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BACKGROUND AND PURPOSE

In the current study, we investigated the role of both kinin B; and B, receptors in peripheral neuropathy induced by the
chronic treatment of mice with paclitaxel a widely used chemotherapeutic agent.

EXPERIMENTAL APPROACH

Chemotherapy-evoked hyperalgesia was induced by i.p. injections of paclitaxel (2 mg-kg™) over 5 consecutive days.
Mechanical and thermal hyperalgesia were evaluated between 7 and 21 days after the first paclitaxel treatment.

KEY RESULTS

Treatment with paclitaxel increased both mechanical and thermal hyperalgesia in mice (C57BL/6 and CD1 strains). Kinin

receptor deficient mice (B,,or B, receptor knock-out and BB, receptor, double knock-out) presented a significant reduction in
paclitaxel-induced hypernociceptive responses in comparison to wild-type animals. Treatment of CD1 mice with kinin receptor
antagonists (DALBK for B; or Hoe 140 for B, receptors) significantly inhibited both mechanical and thermal hyperalgesia when
tested at 7 and 14 days after the first paclitaxel injection. DALBK and Hoe 140 were also effective against paclitaxel-induced
peripheral neuropathy when given intrathecally or i.c.v.. A marked increase in By receptor mRNA was observed in the mouse

thalamus, parietal and pre-frontal cortex from 7 days after the first paclitaxel treatment.

CONCLUSIONS AND IMPLICATIONS

Kinins acting on both B; and B, receptors, expressed in spinal and supra-spinal sites, played a crucial role in controlling the
hypernociceptive state caused by chronic treatment with paclitaxel.

Abbreviations

ABP, brachial plexus avulsion; BiR”-, By receptor deficient; B,R™-, B, receptor deficient; B;B,R”-, B; and B, receptor
deficient; BBB, blood-brain barrier; DABK, des-Arg®-BK; DALBK, des-Arg®-Leu®-BK; DRG, dorsal root ganglia

Introduction

Kinins are potent endogenous algogenic peptides, and their
role in pain transmission has been extensively reviewed
(Couture et al., 2001; Calixto et al., 2004; Huang and Player,

2010). Once formed from their precursors, the kininogens, by
the action of kallikrein enzymes, kinins are released and exert
their actions via the activation of two subtypes of GPCRs,
named B, and B, receptors (nomenclature follows Alexander
etal.,, 2009). The B, receptor displays higher affinity for
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bradykinin (BK) and kallidin peptides, while the B, receptor
presents high affinity for the kinin metabolites, des-Arg’-BK
(DABK) and Lys-des-Arg’-BK. B, receptors are usually
expressed in a constitutive manner throughout peripheral
and central tissues, mediating most of the physiological
effects of the kinins and the acute phase of inflammatory and
nociceptive responses. In contrast, B, receptors are generally
absent wunder physiological conditions, being quickly
up-regulated after tissue injury or during certain inflamma-
tory process. Therefore, they might represent important
players in the chronic phase of pain and inflammation
(Calixto et al., 2004; Marceau and Regoli, 2004; Huang and
Player, 2010). Nevertheless, the constitutive expression of B;
receptors in sensory neurons has been reported (Ma and
Heavens, 2000; Wothersponn and Winter, 2000; Ma, 2001).

Many groups have reported that both kinin receptors are
involved in the onset and/or maintenance of neuropathic
pain (Petersen etal., 1998; Levy and Zochodne, 2000;
Yamaguchi-Sase et al., 2003; Rashid et al., 2004; Ferreira et al.,
2005; Lai et al., 2006; Quintao et al., 2008), a chronic condi-
tion characterized by spontaneous pain, allodynia and hype-
ralgesia, which remains without satisfactory treatment and
compromises the quality of life (Woolf and Mannion, 1999;
Jensen and Baron, 2003). Nerve injuries (caused by surgery or
trauma), some pathological states (e.g. diabetes mellitus,
herpes zoster or HIV infection) and chemotherapy are the
main causes of peripheral neuropathy in humans (Woolf and
Mannion, 1999). Chemotherapy-induced peripheral neur-
opathy is a common side effect of several anticancer drugs,
including vincristine, oxaliplatin and paclitaxel (Wolf et al.,
2008). Paclitaxel, derived from Taxus brevifolia and commer-
cially known as Taxol, is one of the most effective and com-
monly used anti-neoplastic drugs. Its major dose-limiting side
effect is the appearance of peripheral sensory neuropathy
characterized by painful paresthesias of the hands and feet
(Polomano and Bennett, 2001; Dougherty et al., 2004). In
accordance with these clinical findings, chronic treatment
with paclitaxel in rodents induced mechanical and thermal
hyperalgesia, and has been used as a reproducible model to
evaluate chemotherapy-induced peripheral neuropathy
(Cliffer et al., 1998; Dina et al., 2001; Polomano et al., 2001).

Recent evidence has suggested that kinins, and their
receptors, might play a critical role in peripheral neuropathy
induced by chemotherapy (Bujalska et al., 2008; Bujalska and
Makulska-Nowak, 2009a,b). However, the mechanisms
underlying these actions still remain unclear. Hence, in the
present study, in order to provide new evidence on the rel-
evance of both kinin B; and B, receptors in chemotherapy-
induced neuropathy, we sought to analyse, by the use of
kinin receptor knock-out mice in combination with selective
kinin receptor antagonists and molecular analysis, the con-
tribution of these receptors to the thermal and mechanical
hyperalgesia induced by paclitaxel.

Methods

Animals
All animal care and experimental procedures complied with
the National Institutes of Health Animal Care Guidelines
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(NIH publications Ne 80-23), and were approved by the Ethics
Committee of the Universidade Federal de Santa Catarina
(protocol number PP00032). The animals were housed in a
room with controlled temperature (22 + 2°C) and humidity
(around 60-80%) under a 12:12 h light-dark cycle (lights on
0600 h). Food and water were provided ad libitum. Adult male
CD1 mice (8-10 weeks) were used in this study. In some
experiments, male C57BL/6 wild-type mice, C57BL/6 kinin
B:- or B, receptor-deficient mice (B;R”7~ and B,R7, respec-
tively) and mice lacking the genes encoding both kinin
receptors (double knock-out mice, B;B,R”"") were also used.
Wild-type and knock-out mice were originally obtained from
the Centro de Desenvolvimento de Modelos Experimentais
para Medicina e Biologia, from the Universidade Federal de
Sao Paulo (Sdo Paulo, Brazil). Deletion of the entire coding
sequence for kinin B, and B, receptors was achieved accord-
ing to the methodology previously described by Pesquero
etal. (2000) and Rupniak efal. (1997) respectively. Mice
lacking both kinin receptors (B;B,R”") were generated accord-
ing to the methodology described by Cayla et al. (2007). The
animals were randomly distributed between the experimental
groups (six animals per group), and all behavioural experi-
ments were conducted without knowledge of the treatments
in order to reduce experimental bias. The number of animals
and the intensity of noxious stimuli used were the minimum
necessary to demonstrate consistent effects. There were no
withdrawals or exclusions in this study.

Peripheral neuropathy induced by paclitaxel
The neuropathy induced by paclitaxel was induced according
to the methodology described previously by Polomano et al.
(2001) and adapted for use in mice. Briefly, mice were
injected i.p. with paclitaxel (2 mg-kg' per injection) for 5
consecutive days (days 1-5), using an injection volume of
10 mL-kg™". The cumulative paclitaxel dose was 10 mg-kg™.
Control animals received only the vehicle (0.9% NaCl). In
order to assess general toxicity, mouse body weight and rectal
temperature were measured at regular intervals of time, for 21
days after the first paclitaxel administration. Tests for altered
pain sensitivity began on day 7 and continued until day 14 or
21.

Mechanical hyperalgesia in hind paws

To assess the mechanical hypernociceptive response, mice
were placed individually in clear Plexiglas boxes (9 x 7 x
11 cm) on elevated wire-mesh platforms to allow access to the
ventral surface of the right hind paw (Ugo Basile, Comerio,
VA, Italy). The animals were acclimatized for 1 h before
behavioural testing. The withdrawal response frequency (in
%) was measured following 10 applications (with a duration
of ~3 s each, and an interval of ~20 s among each) of von Frey
hairs (VFHs, Stoelting, Chicago, IL, USA). Stimuli were deliv-
ered from below to the plantar surface of the right hind paw.
The 0.6 g VFH filament produces a mean withdrawal fre-
quency of about 20%, which is considered to be an adequate
value for the measurement of mechanical hyperalgesia
(Quintdo etal., 2008). Hence, the 0.6g VFH was used
throughout this study. All the groups were evaluated before
vehicle or paclitaxel injections, in order to determine basal
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mechanical thresholds. The incidence of mechanical hyper-
algesia was ~90% in paclitaxel-treated animals.

Hind paw thermal hyperalgesia (paw flick)

A radiant heat analgesiometer (Tail-Flick Analgesia Meter,
Albarsch, Porto Alegre, Brazil) was used to measure latencies
for paw withdrawal according to the method described by
Menéndez et al. (2002). All the animals were evaluated to
determine the basal thermal threshold (I.R. intensity of 15),
and then they were submitted to paclitaxel injections, as
described earlier. Thermal hyperalgesia was evaluated at
several time intervals after the initiation of vehicle or pacli-
taxel treatment. Twenty seconds was adopted as the maximal
time of reaction to avoid possible tissue damage. The devel-
opment of thermal hyperalgesia by paclitaxel treatments was
not reproduced in all experiments conducted in CD1
animals, and its incidence was variable among experiments
(from 10 to 80%). The effect of drug treatments on this
parameter was assessed only when the incidence of thermal
hyperalgesia reached ~80%.

Overt nociception

The procedure used was similar to that described previously
(Ferreira et al., 2005). Twenty microlitres of BK (10 nmol per
paw) or DABK solution (20 nmol per paw) was injected intra-
plantarly (i.pl.) under the surface of the right hindpaw 7 days
after the first treatment with paclitaxel or vehicle in CD1
mice. Separate groups of animals received an i.pl. injection of
saline (0.9% NaCl). The animals were placed individually in
chambers (transparent glass cylinders of 20 cm diameter) and
were allowed to adapt to the chambers for 20 min before
algogen or saline injection. After challenge, the mice were
observed individually for 10 min. The amount of time spent
licking the injected paw was measured with a chronometer
and was considered as indicative of overt nociception.

Mechanical and thermal hyperalgesia after
paclitaxel treatment in Kinin receptor
knock-out mice

The relevance of kinin B, or B, receptors for the mechanical
and thermal hyperalgesia induced by paclitaxel was analysed
using kinin B, and B, receptor knock-out mice (B;R”" and
B,R7), and the corresponding wild-type mice (C57BL/6
strains). The full functional contribution of the kallikrein-
kinin system was checked using C57BL/6 double knock-out
mice lacking the two kinin receptors (B;B,R7"). Briefly, the
animals were submitted to five paclitaxel injections as
described earlier, and the mechanical and thermal hyperalge-
sia were evaluated at several times after paclitaxel injections.
Each set of experiments used four groups: wild-type
vehicle- and paclitaxel-injected mice, B{R”~, B,R”~ or B;B,R”"
paclitaxel-treated mice.

Intrathecal (i.t.) and i.c.v. drug injections

The i.t. drug injections were performed in accordance with
the method described by Hylden and Wilcox (1980), with
minor modifications (Ferreira et al., 2002a). The animals were
lightly anaesthetized with isoflurane, and a needle connected
to a microsyringe by polyethylene tubing was introduced

through the skin. Subsequently, 5 uL of saline solution (0.9%
NaCl) alone (control) or containing the drugs was injected
between the L5 and L6 vertebral spaces. For i.c.v. injections,
the animals were lightly anaesthetized with isoflurane, and
SuL of sterile saline containing the drugs was injected
directly into the lateral ventricle (coordinates from bregma:
1 mm lateral; 1 mm rostral; 3 mm vertical), as described pre-
viously by Laursen and Belknap (1986). The control animals
received the same volume of saline.

Effect of selective kinin receptor antagonists
on the hypernociceptive responses induced

by paclitaxel

To assess the contribution of kinin B, and B, receptors to the
development of mechanical and thermal hyperalgesia
induced by paclitaxel, different groups of CD1 mice were
treated with the selective peptide kinin B; or B, receptor
antagonists, des-Arg’-Leu®-BK (DALBK; 100 nmol-kg™") and
Hoe 140 (50 nmol-kg™"), respectively, administered by the i.p.
route twice a day (each 12 h) for 6 days (days 1-6), starting at
the time of the first (day 1) paclitaxel treatment. Mechanical
and thermal hyperalgesia were evaluated between days 7 and
9 after the first paclitaxel injection.

To analyse the involvement of kinin B, or B, receptors on
the established mechanical and thermal hyperalgesia induced
by paclitaxel, CD1 mice were treated with the selective
peptide B, or B, receptor antagonists, DALBK or Hoe 140,
respectively, 7 or 14 days after the first paclitaxel treatment by
different pathways of administration. First, DALBK (100-
300 nmol-kg™") or Hoe 140 (30-100 nmol-kg') was given by
the i.p. route in order to evaluate its systemic effect. In other
experimental groups, to evaluate the peripheral effect of the
antagonists, DALBK (3 nmol per paw) or Hoe 140 (3 nmol per
paw) was injected by the i.pl. pathway. Finally, the central
effect of single injections of DALBK (10 pmol) or Hoe 140
(100 pmol) was tested by the i.t. or i.c.v. route. Mechanical
and/or thermal hyperalgesia were evaluated, as described pre-
viously, between 1 and 6 h after drug treatment.

To check the effect of repeated administration of kinin
receptor antagonists on the established mechanical hyperal-
gesia induced by paclitaxel, CD1 mice were treated with
DALBK (100 nmol-kg™, i.p.) or Hoe 140 (50 nmol-kg™, i.p.)
twice a day (every 12 h) for 2 days (days 7 and 8). Mechanical
hyperalgesia was evaluated between days 7 and 11 after the
first paclitaxel injection.

The protocols of all tested drugs (doses and time of injec-
tions) were chosen in accordance with previous publications
of our group (Ferreira et al., 2002a,b; 2004; 2008; Costa et al.,
2006; 2010; Quintao et al., 2008).

Quantitative real-time PCR

The expression of B; receptor mRNA was measured using
quantitative real-time PCR according to the method
described previously (Ferreira et al., 2005). Seven and four-
teen days after the first injection of vehicle or paclitaxel, mice
(four to six in each group) were killed, and the plantar skin of
the right hind paw, lumbar dorsal root ganglia (DRG)
(between the L; and Ls segments), lumbar spinal cord seg-
ments (Ls~Ls), thalamus, hypothalamus, parietal cortex and
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pre-frontal cortex were isolated, dissected, frozen in liquid
nitrogen and stored at —80°C until use. Thawed tissues were
homogenized in 0.3-1 mL of TRIzol reagent (Invitrogen,
Carlsbad, CA, USA), and total RNA was isolated according to
the instructions of the manufacturer. RNA concentration in
the samples was determined by a NanoDrop 1100 (Nanodrop
Technologies, Wilmington, DE, USA). Reverse transcription
assay was carried out using M-MLV Reverse Transcriptase
(Invitrogen) according to the manufacturer’s instructions.
cDNA was amplified in duplicate using a TagMan Universal
PCR Master Mix Kit (Applied Biosystems, Foster City, CA,
USA) with specific TagMan Gene Expression target genes
(Applied Biosystems): the 3" quencher FAM-labelled probe for
mouse B;R (MmO00432059_s1) and the 3’ quencher VIC-
labelled probe for mouse GAPDH (Mm03302249_g1), the
latter being used as an endogenous control for normalization.
PCR was performed in a 96-well Optical Reaction Plate
(Applied Biosystems). The thermocycler parameters were as
follows: 50°C for 2 min, 95°C for 10 min, 60 cycles of 95°C
for 15 s and 60°C for 1 min. Both FAM and VIC correspon-
dent fluorescence were acquired at the end of each extension
phase. The PCR cycle (when a given fluorescence threshold is
crossed by the amplification curve) was considered our first
parameter to analyse mRNA expression and named C.. AC,
values were calculated by subtracting GAPDH C, from kinin
B;R C, to obtain the 27*“! parameter, which represents relative
B:R/GAPDH expression.

Data analysis

Results are presented as the mean = SEM of six to eight
animals for each experimental group. The percentages of
inhibition are reported as the difference (in percentage)
between the areas under the time-response curve of the test
group in relation to the corresponding control group. Statis-
tical comparisons of the data were performed by two-way
ANOVA followed by Bonferroni’s post-test, one-way ANOVA fol-
lowed by the Newman-Keuls post-test or Student’s f-test,
using GraphPad Prism software version 5.01 (GraphPad Soft-
ware Inc., La Jolla, CA, USA). P values <0.05 were considered
significant.

Materials

The following drugs were used: Cremophor EL, DABK, BK and
DALBK were purchased from Sigma Chemical Company (St.
Louis, MO, USA). Hoe 140 was kindly donated by Sanofi-
Aventis (Bridgewater, NJ, USA). Paclitaxel (6 mg-mL™" in Cre-
mophor EL) was obtained from Dosa S.A. Laboratory (Buenos
Aires, Argentina). All drugs were diluted in saline (0.9%
NaCl). The paclitaxel stock solution (6 mg-mL™" in Cremo-
phor EL) was diluted in saline to a concentration of
0.2 mg-mL™" (solution for injection).

Results

Mechanical and thermal hyperalgesia
following paclitaxel treatment in kinin
receptor-deficient mice

As illustrated in Figures 1A,B and 2, the 5 day treatment
with daily i.p. injections of paclitaxel (2 mg-kg™") induced a
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significant decrease in both mechanical and thermal (heat)
withdrawal threshold in C57BL/6 and CD1 mice strains com-
pared with vehicle-treated groups. Mechanical and thermal
hyperalgesia was significant 7 days after the initial injection
of paclitaxel, and persisted for up to 21 and 14 days, respec-
tively (Figure 1). When B;R™", B,R” or B,B,R”" mice were
treated with paclitaxel, both mechanical and thermal hyper-
nociceptive responses were notably reduced during almost
the entire period of evaluation in comparison to wild-type
mice (Figure 1A,B). As expected, the inhibition of paclitaxel-
induced hyperalgesia by concomitant deficiency of both
kinin B, and B, receptors (B;B,R”, double knock-out mice)
was greater than that caused by the single ablation of B; or B,
receptors (Figure 1C,D). Of note, the inhibition of paclitaxel-
induced mechanical hyperalgesia by double deletion of both
kinin receptors persisted up to 21 days, while single ablations
(B; or B, receptors) were effective only for the period of 14
days (Figure 1A). On the other hand, there was no significant
difference in the percentage of weight gain and rectal tem-
perature between vehicle- and paclitaxel-treated animals in
both CD1 and C57BL/6 mice during 21 days of testing (data
not shown).

Effect of selective kinin B;R or B:R
antagonists on the genesis of hypernociceptive
responses induced by paclitaxel treatment

The involvement of kinin receptors in the onset of mechani-
cal and thermal hyperalgesia induced by paclitaxel treatment
was assessed by treating CD1 mice with selective kinin B, or
B, receptor antagonists, DALBK (100 nmol-kg™") or Hoe 140
(50 nmol-kg™) respectively. The antagonists were given by
the i.p. route twice a day (every 12 h) for 6 days (between
days 1 and 6), starting at the time of the first paclitaxel
treatment. As can be seen in Figure 2A, DALBK (B, receptor
antagonist) or Hoe 140 (B, receptor antagonist) treatments
were able to prevent the mechanical hyperalgesia only at the
initial time point (day 7) after paclitaxel injection (77 * 15%
and 61 = 4% of inhibition respectively). In addition, Hoe 140
treatment prevented the paclitaxel-induced thermal hyper-
nociceptive response at the initial stage (69 = 13% of inhibi-
tion), while the B; receptor antagonist (DALBK) was
ineffective on this parameter (Figure 2B).

Effect of systemic treatment with selective
kinin B; or B, receptor antagonists on the
established mechanical and thermal
hyperalgesia induced by paclitaxel treatment
In an attempt to further evaluate the participation of kinin
receptors in the maintenance of mechanical and thermal
hyperalgesia induced by paclitaxel, CD1 mice were intraperi-
toneally treated with the selective kinin B; (DALBK) or B,
receptor (Hoe 140) antagonists, 7 and 14 days after the first
paclitaxel injection. The results depicted in Figure 3 demon-
strate that systemic treatment with DALBK (150 and
300 nmol-kg™, i.p.) or Hoe 140 (50 and 100 nmol-kg™, i.p.)
was effective in inhibiting the mechanical hyperalgesia
induced by paclitaxel for up to 2-3 h after drug administra-
tion when assessed at days 7 (Figure 3A,B) and 14 (Figure 3C).
The inhibition values obtained for mechanical hyperalgesia
are shown in Table 1 and are expressed as the area under the
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Figure 1

B,R”"B,R”"B,B,R™~

Paclitaxel-induced hyperalgesia in kinin receptor-deficient mice. Mechanical (A) and thermal (B) withdrawal threshold of vehicle-treated wild-type
(WT vehicle) mice, paclitaxel-treated WT (WT PTX) mice, paclitaxel-treated BsR7-, (B1R”~ PTX) B,R”~ (Bo,R”~ PTX) and B1B,R™~ (B1B,R”~ PTX) mice
were evaluated at different time intervals after the first paclitaxel treatment. (C, D) Inhibition of the AUC 0-6 h (from day 0 to 21) of
paclitaxel-induced mechanical (C) and thermal (D) hyperalgesia in kinin receptor-deficient mice. The inhibition is shown as the AUC of the test
group (receptor knock-out PTX animals), as a percentage of the control AUC (WT PTX animals). Each group represents the mean of five to six
animals, and the error bars indicate the SEM. *P < 0.05 significantly different from paclitaxel-treated WT mice (two-way ANOVA followed by the
Bonferroni post-test). BL, baseline withdrawal threshold. #P < 0.05, significantly different from B;R~ or B,R”~ group (one-way ANOVA followed by

the Newman—Keuls post-test).

time-response curve (AUC 0-6 h), as a percentage of the
control AUC. The administration of DALBK (150 nmol-kg™,
i.p.) or Hoe 140 (100 nmol-kg™, i.p.) reduced the paclitaxel-
induced thermal hyperalgesia for 3-4h (Figure 3D,E;
Table 1). Repeated treatments with DALBK (100 nmol-kg™,
i.p.) or Hoe 140 (50 nmol-kg™, i.p.), twice a day (every 12 h)
for 2 days (between days 7 and 8), were effective in inhibiting
the established mechanical hyperalgesia induced by pacli-
taxel at all periods of treatment and for nearly 48 h after the
last treatment (37 = 9% and 30 = 3% inhibition of AUC,
respectively) (Figure 3F).

Effect of peripheral and central blockade of
kinin B; or B, receptors on the mechanical
hyperalgesia induced by paclitaxel treatment
As can be seen in Figure 4, the local administration of DALBK
(3 nmol per paw, i.pl.) or Hoe 140 (3 nmol per paw, i.pl.) was
not able to alter the mechanical hypernociceptive response
induced by paclitaxel (Figure 4A,B), suggesting that kinin
receptors do not contribute to paclitaxel-induced mechanical
hyperalgesia at the peripheral level. In fact, the nociceptive
response (overt nociception) evoked by i.pl. injection of the
selective kinin B, or B, receptor agonists, DABK (20 nmol per

British Journal of Pharmacology (2011) 164 681-693 685
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Effect of treatment with selective kinin By or B receptor antagonists, DALBK (100 nmol-kg™, i.p.) and Hoe 140 (50 nmol-kg™, i.p.), respectively,
on the genesis of paclitaxel-induced mechanical (A) and thermal (B) hyperalgesia in CD1 mice. The drugs were given twice a day (every 12 h)
for 6 days, starting at the time of the first paclitaxel treatment. Each group represents the mean of five to six animals, and the error bars indicate
the SEM. *P < 0.05, significantly different from paclitaxel-treated mice (two-way ANOVA followed by the Bonferroni post-test). BL, baseline

withdrawal threshold.

Table 1

Effect of selective kinin receptor antagonists on the established mechanical and thermal hypersensitivities induced by paclitaxel in mice

Inhibition (%)

Mechanical hyperalgesia

Thermal hyperalgesia

Drug/Route Day 7 DEA L) Day 7 DEJ P
DALBK (B4R)/i.p. 150 nmol-kg™ 23 *+ 9* 25 = 7* 39 + 5* 37 £ 5*
Hoe 140 (B2R)/i.p. 100 nmol-kg™ 28 + 6* 10 = 5™ 54 = 10* 50 = 9*
DALBK (B4R)/i.t. 10 pmol 40 = 8* 27 = 8* ne ne
Hoe 140 (B,R)/i.t. 100 pmol 23 * 4* 27 £ 12* ne ne
DALBK (BqR)/i.c.v. 10 pmol 17 = 5™ 34 = 5* ne ne
Hoe 140 (B;R)/i.c.v. 100 pmol 7 x2m™ 10 = 70 ne ne

Inhibition of hyperalgesia is expressed as the mean (+=SEM) AUC (1-6 h) of the drug treated group as a percentage of the AUC from the
vehicle-treated group (control values). The selectivity of the antagonists is shown as: BsR, selective for By receptors; B,R, selective for B,

receptors. *P < 0.05, significantly different from control values. ns, no significant inhibition; ne, not evaluated.

paw) or BK (10 nmol per paw), respectively, was very similar
between vehicle- and paclitaxel-treated mice (Figure 4C), sug-
gesting no functional up-regulation of kinin receptors.

In order to verify the possible involvement of central
pathways in the modulatory actions of kinin receptors on the
established hyperalgesia induced by paclitaxel, animals were
treated by the i.t. or i.c.v. route with the selective kinin
receptor antagonists. The administration of DALBK (10 pmol)
or Hoe 140 (100 pmol) by the i.t. route, at 7 or 14 days after
the first paclitaxel injection, significantly inhibited mechani-
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cal hyperalgesia for up to 4-5h after the treatment
(Figure 5A,B; Table 1). Interestingly, i.c.v. treatment with
DALBK (10 pmol) or Hoe 140 (100 pmol) failed to signifi-
cantly alter paclitaxel-induced mechanical hyperalgesia,
when administered on the seventh day (Figure 5C). However,
when the same group of mice received a second i.c.v. injec-
tion of DALBK (10 pmol), at 14 days after the first paclitaxel
treatment, the inhibitory effect of the drug was observed for
up to 5 h (Figure 5D; Table 1), suggesting an over-expression
of kinin B, receptor protein at mouse supra-spinal sites. Hoe
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Effect of treatment with selective kinin BiR or B,R antagonists, DALBK (100-300 nmol-kg™', i.p.) and Hoe 140 (30-100 nmol-kg™, i.p.),
respectively, on established mechanical (A, B, C) and thermal (D, E) hyperalgesia induced by paclitaxel in CD1 mice. A single injection of the drugs
was given 7 (A, B, D) and 14 (C, E) days after the first paclitaxel (PTX) injection. (F) Effect of the repeated treatment with DALBK (100 nmol-kg™,
i.p.) or Hoe 140 (50 nmol-kg™, i.p.), every 12 h for 2 days, on the sustained mechanical hyperalgesia in CD1 mice. Each group represents the
mean of five to six animals, and the error bars indicate the SEM. *P < 0.05, significantly different from paclitaxel-treated mice (two-way ANOVA
followed by the Bonferroni post-test). BL, baseline withdrawal threshold.

140 (100 pmol) i.c.v. treatment remained ineffective at day 14 thalamus and pre-frontal cortex from 7 days after the first
(Figure 5D). paclitaxel treatment (Figure 6E,F) when compared to the

control animals. Curiously, paclitaxel administration reduced
Eﬁfgct Of treatment with paclitaxel on the the basal level of kinin B; receptor expression in the mouse
levels Of kinin B, I’ECEPTOT’ mRNA in hypothalamus from 7 days. However, no significant differ-
p eri 1 heral and central tissues ence was observed for kinin B, receptor mRNA levels between

vehicle- and paclitaxel-treated groups in plantar skin, DRG,

T luate the effects of paclitaxel injecti th -
0 evaruate the elects of pacitaxe! Ijections on the expres spinal cord (Figure 6A-C) or parietal cortex (data not shown).

sion of kinin B; receptors in peripheral (plantar skin and
DRG) and central (spinal cord, thalamus, hypothalamus,
parietal cortex and pre-frontal cortex) structures, the mRNA

levels of these receptors were evaluated by means of real-time Discussion

RT-PCR in vehicle- and paclitaxel-treated mice at 7 and 14

days after the first paclitaxel treatment (Figure 6). Basal Peripheral neurotoxicity induced by chemotherapy is one of
expression of By receptors was detected in plantar hind paw the leading causes of neuropathic pain in humans (Wolf
skin, DRG (Ls&Lg), spinal cord (LsLs) and supra-spinal et al., 2008). Despite much effort, there are so far no available
structures of vehicle-treated mice (Figure 6A-F). The 5 day pharmacotherapies providing satisfactory pain relief for
treatment with single paclitaxel injections induced an patients with persistent pain (O’Connor and Dworkin, 2009).
over-expression of kinin B, receptor transcripts in the mouse Hence, understanding the mechanisms underlying this syn-
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the Newman—Keuls post-test).

drome is critical to permit the discovery of new molecular
targets with the intent to develop effective analgesic drugs.
Relevantly, it has been proposed that chronic pain is perhaps
the most promising area where kinin receptor antagonists
could prove to be useful, although the B, receptor subtype has
become less attractive than the B, receptor because of the
potential detrimental consequences of its antagonism, espe-
cially in the cardiovascular system (Alfie et al., 1997; 1999).
On the other hand, B, receptors can be up-regulated in
inflamed or damaged tissues, and might constitute a more
attractive target to the development of analgesic drugs
(Campos et al., 2006; Huang and Player, 2010). In this study,
we provide convincing evidence implicating both kinin
receptors in mechanical and thermal hyperalgesia induced by
the chemotherapeutic agent paclitaxel. We have made the
following major findings: (i) after chronic treatment with
paclitaxel, kinin B, or B, receptor-deficient mice exhibited a
lower frequency of response to both mechanical and thermal
stimuli when compared to wild-type littermates; (ii) the treat-
ment of mice with the selective kinin B, or B, receptor
antagonists, given by different routes, reduced paclitaxel-
induced hypernociceptive responses; and (iii) repeated injec-
tions of paclitaxel induced an over-expression of kinin B,
receptor mRNA in mouse supra-spinal structures.

Previous studies have demonstrated the contribution of
the Kkallikrein—kinin system to the development and/or
maintenance of neuropathic pain resulting from nerve
injury or diabetes in rodents (Petersen et al., 1998; Eckert
etal., 1999; Levy and Zochodne, 2000; Gabra and Sirois,
2002; 2003; Yamaguchi-Sase et al., 2003; Rashid et al., 2004;
Ferreira et al., 2005; Lai etal., 2006; Werner etal., 2007;
Petcu et al., 2008; Quintdo et al., 2008). Recently, an impor-
tant role played by kinin receptor activation has also been
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suggested in peripheral neuropathy induced by chemo-
therapy (Bujalska et al., 2008; Bujalska and Makulska-Nowak,
2009a,b). Besides, the use of kinin receptor knock-out mice
has led to a better understanding of the role played by
kinins in chronic pain of inflammatory and neuropathic
origin, supporting the notion that kinin receptors could be
new targets for the development of analgesic drugs used for
chronic pain relief (Ferreira et al., 2002b; 2005; Lai et al.,
2006; Quintao et al., 2008).

In agreement with these earlier findings, our first set of
results clearly implicated both kinin B, and B, receptors in the
hypernociceptive responses caused by paclitaxel in mice.
Accordingly, mechanical and thermal hyperalgesia induced
by paclitaxel were clearly reduced in B;R”", B,R”~ and B;B,R"~
mice (Figure 1). B, receptor activation is responsible for medi-
ating kinin effects mainly in the acute phases of inflamma-
tion or pain, while the B; receptor normally mediates its
actions in later stages (see Marceau and Regoli, 2004). In
contrast, the results presented here indicate an equivalent
contribution of both kinin B; and B, receptors during the
entire evaluation period of paclitaxel-induced hyperalgesia
(Figure 1A,B). In line with these findings, previous studies
have demonstrated a similar importance of both kinin recep-
tors for long-lasting neuropathic hypernociceptive responses
in rodents (Lai et al., 2006; Werner et al., 2007; Petcu et al.,
2008). Of relevance, the deletion of both kinin receptors was
more efficacious in inhibiting paclitaxel-induced hyperalge-
sia than the single ablation of B; receptors or B, receptor
(Figure 1C,D).

Our next step was to verify the contribution of B, or B,
receptors to the genesis of paclitaxel-induced nociceptive
responses in CD1 mice. The results presented here permitted
us to suggest that kinin receptors are not implicated in the
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development of paclitaxel-induced hyperalgesia in mice by
the fact that the preventive actions of selective antagonists
(DALBK or Hoe 140) on mechanical and thermal hyperalgesia
were manifested for only 24 h after the last drug treatment
and disappeared after 48 h (Figure 2). In spite of their inef-
fectiveness on the establishment of mechanical and thermal
hyperalgesia, both kinin receptor antagonists, given as a
single or repeated injections (twice a day for 2 days), had a

prominent anti-nociceptive effect on established hyperalgesia
caused by paclitaxel, as assessed 7 and 14 days after the first
chemotherapeutic injection (Figure 3). These findings par-
tially conflict with our previous data showing that the kinin
B, receptor was involved not only in the maintenance, but
also in the generation of chronic pain induced by peripheral
nerve injury in mice (Ferreira et al., 2005; Quintao etal.,
2008). However, the present results are in full accordance
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Figure 6

Levels of expression of kinin B;R mRNA in mouse paw skin (A), DRG (Ls—Ls) (B), spinal cord (Ls—Ls) (C), hypothalamus (D), thalamus (E) and
pre-frontal (PF) cortex (D), 7 and 14 days after the first paclitaxel (PTX) treatment in CD1 mice, assessed by real-time RT-PCR assay. All data have
been normalized for levels of GAPDH expression within the same sample. Each bar represents the mean SEM of three to four mice. *P < 0.05,

significantly different from vehicle-treated mice (Student’s t-test).

with several studies demonstrating the anti-nociceptive effect
of kinin receptor antagonists on the maintenance of long-
lasting pain in experimental models (Ferreira et al., 2002b;
Werner et al., 2007; Petcu et al., 2008).

To our surprise, despite good reproduction of mechanical
hyperalgesia (~90%) in all experiments performed in C57BL/6
and CD1 mice, the development of thermal hypernociceptive
response was not well reproduced in all experiments con-
ducted in the CD1 strain (data not shown). Indeed, the devel-
opment of thermal hyperalgesia in paclitaxel-induced
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peripheral neuropathy is still a variable finding among differ-
ent studies, which have reported thermal hyperalgesia,
thermal hypoalgesia or no change in thermal nociception
(Cavaletti etal., 1995; Campana etal.,, 1998; Cliffer etal.,
1998). Thus, to avoid excessive repetition of experiments and
the consequent overuse of CD1 mice, we decided to assess the
peripheral and central effects of kinin receptor antagonists
only on mechanical hyperalgesia.

To examine the involvement of peripheral kinin recep-
tors in paclitaxel-evoked hyperalgesia, we next assessed the
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local (i.pl.) effect of selective kinin B, or B, receptor antago-
nists on the mechanical hypernociceptive response. The
peripheral blockade of B; or B, receptors by the i.pl. treat-
ment with DALBK or Hoe 140, respectively, did not prevent
paclitaxel-induced mechanical hyperalgesia (Figure 4A,B),
discounting the contribution of both kinin receptors located
in peripheral tissues. Corroborating these results, the 5 day
treatment with paclitaxel was not able to significantly alter
overt nociception induced by the i.pl. injection of kinin B,
or B, receptor agonists DABK and BK, respectively
(Figure 4C), suggesting no functional up-regulation of kinin
B; or B, receptors in mouse paw skin. In fact, our molecular
analysis showed that B; receptor mRNA was not
up-regulated in the mouse paw skin or DRG after paclitaxel
treatment (Figure 6A,B), despite its well-documented induc-
ible nature in inflammatory and nociceptive conditions
(Calixto et al., 2004). These findings contrast with previous
data from our and other groups showing both functional
and molecular (mRNA and protein) up-regulation of B,
receptors in peripheral tissues after nerve injury in rodents
(Petersen et al., 1998; Rashid et al., 2004; Ferreira et al., 2005;
Werner et al., 2007).

The next aim of the present study was to investigate the
possible involvement of CNS pathways in the modulatory
actions of kinin receptors in paclitaxel-induced hyperalgesia
in mice by the use of selective antagonists directly injected
into central structures. Noticeably, i.t. administration of the
kinin receptor antagonists, DALBK (for B, receptors) or Hoe
140 (for B, receptors), reduced the mechanical hypernocice-
ptive response evoked by paclitaxel (Figure 5A,B). These find-
ings are supported by evidence showing that both kinin B,
and B, receptors are functionally expressed at the level of the
spinal cord (Chapman and Dickenson, 1992; Corréa and
Calixto, 1993; Pesquero et al., 2000; Ferreira et al., 2002a;
2004; Fox et al., 2003). Of relevance, i.t. injection of DABK or
Tyr®-BK (selective kinin B, or B, receptor agonists, respec-
tively) caused thermal and mechanical hyperalgesia in mice
(Ferreira et al., 2002a; Fox et al., 2003). Moreover, i.t. treat-
ment with kinin B, or B, receptor antagonists was effective
against the overt nociception caused by formalin in rodents
and scratching behaviour evoked by proteinase-activated
receptor (PAR)-2 agonists in mice (Chapman and Dickenson,
1992; Costa et al., 2010). Furthermore, Lai et al. (2006) dem-
onstrated that mechanical and thermal hyperalgesia evoked
by spinal nerve ligation in rats was mediated by dynorphin A
release at the spinal cord, which acts on both kinin B, and B,
receptors. Corroborating these data, it has been shown that
B;R”~ mice show hypoalgesia in chemical models of nocice-
ption, probably related to a reduction in activity-dependent
facilitation (the ‘wind-up’ phenomenon) of spinal nocicep-
tive reflexes (Pesquero et al., 2000). Indeed, i.t. treatment
with selective kinin B; receptor antagonists (R-715 or
SSR240612) reduced mechanical hyperalgesia caused by bra-
chial plexus avulsion (ABP) in mice or by streptozotocin in
rats (Quintao et al., 2008; Talbot et al., 2010). Another inter-
esting result showed here was the inhibitory effect of DALBK,
given i.c.v., on paclitaxel-induced mechanical hyperalgesia at
later stages (14 days) (Figure 5D). In agreement with these
data, Quintdo et al. (2008) have previously shown the anti-
nociceptive effect of i.c.v. injected kinin B, receptor antago-
nists on ABP in mice.

Collectively, our results strongly suggest a central involve-
ment (at both spinal and supra-spinal levels) of kinin recep-
tors in the hyperalgesia caused by paclitaxel. However, it is
well known that the blood-brain barrier (BBB) is only perme-
able to small peptide molecules (Begley and Brightman,
2003). Therefore, an intriguing question raised in this study is
how systemic (i.p.) treatment with the kinin receptor antago-
nists, themselves peptides, could inhibit the paclitaxel-
evoked hypernociceptive responses. First, we might infer that
paclitaxel treatments had broken down the integrity of the
BBB, allowing the passage of kinin receptor antagonists to
central structures. Indeed, it has previously been reported
that neuropathic pain states alter permeability of cerebral and
spinal cord BBB in experimental models (Gordh et al., 2006;
Beggs et al., 2010). Another plausible explanation for sys-
temic (but not i.pl.) effect of kinin receptor antagonists is that
these drugs would be acting on sites other than plantar noci-
ceptors, such as DRG. In fact, interactions between neurons
and satellite glial cells and/or leucocytes in the DRG can
contribute to neuropathic pain in rodents (Hu and
McLachlan, 2002; Capuano et al., 2009). However, further
experiments are needed to better clarify these hypotheses.

In spite of the inducible nature of the kinin B, receptor, its
constitutive presence in rodent and monkey sensory neurons
has been frequently described (Levy and Zochodne, 2000; Ma
and Heavens, 2000; Wothersponn and Winter, 2000;
Yamaguchi-Sase et al., 2003; Ferreira etal., 2005; Quintao
et al., 2008). Additionally, after peripheral nerve injury (by
partial sciatic nerve ligation or ABP) kinin B, receptor mRNA
or protein is up-regulated in mouse plantar surface tissue,
DRG, spinal cord, hypothalamus, hippocampus, thalamus
and cortex at distinct time points after nerve damage (Rashid
et al., 2004; Ferreira et al., 2005; Quintao et al., 2008). Thus, as
a final goal of this study, we sought to investigate the effects
of paclitaxel on the expression of kinin B, receptor mRNA in
peripheral and central tissues at 7 and 14 days after paclitaxel
injection. Interestingly, no significant change in the expres-
sion of B, receptor mRNA in the mouse parietal cortex (data
not shown), plantar skin, DRG or spinal cord (Figure 6A-C)
was observed between vehicle- and paclitaxel-treated
animals, implicating spinal constitutive B, receptor expres-
sion in the anti-nociceptive actions of i.t. injected DALBK
(Figure 5A,B). On the other hand, we have shown a marked
increase in B; receptor mRNA in the mouse thalamus and
pre-frontal cortex from 7 days after the first paclitaxel treat-
ment (Figure 6E,F), which probably precedes the augmented
expression of B; receptor protein, which could explain the
anti-nociceptive effect of i.c.v. injected DALBK only at 14
days (Figure SD). Curiously, paclitaxel treatment caused a
significant decrease in B, receptor transcript in the mouse
hypothalamus from 7 days. So far, we are unable to explain
this result; however, it is unlikely that this fact is related to
the pro-nociceptive role of kinin B, receptors in paclitaxel-
induced peripheral neuropathy. Unlike our findings on kinin
B, receptor, we did not obtain pharmacological evidence for
increased function and/or expression of B, receptors in either
peripheral or central tissues after paclitaxel administration
(Figures 4 and 5). Thus, the expression level of B, receptor
transcript was not evaluated in the present study.

A major novelty of this study are the findings that kinins
acting on both receptors play a critical role in controlling
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nociceptive signalling in the model of paclitaxel-induced
neuropathic hyperalgesia in mice. First, the deletion of kinin
B: or B, receptors prevented mechanical and thermal hyper-
algesia induced by paclitaxel. Second, the treatment of mice
with the selective kinin B, or B, receptor antagonists potently
inhibited paclitaxel-induced nociceptive responses, when
given by the systemic, i.t. or i.c.v. route. Finally, paclitaxel
treatments caused an over-expression of B; receptors in the
mouse supra-spinal structures. This evidence supports the
notion that selective kinin receptor antagonists (mainly
against the B, receptor subtype) might represent new and
attractive therapeutic options for treating chronic pain gen-
erated by chemotherapy.
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