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Abstract
Circadian timing from the suprachiasmatic nucleus (SCN) is a critical component of sleep regulation.
Animal lesion and genetic studies have indicated an essential interaction between the circadian
signals and the homeostatic processes that regulate sleep. Here we summarize the biological functions
of prokineticins, a pair of newly discovered regulatory proteins, with focus on the circadian function
of prokineticin 2 (PK2) and its potential role in sleep-wake regulation. PK2 has been shown as a
candidate SCN output molecule that regulates circadian locomotor behavior. The PK2 molecular
rhythm in the SCN is predominantly controlled by the circadian transcriptional/translational loops,
but also regulated directly by light. The receptor for PK2 is expressed in the primary SCN output
targets that regulate circadian behavior including sleep-wake. The depolarizing effect of PK2 on
neurons that express PK2 receptor may represent a possible mechanism for the regulatory role of
PK2 in circadian rhythms.
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Introduction
The regulation of sleep has been modeled as a two-process system consisting of a homeostatic
process and a circadian timing process, which together determine the propensity, length, and
incidence of episodes and intensity of sleep [1]. The circadian control of sleep is evident
because the sleep-wake cycle continues on a near 24 h basis even when the environment is
devoid of any timing cues [2,3]. Early studies in rats with lesions of the suprachiasmatic nucleus
(SCN) demonstrated that the control of normal circadian expression of the sleep-wake cycle
is mediated by the SCN clock; however, the duration of sleep was unaffected in SCN-lesioned
animals [4–6]. In addition, recovery time after sleep deprivation in these SCN-lesioned animals
was unchanged [7–9]. Thus, SCN circadian timing of sleep has been suggested to be
independent of the homeostatic process. However, SCN lesion studies in squirrel monkeys
have indicated an essential interaction between circadian and homeostatic processes because
complete lesions of the monkey SCN produced both a loss of circadian timing and a 4 h increase
in daily sleep time [10]. This finding led to the ‘opponent process’ model, which suggests that
the SCN clock produces a ‘wakefulness-promoting’ signal that enhances wakefulness in
diurnal animals and thereby actively opposes the homeostatic tendency for sleep [10]. Results
from the clock mutant mice (Clk−/−) appear to be consistent with the hypothesis that the
circadian clock has major affects on the homeostatic control of sleep. In particular, Clk−/−

mutant mice sleep 2 h less than wildtype mice daily, indicating that the reduced circadian
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signaling in these mutant mice suppresses total sleep time [11]. Cryptochrome double knockout
mice (Cry1−/−Cry2−/−) exhibited an increase in nonrapid eye movement sleep (NREMS) time,
NREMS consolidation and electroencephalogram delta power during NREMS under basal and
constant dark conditions [12], further supporting the importance of these core clock genes in
homeostatic sleep regulation as well as circadian rhythmicity. Thus, circadian timing signals
appear to promote sleep in nocturnal rodents. Similar observations have been observed with
SCN-lesioned animals [13], indicating that transitions into REM sleep are facilitated by the
SCN during rest phase. Thus, it appears that SCN signals actively promote REM sleep during
light phase. Although it remains unclear how much the circadian clock contributes to sleep
homeostasis, it appears that the SCN circadian timing system is critical in homeostatic sleep
regulation, in addition to its control in sleep-wake rhythms.

Prokineticins (PK1 and PK2) are a pair of cysteine-rich secreted proteins that regulate diverse
biological processes via activation of two cognate G-protein coupled receptors [14–16]. In this
review, we summarize the biological function of PKs, with a focus on the function of PK2 in
circadian rhythms.

Functional roles of prokineticins in noncircadian processes
The first function associated with prokineticins was the stimulation of gastrointestinal (GI)
smooth muscle contraction. Schweitz and coworkers purified mamba intestinal toxin 1 from
snake venom and demonstrated that it potently stimulated contraction of the guinea pig ileum
[17,18]. A protein (Bv8) of similar size secreted from frog skin had also been purified and
demonstrated to cause potent contractions of GI smooth muscles [19]. In the search for the
mammalian homologs of these molecules, we isolated and characterized two human cDNAs,
and named them ‘prokineticins’ to reflect their potent actions on GI contractility [20].
Prokineticins and their nonmammalian counterparts exhibit conservation in their amino acid
sequences including the first six amino acids in the N-terminal domain (AVITGA) and the 10
cysteine residues predicted to form five pairs of disulfide bonds [20] (Fig. 1). Using
recombinant human PKs, we demonstrated that these mammalian proteins also stimulate
contractions of GI smooth muscle with similar potency. GTPγS binding studies revealed that
the receptors for PKs belong to the family of G-protein coupled receptors (GPCR) [20]. Three
independent groups subsequently identified two closely related GPCRs for PKs, prokineticin
receptor 1 (PKR1) and prokineticin receptor 2 (PKR2) [14–16]. Activation of these receptors
leads to mobilization of calcium, phosphoinositide hydrolysis, and activation of the mitogen-
activated protein kinase and protein kinase B pathways [14–16].

Around the time when PKs were identified as potent GI spasmogens, an independent group
discovered an angiogenic mitogen while screening a library of human secreted molecules for
their ability to induce proliferation in primary bovine adrenal cortex-derived capillary
endothelial cells. Due to its tissue specific angiogenic nature, this molecule was named
endocrine gland-derived vascular endothelial growth factor (EG-VEGF) [21]. Delivery of EG-
VEGF to the ovary elicited potent angiogenesis and cyst formation. Sequence analysis revealed
that EG-VEGF is the same molecule as PK1 [20,21]. Following this initial finding with PK1,
it was demonstrated that PK2 also possess a similar angiogenic effect [22]. This angiogenic
effect is likely to be mediated through PK receptors because both PK receptors are expressed
in the vascular endothelial cells of the adrenal and testis [22]. As the process of angiogenesis
is crucial for many processes including reproductive functions, several groups have further
examined the role of PKs in angiogenesis of reproductive organs [23–25].

Because PKs and their receptors are expressed in bone marrow and other hematopoietic organs
[20], it is not surprising that a possible role for PKs in hematopoiesis was reported [26,27].
Both PK1 and PK2 induce monocyte migration and increase the number of colony forming
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units, both granulocytic and monocytic, in hematopoietic stem cells. Systemic injection of PK2
also increases the number of immune cells and promotes their survival against 5-fluorouracil
induced injury [26]. This suggests that PK2 may function as a monocyte chemoattractant and
a hematopoietic cytokine that promotes survival and modulates the innate and the adaptive
immune systems.

Central administration of Bv8, the frog homolog of PK2, has been shown to regulate feeding
behavior and nociception in rodents. The expression of PKR2 in areas such as the arcuate
nucleus, paraventricular hypothalamic nucleus and subfornical organ suggests that PK2 may
play a role in feeding and drinking [28–30]. Negri et al. showed that intracerebroventricular
delivery of Bv8 suppressed diurnal and nocturnal feeding, as well as deprivation-induced and
neuropeptide Y-stimulated feeding [31]. They also showed that microinjection of Bv8 into the
subfornical organ stimulated drinking. A possible central effect of PKs in nociception was first
reported by Mollay et al. who observed that administration of Bv8 into the rat brain induced
a marked hyperalgesic response [32]. A further study by Negri et al. demonstrated that
intravenous, subcutaneous and intrathecal injections of Bv8 all produced intense systemic
nociceptive sensitization to mechanical and thermal stimuli applied to tail and paws [32]. Both
PKR1 and PKR2 mRNA are expressed in the spinal cord, in addition to dorsal root ganglia,
and Bv8 can bind to these PK receptors with high affinity [32]. These data suggest that Bv8
or its mammalian homologs play a role in nociception, possibly by sensitizing central or
peripheral nociceptors via activation of PK receptors in the spinal cord or dorsal root ganglia.

Function of PK2 in circadian rhythms
The SCN in the anterior hypothalamus is the primary mammalian circadian pacemaker that
regulates daily rhythms of physiology and behavior, including sleep-wake cycle [33–35].
While the understanding of the molecular mechanism of the circadian clockwork has emerged
in the last decade [34–37], little is known about the mechanism by which the circadian clock
transmits timing information to control physiology and behavior. In an attempt to study the
function of PKs in the central nervous system, we have mapped a comprehensive mRNA
distribution of the PKs and their receptors in the adult mouse brain. Our initial characterization
revealed that PK2 mRNA is highly expressed in the SCN in a rhythmic fashion, with high
levels during the day and low or undetectable levels at night [28]. This PK2 oscillation in the
SCN is maintained in animals under normal 12 h light:12 h dark as well as under constant
darkness, indicating that this PK2 oscillation is driven by the endogenous circadian clockwork
[28]. In situ hybridization revealed that the receptor for PK2 (PKR2) is expressed in primary
SCN output target areas, further suggesting the role of PK2 in circadian rhythms.

Subsequent molecular and behavioral studies demonstrated that PK2 is a candidate output
signaling molecule for circadian locomotor rhythms [28]. As Clock and Bmal1 are the positive
elements of the clockwork, these transcription factors heterodimerize and bind an CACGTG
sequence known as an E-box to activate transcription of other clock or clock-controlled genes
[34,35]. Both the human and mouse PK2 promoter contains four E-boxes within the first 2 kb
upstream of the transcription start site [28]. In vitro transcription assays indicate that PK2
transcription is tightly regulated by clockwork gene products through activation of the E-boxes
residing in its proximal promoter. These in vitro findings were validated in vivo, as PK2 mRNA
expression in the SCN is completely absent or blunted in mutant mice lacking functional
clockwork, including Clk−/− mice and Cry1−/−Cry2−/− mice. To elucidate whether PK2 plays
a role in circadian-regulated behavior, we tested the effects of PK2 on locomotor wheel running
activity, a behavioral readout that closely mimics the sleep-wake rhythm.
Intracerebroventricular delivery of PK2 into the lateral ventricle during subjective night, when
endogenous PK2 is low, inhibited the nocturnal wheel running activity of rats [28]. Taken
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together, our results indicate that PK2 is a candidate output molecule that transmits circadian
behavioral rhythms from the SCN clock.

Because nocturnal light pulses can rapidly induce PK2 expression in the SCN, we investigated
the possibility that PK2 is under the dual regulation of both light and the core clockwork. Using
a common model for jet lag, we examined how PK2 responds to abrupt shifts of light/dark
cycles (phase delays or phase advances) [38]. We observed that PK2 expression exhibits
transients in response to phase advances but entrains rapidly to phase delays. Interestingly, this
differential pattern of PK2 expression during phase shifts is consistent with the circadian
phenomenon that animals and humans adjust rapidly to time delays but slowly to advances
[39,40]. These studies provide additional evidence for PK2 as an output signaling molecule
from the SCN. Interestingly, we also observed that light can directly regulate PK2 in the
absence of functional circadian clockwork. Studies with Cry1−/−Cry2−/− mice revealed that a
light-regulated low amplitude PK2 rhythm persists in these mice that lack functional circadian
oscillators [38]. Collectively, our data suggest that PK2 is controlled by two mechanisms,
dominantly by the circadian oscillator, and directly by light. Perhaps PK2 evolved before the
circadian timing system became internalized in the brain.

While the direct genetic analysis of PK2 deficiency on circadian rhythm has yet to be
determined, Morton et al. have observed a correlation between increased daytime activity and
reduced SCN expression of PK2 molecular rhythm in transgenic mice expressing a mutant
Huntington’s gene [41]. This finding suggests that the reduced PK2 rhythm may contribute to
the sleep disturbances and abnormal circadian behavior seen in this strain of transgenic mice.
Recently, the molecular rhythm of PK2 in the SCN of a diurnal rodent (Arvicanthis niloticus)
has been reported [42]. Similar to the oscillation pattern observed in mouse, PK2 mRNA in
the SCN of this diurnal species was also rhythmically expressed, with peak levels in the
morning and trough levels in the evening [42]. Thus, the phase of PK2 expression in the SCN
of diurnal rodent is similar to that of nocturnal rodents, which is consistent with a growing
body of evidence suggesting that the key to diurnality lies downstream of the SCN circadian
clock.

The wide distribution of PKR2 in primary SCN output targets suggests that PK2 may regulate
a number of circadian clock controlled physiological processes and behaviors in addition to
circadian locomotor behavior. Most notably, PK2 is likely to play a role in sleep-wake
regulation, as PKR2 is expressed in several visual and sleep-wake related nuclei [43]. PKR2
expression is detected in the superior colliculus, a sensory nucleus crucial for visual navigation,
which sends efferent fibers to motor centers that orient behavior [44,45]. The superior
colliculus has also been shown to mediate the effects of light on sleep and wakefulness [46].
PKR2 expression is also detected in other nuclei important for sleep-wake regulation [43], such
as the lateral hypothalamus [47–49], the perifornical region of the hypothalamus [47,50] and
dorsal raphe [51]. A high level of PKR2 is also detected in the lateral habenula (LHb), an
important relay nucleus that is a primary output target of the SCN. The connection of the LHb
with the raphe, preoptic nuclei and the pineal gland suggests its role in the regulation of sleep
and arousal [52]. LHb projects directly to the pineal gland and has been shown to mediate the
firing rate of pineal cells [53]. This SCN-LHb-pineal projection may represent another pathway
by which PK2 can regulate melatonin secretion and sleep-wake cycle [52]. Although no
specific PKR2 mRNA is detected in the locus coeruleus (LC), the primary nucleus that
regulates arousal [54,55], it is possible that the circadian control of arousal is mediated through
secondary projections. Although the SCN lacks direct projections to LC, it has recently been
demonstrated that the SCN can regulate arousal through dorsomedial hypothalamus (DMH)
[56]. The presence of PKR2 in DMH suggests that PK2 may regulate arousal or the sleep-wake
cycle through SCN-DMH-LC projections. These expression patterns of PKR2 in most known
SCN output targets strongly implicate PK2 in the regulation of the sleep-wake cycle.
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Recent studies have indicated a possible neurophysiological mechanism for the regulatory role
of PK2 in the brain, including its role in circadian rhythms [57] (E. A. Yuill, C. C. Ferri, Q.-
Y. Zhou & A. V. Ferguson, unpublished results). Using dissociated neurons of the subfornical
organ (SFO), it has been demonstrated that PK2 activates and depolarizes SFO neurons and
inhibits delayed rectifier potassium currents [57]. Subsequent studies indicated that PK2 also
has an excitatory effect on different populations of the paraventricular hypothalamic neurons
(PVN) (E. A. Yuill, C. C. Ferri, Q.-Y. Zhou & A. V. Ferguson, unpublished results). The
excitatory effect of PK2 on parvocellular PVN neurons is maintained under tetrototoxin, but
is blocked by the addition of a PK receptor antagonist (A1MPK1), demonstrating that this
effect is directly and specifically mediated by the PK receptor (E. A. Yuill, C. C. Ferri, Q.-Y.
Zhou & A. V. Ferguson, unpublished results). Because PK2 is highly expressed in the SCN
and there is a direct efferent projection from the SCN to PVN [58,59], it is likely that PK2 may
exert a circadian regulation on these parvocellular neuroendocrine and autonomic neurons.
Although the source of PK2 that modulates the SFO is unclear, it is conceivable that PK2 from
the SCN may diffuse through CSF. As the SFO and the PVN are principal brain regions
controlling autonomic and neuroendocrine function [29,30], these findings demonstrate that
PK2 has a neuromodulatory role in the CNS and identify these sites as potential targets for
circadian regulation of autonomic function.

Summary
Over the last few years, PKs have evolved as a pair of signaling peptides that regulate diverse
functions, including circadian rhythms, gastrointestinal motility, angiogenesis, hematopoiesis
and ingestive behavior (Fig. 2). It is interesting to note that these diverse functions of PKs may
be classified into two general categories: cell excitability and cell motility. It appears that the
regulatory function of PKs in GI smooth muscle, circadian clock output and ingestive behaviors
may be related to the activation of PK receptors in target cells that leads to enhanced cell
excitability, whereas the function of PKs in angiogenesis, hematopoiesis and
neurodevelopment seems to be more closely linked to the effect of PKs in modulating cell
motility and/or differentiation. Without a doubt, more exciting functions for this pair of
regulatory proteins are emerging.
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Abbreviations
Clk  

clock

Cry  
cryptochrome

DMH  
dorsomedial hypothalamus

EG-VEGF  
endocrine gland-derived vascular endothelial growth factor

GI  
gastrointestinal

GPCR  
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G-protein coupled receptor

LC  
locus coeruleus

LHb  
lateral habenula

NREMS  
nonrapid eye movement sleep

PK  
prokineticin

PKR  
prokineticin receptor

PVN  
paraventricular hypothalamic neurons

REM  
rapid eye movement

SCN  
suprachiasmatic nucleus

SFO  
subfornical organ
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Fig. 1.
Structural sequences of prokineticins and their non-mammalian counterparts. Prokineticins are
two secreted human proteins that contain about 80 amino acids, with characteristic signal
peptide sequence and 10 cysteine residues. The diagram displays the amino acid sequences of
prokineticin 1 (A), prokineticin 2 (B), frog Bv8 (C), and partial sequence of mamba intestinal
toxin 1 (D). Signal peptides are underlined. Ten conservative cysteine residues are marked (*).
Arrows indicate the splice sites for introns. (Figure adapted from Li et al. [20]).
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Fig. 2.
Current biological functions of prokineticins (PKs). Activation of prokineticin receptors
(PKRs) eventually leads to cell excitability or cell migration. The current known functions of
PKs appear to fall into these two general categories. The functions of PKs in gastrointestinal
motility, hyperalgesia and circadian rhythm appear to be related to the activation of PKRs in
the target cells that leads to enhanced cell excitability, whereas PKs role in angiogenesis,
olfactory bulb (OB) development and hematopoiesis seem to be more closely linked to the
ability of PKs to induce cell proliferation, migration and/or differentiation.
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