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Modulators of Pain: Bv8 and Prokineticins  
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Abstract: Bv8 is a small protein secreted by frog skin. Mammalian homologues of Bv8, the prokineticins PK1 and PK2, 

and their G-protein coupled receptors PKR1 and PKR2 have been identified and linked to several biological effects. Bv8 

elicits a dose-dependent reduction in nociceptive threshold to thermal and mechanical stimuli applied to the skin of tail 

and paw of rats and mice and increases the sensitivity to nociceptive mediators as capsaicin and prostaglandins. The re-

ceptors for Bv8/PKs are present in a fraction of peptidergic population of C-fibre neurons, and in a fraction of A myeli-

nated-fibre neurons. In mouse and rat dorsal root ganglia, PKR-expressing neurons also express TRPV1 and the activation 

of PKRs sensitises TPRV1 to the action of capsaicin. Mice lacking PKR1 gene exhibit impaired Bv8-induced hyperalge-

sia, develop deficient responses to noxious heat, capsaicin and protons and show reduced thermal and mechanical hyper-

sensitivity to paw inflammation, indicating a requirement for PKR1 signalling associated with activation and sensitisation 

of primary afferent fibres. PKs are highly expressed by neutrophils and other inflammatory cells and must be considered 

as new pronociceptive mediators in inflammatory tissues. Bv8-like hyperalgesic activity was demonstrated in extracts of 

rat inflammatory granulocytes. Bv8 stimulate macrophage and T lymphocyte to differentiate between an inflammatory 

and Th1 profile indicating that Bv8/PK proteins play a role in immuno-inflammatory responses. Blockade of PKRs may 

represent a novel therapeutic strategy in acute and inflammatory pain conditions.  

Key Words: Bv8, prokineticins, prokineticin receptors, nociception, inflammatory pain. 

INTRODUCTION 

 Pain is a sensory modality in which specialised primary 
afferent neurons, called nociceptors, detect noxious stimuli. 
Nociceptors are remarkable and unusual sensory cells be-
cause they respond to a broad range of physical (e.g. heat, 
cold, and pressure) and chemical (e.g. acid, irritants, and 
inflammatory mediators) stimuli, but do so only at stimulus 
intensities capable of causing tissue damage. A fundamental 
goal in pain biology is to provide a molecular understanding 
of how physical and chemical stimuli are detected by the 
nociceptor, how intensity thresholds are specified, and how 
these thresholds are reset in the setting of tissue injury or 
disease. Moreover, an important property of pain signalling 
is that of sensitisation. Many extracellular pain mediators 
such as prostaglandins, bradykinin, cytokines, neurotrophins, 
adenosine and protons have been shown to induce nociceptor 
sensitisation through the activation of their receptors at noci-
ceptor terminals. The number of signalling molecules in-
volved in pain is continuously growing. Pharmacological 
methods offer alternative strategies for initiating molecular 
studies, especially when a drug or agent that has robust and 
selective effects on the cellular or physiological system of 
interest is identified.  

 We recently isolated, from the skin secretion of a frog, a 
small protein that potently induces hyperalgesia in rodents 
[30, 34]. This peptide was named Bv8, to indicate its origin 
(Bombina variegata) and its molecular weight (8 kDa). The 
secretions of the holocrine glands of amphibian skin contain 
a wide variety of bioactive peptides, nearly all of which have 
a counterpart in mammalian hormones and neurotransmitters  
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indicating that they are involved in basic cellular or devel-
opmental processes conserved throughout evolution [9]. A 
'core' of gene clusters seems to code for secretory peptides 
and proteins with homologues found across the zoological 
scale.

 The mammalian homologues of Bv8, the prokineticins 
(PK1 and PK2), have been successively identified together 
with their receptors (PKR1 and PKR2). The number of bio-
logical activities associated with Bv8 and its mammalian 
homologues is rapidly increasing. Originally identified as 
potent agents that contract smooth muscles of the gastroin-
testinal tract [24, 30], they have also been shown to modulate 
complex behaviours, such as feeding and drinking [33] and 
circadian rhythms [6] and are involved in hypothalamic 
hormone secretions [20], in neuronal survival [29] and angi-
ogenesis [11]. Luckily, the availability of adequate amounts 
of the amphibian Bv8 protein made it possible to study the 
pharmacology of Bv8 by topical and systemic administra-
tion. In this review we summarise the biological function of 
Bv8/PKs and focus on the role of these proteins and their 
receptors in setting the nociception threshold in normal and 
pathological conditions. 

Bv8/PROKINETICIN FAMILY 

 Homologues of Bv8 have been demonstrated and pre-
dicted in skin secretions of other amphibians (Bombina 
bombina, Bombina orientalis, Bombina maxima, Rana tem-
poraria and Rana esculenta) [17]. A Bv8 homologues, 
Mamba Intestinal Toxin (MIT-1 or VRPA), was isolated 
from the venom of the black mamba Dendroaspis polylepsis
[16, 37]. The high degree of identity between Bv8 and MIT-
1 (58%) suggested that similar peptides could also be present 
in other species, including mammals. In mice and humans, 
cDNA cloning identified two orthologues of Bv8, murine 
Bv8 (mBv8) and human Bv8 (hBv8) [45]. Striking charac-
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teristics of these proteins are their identical amino terminal 
sequence, AVITG, and the presence of ten cysteines with 
identical spacing that define a five disulphide-bridged motif 
called a colipase fold [17]. Two forms of mBv8 and hBv8 
have been characterised in mouse and man testis. These 
forms differ in an exon coding for 21 amino acids, the major-
ity of which are basic [45]. Li and colleagues [24] identified 
sequences encoding two human proteins similar to Bv8, 
named prokineticin 1 (PK1, a Bv8-like protein) and proki-
neticin 2 (PK2, or hBv8). The name prokineticin refers to the 
ability of these peptides to contract guinea pig ileum, a prop-
erty shared with amphibian Bv8. Screening a library of hu-
man secreted proteins for the ability to induce proliferation 
in capillary endothelial cells, Ferrara and colleagues [21, 22] 
identified a protein which induced proliferation, migration 
and fenestration in the endothelial cells of steroid synthesis-
ing glands (ovary, testis, adrenals) and named it endocrine-
gland-derived vascular endothelial growth factor (EG-
VEGF). EG-VEGF and PK1 are the same proteins and have 
an overall identity of 58% and homology of 76% with hu-
man PK2 and murine Bv8 and 43% identity with amphibian 
Bv8. A later study showed that PK2 also possesses a similar 
angiogenic effect [21]. This angiogenic effect is probably 
mediated through PK receptors because both PKR1 and 
PKR2 are expressed in the vascular endothelial cells of the 
adrenal gland and testis. Because angiogenesis is crucial for 
many processes including reproductive functions, several 
groups have further examined the role of Bv8/PKs in the 
angiogenesis of reproductive organs [1, 12, 18]. Delivery of 
PK1/EG-VEGF to the ovary elicited potent angiogenesis and 
cyst formation. PK1/EG-VEGF has been isolated and se-
quenced also from bovine milk [28].

 Rat and human mRNAs for PK1 and PK2 have been 
cloned and their expression patterns reported in peripheral 
tissues (gastrointestinal tract, endocrine glands, spleen, hu-
man and murine leucocytes) and the central nervous system. 

 In neonatal and adult rat brain (Fig. 1), both PK1 and 
PK2 are clearly expressed in the olfactory bulb: olfactory 
bulb neurogenesis may depend on PK2 signalling because 
PK2-KO mice display a marked reduction in the size of the 
olfactory bulb, a loss of normal olfactory bulb architecture, 
and an accumulation of neuronal progenitors in the rostral 
migratory stream [35]. PK1 and PK2 are clearly expressed 
also in Calleja islands and in suprachiasmatic nucleus 
(SCN).

 The PK2 mRNA expression pattern in the SCN of mice 
[6] and of rats [33] is rhythmic (being lowest in the dark 
phase) and is severely blunted in mutant mice deficient in 
clock or cryptochrome genes. Intracerebroventricular deliv-
ery of PK2 [6] or Bv8 [33] during subjective night, when 
endogenous PKs are low, inhibited the nocturnal wheel run-
ning activity and the nocturnal feeding of rats. Collectively, 
these results indicate that PKs are candidate output mole-
cules that transmit circadian behavioural rhythms from the 
SCN clock.  

 Outside the brain, the mammalian Bv8 (or PK2) is higly 
expressed in testis, lymphoid organs and in peripheral blood 
cells, in dendritic cells and in bone marrow [8, 19, 23, 24, 
27, 45]. We demonstrated that in murine macrophages [27], 
in inflammatory granulocytes (Fig. 2A) and in HL60 cells 
(data in preparation), PK2 mRNA is always present as a tis-
sue-specific double-splice variant: the short form encodes for 
a protein (PK2) similar to amphibian Bv8, whereas the long 

Fig. (1). Autoradiograms of PK1 and PK2 mRNA expression in the brain of neonatal and adult rat. PK2 is clearly expressed in neonatal and 

adult rat brain. PK1 expression tends to diminish during postnatal development to remain clearly expressed in olfactory bulb and in SCN in 

the adult rat. 
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form (PK2L) encodes for an additional 21 aa domain in-
serted between residue 47 and residue 48, which had been 
already described only in mouse and human testis [45] (Fig. 
2B). The 21-aa insert is rich in arginine and lysine residues, 
and contains several potential cleavage sites for prohormone 
convertases. Bullock and colleagues [2] produced a recom-
binant protein of this splice variant that demonstrates po-
tency about 150 fold lower than PK2, by an aequorin-based 
assay for [Ca

++
]i mobilisation in PKR-transfected CHO cells.

The secreted PK2L is processed, by proteolytic clevage, into 
a smaller peptide (PK2L ) that loses affinity for PKR2 [5].  

PROKINETICIN RECEPTORS  

 Three independent groups identified two closely related 
G-protein-coupled receptors for Bv8/PKs, prokineticin re-
ceptor 1 (PKR1) and prokineticin receptor 2 (PKR2) [25, 28, 
39]. PKR1 and PKR2 have an overall identity in their amino 
acid sequences of 85%, with most differences at the N-
terminal and are about 80% identical to the previously de-
scribed mouse orphan receptor gpr73 [25]. In specific endo-
thelial cells, neurons, and transfected cell lines [25, 29, 34], 
receptor activation stimulates calcium mobilisation, phos-
phoinositol turnover, and mitogen-activated protein kinase 
and Akt pathway activation. 

 Receptor binding studies [28, 32, 34] showed that PKR2 
is an MIT selective receptor, indeed, affinity of MIT for 
PKR2 (in the range of pM) is about 10 times higher than that 
of PK2 and 50 times higher than that of PK1. PKR1 is an 
MIT and PK2 preferring receptor: affinity of MIT for PKR1 
(about 5-10 times lower than for PKR2) is comparable to 

that of PK2 and 60 times higher than that of PK1. Affinity of 
Bv8 for the receptors is comparable to that of PK2 and is 
about 40 times higher than that of PK1. IC50 of Bv8 to inhibit 
[

125
I]Bv8 binding to rat DRG and dorsal spinal cord ho-

mogenates was 4.1 and 7.3 nM, i.e. 20-40 times lower than 
that of PK1/EG-VEGF (76.4 and 330 nM). The inhibitory 
potency of Bv8 on the specific binding of 4 pM 

125
I-MIT at 

PKR1 and PKR2 receptors in CHO cell membranes was 0.69 
and 0.71 nM. Ki of 

125
I-MIT derived from self-competition 

binding curves on PKR2-containing membranes was 3.03 
pM (PerkinElmer, Biosignal Inc). 

 We mapped a comprehensive mRNA distribution of 
PKR1 and PKR2 by in situ hybridisation with riboprobes 
and mapped the distribution of the receptor proteins by in 
situ binding of 

125
I-MIT, in rat brain, at different ages. In rat 

embryos from day 12 p.c., both receptors are highly ex-
pressed in the neuroepithelium lining ventricles, and in the 
Gasser-ganglion and dorsal root ganglia (DRG) (Fig. 3). One 
day after birth, PKR2 is still expressed at high levels in the  

Fig. (3). A: autoradiograms of PKR1 and PKR2 mRNAs in a sagit-

tal section of a rat embryo of 18 pc. Both the receptors are highly 

expressed in the neuroepithelium lining ventricles, in the Gasser-

ganglion and in the DRG. B: high magnification of a histological 

section of DRGs showing a very strong hybridisation signal for 

PKR2-mRNA.

Fig. (2). A: PK2 mRNA in elicited peritoneal granulocytes of rats. 

Granulocytes were collected 6 h after induction of peritonitis with 

oyster glycogen. B: RT-PCR amplification of mRNAs for PK1, 

PK2 and PK2L in elicited purified peritoneal granulocytes from 

mice and rats, and in human circulating leucocytes. 
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olfactory bulb, in the neuroepithelium lining the ventricles, 
in the striatum, hippocampus, thalamic and hypothalamic 
paraventricular nuclei, suprachiasmatic nucleus, amygdala 
and cortex, whereas PKR1 is only found in the cortex (Fig. 
4). In adult rats, only PKR2 is abundantly or moderately ex-
pressed in several discrete brain regions. The presence in the 
nucleus arcuatus of PKR2-mRNA (demonstrated by in situ
hybridisation with ribo-probes [33]) and PKR2-protein 
(demonstrated by binding of labelled MIT -Fig. 5) explains 
the anorexogenic effect of Bv8. Whereas, the dipsogenic 
effect of Bv8 depends on its binding to PKR2 in the subfor-
nical organ (SFO) (Fig. 5A) [33]. Central and peripheral 
administration of Bv8, in rats, induces oxytocin and vaso-
pressin release and vasopressin-dependent antidiuresis pro-
bably by acting on its receptors in paraventricular hypotha-
lamic nuclei [20].  

 PKR1 and PKR2 are both expressed in DRG of neonatal 
and adult rats: PKR1 is mainly expressed in small and me-
dium size neurons and PKR2 is mainly expressed in large 
neurons (Fig. 6). PKR mRNA hybridisation is not evident in 
spinal cord. Conversely, the receptor proteins, revealed by 
binding with labelled MIT, are present in DRG and in the 
outer layers of the dorsal horns of the spinal cord (Fig. 5B).  

BV8-INDUCED NOCICEPTIVE SENSITISATION

The major effect of Bv8 and the one we have studied 
most, is its hyperalgesic effect. Bv8 injected in rats and mice 
produces sensitisation to thermal and mechanical stimuli, 
without inducing any spontaneous, overt nocifensive behav-
iour or local inflammation. An intravenous or subcutaneous 
injection of Bv8 (from 0.06 to 500 pmol/kg) induces a 
biphasic hyperalgesia to tactile and thermal stimuli evaluated 

Fig. (4). One day after birth, PKR2 is still expressed at high levels in olfactory bulb in the neuroepithelium lining the ventricles, in the stria-

tum, in the hippocampus, in thalamic and hypothalamic paraventricular nuclei, in suprachiasmatic nucleus, in amygdala and in the cortex, 

while PKR1 is still present only in the cortex. 

Fig. (5). Autoradiograms of coronal section of adult rat brain (A) and transversae section of adult rat lumbar spinal cord (B) showing binding 

of 
125

I MIT to PKRs. (A) major areas of binding are identified as cortex, sub fornical organ (SFO), paraventricular thalamic and hypotha-

lamic nuclei, parathenial nuclei and suprachiasmatic nucleus. (B) Intense binding area is present in the outer layers of the dorsal horns of the 

spinal cord. 



Modulators of Pain: Bv8 and Prokineticins Current Neuropharmacology, 2006, Vol. 4, No. 3    211

with paw-pressure test, hot-plate, plantar test and tail-flick 
test [34]. Allodynia, evaluated with the vonFrey test, dis-
plays a comparable biphasic pattern. An initial rapid phase of 
hyperalgesia peaks after 1 hour, and is followed by a secon-
dary phase peaking at 4 - 5h. The initial phase of hyperalge-
sia is due at least in part to a local action on nociceptors, 
because very small amounts of Bv8 (50 fmol/rat) injected 
intraplantarly cause a strong and localised hyperalgesia with 
a similar time course to that of the initial phase of hyperalge-
sia seen with systemic injections. By the intrathecal (i.t.)
route, Bv8 (from 6 fmol to 250 pmol) decreased the nocicep-
tive threshold to mechanical or thermal stimuli with the 
characteristic biphasic time-course. An i.t. injection of 60 
fmol of Bv8 halved the nociceptive threshold: hyperalgesia 
was evident within 2 min, peaked at 30 min, lasted 90-120 
min and was followed by a 1h-recovery. The second decrease 
in the threshold peaked at the 4

th
 h and lasted till the 6

th
 h.  

 An action of Bv8 through binding to PKR1 and PKR2 on 
nociceptive neurons is supported by the observation that (i) 
these receptors are expressed in rat and mouse DRG; (ii) 
[

125
I]Bv8 binds to membrane preparations of DRG and dor-

sal horns of spinal cord; (iii) Bv8 added to rat DRG cultures 
dose-dependently increases [Ca

++
]i [34]; and (iv) mice lack-

ing the PKR1 are about 100 times less sensitive to Bv8-
induced hyperalgesia (hot-plate test) than wild type mice. 

In collaboration with Peter McNaughton and Vittorio 
Vellani, we thoroughly investigated the cellular basis of hy-
peralgesia caused by Bv8 in rat DRG neuron cultures [43]. 
We demonstrated that receptors for Bv8 are present in a frac-
tion of the peptidergic population of C-fibre neurons, and in 
a fraction of A myelinated-fibre neurons. Of the neurons 
responding to Bv8, 90% also responded to capsaicin show-
ing a very high degree of co-localisation of functional Bv8 
receptors with the heat and capsaicin-activated ion channel 
TRPV1 [3]. Half of the Bv8-responding neurons expressed 
calcitonin-gene related peptide (CGRP). Patch clamp ex-
periments showed that a brief exposure to Bv8 tremendously 
potentiated the inward current activated by capsaicin. Bv8 by 
itself did not depolarise the plasma membranes. This result 
agrees with behavioural experiments showing that intrapaw 

injection of Bv8 does not produce pain per se but produces 
strong sensitisation to painful stimuli. Moreover, Bv8 caused 
translocation of PKC  to the neuronal membrane. As already 
demonstrated for bradykinin and ATP [4], we hypothesise 
that Bv8-activated PKC  enhances the gating of TRPV1 by 
phosphorylating two serine residues [36]. Indeed, the Bv8-
induced capsaicin potentiation is partially inhibited by the 
PKC inhibitors staurosporine and RO 31-8220. The observa-
tion that part of the sensitisation was not blocked by either 
inhibitor, however, suggests that other signalling intermedi-
ates are also involved. 

 The data on DRG neuron cultures have been confirmed 
by “in vivo” experiments. In mice, intraplantar injection of a 
near-threshold dose of 0.01 nmol of capsaicin induced lick-
ing for about 8 s, but the same dose of capsaicin injected 90 
min after 50 fmol Bv8, induced marked licking of the paw 
that lasted more than ten times longer. The effect disap-
peared within 6 hours after Bv8 administration.  

 Several in vivo experimental paradigms, in rats and mice, 
sustain a co-operativity between PKRs and TRPV1 in Bv8 
induced hyperalgesia. Pretreatment of rats with capsazepine 
(0.4 mg, i.pl.) strongly reduced (about 100 times) the me-
chanical hyperalgesia (Randall-Selitto test) induced by intra-
plantar injection of Bv8: 5 nmol of Bv8 were needed to ob-
tain the same hyperalgesia produced by 50 fmol of Bv8  
in control rats. The capsaicin-sensitive primary afferents 
(CSPA) were ablated by injecting capsaicin into neonatal 
rats [15] and rats were tested at the age of 52 days. The basal 
mechanical nociceptive threshold remained unchanged in 
CSPA-ablated rats compared with non-ablated rats. But ab-
lated rats were about 100 times less sensitive to Bv8-induced 
hyperalgesia than non-ablated rats: 2.5 nmol/kg, s.c. were 
needed to obtain the same hyperalgesia produced by 25 
pmol/kg, s.c. in non-ablated rats. TRPV1-KO mice are 20 
times less sensitive than wild type mice to Bv8-induced 
thermal hyperalgesia (hot-plate test). Conversely, PKR1-KO 
mice are less sensitive than WT-mice to capsaicin. They 
show impaired nociceptive responses to intraplantar and oral 
capsaicin and a strong reduction of capsaicin-evoked hypo-
thermia (see later). The experiments with TRPV1-KO and 

Fig. (6). In situ hybridization of adult rat DRG sections with riboprobes for PKR1 and PKR2. PKR1 is mainly expressed in small and me-

dium size neurons and PKR2 is mainly expressed in medium and large size neurons. 
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and PKR1-KO mice clearly demonstrate a bidirectional co-
operativity between the prokineticin and the vanilloid recep-
tors; moreover, rat and mouse experiments also demonstrate 
that blocking the TRPV1 pathway, strongly reduces but does 
not abolish Bv8-induced hyperalgesia. Thus we conclude 
that Bv8-induced pain sensitisation must also involve other 
pain mediators. 

 We demonstrated that hyperalgesia produced by Bv8 
injections was inhibited by pretreatment of the Bv8-injected 
paw with the PLA2 inhibitors AACOF3 and HELSS, the 
COX-1/2 inhibitor indomethacin, the COX-1 inhibitor SC560, 
the prostaglandin receptor (EP1) antagonist SC51322, the 
PKA inhibitors H89 and WIPTIDE. The COX2 inhibitor, 
NS392 was ineffective. 

 To check further the involvement of prostaglandins in 
Bv8-induced hyperalgesia, we studied the heat nociceptive 
response to Bv8 in COX1- and COX2-KO mice. COX1-KO 
mice were 20 times less sensitive than WT mice to Bv8, 
whereas COX2-KO mice showed the same sensitivity as WT 
mice1. Our data confirm that COX-1 is important for noci-
ceptor function. In DRGs, COX-1 immunoreactivity is ob-
served in the cytoplasm, nuclear membrane and axonal proc-
esses of small- and medium-sized neuronal cell bodies and is 
extensively co-localised with CGRP and isolectin B4 (IB4). 
Conversely, COX-2 labelling was absent in peripheral soma-
tosensory neurons from normal or arthritic rats [7]. Because 
about 50% of Bv8 responding neurons are CGRP-positive, 
we conjecture the existence of a peptidergic nociceptor 
population containing both COX-1 and PKRs where PG may 
contribute to the excitatory effect of Bv8. Prostaglandin-
induced sensitisation of nociceptors is mediated by the PKA 
signalling pathway [41] and inhibitors of PKA activity at-
tenuate PGE2-induced hyperalgesia. Accordingly, PKA in-
hibitors and PG receptor antagonists impair the hyperalgesic 
action of Bv8. Other observations further support an interac-
tion between Bv8 and the eicosanoid system. As already 
demonstrated for capsaicin-induced licking, the heat noci-
ceptive response (hot-plate test) of mice to intraplantar injec-
tion of the threshold dose of PGE2 (10 ng) increased tre-
mendously when mice were preinjected with 50 fmol Bv8. 
Again, the sensitising effect disappeared within 6 hours after 
Bv8 administration. Experiments are in progress to detect the 
mechanisms of Bv8-induced PGE2 sensitisation. 

 Many in vitro data from our laboratory [32, 34] and oth-
ers [21, 25] demonstrated that PKR1 and PKR2 are Gq-
coupled receptors and their signal are amplified by PLC and 
PKC. Supporting this molecular mechanism, pretreatment of 
rats with the PLC inhibitor, U73122, and with the PKC-
inhibitors, GF1109203X and Ro-37-8220 completely blocked 
the thermal (plantar test) and mechanical (paw-pressure test) 
hyperalgesia induced by intrathecal or intraplantar injection 
of 50 fmol Bv8.  

 While the specific molecular mechanism by which Bv8 
increases the nociceptive potency of capsaicin and PGE2 
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remains to be elucidated, we tentatively suggest that Bv8 
binds to Gq-coupled-receptors and activates PLC and PKC, 
thus leading to TRPV1 phosphorylation with an ensuing in-
crease in Ca

++
 influx. Bv8 could also promote eicosanoid 

pathway activation via PLC-DAG or more directly by activa-
tion of PLA2.  

 Nitric oxide might also be involved [46] because the de-
crease in the nociceptive threshold induced by intrapaw and 
intrathecal injection of Bv8 (50 fmol) is abolished by intra-
paw and intrathecal pre-injection of non-analgesic doses of 
the i-NOS inhibitor 7-NI and the NOS inhibitor L-NAME. 

 Another intriguing property of Bv8 is the characteristic 
biphasic time-course of the hyperalgesia induced by its sys-
temic and intrathecal administration. This biphasic pattern 
might be a hallmark of Bv8-induced nociceptive sensitisa-
tion. Why the nociceptive response to Bv8 has two phases is 
unclear. Nevertheless, because the second phase of hyperal-
gesia develops only after intrathecal or systemic but not after 
plantar administration of the protein, it may reflect the well-
known process of central sensitisation. The strong stimula-
tion of a large number of nociceptive primary afferent termi-
nals, induced by systemically delivered Bv8 or the direct 
activation of dorsal horn neurons evoked by intrathecal in-
jection of the protein, may trigger a delayed transient state of 
increased excitability of nociceptive dorsal horn neurons 
through the mechanism of central sensitisation. Conversely, 
local unilateral hyperalgesia produced by the low intraplantar 
dose of Bv8 probably failed to induce sufficient afferent ac-
tivity to trigger central sensitisation. 

 To evaluate Bv8 involvement in nociceptive transmission 
in spinal cord, we monitored the expression of c-fos, a pro-
tooncogene widely used as a morphological marker of pain-
activated neurons [14], in dorsal horn of lumbar spinal cord 
after intrapaw injection of Bv8 by itself or followed by a 
non-nociceptive stimulation. Compared with saline, intra-
plantar injection of a dose of Bv8 that causes only local hy-
peralgesia left Fos staining unchanged. Nevertheless, after a 
non-noxious stimulation, Fos-immunopositive neurons sig-
nificantly increased in laminae I-II, which correspond to the 
projection sites of peptidergic nociceptive fibers expressing 
CGRP and trkA receptors. A Bv8 dose that produces sys-
temic hyperalgesia significanly increased the the number of 
Fos-positive neurons, in respect to control rats, both in lami-
nae I-II and in laminae III-VI. This trend was amplified three 
times after a non-noxious stimulation2.

 CGRP appears to be a component of Bv8-induced noci-
ceptive sensitisation. CGRP is expressed by small and me-
dium sized cells in the DRG, and CGRP release in the spinal 
dorsal horn is a critical component of nociceptive transmis-
sion. As previously described, about 50% of Bv8-responding 
neurons contain CGRP. We have demonstrated that Bv8 
elicited a significant and concentration-related release of 
CGRP in minced dorsal lumbar spinal cord of mice. In rats, 
intrathecal injection of Bv8 (50 fmol/rat, i.t.) resulted in an 
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upregulation of CGRP and substance P immunoreactivity in 
lumbar dorsal horn and in DRG.  Pretreatment with aniso-
mycin (protein-synthesis inhibitor) significantly blocked the 
Bv8-induced second phase of hyperalgesia, and also blocked 
Bv8-induced upregulation of immunoreactivity for CGRP 
and SP3. These data indicate that Bv8-induced hyperalgesia 
results, at least in part, from increased expression and release 
of excitatory transmitters in the spinal dorsal horn.  

PHYSIOLOGICAL ROLE OF THE PK/PKR SYSTEM 

IN THE NEUROBIOLOGY OF PAIN: PKR1-KO MICE 

 To evaluate the role of the newly identified Bv8/PK and 
their receptor system in the neurobiology of pain, we studied 
the nociceptive behaviour of mice lacking prokineticin re-
ceptors [31]. Unfortunately PKR2-KO mice do not survive 
beyond weaning. PKR1-KO mice appeared as healthy as 
wild type mice, with sensory ganglion development being 
apparently unaltered, functionally, however, disruption of 
the PKR1 gene produced an array of specific defects related 
to nociception.

 When compared with wild-type litter mates, mice lacking 
the PKR1 gene showed impaired responsiveness to noxious 
heat, capsaicin and protons. Nociceptive deficits in PKR1 
null mice were significant within the noxious temperature 
range from 46° to 50°C, the operating range of C-polymodal 
nociceptors and the vanilloid channel TRPV1 [42]. In the 
hot-plate and tail-flick test at temperatures of 46° and 48°C, 
the baseline latency for response was significantly longer 
(1.5- to 2.3-fold) than the latencies seen in wild-type mice. 
No differences were found in the baseline latencies of the 
two genotypes at temperatures of 50° and 52°C. 

 Disruption of the PKR1 gene significantly impaired noci-
ceptive responses to intraplantar and oral capsaicin. KO mice 
were less sensitive than WT mice to capsaicin injected into 
foot pads, as revealed by the licking test, and less sensitive to 
capsaicin added in scalar doses to sweetened drinking water. 
Indeed, PKR1-KO mice drank higher volumes of solutions 
than WT mice. Moreover, in comparison with WT mice, 
PKR1-null mice also showed a strong reduction of capsaicin-
evoked hypothermia. Injection of dilute acetic acid into the 
peritoneum of the two mouse genotypes induced signifi-
cantly less intense and shorter-lasting writhing episodes in 
PKR1-null mice than in wild-type mice, supporting an essen-
tial expression of PKR1 for TRPV1 activation. 

 PKR1-null mice also exhibited impaired development of 
hyperalgesia after tissue injury: the inflammatory agents 
CFA and mustard oil produced comparable paw oedema in 
WT and PKR1-null mice, but the decrease in nociceptive 
threshold to heat (hot-plate and paw immersion test) and to 
pressure (incapacitance test) was significantly lower in KO 
than in WT mice demonstrating lower nociceptive sensitisa-
tion in KO than in WT mice. 

 As expected, PKR1 null mice exhibited impaired hyper-
algesic responses to Bv8. Moreover, they did not show the 

                                               

3 DeFelice M Porreca F, Melchiorri P and Negri L. “Mechanisms of Bv8-induced 

hyperalgesia: increased evoked excitatory transmitter release” XXXII Congress of 

Italian Society of Pharmacology, Napoli, June 1-4, 2005. 

increase in the capsaicin-induced licking after intraplantar 
injection of Bv8 already described in WT mice. 

 In DRG cultures from PKR1-null mice, Bv8-responsive 
neurons were rare and showed a reduced [Ca

++
]i response to 

capsaicin. Accordingly, in situ hybridisation of DRG sec-
tions from PKR1-KO mice confirmed the lack of PKR1, but 
PKR2 were still expressed in some large neurons. This find-
ing provides an anatomical basis for the residual hyperalge-
sic effect of Bv8, which in KO-mice can still produce the 
classic biphasic hyperalgesia, but only at doses a hundred 
times higher than in WT mice. 

 These findings indicate a requirement for PKR1 signal-
ling associated with activation and sensitisation of primary 
afferent fibres. Moreover, activation of TRPV1 seems to 
depend in large part upon the presence of PKR1. This posi-
tive co-operative interaction between PKR1 and TRPV1, 
together with the Bv8-induced increase in sensitivity to 
PGE2, suggests that blockade of PKR1 may represent a 
novel strategy which can diminish the activation and sensiti-
sation of primary afferent nociceptors, thus bringing thera-
peutic benefit in acute and inflammatory pain conditions.

PROKINETICINS AND PAIN 

 Where do the endogenous agonists of the algogenic 
PKR1 and PKR2 come from?  

 Lymphoid organs, circulating leucocytes and hematopoie-
tic cells express high levels of Bv8-like proteins [23]. By 
RT-PCR amplification we demonstrated that mouse inflam-
matory neutrophils (obtained from animals with oyster-
glycogen-induced peritonitis) express high levels of PK1, 
PK2, PK2L (the long form of PK2 already described) and 
both receptors. Rat inflammatory granulocytes express the 
two forms of PK2 (PK2 and PK2L), but neither PK1 and 
only one receptor: PKR2. In human circulating neutrophils 
and in a human promyelocytic cell line (HL60) we detected 
the two forms of PK2 (PK2 and PK2L), but not PK1 nor any 
receptor (Fig. 2B). To check whether the Bv8-like proteins 
of granulocytes maintain the same biological activity as am-
phibian Bv8, we injected in rats the granulocyte extract pre-
incubated overnight with normal rabbit serum or with an 
anti-Bv8 antibody raised in rabbits. The granulocyte-extract 
produced intense hyperalgesia with a time course identical to 
that of amphibian Bv8. This hyperalgesic effect was abol-
ished by preincubation with the antiBv8-Ab. The granulo-
cyte extract was fractionated using ionic exchange chroma-
tography (Mini S column), gel filtration (Superdex column) 
and reverse phase chromatography (RP C8 column). A Bv8-
like activity eluted from the RP column with a slightly 
longer retention time than Bv8, accordingly with a higer hy-
drophobicity of PK2 than Bv8 (9 KDa, pI = 8.85, 81aa vs 8 
KDa, pI = 8.4, 77aa). This fraction displaced 

125
I-MIT bind-

ing on PKR1-transfected CHO cell membranes, and pro-
duced the Bv8-characteristic biphasic hyperalgesia when 
injected i.t. in rats. Starting with ~ 1x10

9
, the estimated yield 

in Bv8 was ~160 ng (manuscript in preparation). Next tar-
gets will be to determine the amino acid sequence of this 
Bv8-like compound. 

In situ hybridisation experiments were performed with 
samples from inflamed tonsil or appendix [23] or from rat 
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CFA inflamed hind paw. The Bv8/PK signal was associated 
with infiltrating cells, predominantly neutrophils. RT-PCR 
evaluation of the expression of PK2, PK2L and PKR1 in the 
rat inflamed paw, 24 h after CFA injection, compared with 
the contralateral saline-treated paw showed that inflamma-
tion induces a strong increase in both isoforms of PK2 and in 
PKR1. Hence we hypothesise that the PKs released by in-
flammatory cells, bind the PKRs on the primary sensitive 
neurons thus contributing to inflammatory pain. 

 Bv8/PK proteins can promote survival and differentiation 
of the granulocytic and monocytic lineages. They potentially 
modulate growth, survival and function of cells of the innate 
and adaptive immune system [23]. Murine macrophages and 
splenocytes express PKR1 in large amounts. We demon-
strated [27] that Bv8 is able to induce the macrophage to 
migrate and to acquire a pro-inflammatory phenotype: Bv8 is 
a potent and efficaceous chemoattractant, since it stimulates 
macrophage migration at a concentration as low as 10

-12
 M. 

Bv8 significantly increases the lipopolysaccharide (LPS)-
induced production of proinflammatory cytokines (IL-1 and 
IL-12) and decreases that of anti-inflammatory cytokines 
(IL-10) leaving TNF unaffected. Moreover, Bv8 stimulates T 
lymphocyte differentiation towards a Th1 profile. The effects 
start at the very low concentration of 10

-11
M. Studies con-

ducted using PKR1 knock-out mice clearly indicate that all 
the activities exerted by Bv8 on macrophages and spleno-
cytes are mediated by PKR1. Considering that the foregoing 
immune cells produce Bv8/PKs and possess specific PKRs, 
these molecules could act as a paracrine/autocrine factor that 
modulates immune and inflammatory processes. 

 Evidence now suggests that the cytokines Interleukin 
(IL)1 and Tumor Necrosis Factor (TNF ) are deeply in-
volved in peripheral nerve and neural excitability leading to 
the development of persistent pain. Conversely, the anti-
inflammatory cytokines have been reported to limit the hy-
peralgesic response induced by inflammatory stimuli and by 
the administration of IL-1 and of TNF [40, 44]. A possible 
outcome of the Bv8/PK-induced modulation of immune and 
inflammatory processes could be a transition from acute to 
chronic inflammation. Hence, Bv8/PK-induced modulation 
of cytokines could be yet another element contributing to its 
hyperalgesic activity. 

CONCLUSION 

 Bv8 sensitises peripheral nociceptors and activates neu-
trophils and macrophages through binding to the prokineticin 
receptor-1 and -2. Bv8 stimulates cytokine release from im-
munocompetent cells. Bv8-like peptides isolated from in-
flammatory granulocytes induce hyperalgesia comparable to 
that induced by Bv8 injections. The potent action of Bv8, 
both in vivo and in vitro, together with the specific expres-
sion of receptors for Bv8/PKs in sub-populations of nocicep-
tive neurons, strongly suggests that PK1 and PK2, the 
mammalian homologues of Bv8, play a role in physiological 
hyperalgesia following injury, infection and inflammation. 

 The signalling molecules expressed by peripheral noci-
ceptors and inflammatory cells are potential targets for 
drugs, which block the nociceptive information before it 
reaches the brain. Identifying of the structural determinants 

required for receptor binding and hyperalgesic activity of 
Bv8 was the first step in a search for PKR-antagonist mole-
cules. The highly conserved amino terminal sequence 
(AVITGA) of all members of the Bv8/PK family is impor-
tant for their biological activity: deletions and substitutions 
in the conserved N-terminal sequence of Bv8 and of PK1 
yielded inactive and, sometimes, antagonist molecules [2, 
32]. We have demonstrated that a N-terminally shortened 
form of Bv8, desAlaVal-Bv8, succeeded in antagonising 
Bv8-induced hyperalgesia [32]. 
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