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Abstract

Bv8 is a pronaociceptive peptide that binds to two G-protein coupled prokineticin receptors, PK-R1
and PK-R2. These receptors are localized in the dorsal horn of the spinal cord and dorsal root
ganglia (DRG) of nociceptive neurons in rodents. Systemic administration of Bv8 elicits a
biphasic reduction in nociceptive thresholds to thermal and mechanical stimuli. Here, the
possibility that Bv8 might directly modulate the expression and release of excitatory transmitters
within the early and late phases of hyperalgesia was evaluated. Administration of Bv8 to mouse
lumbar spinal cord sections produced a direct, significant and concentration-related release of
CGRP. Bv8- or capsaicin-stimulated CGRP release was markedly enhanced in tissues taken from
Bv8-pretreated mice during the late, but not the early, phase of hyperalgesia. Pretreatment of rats
with protein synthesis inhibitors blocked the expression of the late, but not early, phase of Bv8-
induced hyperalgesia. Finally, during the late-phase of hyperalgesia, there was an upregulation of
CGRP and substance P immunoreactivity in the rat lumbar dorsal horn and DRG. Such
upregulation was prevented by pretreatment with protein synthesis inhibitors. These data suggest
that Bv8 induces hyperalgesia by direct release of excitatory transmitters in the spinal cord,
consistent with the first phase of hyperalgesia. Additionally, Bv8 elicits a subsequent, protein-
synthesis dependent increase in expression and release of excitatory transmitters that may underlie
the long-lasting second phase of hyperalgesia. Activation of prokineticin receptors may therefore
contribute to persistent hyperalgesia occurring as a consequence of tissue injury further suggesting
that these receptors are attractive targets for development of therapeutics for pain treatment.
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1. Introduction

Bv8, a protein belonging to the prokineticins family [5,6,10,17,21], is a specific ligand for
two structurally related G-protein-coupled receptors that have been cloned and named
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prokineticin receptors 1 and 2 (PK-R1 and PK-R2)[7,9,14]. PK-R1 is expressed in a number
of peripheral organs, while PK-R2 expression is mostly confined to the central nervous
system [2,7]. Both receptors are expressed in small and medium cells of rat dorsal root
ganglia (DRG) and in the spinal dorsal horn (DH), supporting a role for the PK-PKR system
in sensory processing. In the dorsal horn of the spinal cord, PKR1 is more abundant than
PKR2, whereas both receptors are expressed equally in DRG [12]. Binding studies using
spinal cord tissue indicate the highest density of PKRs within the superficial laminae of the
spinal cord, suggesting that these receptors may play a role in nociceptive signaling. In the
rat DRG significant proportion (~70%) of TRPV1 expressing neurons co-express PKR1
whereas a smaller proportion (~9.5%) co-express PKR2 [13]. In vitro analysis of functional
PKRs on DRG neurons show a remarkable overlap in neurons that respond both to Bv8 and
capsaicin (~90%) indicating a high degree of co-localization of functional PKRs with
TRPV1 channels [20] further supporting the possibility that these receptors contribute to
nociceptive signaling. These data strongly suggest that PKRs, especially PKR1, are localized
on nociceptive sensory fibers, and that PKR antagonists may, therefore, represent a class of
compounds which may be useful for treating acute and chronic pain.

Systemic or spinal Bv8 administration results in a significant decrease in sensory thresholds
to noxious thermal or mechanical stimuli applied to the tail and hindpaw of rats and mice
[12]. An unusual feature of Bv8-induced changes in sensory thresholds is the emergence of a
two-phased hyperalgesic response. The first phase occurs within 30 min following s.c. Bv8
administration to rats and mice [12]. Following return to baseline sensory thresholds, a
second hyperalgesic phase emerges within 240 min and persists for approximately 90 min
[12]. The mechanisms underlying these distinct phases of hyperalgesia are unknown.

Noxious mechanical, thermal or chemical (e.g., capsaicin) stimuli evoke the release of the
nociceptive peptide calcitonin gene related peptide (CGRP) from the superficial dorsal horn
of the spinal cord [11,18,19]. CGRP is primarily expressed by unmyelinated C and lightly
myelinated A5 primary afferent fibers [15] which take part in the transmission of pain and
have been demonstrated to contain PKRs. Here, we attempted to uncover mechanisms of
Bv8-induced hyperalgesia by evaluating whether Bv8 (a) can directly evoke the release of
CGRP in tissues lumbar dorsal horn, (b) regulates the expression and release of
pronociceptive transmitters in the dorsal root ganglion and spinal cord in a time course
relevant to the two phases of Bv8-induced hyperalgesia, and (c) whether expression of Bv8-
induced hyperalgesia is dependent upon protein synthesis. Our data suggest that the second
phase of Bv8-induced hyperalgesia is dependent upon upregulation of excitatory transmitter
resulting in a prolonged hyperalgesic state.

2. Materials and methods

2.1. Animals

Adult male C57BL/6 mice (35-40 g at the time of testing) and male Sprague-Dawley rats
(200-300 g) were maintained in a climate-controlled room (temperature 20-24 °C and
humidity 30-70%) on a 12 h light/dark cycle (7:00 AM-7:00 PM) with food and water ad
libitum. All testing was performed in accordance with the policies and recommendations of
the International Association for study of Pain and the National Institutes of Health

Neurosci Lett. Author manuscript; available in PMC 2017 November 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

De Felice et al. Page 3

guidelines for the handling and use of laboratory animals with approval received from the
Institutional Animal Care and Use Committee of the University of Arizona. Groups of 6-12
animals were used in all experiments for a total of 132 mice and 60 rats.

2.2. Tissue extraction and preparation

Following deep anesthesia with ether, animals were decapitated and the spinal column was
severed at the pelvic girdle. The spinal cord was expelled by hydraulic extrusion with ice-
cold saline and immediately placed on ice in a glass Petri dish, and the dorsal half of the
lumbar cord dissected, weighed and chopped into 0.2 mm cubes with a Mclwain tissue
chopper (Mickle Laboratory Engineering, Gomshall, UK).

2.3. CGRP release assays

Chopped mouse lumbar spinal cord tissue was placed in a 1 cc superfusion chamber and
continuously superfused with oxygenated modified Krebs’ buffer (135 mM NacCl, 3.5 mM
KCI, 20 MM NaHCOg3, 1 mM NaHPQO,, 2.5 mM CaCl,, 3.3 mM dextrose, 0.1 mM ascorbic
acid, 10 mM thiorphan and 0.1% bovine serum albumine) maintained at 37 °C, pH 7.4, ata
rate of 0.5 ml/min with a Brandel Superfusion Pump (Brandel Gaithersburg, MD). The
tissues were equilibrated for 45 min prior to determination of basal release. Superfusate was
collected in 3 min intervals into testing tubes using a fraction collector (Gilson, Middleton,
WI). A total of 5 fractions were collected to establish baseline levels of CGRP before Bv8 or
capsaicin were applied for 2 fractions. Superfusate was then collected for an additional 8
fractions.

2.4. Radioimmunoassay for CGRP

The superfusate obtained from the release assay was preincubated with 100 ul of a C-
terminally directed anti-CGRP antibody (Peninsula Lab.) for 24 h at 4 °C. The samples were
each mixed with 50 pl of goat anti-rabbit antiserum coupled to ferric beads and 100 pl of
[1251-Tyr%ICGRP,g_37 (at ~25,000 cpm per assay tube) and incubated for an additional 24 h.
The [1251JCGRP bound to the CGRP antibody was separated from the free tracer through
immunomagnetic separation (PerSeptive Diagnostics, Cambridge, MA). The
immunoprecipitates were determined by gamma counting. Standard curves were generated
and CGRP content was determined through logit—log analysis. This assay has a minimal
detection limit of 1-3 fmol/tube. The CGRP antiserum used in these experiments binds near
the C-terminal end of CGRP and does not cross react with cholecystokinin, neuropeptide Y,
or other peptides with similar C-terminal residues. The CGRP concentrations were plotted
against time in 3 min intervals. Evoked release was calculated as the total amount of CGRP
released (i.e., CGRP-ir) during the Bv8 or capsaicin infusion above the basal release of
CGRP.

2.5. In vivo treatments

Bv8 was injected intrathecally at 0.5 ng per rat and response latencies to noxious mechanical
stimuli (i.e., Randall-Sellito test) were determined over the following 300 min. In some
studies, rats were pretreated with puromycin (15 mg/kg, s.c. for 14 days) or anisomycin (50
mg/kg, s.c. =1 h) prior to Bv8 injection.
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2.6. Immunofluorescence

For immunohistochemistry, rats were anesthetized with 80 mg/kg ketamine and 12 mg/kg
xylazine intraperitoneally and then perfused transcardially with 0.1 M PBS until the
exudates run clear, then with 10% formalin in 0.1 M PBS, pH 7.4 for ~15 min. Lumbar
spinal cords were harvested and postfixed in 10% formalin overnight and cryoprotected with
20% sucrose in 0.1 M PBS. The postfixed tissues were transferred to 30% sucrose in 0.1 M
PBS until the tissues sank to the bottom of the container. Tissues were then embedded in
O.C.T. (Tissue-Tek Optimal Cutting Temperature Compound: Sakura, Torrance, CA)
compound. DRG and spinal cord sections were cut serially at 10 and 20 um, respectively
with a cryostat maintained at —20 °C. Sections of DRG and spinal cord were cut serially and
placed onto slides such that each slide contained an ordered series of sections through the
ganglion and spinal cord. Mounted DRG and spinal cord sections were washed in 0.1 M
PBS for 30 min and then incubated with a rabbit anti-CGRP antiserum (1:20,0000
Peninsula) or anti-Substance P (SP) antiserum (1:10,000 Peninsula), in 0.1 M PBS with 2%
normal goat serum overnight at 4 °C, followed by washing and secondary incubation with a
secondary antiserum Cy3-conjugated goat anti-rabbit 1gG (1:500 Jackson Immunoresearch,
West Grove, PA) for 2 h. The sections were rinsed and mounted in Vectashield (\ector
Laboratories). Fluorescence digital images were captured using a Nikon (Tokyo, Japan)
E800 fluorescence microscope outfitted with a Hamamatsu (Hamamatsu, Bridgewater, NJ)
CCD camera with output to a Pentium microcomputer.

2.7. Intrathecal injections

Under ketamine—xylazine anesthesia, the rats were implanted with catheters for i.th.
administration of Bv8 into the region of the lumbar cord according to the method previously
described by Yaksh and Rudy [22]. In brief, PE-10 polyethylene tubing (8 cm in length) was
inserted through the atlanto-occipital membrane, fed down the i.th. space and secured to the
musculature at the incision site. The rats received 4.4 mg/kg i.m. of gentamycin and were
allowed to recover for 5 days. Bv8 or vehicle was administered, followed by 1 pl air bubble
to assure movement through the i.th. catheter, followed by a 9 ul flush.

2.8. Mechanical nociception

The nociceptive threshold to mechanical stimuli was measured in rats with the Randall-
Selitto test [16]. The rats were exposed to the procedure for several days preceding the
experiment [12]. On the day of the experiment, nociceptive thresholds were measured 60
and 30 min before treatment. The mean of these measurements was taken as baseline
nociceptive threshold (NTg). Nociception thresholds were then determined three times at 15,
30, 60, 90, 120, 150, 180, 240, 300 and 360 min after treatment. The mean of the three
reading at each point was defined as the nociceptive threshold at that time in the presence of
the test solution (NTys). The effect of the test drug was calculated as the percentage change
in nociceptive threshold from baseline threshold (%ANT) according to the following
equation:

NTy — NT,,

SANT= % 100.

B
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2.9. Statistical analysis

Data are presented as mean * s.e.m. values. Statistical analyses were performed using one-
way ANOVA or 2-way ANOVA with drug and time as independent variables.

3. Results

3.1. Bv8 directly induces CGRP release in vitro

Basal CGRP release from naive C57BL/6 mice was approximately 5 + 0.8 fmol/mg of tissue
(Fig. 1a and b). Addition of graded concentrations of Bv8 (1, 10, 30 nM) led to a significant,
dose-dependent increase of CGRP release of approximately 2-, 6- and 8-fold, respectively
(Fig. 1a and b). The area under the curve for Bv8-evoked CGRP release was plotted from the
time of Bv8 application (fraction #6) until it returned to baseline (fraction #12) for a total of
18 min (Fig. 1a and b) demonstrating a concentration-dependent Bv8-evoked release. CGRP
release evoked by Bv8 at 1 or 30 nM concentrations returned to basal levels within 9 or 18
min, respectively (Fig. 1a and b).

3.2. Evoked CGRP release following Bv8 pretreatment in vivo

In accordance with previous studies, administration of Bv8 (5 mg/kg, s.c.) to mice elicited a
typical biphasic hyperalgesia with a first and second phase (Fig. 1c). After assessment of
thermal hyperalgesia tissues were taken at 45 and 270 min post-Bv8 treatment in order to
evaluate possible effects of pretreatment on subsequent Bv8- or capsaicin-evoked CGRP
release corresponding with the two behavioral phases. No significant difference was
observed in basal or Bv8- or capsaicin-evoked CGRP release from tissues taken from Bv8 or
saline-pretreated mice at the 45 min time point (Fig. 1d and e). Similarly, baseline CGRP
release was not different in tissues taken 270 min following treatment of mice with Bv8 or
saline. In contrast, the magnitude and duration of Bv8- or capsaicin-evoked CGRP release
was significantly increased in tissues taken from mice 270 min following Bv8 treatment
(Fig. 1f and g). Bv8-evoked CGRP release in tissues from mice pretreated 270 min
previously with Bv8 was 120 + 9 fmol/mg of tissue while that in tissue from saline
pretreated (270 min prior) mice was 39 + 11 fmol/mg of tissue, demonstrating a 3-fold
enhancement of Bv8-evoked CGRP release. Likewise, capsaicin-evoked CGRP release was
also increased in tissues taken 270 min following Bv8 treatment. The administration of
capsaicin (1 uM) to tissues from Bv8-pretreated mice (270 min) resulted in CGRP release of
262 + 18 fmol/mg of tissue compared to 68.7 + 16.3 fmol/mg tissue in saline pretreated mice
(Fig. 1f and g).

3.3. Bv8-induced upregulation of immunoreactivity for neurotransmitters

As previously reported, intrathecal (i.th.) treatment of rats with Bv8 (0.5 ng/rat) results in
hyperalgesic responses that peaked at 30 and 240 min, corresponding to the typical two-
phases of i.th. Bv8-induced hyperalgesia (Fig. 2a). Pretreatment of rats with either
puromycin or anisomycin had no effect on baseline sensory threshold. While i.th. Bv8 to
puromycin or anisomycin treated rats elicited the first phase of hyperalgesia, the second
phase was significantly blocked (Fig. 2a). These results suggest that Bv8 increased synthesis
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of CGRP and substance P, which were blocked by the protein synthesis inhibitors puromycin
and anisomycin.

Spinal cord and DRG tissues were taken 30 or 240 min following Bv8 or saline treatment in
order for immunohistochemical analysis and to correspond with the two phases of
hyperalgesia. CGRP and SP were confined bilaterally to the outer laminae (I and I1) of the
spinal dorsal horn in control rats and rats pretreated with anisomycin 1 h prior (Fig. 2b). No
changes in immunofluorescence labeling for either CGRP or SP were observed in tissue
taken from animals treated with anisomycin, when compared to the saline treated group
(data not shown). Enhanced fluorescence labeling for CGRP and SP was seen in the dorsal
horn 240 min, but not 30 min, after Bv8 treatment, when compared with the saline treated
group (Fig. 2b). The enhanced fluorescence following Bv8 was not observed in tissues taken
from rats pretreated with anisomycin 1 h prior to Bv8 administration (i.e., tissue taken 240
min after Bv8 injection) (Fig. 2b).

No changes in the number of DRG (L4-L6) neuronal profiles labeled for either CGRP or SP
were observed in tissue taken from animals pretreated with anisomycin, when compared to
the saline pretreated group (data not shown). Pretreatment with anisomycin did not produce
changes in CGRP or SP immunofluorescence in lumbar DRG of animals treated with i.th.
saline, but prevented Bv8-induced enhanced CGRP and SP labeling (Fig. 2b). In the control
group approximately 33% of the DRG neuronal profiles counted were positively labeled for
CGRP and 21% for substance P. DRG neuronal profiles labeled for CGRP and SP in
sections obtained from rats during the first phase of Bv8-induced hyperalgesia (—30 min)
were 93.1 + 8.2% and 109.5 + 10.9% of the saline control group, respectively (Fig. 2c).
DRG neuronal profiles labeled for CGRP and substance P in sections obtained from rats
during the second phase of hyperalgesia (=270 min) were significantly increased (v < 0.05)
to 152.0 £ 4.6% and 167.9 £ 15.4% of the saline control group, respectively (Fig. 2c).
Examination of CGRP and SP labeling in DRG from rats pretreated with anisomycin (1 h
prior to Bv8) in tissue taken during the second phase of Bv8-induced hyperalgesia (=270
min), resulted in labeling for CGRP and SP that was not different from that observed with
i.th. saline; the values for CGRP and SP were 103.5 + 9.2% and 94.4 + 10.0% of the saline
control group, respectively (Fig. 2c).

4. Discussion

The present study demonstrates that prokineticin receptors are likely to play an important
role in activation and sensitization of nociceptors and in sustaining hyperalgesia. Systemic
injection of Bv8 has been shown to induce a biphasic thermal and mechanical hyperalgesia
[12]. Here we report that, within the isolated dorsal horn of the spinal cord, Bv8-induces a
direct and concentration related release of CGRP suggesting a likely mechanism for the first
phase of Bv8-induced hyperalgesia. This interpretation is supported by our previous
observations that a local (intraplantar) injection of Bv8 elicits strong and localized
hyperalgesia with a similar time course to that of the initial phase of hyperalgesia seen with
systemic injections. However, intraplantar Bv8 does not result in the well-characterized
second phase of hyperalgesia [12]. Additionally, however, our data provide a basis for the
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long lasting second phase of hyperalgesia which appears to depend on protein synthesis and
enhanced expression of excitatory transmitters.

Administration of Bv8 has been shown to produce a biphasic hyperalgesic effect in mice and
rats with the second phase peaking approximately within 300 min after administration [12].
To determine whether the Bv8 biphasic effect would result in enhanced spinal CGRP release
within these two phases, we pretreated mice with a single systemic dose of Bv8 and
measured Bv8-evoked release of CGRP from spinal cord tissue. Systemic Bv8 pretreatment
for 45 min (representing the first phase) prior to performing CGRP release did not result in
differences in release when compared with naive spinal cord tissue. However, when animals
were pretreated systemically with Bv8 for 270 min, representing a timepoint consistent with
the second phase of hyperalgesia, a significantly enhanced CGRP release resulted from
application of Bv8 or capsaicin was observed and the duration of release was increased
when compared to saline pretreated tissues. Such results parallel behavioral biphasic
hyperalgesic effects suggesting that, Bv8 can elicit long-lasting sensitization of nociceptors
resulting in enhanced responses to evoking stimuli including Bv8 or capsaicin.

The basis for enhanced sensitivity to capsaicin in tissues taken to be consistent with late
phase hyperalgesia is unknown but could be due to Bv8-induced neuronal plasticity and
regulation of expression of TRPV1 channels as the second phase of hyperalgesia was
dependent upon protein synthesis (see below). Additionally, several recent studies have
demonstrated that G-protein coupled receptors may modulate the activity at the TRPV1
channel. Mice lacking the cannabinoid CB1 or P2Y nucleotide receptor have an impaired
response to the algogenic compound capsaicin [4,8], while bradykinin, a Gq receptor agonist
has been demonstrated to potentiate the TRPV1 function both in vitro and in vivo [1,3].
Similar to our findings, the systemic pretreatment (270 min) of Bv8 results in a significant
and long lasting capsaicin-evoked CGRP release possibly due to an increased TRPV1
receptor sensitization. Previous behavioral and electrophysiological studies demonstrated
that Bv8 sensitizes the TRPV1 channel [13,20] an effect that may account for the enhanced
transmitter release seen here in tissues from Bv8 pretreated mice. Such Bv8 synergism of
capsaicin was not directly at the TRPV1 channels since this effect was not observed in
PKR1-knockout mice [13] supporting an indirect effect of Bv8 through the PKR1.

We tested whether the biphasic effect of Bv8 was related to alterations in protein synthesis.
Our data indicate that administration of protein synthesis inhibitors did not alter the first
phase of Bv8-induced hyperalgesia or the release of CGRP in tissues taken from animals to
correspond with that time period. In contrast, protein synthesis inhibitors abolished
expression of the second hyperalgesic phase of Bv8 indicating a requirement for synthesis of
new protein for such evoked hyperalgesia. Consistent with this possibility, systemic Bv8 was
found to produce an increase in the expression of CGRP and SP labeling in the DRG cells
and in the dorsal horn of spinal cord at the 240 min time-point (during the second phase of
hyperalgesia) and this effect was blocked in animals receiving anisomycin.

The present studies suggest that Bv8 likely induces the second phase of hyperalgesia
through protein synthesis resulting in increased CGRP and SP expression and long-lasting
enhanced evoked release. These observations provide a basis for long-lasting
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hypersensitivity that may result in conditions of tissue injury through modulation of the
PK/PK-R system in which nociceptors can be activated and sensitized by activation of
PKRs. It is likely, therefore, that blockade of PKRs may represent a novel strategy to provide
therapeutic benefit in pain conditions.
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highlights
> Bv8 produces a direct and concentration-related release of CGRP.
> Bv8 pretreatment enhances Bv8- or capsaicin-stimulated CGRP release.

> Pretreatment with protein synthesis inhibitors blocks the late phase of Bv8-
induced hyperalgesia.

> CGRP and SP are upregulated during the late phase of Bv8-induced
hyperalgesia.
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Fig. 1.

The dorsal lumbar spinal cord from male C57 mice was dissected, minced and placed in
perfusion chambers. Basal and evoked release of CGRP into the perfusate was measured at 3
min interval (a), and Bv8-evoked CGRP release was indicated by the amount of CGRP
present above the baseline release levels (b). The horizontal bar in (a) represents the period
in which Bv8 (1-30 nM) was added to the perfusate. Application of Bv8 for 6 min following
a 30-min equilibration period led to a concentration-dependent increase in CGRP release.
Each treatment group consisted of 8 animals. (c) Treatment with Bv8 (5 mg/kg, s.c.) induced
a biphasic hyperalgesic response. Mice tested for hot plate latency showed within 30 and
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270 min, first and second phase of hyperalgesia after Bv8 injection. Each treatment group
consisted of 6 animals. (d and e) Pretreatment with Bv8 (5 mg/kg, s.c.) enhanced Bv8 (10
nM) or capsaicin (1 pM)-evoked release in the lumbar dorsal horn of spinal cord of mice,
only during the second phase of hyperalgesia. (f and g) In tissue from mice pretreated with
Bv8 (-270 min), capsaicin-evoked CGRP release did not recover to baseline level. Each
treatment group consisted of 12 animals.
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Fig. 2.

(a?Pretreatment with anisomycin (50 mg/kg, s.c. 1 h prior) or with puromycin (15 mg/kg,
s.c. for 14 days) significantly blocked the Bv8 (0.5 ng/rat, i.th.)-induced second phase of
hyperalgesia. (b) CGRP and SP immunoreactivity in the rat spinal cord at approximately L5
and in the rat DRG L5. During the second phase of Bv8-induced hyperalgesia, the labeling
was upregulated in lumbar dorsal horn of spinal cord of rats pretreated with Bv8 (0.5 ng/rat,
i.th., 240 min prior to perfusion). No apparent difference in both CGRP and SP
immunoreactivity was seen between the tissues from control rat, from tissues taken during
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the first phase of hyperalgesia, and from rat pretreated with anisomycin and treated with
Bv8.
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