
IL-1B and IL-10 protein contents were determined by ELISA
using ultra-sensitive ELISA (IL-1 R&D Systems, Minneapolis,
MN, USA; IL-10 eBioscience, San Diego, CA, USA).

Neutrophil content in the sciatic nerve. Neutrophil content in
the sciatic nerve was evaluated measuring the myeloperoxi-
dase activity (MPO) using the method of Bradley et al. (1982).

Immunoﬂuorescence

L4-L5 spinal cord, DRG and sciatic nerve were dissected from
transcardially perfused (PBS followed by 4% paraformalde-
hyde) mice, embedded in cryostat medium and frozen. Spinal
cord sections (40 um, free-floating) were incubated at 4°C for
48 h, whereas DRG and sciatic nerve sections (20 um),
mounted on slides, were incubated at 4°C overnight with the
following primary antibodies diluted in PBS-0.3% Triton
X-100: 1/200 rabbit polyclonal anti-PROK2 (AbCam, Cam-
bridge, UK), 1/200 rabbit polyclonal anti-PKR; and PKR,
(Alomone Labs, Jerusalem, Israel), 1/500 mouse monoclonal
anti-neuronal nuclei (NeuN), 1/400 mouse polyclonal anti-
glial fibrillary acidic protein (GFAP) (Immunological Sciences,
Rome, Italy), 1/300 mouse polyclonal anti-Synaptophysin
(Sigma-Aldrich, Milan, Italy), 1/100 rat monoclonal anti-
CD11 (BD Pharmigen, Milan, Italy). The sections were then
incubated for 2 h at room temperature in 1:200 anti-species
IgG antibodies coupled to Alexa Fluor®-488 or 555 (Immu-
nological Sciences). Nuclei were stained with DAPI 1/500. The
stained sections were examined at confocal laser scanning
microscope (Leica SP5, Leica Microsystems, Wetzlar,
Germany). Immunofluorescence intensity or immunoreac-
tive area was measured in five fields (300 um?) for every
section in at least 10 sections for every experimental group
(http://imagej.nih.gov/ij/index.html, free software).

To assess the specificity of the anti-PROK2 antibody, we
pre-adsorbed it with the protein PROK2 (500 ng) overnight at
4°C prior to incubation with tissue. To assess the specificity of
the anti-PKR,; and anti-PKR, antibody, we pre-adsorbed them
with the respective blocking peptides (Alomone Labs) over-
night. We also checked these antibodies on DRG and spinal
cord sections from PKR;-KO to PKR,-KO mice.

Sciatic nerve immunohistochemistry
Paraffin-embedded sciatic nerve sections (5 pm), deparaffi-
nized and rehydrated, were incubated with normal horse
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serum (3%, 1 h, 37°C) then with goat polyclonal anti-PROK2
(1:100, Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA,
overnight, 4°C), washed and incubated with biotinylated sec-
ondary antibody (Vector Laboratories, Burlingame, CA, USA)
and avidin-biotin-horseradish peroxidase complex (Vec-
tastain ABC kit; Vector Laboratories), stained with 3,3N-
diaminobenzidine tetrahydrochloride (DAB, Sigma-Aldrich).
All slides were counterstained with Mayer’s haematoxylin,
visualized and photographed with an Olympus DP12 micro-
scope equipped with a digital camera. PROK2-staining inten-
sity was computed as integrated optical density (IOD) for
arbitrary areas and measured in six samples for each experi-
mental group (Image Pro-Plus, 4.5.1, Milan, Italy).

Data analysis

Results are expressed as mean + SEM. When appropriate,
one-way ANOVA with Tukey’s test for multiple comparisons or
two-way repeated measures ANOVA with Bonferroni’s post
tests, was performed using GraphPad Prism 5 for Windows
version 5.4. Differences were considered significant at P <
0.05.

Results

Pharmacological blockade of the prokineticin
receptors alleviated hyperalgesia

Before CCI induction, the overall mean baseline PWL to
noxious heat stimuli and PWT to mechanical stimuli were
similar in all groups of mice and there were no significant
differences between left and right PWL and PWT. CCI of the
sciatic nerve caused a marked reduction of the ipsilateral PWL
and PWT. Thermal hyperalgesia appeared from the first day
after surgery and reached maximal values on day 3 after
surgery. The PWL of the injured paw was 4.4 £ 0.2s; 9.2 £
0.2's in the contralateral paw and 9.1 + 0.19 s in sham-
operated mice (P < 0.001). Thermal hypersensitivity of neu-
ropathic mice returned to normal value after about 40 days.
When tactile allodynia was assessed with von Frey filaments,
it was clearly evident in the injured paw from day 12 after
CClI, reached maximal levels on day 17 (P < 0.001) and was
still significant (P < 0.01) on day 40. The tactile sensitivity of
the contralateral paw remained near the basal level through-
out the experiment (Figure 1A and B).

A single bolus systemic injection of PC1 (30, 75 and
150 ug kg') on postoperative day 3, when thermal hyperal-
gesia was clearly evident (Figure 1C) or on postoperative day
17, when tactile allodynia reached full development
(Figure 1D), dose-dependently reduced the established CCI-
induced thermal hyperalgesia and tactile allodynia. The effect
was maximum in about 20 min, suggesting a direct action on
nociceptor PKRs, whose blockade hinders the transmission of
pain stimuli. The antihyperalgesic effect of the highest dose
(150 pg kg, s.c.) lasted for about 2 h.

To evaluate if this antihyperalgesic effect would depend
on peripheral or spinal mechanisms or both, we injected PC1
p-n. or i.t. on day 3 after CCI, when thermal hyperalgesia was
clearly evident. A significant dose-related antihyperalgesic
effect was observed after p.n. injection of very low doses of
PC1 (5, 15, 50 ng per-mouse). The onset of the antihyperal-

Bv8/prokineticin system and neuropathic pain

gesia was rapid suggesting that this action might be mediated
through receptors expressed on DRG neurons (Figure 1E).
PC1, dose-dependently (1, 10 and 100 ng per mouse), also
reversed the established hyperalgesia when injected i.t.
(Figure 1F). The effect was maximal in 10-15 min and lasted
for 1 to 2 h, suggesting that nerve damage had induced acti-
vation of the prokineticin system at the level of the spinal
cord. Intrathecal injection of PC1 did not induce any changes
in the pain threshold of contralateral paw which maintained
values similar to those measured in sham animals.

Then, we chose the highest, more effective s.c. dose of
PC1 (150 ug kg™") for chronic treatment of the established
hyperalgesia (therapeutic schedules). Repeated administra-
tion of PC1 (150 pg kg™, s.c. twice a day) from day 3 to 9
produced total recovery of the decreased PWL for at least 9
days (Figure 2A and B). This treatment was effective as soon as
2 days after the start of treatment (P < 0.05) and lasted for 4
days after cessation of treatment. Indeed, the thermal nocic-
eptive threshold was maintained at the basal level (P < 0.001)
up to day 13 after surgery. From day 14 onward, thermal
hyperalgesia slowly reappeared but at a level significantly
lower than that of CCI/saline mice (P < 0.05). Interestingly,
such a treatment schedule prevented the later development
of tactile allodynia. Indeed, the PWT of the CCI/PC1 mice
remained at the same level as that of the sham group for the
entire period of evaluation (40 days after CCI).

Repeated administration of PC1 (150 pg kg™, s.c. twice a
day) from day 17 to 20 significantly reduced thermal hyper-
algesia (Figure 2C). Tactile allodynia too was reduced but not
abolished (Figure 2D). Nociceptive responses were signifi-
cantly reduced after 2 days of treatment, for both tactile
allodynia (P < 0.01) and thermal hyperalgesia (P < 0.01). After
4 days of treatment, thermal and tactile nociceptive thresh-
olds of the CCI/PC1 group reached almost the levels of the
sham group (P < 0.01, for both measures). After cessation of
treatment, the nociceptive thresholds of CCI/PC1 mice were
maintained significantly higher than those of CCl/saline
mice for the entire period of observation.

As the hyperalgesia in our model was rapidly reversed by
acute s.c., i.t. and p.n. administration of the PKR antagonist
and its development was controlled by repeated systemic
administration of the PKR antagonist, it was likely that the
prokineticin system was involved. Hence, we decided to
compare the expression of PROK2 and its receptors at periph-
eral and central sites of pain transmission in the experimental
groups, on day 10 after surgery when the antihyperalgesic
effect of PC1 was at its maximum.

PROK2-, PKR;- and PKR>-mRNA in the
spinal cord, DRG and in the sciatic nerve

As illustrated in Figure 3, 10 days after CCI, a general activa-
tion of the prokineticin system was evident in the sciatic
nerve, in L4-L5 DRGs and the dorsal spinal cord. In the
injured sciatic nerve PROK2 (Figure 3A), PKR, (Figure 3B) and
PKR; (Figure 3C) mRNA levels were significantly higher than
in sham nerves. The up-regulation of PKR, was most obvious,
as the receptor expression was 150-fold higher than in
control mice. In L4-LS ipsilateral DRG and in the L4-L6
spinal cord, PROK2 (Figure 3D and G) and PKR, (Figure 3F
and I) mRNA levels were significantly higher in CCI than in
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Figure 1

Antihyperalgesic effect of PC1 administration as single bolus. (A) CCl of the sciatic nerve caused a marked reduction of the ipsilateral PWL, assessed
with the plantar test, from the first day after surgery. PWL reached minimal values on day 3 and returned to normal values 40 days after surgery.
(B) PWT, assessed with the von Frey filament stimulation, was clearly reduced in the injured paw from day 12 after CCl reached minimal levels
on day 17 and was still significantly lower than in contralateral paw on day 40. Thermal and tactile sensitivity of the contralateral paw remained
near the basal level throughout the experiment. (C) Single s.c. administration of PC1 (30, 75 and 150 ug kg™ s.c.) on day 3 after CCl, when
thermal hyperalgesia was maximal, dose-dependently reduced the established CCl-induced thermal hyperalgesia. (D) Single s.c. administration
of PC1 (30, 75 and 150 ug kg™' s.c.) on day 17 after CCl, when allodynia have reached maximum level, dose-dependently reduced the established
allodynia. The highest dose (150 pg kg™ s.c) abolished thermal and tactile hyperalgesia for about 2 h. (E) A single bolus p.n. injection of PC1 (5,
15, 50 ng per mice) in the injured paw on day 3 after CCl dose-dependently reverted the established CCl-induced thermal hypersensitivity. The
highest dose of PC1 (50 ng) abolished hyperalgesia for about 2 h. (F) A single bolus i.t. injection of PC1 (1, 10 and 100 ng per mice) induced a
rapid, dose-dependent reduction of the established thermal hyperalgesia. The highest dose of PC1 (100 ng) abolished thermal hyperalgesia for
about 2 h. Data represent means = SEM of five mice. *P < 0.05, **P < 0.01, ***P < 0.001 CCl/saline versus sham; °P < 0.05; °°P < 0.01; °*°P < 0.001
CCI/PC1 versus CCl/saline mice; two-way anova, followed by Bonferroni’s test.

sham nimals, whereas a non-significant increase was meas-

ured for PKR; (Figure 3E and H). Therapeutic treatment with PROK2, PKR; and PKR; localization in

the receptor antagonist, PC1, blocked the PROK2 mRNA sciatic nerve

increase in all these tissues without significantly affecting Immunohistochemical staining using anti-PROK2 antibody
PKR;- or PKR,-mRNA levels. failed to demonstrate any PROK2 immunoreactivity in the
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Antihyperalgesic effect of repeated administration of PC1. Repeated systemic injections of PC1 (150 ug kg™, twice a day) from day 3 to 9 after
CCl abolished the CCl-induced thermal hyperalgesia for about 2 weeks (A) and prevented the later development of tactile allodynia (B). Repeated
administration of PCT (150 ug kg™ s.c. twice a day) from day 17 to 20 significantly reduced but did not abolish thermal (C) and tactile (D)
hyperalgesia which slowly reappeared after treatment withdrawal. Data represent means = SEM of six to nine mice. °P < 0.05; °*°P < 0.01; °*°P <
0.001 CCI/PC1 versus CCl/saline mice; two-way anova, followed by Bonferroni’s test.

sciatic nerve of sham-operated mice whereas, 10 days after
CCI, a heavy infiltration of PROK2-positive cells (brown
colour, Figure 4A) was evident in the neuroma in the imme-
diate proximity of the injury. PC1 treatment did not affect
the number of neutrophils, evaluated by the MPO assay
(Figure 4C) but significantly reduced PROK2 immunoreactiv-
ity (Figure 4A inset), evaluated as IOD (Figure 4B), with lower
levels of PROK2 mRNA in the CCI/PC1 group, relative to the
CCl/saline group. Immunofluorescence staining, such as
immunohistochemical staining, did not reveal PROK2 signal
in the sciatic nerve of sham mice (see Figure 5A), whereas
immunofluorescence staining of the neuroma in CCl/saline
mice demonstrated that PROK2 signal was associated with
GFAP-positive Schwann cells (Figure 4D) and with CD11b-
positive-activated neutrophils and macrophages (Figure 4E).
PKR, (Figure 4F) was mainly associated with CD11b-positive
cells, suggesting that the PKR; mRNA increase depends on the
high number of infiltrating cells (Giannini etal., 2009),
whereas PKR, is mainly associated with GFAP-positive cells
(Figure 4G).

Immunofluorescence staining of sciatic nerve proximal to
the lesion demonstrated a dramatic increase of PROK2 and
PKR; signal (Figure 5B and E, green) in fibres and in GFAP-
positive structures, 10 days after CCI. PC1 treatment pre-

vented the injury-induced PROK2 up-regulation but was
ineffective against PKR, up-regulation (Figures SC and F). In
the uninjured nerve, only a very faint PKR, signal was evident
in Schwann cells (Figure 5D).

PROK2, PKR; and PKR; localization in DRG

In lumbar DRG of sham-operated mice, the PROK2 signal was
very faint (Figure 6A). PKR, and PKR, immunoreactivity was
mainly localized on cell membrane of some neurons
(Figure 6D and G). Ten days after CCI, in the ipsilateral DRG,
the number of PROK2-positive neurons was clearly increased
relative to sham mice, with immunofluorescence distributed
in the whole cell body (Figure 6B). PKR; immunoreactivity
was unchanged compared with sham, whereas a strong
increase of PKR, immunoreactivity, staining the whole cell
body, was evident in many neurons (Figure 6E and H). PKR;,
PKR, and PROK2 showed a cytoplasmic vesicular pattern,
characteristic of proteins that are packaged, transported and
released. PROK2 and PKR, fluorescence was also increased in
some GFAP-positive satellite cells (Figure 6B and H). In PC1-
treated mice, the PROK2 signal was significantly reduced
compared with the CCl/saline group (Figure 6B and C). PKR,
immunoreactivity (Figure 61), as well as PKR, mRNA, showed
a non-significant tendency to decrease; a bright PKR, signal

British Journal of Pharmacology (2014) 171 4850-4865 4855



D Maftei et al.

SCIATIC NERVE

; P
s O

-

o

*
-
o

i

DRG

SPINAL CORD (L4-L6)

i ,é
| — I 1

)

-
[6.]

-
o

o

I

vy)
m

PROK2 mRNA expression
[4)]
J'
PROK2 mRNA expression
[4)]
PROK2 mRNA expression
[4)]

I

S 10 8 10 g 10
3 6 3 6 3 6
= g , g ,
© o o
- S e S
o o o
8 § 200 8 200
g 3 3
§ §150 ;.-_150
a [ Q *
1 1

g < "% < "%
£ £ * £
: g = ¢ =
o o o

] Sham Il CcCl/Saline B cclpPc1

Figure 3

Expression of mRNA for PROK2 (A, D and G), PKR; (B, E and H), PKR; (C, F and |) in ipsilateral sciatic nerve, DRG and the spinal cord (L4-L6) 10
days after CCl. The mRNA expression levels, determined by RT-PCR, were expressed in relation to GAPDH and presented as fold of increase relative
to sham animals. Data are means + SEM of four to five animals. Overall analysis: panel A, A(2,25) = 4.923, P=0.0166; panel B, F(2,29) = 8.73,
P=10.0012; panel C A(2,29) =15.3, P<0.0001; panel D, A(2,15) =3.93, P=0.0462; panel E, A(2,11) =1.306, P=0.3177; panel F, [(2,12) = 5.756,
P=0.0217; panel G, A(2,15)=4.517, P=0.0324; panel H F(2,15)=0.679, P=0.5241; panel |, (2,15) = 5.645, P=0.0172. Post hoc comparisons:
*P < 0.05, ***P < 0.001 CCl/saline versus sham; °P < 0.05 CCI/PC1 versus CCl/saline; one-way anova, followed by Tukey’s test for multiple

comparisons, when necessary.

appeared redistributed on the neuronal cell membranes
(Figure 6l).

PROK2, PKR; and PKR; localization in the
spinal cord

PROK2 immunofluorescence, localized in superficial layers (I
and II) of the spinal cord in naive animals, was strongly
increased in the ipsilateral dorsal horn 10 days after CCI,
staining also the deeper layers. Therapeutic PC1 treatment
prevented this increase in immunofluorescence so that the
PROK2 signal in CCI/PC1 mice resembled that observed in
sham animals (Figure 7A, panels a, d, g). Diffuse punctuate
pattern PROK2 immunoreactivity partially colocalized with
synaptophysin, a presynaptic marker, mainly in superficial
laminae of dorsal horn as illustrated in Figure 7C. The lower
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PROK2 immunofluorescence in the ipsilateral dorsal horn of
CCI/PC1 mice (Figure 7A, panel g) in respect to that in CCI/
saline mice (Figure 7A, panel d) was related to the strong
reduction of PROK2 in the presynaptic terminals. PROK2
immunoreactivity in ipsilateral spinal cord of the CCl/saline
mice was also associated with GFAP-positive proliferating and
activated astrocytes (Figure 7A panel f and Figure 7B panel c).
In the contralateral horn, the number of PROK2/GFAP immu-
noreactive cells was slightly but not significantly higher than
that in sham mice (not shown). Seven-day PC1 treatment
strongly reduced the PROK2 immunofluorescence in the acti-
vated astrocytes as illustrated by Figure 7B, panel f. Moreover,
it reduced the number of the large sized GFAP-positive cells
(Figure 7A, panel h in respect to Figure 7A, panel e), as indi-
cated by measuring the percent GFAP-positive area (Figure 8).
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Representative images of sciatic nerve in the immediate proximity of the injury. (A) Immunohistochemical staining of ipsilateral sciatic nerve, on
day 0 after CCl, from sham, CCl/saline and CCI/PC1 mice with anti-PROK2 antibody and haematoxylin. Scale bar = 30 pm. Arrowheads indicate
the infiltrating cells expressing the PROK2 protein. A sustained infiltration of PROK2-positive cells was evident 10 days after CCl. PC1 treatment
significantly reduced the PROK2 immunoreactivity (brown colour) in the cytoplasm of these cells (inset) as demonstrated in (B) by quantitative
analysis of PROK2 signal computed as integrated optical density for arbitrary areas (six sections per animal, six animals). (C) Number of infiltrating
neutrophils evaluated as MPO activity mg™' tissue. Data are means + SEM of four to six animals. *P < 0.05; ***P < 0.001 CCl/saline versus sham
mice; °P < 0.05 CCI/PC1 versus CCl/saline mice; one-way anova, followed by Tukey’s test for multiple comparisons. (D and E) Immunofluorescence
double staining showing colocalization (yellow, arrowheads) of PROK2 (green) with GFAP (Schwann cell marker, red) and CD11b (macrophage
marker, red) in the immediate proximity of the injury in the sciatic nerve of CCl/saline mice. (F and G) Representative images showing the
localization (arrowheads) of the receptor PKR; (green) in CD11b-positive macrophages (red) and of the receptor PKR; (green) in GFAP-positive
Schwann cells (red) in the immediate proximity of the injury of the sciatic nerve in CCl/saline mice. Cell nuclei were counterstained with DAPI (blue

fluorescence). Scale bar, 20 um.

In sham animals, PKR, immunoreactivity showed a faint
diffuse punctuate pattern partially colocalized with synapto-
physin (not shown). PKR; positive neuronal cell bodies were
clearly evident in superficial laminae of the dorsal horn
(Figure 9A arrow, inset), the same localization shown by EGFP
epifluorescence in Gensat database (http://www.gensat.org/
imagenavigator). Ten days after CCI, PKR, positive neuronal
cell bodies were more evident also in deeper layers of the
dorsal horn (Figure 9B arrows) as illustrated in Figure 9G,
showing PKR, immunofluorescence in NeuN positive cells.
The PKR, signal was clearly increased in the activated astro-
cytes (Figure 9B head arrows and insert) and also in the
diffuse punctuate pattern. PC1 treatment did not induce any
variations in PKR, immunoreactivity (Figure 9C).

The PKR; signal in the spinal cord sections was very faint
and was unaffected by CCI or by PC1 treatment, mirroring
the results of PKR; mRNA evaluation. It clearly colocalized
only with GFAP-positive astrocytes (Figure 9D-F) whereas
we never detected PKR1 signals in NeuN-positive cells
(Figure 9H). We also did not observe co-staining of PROK2,
PKR; or PKR, with CD11b (Figure 10E-G), suggesting that
the spinal cord microglial cells, even when activated, do
not express any elements of the prokineticin system.

Nevertheless, PC1 treatment significantly reduced the nerve
injury-induced microgliosis (Figure 10A-C) as demonstrated
by evaluating the proportion of CD11b-positive area
(Figure 10D).

Effect of PC1 treatment on cytokine levels in
the sciatic nerve and the spinal cord

As cytokines are regulated at several post-transcriptional and
post-translational levels, we measured both mRNA and
protein levels. mRNA and protein levels of IL-1B were both
increased in the injured sciatic nerve, and in the spinal cord.
PC1 treatment prevented the IL-1B increase, significantly
reducing it in the sciatic nerve (Figure 11A and B) and restor-
ing IL-1P levels to basal values in the spinal cord (Figure 11E
and F).

The concentration of IL-10 protein decreased in injured
sciatic nerve (Figure 11D), whereas its mRNA expression
increased (Figure 11C) probably because of activation of the
synthetic machinery in order to counteract the pro-
inflammatory cascade induced by the lesion (Sacerdote et al.,
2013). PC1 treatment led to an increased expression of IL-10
protein. In our experimental setting, we did not find any
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10 days after nerve ligation. PC1 treatment prevented the injury-induced PROK2 up-regulation (C) but was ineffective against PKR, up-regulation
(F). Cell nuclei were counterstained with DAPI (blue fluorescence). Scale bar: 20 um.

modulation of IL-10 in the spinal cord, either after CCI or
PC1 treatment (Figure 11G and H).

Discussion

Here, for the first time, we provide evidence that the proki-
neticin system plays a role in neuroinflammation and in the
evolution of the neuropathic pain model. Peripheral nerve
damage induced up-regulation of PROK2 and of its receptor
PKR; both in the periphery and in the spinal cord.

One-week treatment with the PKR antagonist PC1 allevi-
ated the established neuropathic hyperalgesia and prevented
the activation of glia and the increased production of inflam-
matory cytokines. Moreover, it reduced the neuropathy-
induced overexpression of PROK2 itself - a potent
pro-nociceptive and pro-inflammatory agent — in sciatic
nerve, DRG and spinal cord.

Inflammatory responses occurring in injured nerves play
an important role in the genesis of neuropathic pain. In fact
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10 days after CCI, we detected a strong increase of PROK2
mRNA in the sciatic nerve: PROK2 immunoreactivity was
increased in the neuroma, associated with activated Schwann
cells and invading activated neutrophils/macrophages
(Figure 4), and was also dramatically increased in the sciatic
nerve fibres proximal to ligation (Figure 5). As previously
demonstrated in inflammatory pain models (Giannini et al.,
2009), the release of PROK2 in the nerve contributes to the
fall in the nociceptor activation thresholds and to the recruit-
ment of neutrophils and macrophages, which PROK2 drives
towards a pro-inflammatory phenotype, increasing the
release of IL-1f and decreasing the release of the anti-
inflammatory cytokine IL-10. In our CCI model, we showed
that PC1 treatment was highly effective against the periph-
eral inflammatory component in the injured sciatic nerve.
Acute perineural injection of very low doses of PC1 blocked
the neuronal PKR; and PKR, and prevented the PROK2-
induced nociceptor activation. Also, repeated treatment
reduced the availability of PROK2 in the nerve and in the
infiltrating cells. Moreover, blocking the macrophage PKR;
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test for multiple comparisons.

and the PKR, highly expressed on activated Schwann cells
restored the pro-inflammatory and anti-inflammatory
cytokines to normal, physiological levels, as we have already
demonstrated in macrophages from PKR;-KO mice (Martucci
et al., 2006).

Ten days after the ligation, PROK2 mRNA and protein
were significantly increased also in the DRG and in the spinal
cord. In myeloid cells, PROK2 up-regulation is induced
through activation of STAT3 that binds the enhancer site of
its promoter (Shojaei et al., 2007; Qu et al., 2012; Yan et al.,
2013). STAT3 activation by G-CSF, IL-6 and IL-1f signalling
was recently demonstrated in DRG neurons and astrocytes,
but not in microglia (Schweizerhof et al., 2009; Tsuda et al.,
2011). Accordingly, we found a significant increase of PROK2
in DRG neurons and in GFAP-positive activated astrocytes in
the spinal cord but not in CD11b-positive microglial cells.

The increased PROK2 immunofluorescence in presynaptic
terminals in the spinal cord suggests that PROK2 may be
transported to the central endings where it induces central
sensitization through synthesis and release of the neuropep-
tides CGRP and SP (De Felice et al., 2012), activation of glu-
tamate interneurons (Yuill ef al., 2007) and reduction of
GABA, receptor functions (Ren et al., 2011). These PROK2-
induced effects may contribute to microgliosis, astrocytosis
and production of proinflammatory cytokines, such as IL-18
and IL-6, which in turn stimulate astrocytes to induce further
PROK2 expression.

Astrocyte reaction after nerve injury is more persistent
than microglial reaction and displays a better correlation
with chronic pain-related behaviours (Gao and Ji, 2010b).
The fact that PROK2 is associated with astrogliosis confirms
the involvement of the prokineticin system at the spinal cord
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Representative images showing PROK2 localization in the mouse L4-L5 spinal cord dorsal horn. (A) PROK2-positive profiles (green) in sham (a),
CCl/saline (d) and CCI/PC1 (g) mice. GFAP (astrocyte marker) positive profiles (red) in sham (b), CCl/saline (e) and CCI/PC1 (h) mice. Sciatic nerve
ligation induced a substantial increase in PROK2 and in GFAP signal 10 days after ligation. Double staining reveals a colocalization of PROK2 with
the astrocyte marker GFAP (f). Scale bar: 50 um. (B) High-magnification image (scale bar: 10 pum): double immunofluorescence labelling for
PROK2 (green) and GFAP (red) shown in single channels (a, d and b, e€) and as a merged image (c, f) showing that activated astrocytes
(GFAP-positive enlarged cell bodies and thick processes) contain PROK2 (yellow, c). PC1 treatment (150 ug kg™ s.c. twice a day for 7 days)
reduced PROK2 immunofluorescence in the astrocytes (f). (C) Representative images showing colocalization (c) of PROK2 (green, a) with
synaptophysin (red, b). Scale bar: 10 um. Cell nuclei were counterstained with DAPI (blue).
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cord from sham, CCl/saline and CCI/PC1 mice (five sections per
animal, three animals per group). PC1 treatment significantly
reduced the CCl-induced astrocytosis and microgliosis. Data are
mean * SEM of four to six animals. ***P < 0.001 CCl/saline versus
sham mice; °*°P < 0.001 CCI/PC1 versus CCl/saline mice; one-way
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level. As previously demonstrated also in vitro (Koyama et al.,
2006), PROK2 induces proliferation of astrocytes expressing
both PKR; and PKR; so functioning as an astrocytic autocrine
growth factor. In mice with CCI and treated with PC1, the
astrocyte immunoreactive area was significantly lower than
in CCl/saline mice (Figures 7E, H and 8) and their PROK2
content was clearly reduced (Figure 7B) indicating that
repeated PC1 treatment directly controls astrogliosis. Further
demonstration that the prokineticin system involved in neu-
ropathic pain at the spinal cord level comes from the obser-
vations that intrathecal injection of very low doses of PC1
dose-dependently reduced/abolished hyperalgesia in CCI/
saline mice (Figure 1F).

Both PROK2 and PKR; are present also in brain regions
associated with pain as medial preoptic area, periaqueductal
grey, amygdala, thalamus and hypothalamus (Cheng et al.,
2006; de Novellis et al., 2007), where the prokineticin system
has a role in modulating the descending inhibitory control of
pain (de Novellis et al., 2007; Lattanzi et al., 2012). At the

ANovA, followed by Tukey’s test for multiple comparisons.
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Representative images showing PKR; and PKR; localization in the mouse L4-L5 spinal cord dorsal horns from 10 days sham (A, D), CCl/saline (B,
E) and CCI/PC1 (C, F) mice. PKR; immunofluorescence (green) is clearly evident in sham animals, localized in some neuronal cells (a, arrows and
inset), and in some astrocytes (A, arrowheads). Ten days after CCl (B), PKR; positive neuronal cell bodies were more evident also in deeper layers
of the dorsal horn (B, arrow) as demonstrated by colocalization with the neuronal marker NeuN (G). The localization of PKR; in activated astrocytes
is demonstrated by the double staining of PKR; (green) with the astrocytes marker GFAP (B, arrowheads and inset). The diffuse punctuate pattern
PKR; signal appeared clearly increased. PC1 treatment did not modify the PKR; immunofluorescence intensity. In the spinal cord, the PKR; signal
was very faint and was not affected by nerve injury nor by PC1 treatment. PKR; immunoreactivity was clearly evident in GFAP-positive resting and
activated astrocytes (D, E) and was not modified by PC1 treatment. We never detected PKR; signal in NeuN-positive cells. Cell nuclei were
counterstained with DAPI (blue fluorescence). Scale bar, 50 um in A to F; 30 um in G, H and 10 pum insets.
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Immunofluorescence staining of CD11b (microglia marker, red) in the spinal cord ipsilateral dorsal horn of sham (A), CCl/saline (B) and CCI/PC1
(C) 10 days after injury demonstrated that PC1 treatment significantly reduced the CCl-induced microgliosis as demonstrated by quantification
of immunoreactive area (D). Scale bar, 50 um. We never detected PROK2 (E), PKR; (F) or PKR; (G) in microglia as demonstrated by lack of any
signal associated with CD11b-positive cells, not even in CCl/saline mice. Scale bar, 20 um. In (D), data are mean £ SEM. ***P < 0.001 CCl/saline
versus sham mice; °*°P < 0.001 CCI/PC1 versus CCl/saline mice; one-way anova, followed by Tukey’s test for multiple comparisons.

moment, we have no data regarding a potential role of brain
PROK2 in neuropathic pain models, but interestingly a
PROK2 increase has been demonstrated also in brain astro-
cytes and neurons after brain ischaemia (Cheng et al., 2012).

The PROK2 released in the spinal cord by astrocytes and
primary sensory neurons may activate the PKR; constitutively
localized in the spinal cord neurons (Gensat data base) and
up-regulated after nerve injury (Figure 9A and B). There is
already evidence suggesting that PKR; is the inducible recep-
tor (Kisliouk et al., 2005). Our RT-PCR and immunohisto-
chemical data indicate that, 10 days after nerve damage, PKR,
is overexpressed in all the examined tissues: PKR,-mRNA and
immunoreactive protein were dramatically increased in the
injured sciatic nerve and in the activated Schwann cells as
well as being significantly increased in DRG and the spinal
cord. Data from our laboratory has demonstrated that Bv8-
induced or inflammation-induced tactile allodynia was defi-
cient in PKR,-KO mice (R. Lattanzi, unpublished). As PKR; is
constitutively expressed in some medium to large DRG
neurons which also contain the ion channel TRPA1, which is
involved in tactile allodynia (Nassini et al., 2011; Negri and
Lattanzi, 2011), and also in the spinal cord neurons, we
suggest that the increased expression of PKR; in nociceptors
and in the spinal cord neurons together with the increased
expression of its agonist might have a crucial role in induc-
tion and maintenance of allodynia. Hence, it is possible that
prolonged pharmacological blocking of these receptors
together with the reduced availability of the agonist pre-
vented and/or reduced sensitization of the pathway respon-
sible for allodynia.

Interestingly, after cessation of PC1 treatment - per-
formed from day 3 to 10 after CCI - thermal hyperalgesia

4862 British Journal of Pharmacology (2014) 171 4850-4865

reappeared whereas mechanical allodynia did not develop. It
is possible that when PC1 administration started, on day 3
after CCI, the unique plasticity of the CNS that underlies
allodynia (Woolf, 2011; Baron et al., 2013) was not fully com-
pleted. Thus, by blocking neuronal PKR; and inhibiting astro-
cyte activation and the PROK2 synthesis in nociceptors and
in astrocytes, allodynia can be prevented. However, when
PC1 was administered to mice later, at day 17, when allo-
dynia had already fully developed, the antagonist was able to
significantly reduce it but, on cessation of the treatment, the
allodynia reappeared.

Last but not least, a peculiar effect of PC1 treatment was
to prevent the CCl-induced PROK2 up-regulation, reducing
the availability of a potent pro-algesic and pro-inflammatory
agent, both in periphery and at the spinal cord level. Indeed,
in all the examined tissues, the PROK2 mRNA levels and
immunofluorescence were significantly lower in the CCI/PC1
mice than in CClI/saline group.

In conclusion, the prokineticin system plays a critical role
in the peripheral nervous system and the CNS in the devel-
opment and maintenance of neuropathic pain, regulating
neuronal-glial interactions. By acting on the peripheral PKRs,
the antagonist PC1 controlled the injury-induced abnormal
activity of sensory neurons (Xie ef al., 2009; Woolf, 2011), so
preventing the CCl-induced microglia activation and abol-
ishing the neuropathy-induced IL-1f increase, an effect that
correlates well with the ability of PC1 to switch off microglia
activation (Watkins and Maier, 2002; Martucci et al., 2008). In
the spinal cord, astrocytes appeared to be the preferred target
for PC1 and this antagonist reduced astrogliosis and
astrocyte-PROK2 production simultaneously. Moreover, its
anti-inflammatory and immunomodulatory action had an



Bv8/prokineticin system and neuropathic pain

SCIATIC NERVE

A IL-1B

o
2- .
0 I

los IL-10

1004
80-
60-
40
204

4+

I

IL-1b mRNA expression

ﬂ
W

IL-10 mRNA expression
e o

B IL1B

4000
30001
2000
1000
6001
200
1501

754 ,_—|—_|
0
D IL-10

4000+
3000
2000{

pg-ng~' protein

=

—

1000+ il
e
2004 /3

150

i 1mE
0

pg-ng~' protein

SPINAL CORD (L4—L6)

E IL-1B

47 * .

G IL-10

IL-1b mRNA expression

1 N =S

IL-10 mRNA expression

F IL-1B

4000
3000
2000

1000
6001

pg-ng~' protein

[0 sham W CClSaline E CcClIPC1

Figure 11

IL-1B (A, B, Eand F) and IL-10 (C, D, G and H) mRNA expression and protein content in ipsilateral sciatic nerve and spinal cord 10 days after CCI.
The cytokines mRNA levels, determined by RT-PCR, were expressed in relation to GAPDH and are presented as fold of increase relative to sham
animals (A, C, E, G). Cytokine protein content is normalized to sample total protein (B, D, F, H). Data are mean + SEM of four to five animals.
*P<0.05; **P<0.01; ***P<0.001 CCl/saline versus sham; °P < 0.05; °°P < 0.01; °°°P < 0.001 CCI/PC1 versus CCl/saline; one-way anova, followed

by Tukey’s test for multiple comparisons.

important effect in the injured sciatic nerve where its reduc-
tion of the concentration of IL-1f3 and increase of the expres-
sion of the anti-inflammatory cytokine IL-10 are likely to
contribute to the therapeutic effect observed (Sacerdote et al.,

2013). In addition, we demonstrated that the final effect of
PC1 was also due to a direct modulation of the spinal proki-
neticin system as shown by the ability of i.t. administration
of PC1 to abolish the nerve injury-induced hyperalgesia.
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Because the daily dose of PC1 peripherally injected in a
mouse is about a hundred times higher than equi-effective i.t.
doses, it is most likely that that the systemic doses of PC1 act
also at the spinal cord.

Compounds such as PC1, which in addition to directly
targeting the receptors, also controls PROK2 synthesis and
release, would provide more effective treatment of neuroin-
flammation, by suppressing both the pain symptoms and the
factors underlying disease progression.
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