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Impaired Nociception and Inflammatory Pain Sensation in
Mice Lacking the Prokineticin Receptor PKR1: Focus on
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Bv8, prokineticin-1 or EG-VEGF (endocrine gland-derived vascular endothelial growth factor), and prokineticin-2, are naturally occur-
ring peptide agonists of two G-protein-coupled receptors (GPCRs), prokineticin receptor 1 (PKR1) and PKR2. PKRs are expressed in
neurons in the CNS and peripheral nervous system and many dorsal root ganglion (DRG) cells expressing PKRs also express transient
receptor potential vanilloid receptor-1 (TRPV1). Mice lacking the pkrl gene were generated to explore the role of the PKR1 receptor in
nociceptive signaling and in nociceptor sensitization. When compared with wild-type littermates, mice lacking the pkrl gene showed
impaired responsiveness to noxious heat, mechanical stimuli, capsaicin, and protons. In wild-type mice, activation of PKRs by the PKR
agonist Bv8 caused hyperalgesia and sensitized to the actions of capsaicin. pkrl-null mice exhibited impaired responses to Bv8 but
showed normal hyperalgesic responses to bradykinin and PGE2 (prostaglandin E2). Conversely, trpvl-null mice showed a reduced
pronociceptive response to Bv8. Additionally, pkr1-null mice showed diminished thermal hyperalgesia after acute inflammation elicited
by mustard oil and reduced pain behavior after chronic inflammation produced by complete Freund’s adjuvant. The number of neurons
that responded with a [Ca**]; increase to Bv8 exposure was five times lower in pkri-null DRG cultures than in wild-type cultures.
Furthermore, Bv8-responsive neurons from pkr1-null mice showed a significant reduction in the [Ca*"; response to capsaicin. These
findings indicate a modulatory role of PKR1 in acute nociception and inflammatory pain and disclose a pharmacological interaction
between PKR1 and TRPV1 in nociceptor activation and sensitization.
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Introduction

Our understanding of the cellular and molecular basis underlying
nociception has increased dramatically in recent years. A number
of receptors and ion channels important in nociception have re-
cently been cloned. Notable examples include two G-protein-
coupled receptors for bradykinin (Pesquero et al.,, 1994); the
acid-sensing ion channel family (ASIC) (Waldmann et al., 1997);
ATP-sensing ion channels of the P2X family (Chen et al., 1995;
Lewis et al., 1995; Chessel et al., 2005); nociceptor-specific TTX-
insensitive Na channels (Na,1.8 and Na,1.9) (Akopian et al.,
1996; Dib-Hajj et al., 2002); and the vanilloid receptor TRPV1,
which belongs to the transient receptor potential (TRP) super-
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family and is potently activated by capsaicin (Caterina et al., 1997,
2000).

An important property of pain signaling is that of sensitiza-
tion. In the wake of even quite modest noxious stimuli, the
threshold to elicit pain is reduced, and the pain associated with
suprathreshold stimuli is augmented. Painful stimuli can induce
central (spinal and supraspinal) and peripheral (nociceptor) sen-
sitization. Both types of sensitization operate in inflammatory
diseases, the single greatest cause of chronic pain. Many extracel-
lular pain mediators such as prostaglandins, bradykinin, seroto-
nin, adenosine, neurotrophins, ATP, proteinases, chemokine,
and others have been shown to elicit peripheral nociceptor sen-
sitization through the activation of receptors at nociceptor termi-
nals (McMahon et al., 2006). The recently cloned prokineticin
receptors, prokineticin receptor 1 (PKR1) and PKR2 (Lin et al.,
2002), and their activation by peptides belonging to the Bv8/EG-
VEGF (endocrine gland-derived vascular endothelial growth fac-
tor)-PK (prokineticin) family suggest an additional novel mech-
anism of peripheral nociceptor activation and sensitization
(Negri et al., 2002).
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PKs are small secreted proteins (8—11 kDa) (Mollay et al.,
1999; Wechselberger et al., 1999; LeCouter et al., 2001; Li et al,,
2001) that lower the nociceptor threshold to a broad spectrum of
physical and chemical stimuli (Negri et al., 2002). In primary
cultures of rat DRG neurons, Bv8 binds and activates PKRs, pro-
ducing an increase in [Ca®"];. Although these studies suggest that
activation of PKRs can elicit nociception and nociceptor sensiti-
zation, whether these receptors might contribute to nociceptor
sensitivity to thermal, mechanical, or chemical stimuli in vivo is
unknown, primarily the result of a lack of receptor selective
antagonists.

The present study used a genetic strategy to determine
whether PKR1 expression is important in determining sensory
thresholds to nociceptive and to acute and chronic inflammatory
stimuli. PKR1-null mutant mice were generated and used to in-
vestigate nociceptive responses to noxious heat, mechanical stim-
uli, intraperitoneal acetic acid, and intraplantar and oral capsa-
icin. Additionally, the development of Bv8-, bradykinin-, and
prostaglandin E2 (PGE2)-induced nociceptor sensitization as
well as hyperalgesia to acute and chronic inflammatory stimuli
were investigated in PKR1 knock-out (KO) mice. Considering
that PKR1 is a G-protein-coupled metabotropic receptor (Lin et
al., 2002) and that similar signaling receptors such as ATP, bra-
dykinin, and proteinase-activated and chemokine receptors sen-
sitize the vanilloid receptor TRPV1 to noxious stimuli (Tomi-
naga et al., 2001; Sugiura et al., 2002; Dai et al., 2004; Zhang et al.,
2005), we examined whether a positive co-operativity between
the PKR1 prokineticin receptor and the TRPV1 channel contrib-
utes to acute nociception and pain behavior.

Materials and Methods

pkr1-null mutant mice. pkrl '~ mice were generated by Lexicon Genet-
ics (The Woodlands, TX). To generate pkrl-deficient mice, a targeting
vector was constructed in which exon 1 of the PKRI gene was replaced
with a neomycin resistance gene derived from MCI1 neo vector. Lex-1
embryonic stem cells were electroporated with the targeting vector be-
fore selection of the cells expressing the targeted allele for the generation
of chimeric mice. Germline chimeras were crossed with C57BL/6]J fe-
males to generate heterozygotes and then intercrossed, giving rise to
overtly healthy mutant offspring in the expected Mendelian ratio. Suc-
cessful targeting and transmission was confirmed by Southern and West-
ern blot analysis. Progeny were genotyped with PCR, which permitted
the amplification of the wild-type (WT) pkrl gene (primers: 5'-
GGTGACTATGACATGCCCCTGG-3" and 5'-CTCTCGGAAAGGG-
AGAGGCAAGG-3") and the neomycin cassette, which was inserted to
disrupt PKRI coding region (primers: 5 GCAGCGCATCG-
CCTTCTATC-3" and 5’-CTCTCGGAAAGGGAGAGGCAAGG-3').
Genomic DNA was isolated from tail samples by proteinase K (Sigma, St.
Louis, MO) digestion and ethanol precipitation, and 200 ng of DNA was
amplified (HotStarTaq DNA Polymerase; Qiagen, Milan, Italy) with the
following cycle parameters: 95°C for 3 min (1 cycle); 95°C for 1 min, 55°C
for 1 min, 72°C for 1 min (30 cycles); 72°C for 10 min (1 cycle). Amplified
products were separated by 2% agarose gel electrophoresis and stained
with ethidium bromide, and the resulting fluorescent bands were re-
vealed with the Versa Doc 3000 imaging system (Bio-Rad, Milan, Italy)
(see Fig. 2A). pkrl ™/~ mice were viable and largely indistinguishable
from wild-type littermates.

Measurements of acute nociception. Nociceptive responses to noxious
stimuli including heat, punctate stimuli, protons, and capsaicin were
measured in wild-type and pkrl-null mutant mice. For each nociceptive
test and drug dose, a different group of male mice from each genotype
was used. Each mouse was used only once and immediately killed by CO,
after the experiment ended. All experiments were performed under pro-
tocols approved by the Animal Care and Use Committee of the Italian
Ministry of Health according to European Community directives.

The nociceptive threshold to heat was measured with the tail-flick test,
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the hot-plate test, the Hargreaves’ test of paw withdrawal, and by briefly
immersing the mouse tail or hindpaw into hot water. For the tail-flick
test, a light beam was focused on the tail tip, and the latency to tail
withdrawal was taken as a measure of tail nociceptive threshold to radiant
heat (D’Amour and Smith, 1941). For the Hargreaves’ test, Basile Plantar
test apparatus (Ugo Basile, Comerio, Italy) was used. A light beam was
focused on the plantar region of mouse hindpaws, and the latency to paw
withdrawal was recorded and taken as a measure of paw nociceptive
threshold to radiant heat (Hargreaves et al., 1988). The hot-plate test was
done in a microprocessor-controlled unit (catalog #7280; Ugo Basile) at
plate temperatures ranging from 46 to 51°C. Tail and paw immersion
tests were performed by dipping one third of the mouse tail or one
hindpaw into hot (46, 48, and 51°C) water and measuring the latencies to
tail or paw withdrawal.

To assess the tactile threshold to punctate stimuli, von Frey filaments
were applied to the skin of mouse plantar surface, and the threshold force
at which 50% of mice withdrew their paws was determined using the
up—down method (Chaplan et al., 1994)

Nociceptive behaviors to noxious chemical agents were evaluated in
both mouse genotypes using the abdominal writhing after intraperito-
neal injection of dilute acetic acid, the paw-licking test after intrapaw
capsaicin and bradykinin and the aversive drinking test by adding capsa-
icin to drinking water.

For the abdominal writhing test, intraperitoneal injection of dilute
acetic acid [5 ul/g body weight (b.w.) of 0.8% acetic acid solution] was
used to induce nociceptive stereotyped behavior (Koster etal., 1959). The
intensity of pain evoked in both mouse genotypes was measured by
counting the number of abdominal cramps occurring during the 20 min
observation period. Paw licking (Ferreira et al., 2004) was evoked by
injecting graded doses of capsaicin (from 0.05 to 5 nmol) or 5 and 50 ug
of bradykinin into the plantar skin of one hindpaw, and the elicited
nociceptive behavior was recorded with a television camera and video-
tape recorder. The duration of the nociceptive behavior and the number
of paw licking and shaking events were measured using a computer and
the Observer software (Noldus Information Technology, Wageningen,
The Netherlands). Trigeminal nociception was assessed with an aversive
drinking test to capsaicin (Caterina et al., 2000). For 4 d, mice were
allowed to drink for 3 h/d from a bottle containing 0.125% saccharine in
water. On the fifth day, this solution was supplemented with five capsa-
icin concentrations (10, 20, 30, 50, 100 um), and each concentration was
presented to six wild-type and six pkrl /" mice. For each capsaicin
concentration, the volume of capsaicin solution ingested by pkrl ™/~
mice was compared with that ingested by wild-type mice.

Measurement of nociceptive sensitization. Possible nociceptive sensiti-
zation induced by proalgesic agents such as Bv8, PGE2, bradykinin, and
capsaicin or resulting from acute and chronic hindpaw inflammation
was measured by determining changes in response thresholds to noxious
or non-noxious sensory stimuli in wild-type and pkr1-null mutant mice.

To measure thermal hyperalgesia, the tail-flick, the hot-plate, and paw
immersion in hot water tests were used. In both genotypes, systemic
Bv8-induced hyperalgesia was elicited by injecting Bv8 subcutaneously in
doses ranging from 1 to 100 ug/kg. To evaluate Bv8-induced topical
hyperalgesia, pkrl ~/~ and pkrl*’* mice were injected into the plantar
region of hindpaws with graded doses of Bv8 (from 0.1 to 5 ng/paw).
Capsaicin-, PGE2-, and bradykinin-induced thermal hyperalgesia was
elicited by injecting capsaicin (12 ug), PGE2 (0.5-1 ug), or bradykinin (2
pg) into the hindpaws of wild-type and pkrl-null mice.

To measure Bv8-induced tactile hyperalgesia, von Frey filaments were
used, as described previously under tactile threshold measurement.

Pain behavior showed by differences in the pattern of body weight
distribution between the two hindpaws was assessed in mice using a
weight-bearing averager (incapacitance tester; MJS Technology, Steve-
nage Hertz, UK), as described by Chessel et al. (2005). In brief, mice were
placed in a Plexiglas container, which restricted their movement. The
middle portion of the floor consisted of two independent force plates,
which measured the weight borne by the left and right hindlimbs, respec-
tively. Body weight borne by saline-injected right hindpaw and Bv8- or
capsaicin-injected left hindpaw was averaged over 30 s and expressed as
right/left percentage weight difference.
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Bv8 (0.5 ng/20 ul) was injected into one of the two hindpaws of wild-
type and pkrl-null mice and 15, 30, 45, 60, and 120 min after the injec-
tion, hypersensitivity to von Frey filaments or to body weight bearing was
evaluated.

To evaluate the time course of Bv8-induced sensitization to capsaicin-
induced licking, capsaicin (0.01 nmol/20 ul) was injected into the plantar
region of one hindpaw of each genotype, 30, 60, 90, 150, 240, or 360 min
after 50 fmol of Bv8 injected into the same paw. At each time point, a
different group of five mice each from both genotypes received capsaicin
injection only once. An additional mouse group from each genotype
received 0.05 nmol of capsaicin alone. After each capsaicin injection,
duration of licking was recorded as described previously.

To study whether PKR1 activation potentiated capsaicin-induced
thermal hyperalgesia in both genotypes, 50 fmol of Bv8 was injected into
one mouse paw 90 min before 0.1 ug capsaicin, and the nociceptive
threshold to hot water (48°C) immersion was measured.

Inflammatory sensitization to mechanical and thermal stimuli was
produced in the mouse hindpaws by plantar painting with mustard oil
(10% in mineral oil; Sigma-Aldrich, Milan, Italy) or by intraplantar in-
jection of complete Freund’s adjuvant (CFA) (20 ul of a solution con-
taining 5 mg of CFA in 10 ml of a 1:1 emulsion of saline and mineral oil).
Before and after mustard oil application to both hindpaws, nociceptive
responses to heat were measured with the hot-plate test. In CFA-induced
paw inflammation, nociceptive hyperalgesia was determined with the
paw immersion in hot water (48°C), von Frey filaments, and weight-
bearing tests. The left hindpaw was inflamed with CFA injection and the
right hindpaw acted as control. The differences in weight bearing, with-
drawal latency to heat, and threshold force of von Frey filaments between
the two hindpaws were taken as measure of the inflammatory sensitiza-
tion. To evaluate paw edema elicited by CFA, paw volume of all tested
mice was measured with a 7140 plethysmometer (Ugo Basile).

Body temperature. After continuously monitoring core body temper-
ature in wild-type and pkrl-null mice for 1 week with implantable ther-
mal probes (G2 E-Mitter probe; ER-4000 Energizer Receiver; VitalView
software; Mini Mitter, Sunriver, OR), both mouse genotypes received
capsaicin (1 mg/kg, s.c.), and body temperature was recorded for 3 h.

trpvI-null mice. In C57BL/6 adult mice and in trpv1-null mice (35-40
g b.w.) (The Jackson Laboratory, Bar Harbor, ME), the nociceptive
threshold to heat was measured using the hot-plate test at a temperature
of 48°C, before and after subcutaneous injection of Bv8 in dose ranging
from 1 to 20 pg/kg.

Drug injections. Topical drugs (Bv8, capsaicin, bradykinin, and PGE2)
were dissolved in 10-20 ul of vehicle and injected into the plantar region
of hindpaws. When required by the experimental protocol, control mice
were injected with an equal volume of vehicle solution.

Laser capture microdissection. Primary sensitive neurons were micro-
dissected from mouse DRG sections using the PALM MicroBeam system
(P.A.L.M. Microlaser Technologies, Bernried, Germany) equipped with
nitrogen laser (337 nm) for cutting, ablating, and collecting single se-
lected neurons by the laser pressure catapulting technology. DRG frozen
serial sections, cut at 10 wm thickness on a cryostat, were washed in PBS
solution and mounted onto a 1.35 wm thin polyethylene naphthalene
membrane attached to a normal slide. The size of each cell was deter-
mined using the image analysis software included in the laser capture
microdissection (LCM) apparatus. Unwanted cells were individually de-
stroyed before catapulting. After microdissection, the entire membrane-
cell stack was ejected from the object plane, without mechanical contact,
and catapulted directly into a Microfuge cap with a single laser shot for
subsequent RNA extraction. We dissected 250 cells from 22-30 sections
from two L4 DRGs of each mouse; three WT and three KO mice were
processed.

Quantitative on-line reverse transcription-PCR. Total RNA was isolated
from DRG, brain, spinal cord, and paws of wild-type and pkr1-null mice
using RNeasy columns (Qiagen) or from DRG cells obtained with LCM
using an ArrayPure Nano-scale RNA Purification kit (Epicentre Biotech-
nologies, Madison, WI) and checked for accidental degradation on Ex-
perion RNA Highsensitive Chip (Bio-Rad). RNA extracted from LCM
samples was amplified using a TargetAmp 2-Round Aminoallyl-aRNA
amplification kit (Epicentre Biotechnologies). Purified RNA from DRG,
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brain, spinal cord, and paws and LCM sample amplified RNA were used
for cDNA synthesis with reverse transcriptase (Promega, Milan, Italy).
An aliquot of cDNA solution was amplified using real-time PCR (iCycler;
Bio-Rad), iQ SYBR Green Supermix (Bio-Rad), and 0.3 um of each
primer, in a total volume of 25 ul. Cycling conditions were 15 min at
95°C; 40 cycles of 30 s at 95°C, 30 s at 52°C, and 30 s at 72°C. Melting
curve analysis of PCR products was done from 55 to 95°C.

Specific sense and antisense primers to PCR amplify the mouse PKR1,
PKR2, PK1, PK2, PK2L, and TPRV1 cDNA were synthesized (Biogen,
Rome, Italy), according to the following sequences: PKRI1, 5'-
ATTCTCGGACTTTCTTTGC-3" and 5'-GCGGCTGTTTGACACTTC-
3’5 PKR2, 5'-ACTACCTTCGTACGGTCTCC-3" and 5'-TAACGAG-
GATGGTTTCTGTG-3'; PK1, 5'-AAGATCCCCTTCTTGAGGAAAC-
3" and 5'-CCAGAAAGGTTGCTTTAGGAAG-3"; PK2, 5'-CTCGGAA-
AGTTCCATTTTGG-3' and 5'-TTCCGGGCCAAGCAAATAAACC-3';
PK2L, 5'-CAAATGGAAGGCAGGAAAGAAG-3" and 5'-TTCCGGC-
CAAGCAAATAAACC-3'; TRPV1, 5-TGTACTTCAGCCATCGCA-
AG-3" and 5'-ACCGACACAGGTCTCTGAGG-3'; interleukin-13 (IL-18),
5'-TGAGCTGAAAGCTCTCCACC-3" and 5'-CTGATGTACCAGTTGG-
GGAA-3'.

To quantify the results, we constructed cDNA plasmid standards for
each individual gene. cDNA standards for pkrl, pkr2, and trpvl genes
were generated from total RNA extracted from mouse DRG and pk1 and
pk2 standards from mouse testis RNA. After reverse transcription (RT),
cDNA fragments were produced by RT-PCR using the same primers as
described above, purified on silica columns (QIAquick PCR purification;
Qiagen) and cloned into the pGEM-T easy vector (Promega). Ligated
fragments were transformed into JM109-competent cells (Promega),
and plasmid DNA was purified using silica cartridges (Nucleobond AX
plasmid purification; Macherey-Nagel, Duren, Germany). The exact se-
quence of cloned amplicons was analyzed by cycle sequencing (PRIMM,
Milan, Italy). cDNA plasmid concentration was measured by OD, >
and the corresponding copy number was calculated using the equation 1
g of 1000 bp DNA = 9.1 X 10! molecules. Serial dilutions of the cDNA
standard ranging from 10% to 107 input copies are used as a standard
curve in each PCR run. The expression level of the gene of interest was
expressed as input copy number per nanogram of input total RNA or per
cell in the case of LCM samples.

In situ hybridization. RT-PCR cloning was used to obtain specific
cDNA fragments for the following sequences: mouse PKR1 (GenBank
accession number AF487278, nucleotides —143 to 463); mouse PKR2
(AF487279, nucleotides —129 to 470); mouse PK1 (AF487281, nucleo-
tides 124-532) and mouse PK2 (AF487280, nucleotides 24-504).

The amplified cDNA fragments were subcloned into the pGEM-T easy
vector (Promega), and their sequence identity was confirmed by double-
strand DNA sequencing (PRIMM). Riboprobes in antisense and sense
orientation were generated from linearized vector constructs by in vitro
transcription using the appropriate RNA polymerases and **S-UTP and
33S-CTP as double label. After transcription, the probes were subjected to
mild alkaline hydrolysis as described previously (Angerer et al., 1987).
Frozen serial sections were cut at 10 um thickness on a cryostat, thaw-
mounted on adhesive slides, and fixed in phosphate-buffered 4% para-
formaldehyde for 10 min. Sections were washed three times in 50 mm
PBS, pH 7.4, for 10 min each before the slides were transferred for 10 min
t0 0.4% Triton X-100. The slides were rinsed in distilled water and trans-
ferred to 0.1 M triethanolamine, pH 8.0. Acetic anhydride was added
under stirring to a final concentration of 0.25% (v/v), and sections were
further incubated for 10 min. The slides were rinsed twice in 50 mm PBS,
pH 7.4, for 10 min each before dehydration in 50 and 70% 2-propanol.
The air-dried sections were stored at —20°C. For hybridization, ribo-
probes were diluted in hybridization buffer (3X SSC, 50 mm NaPO4, 10
mM DTT, 1X Denhardt’s solution, 20 mg/ml yeast tRNA, 10% dextran
sulfate, and 50% formamide) to yield concentrations of 50,000 dpm/ul.
After applying 50 ul of hybridization solution, slides were coverslipped
and incubated for 14 h at 60°C. Coverslips were removed, and slides were
washed in 2X SSC and 1X SSC for 20 min each, followed by incubation
in RNase buffer (10 mm Tris, pH 8.0, 0.5 M NaCl, and 1 mm EDTA)
containing 1 U/ml RNase T1 and 20 ug/ml RNase A (Sigma) for 30 min
at 37°C. The slides were washed at room temperature in 1X and 0.2X
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SSC for 20 min each, at 60°C in 0.2X SSC for 60 min, and at room
temperature in 0.2X SSC for 10 min. The tissue was dehydrated in 50 and
70% 2-propanol and air dried. Slides were exposed to x-ray film for 5 d.
For emulsion autoradiography, slides were dipped into NTB Kodak au-
toradiography emulsion (Integra Biosciences, Fernwald, Germany) and
exposed for 3 weeks. The specificity of the hybridization signal for each
probe was ascertained by hybridization of adjacent sections with labeled
sense probe and labeled antisense probe with a 1000-fold excess of cold
antisense probe. Neurons were stained with 0.1% o-toluidine blue
solution.

Calcium imaging and DRG cultures. DRG neuronal cultures from adult
pkrl-null and WT mice were obtained as described previously (Vellani et
al., 2001). In brief, isolated ganglia were digested in collagenase (type IV;
Worthington Biochemical, Lakewood, NJ), mechanically dissociated,
plated on glass coverslips coated with poly-1-lysine and laminin (Sigma),
and maintained in a DMEM (Invitrogen, Carlsbad, CA) containing 100
ng/ml nerve growth factor, 10% fetal bovine serum, penicillin, and strep-
tomycin. Calcium measurements were performed after 2-3 d in culture
using Fluo-4 AM (Invitrogen, Eugene, OR) as calcium dye. Cells were
loaded for 15 min with a serum-free medium containing 10 um Fluo-4
AM and then washed in the following Krebs’-Ringer’s solution buffered
with HEPES (KRH) (in mm): 125 NaCl, 5 KCl, 2 CaCl,, 1.2 KH,PO,, 1.2
MgSO,, 25 HEPES, pH 7.4. Coverslips were mounted onto Leica (Wet-
zlar, Germany) SP2 confocal microscope, connected with a double-
wavelength CAM-230 microfluorimeter (Jasco, Easton, MD). The fluo-
rescent images were recorded by an intensified CCD camera (Photonic
Science, Robertsbridge, UK), transferred to a digital processor, digi-
talized and integrated, and the fluorescence intensity was measured.
Neurons were distinguished from non-neuronal cells at the start of the
experiment by applying 25 mm KCl, which induce a rapid increase of
[Ca®"]; in neurons. To identify neurons responding to both Bv8 and
capsaicin, Bv8 was added to DRG cultures at 50 nm concentration, 10 min
before 1 mm capsaicin, and [Ca**]; fluorescence was recorded for 180 s
after the addition of each agonist.

Morphology of DRG neurons. L4 and L5 DRG were removed from
wild-type and pkr1-null mice (# = 4 animals per genotype), fixed for 90
min in 4% paraformaldehyde solution at 4°C, washed in PBS, and soaked
overnight in 20% sucrose at 4°C. Each DRG was embedded in Neg-50
(Richard Allen Scientific, Kalamazoo, MI), frozen, and cut in a cryostat at
10 wm thickness. Sections (n = 12—17 from each DRG) were stained with
0.1% o-toluidine blue solution at pH 4.5, and non-neuronal cells were
detected by glial fibrillary acidic protein immunostaining of adjacent
sections (polyclonal rabbit GFAP antibody, 1:500 final concentration;
Dako, Milan, Italy). Total numbers of neurons showing a distinct nucleus
were counted in each section, and cell area was determined for each
neuron using a computer image analysis software (MCID Elite; Imaging
Research, St. Catharines, Ontario, Canada). Distribution histograms
were generated for each genotype and analyzed using Prism 4 computer
software (GraphPad, San Diego, CA).

Statistics. The data are presented as mean = SE mean values. Statistical
analyses were performed using one-way ANOVA or two-way ANOVA
with genotype and time as independent variables. Follow-up analysis was
performed using the Bonferroni test. Total cell count and distribution of
cell size were compared between the two genotypes using ANOVA com-
parison of log-transformed distribution data.

Results

Morphology of DRG neurons

Toluidine blue staining of neuron profiles and immunostaining
for GFAP of non-neuronal cells showed no changes in morphol-
ogy of DRG from pkr1-null mice compared with WT mice (Fig.
1). The analysis of size distribution of DRG neurons disclosed no
significant difference between WT and pkrl-null mice (Fig. 1 E)

PKRs in mouse DRG

Quantitative RT-PCR analysis of DRG-extracted RNA (Fig. 2B)
detected PKR1, PKR2, and TPRV1 transcripts in wild-type mice.
PKR1 expression was ~8 times higher than PKR2 but 2.5 times
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Figure 1. Morphology of DRG neurons in pkr1™/* and pkr1~/~ mice. A-D, Microphoto-
graphs of DRG sections from wild-type (A, B) and PKR1-null (C, D) mice, stained with o-toluidine
blue (4, €) andimmunostained with GFAP antibody (B, D). E, Size distribution of DRG neuronsin
WT and PKR1-null mice. Cell body area did not show significant difference between the two
genotypes. For each size category, only neurons with visible nucleus were counted.

lower than TPRV1 expression. DRG from pkr1-null mutant mice
completely lacked PKR1 transcript but expressed both PKR2 and
TRPV1 transcripts normally (Fig. 2 B). No differences were found
in PKR2 and TRPV1 transcript levels in the brain and spinal cord
of the two genotypes (data not shown).

To identify whether PKR1 and PKR?2 are coexpressed in DRG
neurons and colocalize with TRPV1, we performed RT-PCR
analysis of the three gene expressions on each single neuron of
250 laser-microdissected cells from both L4 DRG of each mouse,
using three mice for each genotype. RT-PCR analysis showed that
PKR1 and PKR2 were not coexpressed. We detected PKR1 in
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Figure2.  Mouse tail DNA genotyping and DRG mRNA expression of PKR genes. A, Represen-
tative example of wild-type (PKR1 /), heterozygous mutant (PKR1 */~), and homozygous
mutant (PKR1 ~/~) mouse tail DNA genotyped by PCR. Lane WT contains PCR amplification
product of wild-type PKR1 gene; lane NEO contains PCR amplification product of the mutant
gene; lanes wt contain PCR amplification products obtained with primers for wild-type PKR1
gene; lanes neo contain PCR amplification products obtained with primers for the mutant gene;
lanes wt+neo indicate multiplex PCR for both WT and mutant gene; lane M contains DNA
molecular weight markers. B, Expression of the genes PKR1, PKR2, and TRPV1 in DRG from
wild-type (PKRT */*) and PKR1-null mutant (PKR1 ~/~) mice.

28.4 = 3.1%, PKR2in 13.8 = 1.2%, and TRPV1in 38.7 = 3.1% of
laser-microdissected DRG cells from WT mice. Dissected cells
were divided into three categories according to cell area (Shiet al.,
2006): small neurons (area <600 wm?), medium-sized neurons
(area >600 and <1400 um?), and large neurons (area >1400
pwm?). Small neurons represent 84.5 * 4.9%, medium-sized neu-
rons 14.3 * 0.8%, and large neurons 1.2 = 0.7% of the PKR1-
expressing neuronal population. PKR2 was prevalently expressed
by medium-sized neurons, and TRPV1 was expressed in small
neurons (Fig. 3A). No differences were found in the expression of
PKR2 and TRPV1 between the two genotypes. In WT mice (Fig.
3B), we found a significant population (68.5 * 6.6%) of TRPV1-
expressing neurons that also showed PKRI transcripts, whereas
only 9.4 *= 1.3% of TRPV1-expressing neurons coexpressed
PKR2. In pkrl-null mutant mice (Fig. 3B) 16.4 * 1.1% of
TRPV1-expressing neurons also expressed PKR2, but no neuron
expressed PKR1. Agarose gel electrophoresis of PCR amplifica-
tion products showed that in small neurons coexpressing TRPV1
with PKR1, the TRPV1 band was approximately three to four
times more intense than the PKR1 band. A similar density ratio
between TRPV1 and PKR2 bands was also found in small neu-
rons coexpressing the two receptors. In contrast, in medium-
sized neurons coexpressing TRPV1 with PKR1 or with PKR2, the
bands of the corresponding PCR amplification products were of
comparable intensity (Fig. 3C).

In situ hybridization with riboprobes directed against PKRs
confirmed that in DRG from wild-type mice, PKR1 was preva-
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Figure3. On-line RT-PCR of PKR1, PKR2, and TRPV1 mRNAs from laser-microdissected DRG

neurons and gel electrophoresis of PCR amplification products of the three genes. 4, Size distri-
bution of neurons from wild-type and PKR1-null mice, expressing TRPV1, PKR1, and PKR2. B,
Percentage of TRPV1 neurons coexpressing PKR1 or PKR2. €, Gel electrophoresis of PCR ampli-
fication products from representative samples of small, medium-sized, and large DRG neurons.
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Figure 4.  In situ hybridization of DRG sections with 3°S-PKR1 and 3*S-PKR2 antisense ribo-
probe. A, C, D, F, Wild-type mice; B, E, PKR1-null mice. PKR1 is expressed by neurons smaller
than those expressing PKR2. 4, B, D, E, Cell profiles stained with o-toluidine blue; C, F, Nuclei
stained with Mayer's hemalum.

lently expressed by small cells and PKR2 by medium-sized cells
(Fig. 4). Small-sized cells labeled by PKR1 riboprobe were ap-
proximately four times more abundant than those expressing
PKR2. A high density of PKR1 and PKR2 mRNA was also present
in the trigeminal ganglion neurons of wild-type mice. DRG neu-
rons from null mutant mice expressed no PKR1 transcript, but
expressed PKR2 normally. PK1 and PK2 transcripts were absent
in DRG neurons from both genotypes.
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Figure 5. Impaired thermal nociception in PKR1-null mutant mice. A, Paw-withdrawal latency from hot plate. B, Tail-  NOciceptive sensitization by

withdrawal latency from hot water were significantly longer in PKR1-null mutant mice than wild-type mice at stimulant temper-
ature lower than 50°C. €, Hot water at mouse paw did not reveal any difference in withdrawal latency between the two genotypes.

*¥¥p <0.001 versus wild-type mice (2-way ANOVA with Bonferroni's post test).

Calcium responses in cultured DRG neurons

The percentage of neurons that showed intracellular calcium re-
sponses to 50 nM Bv8 was 8.3 = 0.7% in cultured DRG from WT
mice but only 1.5 = 0.5% in DRG from pkr1-null mutant mice
(p < 0.001). This percentage is significantly lower than that of
PKR-expressing neurons from laser-microdissected DRG and
probably indicates that cultured PKR-expressing neurons had
inserted only a fraction of the translated prokineticin receptor
proteins in their plasma membrane. When 1 uM capsaicin was
added to DRG cultured neurons previously tested with Bv8, the
percentage of Bv8-responding neurons that also showed intracel-
lular calcium responses to capsaicin was 78 * 1.7% in cultures
from WT mice but only 27 £ 0.9% in those from pkrl-null
mutant mice ( p < 0.001).

Nociception in pkrl-null mutant mice

pkrl-null mutant mice showed impaired responses to noxious
heat. In the hot-plate test at temperatures lower than 50°C, the
baseline latency for response was significantly longer (1.5- to
2.3-fold) compared with the latencies seen in wild-type mice (Fig.
5A). At 51°C the latency to response was comparable in the two
genotypes. When hot water was used as the noxious stimulus
applied to the mouse tail, a similar hypoalgesia was observed in
the pkrl-null mutant mice. At water temperatures ranging from
43 to 48°C, withdrawal latencies were ~1.5-2 times longer in
PKR1-deficient mice than in wild-type mice (Fig. 5B). Radiant
heat applied to the plantar region of hindpaws (Hargreaves’ test)
and the tail tip (data not shown) and hot (48°C) water to the
mouse paw disclosed no difference in withdrawal latency be-
tween the two genotypes (Fig. 5C). In addition, tactile threshold
determined by von Frey filaments did not differ between the two
genotypes (see Fig. 7C, baseline values at 0 min).

When we assessed nocifensive behavior by injecting dilute
acetic acid into the peritoneum of the two mouse genotypes, the
acid induced significantly less intense and shorter-lasting writh-
ing episodes in pkrl-null mice than in wild-type mice (Fig. 6A).

In wild-type mice, capsaicin injected into the plantar skin of
the hindpaw at doses ranging from 0.05 to 5 nmol elicited a
robust licking and shaking of the paw, but in pkrl-null mice all
capsaicin doses tested induced a significantly reduced response
(Fig. 6 B). Intrapaw injection of bradykinin (5-50 pg) induced
comparable licking in the two genotypes (data not shown).

When we evaluated whether, and to what extent, PKR1 con-
tributed to trigeminal nociception by adding to sweetened drink-
ing water capsaicin at concentrations ranging from 10 to 100 uM,
even at the lowest capsaicin concentration wild-type mice
promptly reduced the volume they drank and at capsaicin con-
centration higher than 30 um took one sip of the solution, rubbed
their snouts vigorously, and avoided additional consumption.

proalgesic agents

Nociceptive sensitization was induced by
proalgesic agents, Bv8, capsaicin, bradyki-
nin, and PGE2 and studied in both mouse
genotypes. As reported previously in rats
(Negri et al., 2002), Bv8 also produced a potent nociceptor sen-
sitization in mice. Subcutaneous (from 1 to 10 pg/kg) (Fig. 7A)
and intraplantar (from 0.1 to 0.5 ng) (Fig. 7B) injections of Bv8 in
wild-type mice produced intense and long-lasting sensitization to
thermal stimuli (hot plate). In contrast, when injected in PKR1-
deficient mice, these subcutaneous and plantar doses of Bv8 left
the nociceptive threshold unchanged. Bv8 doses 30—100 times
higher than the doses tested in wild-type mice were, however,
capable of eliciting hyperalgesia in PKR1-deficient mice.

In wild-type mice, intraplantar injection of 0.5 ng of Bv8
evoked tactile allodynia, which lasted as long as heat hyperalgesia.
This intraplantar dose of Bv8 also produced comparable tactile
allodynia in pkrl-null mice (Fig. 7C)

After intraplantar injection of 0.5 ng of Bv8, the left hindpaw
of wild-type mice bore a significant lower fraction of body weight
than saline-injected contralateral paw. When injected into the left
hindpaw of pkr1l-null mice, this dose of Bv8 left the weight borne
by the paw unchanged (Fig. 7D).

In wild-type mice, activation of TRPV1 by intrapaw injection
of 12 ug of capsaicin produced an intense and long-lasting sen-
sitization to thermal stimuli (48°C, paw immersion into hot wa-
ter). In pkrl-null mice, intrapaw injection of capsaicin did not
induce thermal hyperalgesia (Fig. 8 A). In contrast, bradykinin (2
png) or PGE2 (from 0.1 to 1 pg) injected into the mouse paw
elicited comparable thermal hyperalgesia in both mouse geno-
types (data not shown).

In WT mice, an intraplantar capsaicin dose of 0.05 nmol in-
duced licking for 8 = 2.7 s. When a dose of capsaicin five times
lower (0.01 nmol) was injected in the same paw in which 50 fmol
Bv8 was previously injected from 30 to 360 min, a robust licking
and shaking of the paw was elicited. Licking reached a maximum
of 108.6 * 7.6 s when capsaicin was injected 90 min after Bv8; the
sensitizing effect disappeared within 6 h after Bv8 injection. In
pkrl-null mice, 0.05 nmol of capsaicin injected alone or 0.01
nmol of capsaicin injected from 30 to 360 min after 50 fmol of
Bv8 did not induce licking (Fig. 8 B).

In WT mice, intraplantar 0.1 ug of capsaicin induced a weak
thermal hyperalgesia. When this dose of capsaicin was injected 90
min after 50 fmol of Bv8 into the same paw, an intense hyperalgesia
to hot water (48°C) was elicited. In pkrl-null mice, Bv8 did not
pontentiate the capsaicin-induced thermal hyperalgesia (Fig. 8C).

Body temperature

In wild-type mice, subcutaneous injection of capsaicin (1 mg/kg)
produced a profound (—6 * 0.5°C) reduction of body tempera-
ture that reached its nadir by 30 min and recovered within 3 h.
The same dose of capsaicin lowered body temperature of pkrl-
null mice <1°C (Fig. 9).
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Figure 6. Impaired chemical nociception in pkr1-null mutant mice. A, pkr1-null mice
showed a reduced number of writhes in response to intraperitoneal acetic acid compared with
wild-type mice. ®*°p < 0.001 versus saline; ***p << 0.001 versus wild-type mice. B, Dose-
dependent paw licking time after intraplantar capsaicin was shorter in pkr1-null mice than in
wild-type mice. °p << 0.05, °°p << 0.01, °**°p << 0.001 versus vehicle; *p << 0.05, **p < 0.01,
**¥p <0.001 versus wild-type mice. €, pkr1-null mutant mice drank a larger volume of cap-
saicin solution than wild-type mice showing impaired trigeminal nociception. °*°p << 0.001
versus vehicle, ***p << 0.001 versus wild-type mice (2-way ANOVA with Bonferroni’s post test).

Bv8-induced hyperalgesia in trpv1-null mice

In wild-type mice, subcutaneous injection of 1 ug/kg Bv8 de-
creased by ~50% the nociceptive threshold to thermal stimuli,
whereas a dose at least 20 times higher (20 ug/kg) was necessary
to produce comparable hyperalgesia in trpv1-null mice (Fig. 10).
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Figure7.  Bv8-induced hyperalgesiato heat (hot plate test), punctate stimuli (von Frey filaments),

and body weight bearing (weight bearing averager) in wild-type (PKR1*/*) and pkr1-null
(PKR1 /™) mice. A, Time course of thermal hyperalgesia elicited by subcutaneous doses of Bv8. B,
Time course of thermal hyperalgesia elicited by intraplantar (i.pl.) doses of Bv8. €, Time course of
tactile hyperalgesia measured with von Frey filaments in mice intraplantarly injected with Bv8. D,
Percentage difference of body weight bome by Bv8-injected paws in wild-type mice (PKR1 */*) and
PKR1-null mutant mice (PKR1 ~/™). **p <0.01, ***p < 0.001 versus saline (2-way ANOVA with
Bonferroni’s post test).
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licking and thermal hyperalgesia in WT mice and PKR1-null mice. 4, Intraplantar (i.pl.) injection
of 12 g capsaicin produced an intense and long-lasting sensitization to thermal stimuli (paw
immersion into 48°C water) in wild-type mice but not in PKR1-null mice. B, Intraplantar capsa-
icin (Caps) at dose level of 0.05 nmol induced licking in wild-type mice but not in PKR1-null
mice. In contrast, a five times lower dose of capsaicin injected from 60 to 240 min after 50 fmol
of Bv8 elicited a robust licking in WT mice but not in mutant mice. €, Bv8 (50 fmol) injected
intraplantarly 90 min before 0.1 pg capsaicin strongly potentiated thermal hyperalgesia in
wild-type mice but not in PKR1-null mice. *p << 0.05, **p << 0.01, and ***p << 0.001 versus
baseline values (2-way ANOVA with Bonferroni's post test).

Inflammatory hyperalgesia

Painting both hindpaws with mustard oil solution produced
comparable light paw edema in wild-type and pkrl-null mice,
suggesting similar acute neurogenic inflammatory responses. In
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Figure9. Impaired capsaicin (Caps.)-induced hypothermia in pkr1-null mutant mice. Hypo-
thermic response to subcutaneous capsaicin (1 mg/kg) in wild-type mice (PKR1 /™) and in
pkr1-null mutant mice (PKR1 ~/ 7). *p << 0.05 and ***p << 0.001 versus pkr1-null mice (2-way
ANOVA with Bonferroni’s post test).
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Figure 10.  Deletion of the vanilloid receptor TRPV1 gene reduced the nociceptive response
to PKR activation by Bv8. The decrease in nociceptive threshold to heat produced by a subcuta-
neous injection of 20 wg/kg Bv8 in trpv1-null mice (TRPVR1 ~/~) was comparable to that
obtained in wild-type mice (TRPV1 */*) by a Bv8 dose of 1 ug/kg.

wild-type mice, tested with the hot plate at 48°C, thermal hyper-
algesia developed within 15 min after application of mustard oil
and reached 35 = 3% of the baseline paw-withdrawal latency at
30 min, lasting 80—90 min. In contrast, in pkrl-null mice, the
thermal nociceptive threshold decreased slightly (—18 = 2%)
and recovered within 60 min (Fig. 11 A).

Because the baseline paw-withdrawal threshold elicited by the
hot water (48°C) immersion test did not differ in the two geno-
types, we used this test to compare CFA-induced inflammatory
sensitization in WT and KO mice. Disruption of the pkrl gene
significantly reduced thermal nociceptive hypersensitivity at 6,
24, and 36 h after CFA intraplantar injection (Fig. 11 B). No dif-
ference in the paw edema was evident between the two genotypes.
The mean increase in paw volume 24 h after CFA injection was
80 *£ 6 ulin WT mice and 73 = 3 ul in pkrl-null mice.

Relative weight distribution between inflamed and nonin-
flamed hindpaw (incapacitance test) revealed that 24 h after CFA
injection, WT mice developed a significant reduction in weight
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Figure 11.  Inflammatory hyperalgesia in pkr1-null mutant mice. 4, Acute inflammatory
hyperalgesia induced by painting both hindpaws with mustard oil was less intense in pkr1-null
mice compared with wild-type mice (hot plate test). B, ¢, Chronic inflammatory hyperalgesia
elicited by intrapaw injection of CFA was impaired in mutant (PKR1 /™) mice (B, paw immersion in
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bearing on the inflamed paw, whereas pkrl-null mice showed no
difference in weight bearing between the two hind paws (Fig. 11C).

Comparable tactile allodynia (von Frey filaments) was re-
corded in inflamed paws of both mouse genotypes 24 h after CFA
injection (Fig. 11D).

PK2, PK2L, PKR1, and IL-1f expression in inflamed paws
RT-PCR revealed that PK2, PK2L, and PKR1 expression in in-
flamed skin of WT mice paws 24 h after CFA injection were from
15 to 29 times higher than that in contralateral saline-injected
paw (Table 1). Deletion of pkrl gene significantly reduced the
PK2 and PK2L inflammatory increase. There was no significant
difference between the two genotypes in the inflammatory in-
crease of IL-1f3. Preliminary data of in situ hybridization with a
digoxigenin-labeled PK2 riboprobe showed a strong reduction in
the number of PK2-expressing inflammatory cells in pkrl-null
mouse inflamed skin (E. Giannini, personal communication).

Discussion

Deletion of the mouse pkrl gene produced the following noci-
ceptive deficits: (1) impaired activation of nociceptors by noxious
heat and protons, stimuli known to act through the TRPV1 cat-
ion channel, leaving tactile threshold unchanged; (2) impaired
nociceptor sensitization to heat and capsaicin produced by the
PKR1 agonist Bv8, leaving Bv8-induced tactile allodynia to de-
velop normally; (3) impaired nociceptor activation and sensiti-
zation to heat by mustard oil and capsaicin; and (4) impaired
expression of inflammatory thermal hyperalgesia and reduced
inflammatory pain sensation. Collectively, these findings dem-
onstrate a role of the PKRI receptor in modulating nociceptor
threshold to heat, protons, and noxious chemicals and suggest
that blockade of PKR1 may be a novel strategy that can diminish
the activation and sensitization of primary afferent nociceptors to
produce therapeutic benefit in acute and inflammatory pain
conditions.

The present study also emphasizes a positive interaction
between the PKR1 G-protein-coupled receptor and the non-
selective cation channel TRPV1. A significant proportion of
small neurons (<600 um? area) coexpressed PKRI1 with
TRPV1 in DRG from wild-type mice, providing an anatomical
basis for PKR1/TRPV1 interactions. Accordingly, in DRG cul-
tures from pkrl-null mice, Bv8-responsive neurons showed a
reduced [Ca®*], response to capsaicin. Compared with WT
mice, pkrl-null mice showed a strong reduction of nociceptive
and thermal effects resulting from capsaicin-induced activa-
tion of the vanilloid receptor. Moreover, the trpvl gene deletion
strongly reduced the hyperalgesia to noxious thermal stimuli evoked
by the PKR agonist Bv8, suggesting that TRPV1 is implicated in the
Bv8-induced heat hyperalgesia. All of these findings agree on a
positive interaction between PKR1 and TRPV1 throughout the
peripheral nervous system, including the trigeminal system. The
modulatory role of PKR1 in TRPV1 activation is also suggested
by heat hypoalgesia and diminished writhing responses to intra-
peritoneal acetic acid in pkrl-null mice. The TRPV1 channel is
known to be a critical molecular transducer of heat and is mod-
ulated by protons. Nociceptive deficits in pkrl-null mice were

<«

hot water; €, body weight bearing test). **p << 0.01 and ***p << 0.001 versus wild-type mice
(2-way ANOVA with Bonferroni's post test). D, In contrast, comparable tactile allodynia (von
Frey filaments) was recorded in inflamed paws of both mouse genotypes after CFA injection.
*p << 0.05,**p < 0.01, and ***p << 0.001 versus baseline values (2-way ANOVA with Bonfer-
roni’s post test)
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Table 1. RT-PCR analysis of PK2, PK2L, PKR1, and IL-1/3 gene expression in inflamed paws of CFA-treated mice

compared with gene expression in contralateral noninflamed paws
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significant within the noxious temperature range from 46 to
50°C, the operating range of C-polymodal nociceptors and the
vanilloid channel TRPV1 (Le Bars et al., 2001; Tominaga and
Tominaga, 2005). The impaired writhing response to intraperi-
toneal acetic acid in pkrl-null mice closely resembles that ob-
served after pretreatment of wild-type mice with TRPV1 antago-
nists (Ikeda et al., 2001; Rigoni et al., 2003). Positive co-operation
between PKRs and TRPV1 activation is also supported by the
findings that Bv8 sensitizes primary afferent nociceptors to cap-
saicin and dramatically increases capsaicin-evoked specific cur-
rents in DRG neurons (Vellani et al., 2006).

Our results therefore show a novel example of TRPV1/GPCR
interactions in nociceptive pathways. Heterologous sensitization
of TRPV1 channel by G-protein-coupled receptors is now recog-
nized as a mechanism by which the vanilloid channel opens even
at temperatures <40°C, producing thermal hyperalgesia or allo-
dynia (Tominaga and Tominaga, 2005). An important feature of
TRPV1 regulation concerns the cellular signaling pathways
through which G-protein-coupled receptors sensitize TRPV1 to
its chemical and physical stimuli. These signaling pathways ap-
pear to involve phosphorylation by kinases including protein ki-
nase A (PKA), PKC, Ca®"/CaM-dependent kinase IT or Src ki-
nase (Tominaga and Tominaga, 2005) and phosphatidylinositol
3-kinase (Zhuang et al., 2004). Prostaglandins released in re-
sponse to tissue injury and inflammation sensitize TRPV1 by
activating their G-protein-coupled prostanoid receptors EP1 and
IP (Moriyama et al., 2005) through a PKA-dependent pathway
(Pitchford and Levine, 1991; Lopshire and Nicol, 1998; Rathee et
al., 2002). Activation of the group I metabotropic glutamate re-
ceptors mGlul and mGlu5 potentiates capsaicin responses in
mouse sensory neurons by the phospholipase C—prostanoid—
PKA pathway (Hu etal., 2002). Extracellular ATP and bradykinin
have been reported to enhance TRPVI responses through
metabotropic P2Y, and B, receptors in a PKC-dependent man-
ner in both a heterologous expression system and native DRG
neurons (Tominaga et al., 2001; Sugiura et al., 2002). A positive
co-operativity in thermal nociception, closely resembling that of
PKR1/TRPV], is the recently described interaction between the
CCRI1 receptor of the proinflammatory chemokine CCL3 and
TRPV1 (Zhang et al., 2005). CCR1 is coexpressed with TRPV1 in
DRG small-diameter neurons, and its agonist CCL3 potentiates
capsaicin responses both in whole animals and in DRG cultures
in a PKC-dependent manner.

Although the molecular mechanism by which Bv8 and pro-
kineticins sensitize TRPV1 to vanilloid agonists, heat, and
protons remains to be elucidated, we can hypothesize that
PKRs transduce the sensitizing signal through kinase-
dependent signaling pathways or through the release of noci-
ceptive mediators, which in turn activate kinase signaling
throughout their receptors. In a recent study, Vellani et al.
(2006) demonstrated that in DRG primary cultures, nanomo-

by Bv8, although other cellular signaling
pathways may be involved. The specific-
ity of the PKR1/TRPV1 interaction is
also  suggested by the normal
bradykinin- and PGE2-induced sensitization to thermal stim-
uli in WT and pkrl-null mice, indicating that no interaction
took place between PGE2 and bradykinin GPCRs and PKR1-
GPCR. However, we cannot exclude that PGE2, bradykinin,
and other nociceptive mediators participate in the Bv8—pro-
kineticin signaling pathway in the downstream of PKR1 for
sensitization of TRPV1.

In the present study, we noted that disruption of the PKR1
gene did not contribute equally to modulation of all forms of
nociceptive response to heat. Although contact heat applied to
the hindpaws and immersion of the tail in hot water disclosed
a large nociceptive deficit in PKR1-null mice, the paw- and
tail-withdrawal latency to radiant heat (Hargreaves’ test and
tail-flick test) in PKR1-null mice almost matched that of wild-
type mice. Under baseline conditions, paw-withdrawal latency
to hot water immersion was also comparable between the two
genotypes but differed significantly after paw inflammation in
each genotype. These differences in the thermal nociceptive
threshold of PKR1-null mice may be only partially explained
by our experimental paradigms. Because histologically and
functionally distinct nociceptor subtypes innervate different
anatomical sites, and because the physiological variables used
differ, the applied noxious stimuli probably recruit distinct
nociceptor subpopulations. These response differences may
also reflect the fact that PKR1 may interact with receptors and
ion channels other than TRPV1. Moreover, PKR2, which is
expressed by DRG neurons different from those expressing
PKR1 and is expressed normally by PKRI1-null mice, could
participate in specific pain conditions. Our present experi-
ments with mustard oil in pkrl-null mice, as well as previous
experiments on DRG neuronal cultures (Vellani et al., 2006),
demonstrated that PKR activation potentiated mustard oil-
induced nociceptive responses to heat and that, in DRG neu-
ronal culture, responses to Bv8 interacted with and were co-
localized with responses to mustard oil, an activator of the
TRPA1 channel, which, like TRPV1, is involved in nociception
(Tominaga and Caterina, 2004). Concerning the hypothesized
nociceptive role of PKR2, we found that tactile allodynia was
equally evoked by Bv8 in wild-type mice and PKR1-null mice,
suggesting a possible role of PKR2 receptor in nociceptor sen-
sitization to punctate stimuli.

pkrl-null mice exhibited impaired development of hyperal-
gesia after inflammatory injury, namely that elicited by mustard
oil or CFA, suggesting the importance of the PKR1 receptor as
a target for the treatment of both acute and chronic inflam-
matory pain. Mammalian PK1 and PK2, orthologs of amphib-
ian Bv8, have been identified as selective peptide agonists of
PKRI, but no PK1 or PK2 transcript could be detected in DRG
and spinal cord of rats and mice. In previous studies (Lattanzi
et al., 2001), we showed that PK2 is highly expressed by gran-
ulocytes in two isoforms (PK2 and PK2L) and that
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granulocyte-derived PK2 is a potent pronociceptive agent.
The present data show that CFA-induced chronic inflamma-
tion strongly increases PK2 expression in mouse paw skin. Bv8
and prokineticins activate the prokineticin receptors of mono-
cytes, macrophages, and dendritic cells, eliciting chemotaxis
and releasing inflammatory and pronociceptive cytokines
(Dorsch et al., 2005; Martucci et al., 2006), and the present
study indicates that the pkrl gene deletion reduces PK2 ex-
pression in inflamed skin. Given the role of the PKR1 receptor
in setting the nociceptor threshold to noxious stimuli and
triggering the release of inflammatory cytokines, we propose
that this receptor plays a pivotal role in initiating or maintain-
ing inflammatory pain.

These findings support a model in which prokineticins re-
leased within inflamed tissues augment nociceptor responsive-
ness by acting on PKR1. Although antagonists of the PKR1 recep-
tor are not readily available, recent studies have identified some
peptide antagonists (Bullock et al., 2004; Negri etal., 2005). These
molecules are currently being evaluated and may represent a
novel approach to the development of therapeutics for inflam-
matory pain conditions.
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