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Abstract: Gastrin-releasing peptide (GRP) is a mammalian neuropeptide that acts through the G protein-coupled receptor,
GRP receptor (GRPR). Increasing evidence indicates that GRPR-mediated signaling in the central nervous system plays
an important role in many physiological processes in mammals. Additionally, we have recently reported that the GRP
system within the lumbosacral spinal cord not only controls erection but also triggers ejaculation in male rats. This system
of GRP neurons is sexually dimorphic, being prominent in male rats but vestigial or absent in females. It is suggested that
the sexually dimorphic GRP/GRPR system in the lumbosacral spinal cord plays a critical role in the regulation of male
sexual function. In parallel, it has been reported that the somatosensory GRP/GRPR system in the spinal cord contributes
to the regulation of itch specific transmission independently of the pain transmission. Interestingly, these two distinct
functions in the same spinal region are both regulated by the neuropeptide, GRP. In this report, we review findings on
recently identified GRP/GRPR systems in the spinal cord. These GRP/GRPR systems in the spinal cord provide new
insights into pharmacological treatments for psychogenic erectile dysfunction as well as for chronic pruritus.
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1. INTRODUCTION

Substantial evidence indicates that neuropeptide-
mediated signal transduction in the central nervous system
plays an important role in regulating neuroendocrine functions
and behaviors. Released neuropeptides function by activating
specific 7-transmembrane domain receptors that are members
of the G protein-coupled receptor (GPCR) superfamily. This,
in turn, leads to stimulation of downstream protein kinase
signaling pathways and ultimately alters gene expression.

The fourteen-amino acid peptide bombesin was initially
described as an antibacterial peptide from the skin of the
European fire-bellied toad, Bombina bombina, and was
shown to have potent bioactivity in the mammalian nervous
system [1, 2]. Subsequently, the mammalian bombesin-like
peptides, gastrin-releasing peptide (GRP) [2] and
neuromedin B (NMB) [3], were isolated. GRP is a 27-amino
acid peptide (29-amino acids in rodents), originally isolated
from the porcine stomach, and believed to be a mammalian
counterpart of the amphibian peptide, bombesin [2]. Many
studies have demonstrated that GRP is widely expressed in
the central nervous system as well as in the gastrointestinal
tract in mammals [4]. Bombesin-like peptides appear to
function via a family of three GPCRs [5], namely the GRP-
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preferring receptor (GRPR) [6], the NMB-preferring receptor
(NMBR) [7], and the orphan receptor, bombesin receptor
subtype-3 in mammals [8]. To date, it has been reported that
GRP is integral in a variety of physiological functions, including
food intake [9-11], circadian thythms [12-14], and fear memory
consolidation [15-17], through specific GPCR, GRPR-
mediated mechanisms [6]. GRPR activation at the plasma
membrane is coupled to Gq protein activity and increases in
[Ca®'] lead to stimulation of the PLC/PKC and ERK/MAPK
pathways [6, 18]. One of the most exciting recent developments
in GRPR research is the identification of a sexually dimorphic
GRP/GRPR system in the lumbosacral spinal cord [19].
Namely, we found evidence that neurons within the spinal
ejaculation generator [20] (lumbar segments 3 and 4; L3-L4
level) project GRP-expressing axons to the lower lumbar and
the upper sacral spinal cord (L5-L6, and S1 level) involved
in the somatic and autonomic functions to generate both
erection and ejaculation (Fig. 1) [19, 21, 22]. All these target
regions in the lumbosacral spinal cord express GRPR [19].
Pharmacological stimulation of GRPRs in the lumbosacral
spinal cord restores both penile reflexes and ejaculation rate
in castrated male rats. Furthermore, intrathecal administration
of GRPR antagonists to this spinal region decreases penile
reflexes and the ejaculation frequency compared to controls
[19]. In parallel, another important finding has demonstrated
that spinal itch transmission is independent of pain transmission
and relies on GRP/GRPR signaling in the dorsal root
ganglion (DRG)-dorsal horn of the spinal cord [23, 24] as
well as in the trigeminal sensory system (trigeminal ganglion-
trigeminal sensory nuclei) (Fig. 1) [25]. The itch and erectile
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Fig. (1). Schematic diagram of gastrin-releasing peptide (GRP)/GRP receptor (GRPR) systems, which control male sexual functions and itch
transmission at the spinal cord level. This spinal center mediates penile reflexes and triggers ejaculation through androgen receptor (AR)-
mediated mechanisms expressed in spinal GRP neurons. The somatosensory GRP system is located in the primary afferents, and the central
axons of the primary afferents project to the spinal dorsal horn where GRPR is expressed at all spinal levels. (SNB, spinal nucleus of the

bulbocavernosus; SPN, sacral parasympathetic nucleus).

systems are localized to distinct anatomical regions within
the spinal cord which likely what allows for the two
GRP/GRPR systems to function independent of each other.
However, it is interesting that two distinct functions in the
same spinal region are regulated by the same neuropeptide,
GRP (see Fig. 1). In this report, we review findings on
recently identified spinal GRP/GRPR systems involved in
both male sexual function and the itch sensation. These
discrete GRP/GRPR systems in the spinal cord provide new
insights into potential pharmacological treatments for
psychogenic erectile dysfunction (ED) as well as for chronic
pruritus.

2. GRPR TARGETING FOR ED AND EJACULATION
DISORDERS

2.1. Discovery of a Local Neural Circuit in the
Lumbosacral Spinal Cord that Controls Male Sexual
Functions

Neural networks controlling male sexual functions are
extremely complex, and are composed of various regions of
both the brain and spinal cord. Lower spinal cord injuries
frequently cause sexual dysfunction in men, including ED
and an ejaculation disorder [26, 27]. Therefore, this indicates
that the critical neural centers for male sexual function are
located within the lower spinal cord [28-33]. However, little

is known about the neural basis of male sexual function at
this spinal cord level during copulatory behavior. Using
GRP-immunohistochemistry, we recently identified a spinal
GRP/GRPR system that controls male sexual function. A
group of neurons in the lumbar spinal region (L3—-L4 level)
appear to play a role in both erection and ejaculation (Fig. 2)
[19]. These GRP-expressing neurons project axons to the
more caudal lumbosacral spinal cord (Fig. 2). The number of
GRP-expressing neurons is greater in males than in females,
with males showing much greater expression in the
lumbosacral spinal cord [19, 34]. We also demonstrated the
presence of GRPR in GRP neuron-projecting neurons
located in the lumbosacral spinal cord using several
methods, including the specific binding of GRP, Western
immunoblotting, double immunohistochemistry, and reverse
transcription-PCR [19, 35]. These results further indicate
that the functional expression of GRPR is detected on both
autonomic and somatic neurons, including neurons in the
sacral parasympathetic nucleus (SPN) and motoneurons in
the spinal nucleus of the bulbocavernosus (SNB), that
innervate the striated perineal muscles bulbocavernosus
(BC), the levator ani (LA), and the external anal sphincter
(Fig. 1) [19, 35]. These target nuclei are reported to play
critical roles in the regulation of penile reflexes (Fig. 1)
[29-33].
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Fig. (2). Distribution of GRP, which controls penile functions, in the lumbosacral spinal cord. A subset of neuronal somata expressing GRP
is located in the lumbar spinal region (L3-L4 level) and shows an obvious male dominant sexual dimorphism. The spinal GRP neurons
project to the more caudal region (L5-L6 and S1 level) through the dorsal gray commissure (DGC), expanding to the sacral parasympathetic
nucleus (SPN) in the lower spinal cord. Another population of GRP-positive fibers is observed in the dorsal horn (DH) area and is involved

in itch sensation.

2.2. Androgenic Regulation of GRP-Containing Neurons
in the Lumbosacral Spinal Cord

Four weeks after orchidectomy of adult male rats, there is
a significant reduction in the intensity of GRP-immuno-
reactive fibers in the lumbosacral spinal cord and this
decrease is prevented by long term (4 weeks) androgen
replacement [19]. The intensity of both GRP-immuno-
positive somata and dendrites in castrates was reduced
compared to controls 4 weeks after surgery [35]. Chronic
testosterone replacement (for 4 weeks) eliminated the effects
of orchiectomy on GRP immunolabeling [35]. In contrast,
long term testosterone treatment (4 weeks) of ovariectomized
adult females did not fully masculinize the spinal GRP
system, indicating a substantial sex difference in the
number of GRP-expressing neurons in adult rats [19]. GRP-
expressing neurons in males also express the androgen
receptor (AR), but do not express the estrogen receptor alpha
subtype [19, 34], suggesting that the expression of GRP in
the lumbosacral spinal cord is androgen-dependent [35].
Therefore, these results indicate that the male-dominant sex
difference in the number of GRP neurons might develop
during a critical period (at the time of the “androgen shower”),
and that this sexual difference in the neuron numbers persists
into adulthood. Additional studies involving androgen
manipulation (or androgen antagonists) during embryonic
and/or neonatal development are needed to draw a firm

conclusion as to the role of androgens in GRP neuronal
development and function.

2.3. Analyses of the GRP/GRPR System in the
Lumbosacral Spinal Cord Using AR Mutant Models

To study whether ARs regulate the sexual dimorphism of
these neurons, we used two different AR-related genetically-
modified animal models, including genetically XY male rats
carrying the testicular feminization mutation (Tfm) of the Ar
gene [36, 37] and a conditional knockout (KO) mouse line
specifically lacking the Ar gene in the nervous system
(ARN®C™) [38]. Tfm males develop testes during embryonic
development according to their chromosomal sex (XY) and
prenatally secrete testosterone. However, the AR protein in
Tfm males is largely dysfunctional, and they develop a clitoris
rather than a penis, and therefore present a completely
feminine appearance [36, 37]. The spinal cord of Tfin males
is hyperfeminine, having even fewer GRP-immunopositive
neurons in the lumbar spinal cord than not only control
males, but also control females [19, 34]. These results in the
Tfm model indicate that androgen effects on the lumbosacral
spinal cord are specifically mediated by the AR. Furthermore,
the hyperfeminine appearance of the Tfm male rats indicates
that the spinal GRP system is dependent on the AR but not
on the estrogen receptor.
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Subsequently, we used an ARN*“™ mouse line to test
whether the AR directly regulates sexual differentiation of
the spinal GRP system. Although adult ARM“ males
exhibit higher levels of circulating testosterone than controls
[38], the number of SNB motoneurons is unaltered in the
AR mice [39]. In addition, the amount of AR protein in
both BC and LA muscles is also similar, and there is no
difference in BC-LA muscle weights between adult control
and mutant males [39]. In the SNB, the AR participates in
the developmental regulation of both soma size and dendritic
length but not in the survival of SNB motoneurons [39].
Immunohistochemical studies in the lumbosacral spinal cord
also demonstrated the expression of the AR in the cellular
nuclei of SNB motoneurons in controls but not in ARN*"
males [39]. However, loss of Ar expression in the nervous
system resulted in a significant decrease in the number of
GRP-immunoreactive neurons in the lumbosacral spinal cord
compared with that in control males [40]. Consequently, the
intensity of GRP axonal projections to both the lower lumbar
and upper sacral spinal cord was also greater in control
males compared to AR males [40]. Thus, these results
suggest that nervous system AR activation during neonatal
development regulates both morphological differentiation
and adult activation of SNB motoneurons, but does not
directly affect the survival of SNB motoneurons [39]. On the
other hand, central but not peripheral ARs are critical for
developmental regulation and maintenance of the male
dominant cell number and dendritic arborization in the spinal
GRP system [40]. Nevertheless, we cannot rule out the
possibility that both the number of GRP neurons and
possibly the immunoreactivity for GRP in the GRP neurons
are also attenuated in AR™“" males in adulthood [40]. The
role (directly or indirectly) of GRP neuronal survival in the
lumbosacral spinal cord remains unknown.

2.4. In Vivo Physiological Significance of the GRP/GRPR
System in the Lumbosacral Spinal Cord

Pharmacological stimulation of GRPRs by the rodent
specific agonist, rat neuromedin C (a 10-amino-acid C-
terminal fragment of rat GRP, termed rat GRP, 59 [41]),
ameliorates both penile reflexes and the ejaculation
frequency in castrates [19]. Intrathecal administration of RC-
3095, a specific antagonist for GRPR to this spinal region
drastically inhibits both penile reflexes and the ejaculation
frequency in normal male rats [19]. Considerable changes in
the lumbosacral spinal cord were found in a post-traumatic
stress disorder (PTSD) rat model (single-prolonged stress-
exposed) where there was a decrease not only in the GRP
mRNA and protein expression but also in the AR protein
levels [42]. We further observed that the trauma-exposed rats
showed significant reductions in penile reflexes [42]. These
molecular as well as anatomical changes may be directly
linked to a decrease in the number of penile reflexes in rats
[42]. Thus, it is possible that a severe mental stress
attenuates two aspects of the GRP system that regulates
penile reflexes. Namely, the expressions of GRP and AR in
the lumbar spinal cord are significantly weakened by a
psychological trauma [42]. It is significant that in vivo
pharmacological stimulation of GRPRs also improves penile
function in a dose-dependent manner, and this effect is
attenuated significantly by traumatic stress in a rat PTSD
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model [42]. Although the spontaneous ejaculation per se is
often observed in unstressed control males, GRPR agonistic
agents significantly increase in the frequency of the
spontaneous ejaculation in trauma-exposed males [43].

In order to examine the actions of GRPR in vivo, we have
recently generated a transgenic rat expressing the red
fluorescent protein under control of the GRPR promoter.
Preliminarily, in the Ilumbosacral spinal cord of the
transgenic rat, we observed higher fluorescent signals in
SNB motoneurons. Furthermore, the fluorescent signal was
greater in males than females (our unpublished observation).
These observations strongly suggest that a spinal GRP/
GRPR system could generate an ejaculatory response by
activating autonomic and somatic centers; e.g. the SPN and
SNB in the lumbosacral spinal cord. Findings from this set
of studies support the hypothesis that the GRP/GRPR system
may regulate male sexual behavior via afferents to both
SPN and SNB neurons, and also coordinate autonomic and
somatic functions in response to penile responses during
male copulatory behavior.

2.5. Therapeutic Treatments Targeting GRPR in the
Lumbosacral Spinal Cord

Androgens, including testosterone and  Salpha-
dihydrotestosterone, play an important role in ejaculation
behavior in rodents [44] as well as in humans [45]. AR
expression in GRP-expressing neurons of the ejaculation
center may offer a new avenue for androgenic modulation of
penile reflexes regulated at the spinal cord level [19]. Further
studies investigating GRP might also aid in the development
of new pharmacological interventions to relieve psychogenic
ED at the spinal cord level, since this system in the lumbosacral
spinal cord specifically relies on the neuropeptide GRP [43].
The effects of GRPR agents in controlling male reproductive
functions are robust, at least within the lumbosacral spinal
cord, and are mediated by effects on the spinal GRP/GRPR
system. Single-prolonged stress-model may also serve as a
viable paradigm to study the pathophysiology and neuropathy
of psychogenic ED, because a significant reduction in the
frequency of penile reflexes was observed in rodent PTSD
models [42, 43]. In addition, the administration of a specific
GRPR agonist might improve ejaculation frequency in
castrated as well as trauma-exposed rats [42, 43]. This is the
first observation of a neuronal pathway to restore penile
reflexes without androgens in mammals [43].

In rodents, a hypothesis is proposed that GRPR signaling
in the lumbosacral spinal cord plays an important role in the
regulation of male sexual functions. Clinically, however, the
next question is: Does the spinal GRP/GRPR system exist
and function in the lower spinal cord in humans as well?
Future studies should include an emphasis on comparative
studies for the spinal GRP/GRPR system, involving other
mammals, particularly humans and/or primates.

3. GRPR TARGETING FOR CHRONIC PRURITUS

3.1. Discovery of the GRPR as an Itch-Specific Receptor
in the Somatosensory System

Itch or pruritus has been defined as an unpleasant
sensation of the skin that provokes the urge to scratch in
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order to relieve the stress of itch. Itch followed by scratching
worsens skin inflammation, inducing an itch-scratch cycle.
Pruritus can be distinguished as acute or chronic, with the
latter defined as pruritus lasting 6 or more weeks based on a
recommendation by the International Forum for the Study of
Itch [46]. Chronic itch associated with inflammatory skin
diseases, neurological diseases, psychiatric diseases, and
systemic diseases markedly decreases work productivity
and quality of life because of the discomfort, inability to
concentrate, stress, and insomnia. The neural circuit of itch
and the molecular basis of itch are associated with those
of pain, however, itch-specific mediators have not been
identified. Therefore, no fundamental therapeutic agent for
chronic pruritus has been developed. It was reported in the
1980s that intracerebroventricular injection of various peptides
induced scratching and grooming behavior in various
experimental animals. Bombesin, an exogenous ligand for
GRPR in mammals, significantly elicited scratching behavior
in mice, rats, guinea pigs, rabbits, and monkeys [47-49].
However, the molecular mechanisms underlying the initiation
of the scratching behavior remain unknown.

The exciting discovery of Sun and Chen [23] presented a
major breakthrough in research on the molecular basis of
itch. They reported that intradermal injection of some
pruritogens, such as protease-activated receptor 2 (PAR2)
agonist SLIGRL-NH,, chloroquine, and compound 48/80,
markedly decreased the scratching behaviors in GRPR KO
animals compared with those of controls. In contrast, the
scratching behaviors elicited by histamine, endothelin-1, and
serotonin in GRPR KO animals were comparable with that of
the controls [24]. Furthermore, GRPR KO animals showed
normal nociceptive responses to mechanical, thermal,
inflammatory, and neuropathic stimulation as well as normal
motor function [23]. Intrathecal administration of a GRPR
antagonist also reduced scratching behavior in control mice
upon administration of some peripheral pruritogens [23].
Another group demonstrated that intracerebroventricular
administration of GRP dose-dependently elicited marked
scratching in both mice [50] and rats [51]. Furthermore,
intracerebroventricular injection of GRPR antagonist
inhibited GRP-induced scratching behavior [50, 51]. In
addition, GRP is expressed in several unmyelinated primary
afferents, and the central axon terminals of primary afferents
showed intense GRP-immunoreactivity in the superficial
layers of the spinal dorsal horn [23]. Specific ablation of the
GRPR-expressing cells in the lamina I of the spinal dorsal
horn dramatically suppressed the scratching behavior
induced by histamine-dependent pruritonic agents, such as
histamine, compound 48/80, serotonin, and endothelin-1, by
histamine-independent pruritonic agents, such as a PAR2
agonist and chloroquine, and by diphenylcyclopropenone,
which induce chronic itch [24]. Subsequently, Liu et al. [52]
reported the co-expression of GRPR and the mu-opioid
receptor isoform MOR1D which is necessary for the scratching
behavior evoked by morphine. They also demonstrated
functional heterodimerization of GRPR and MORID in the
lamina I of the spinal cord. Furthermore, they showed that
both GRPR and MORID internalization were induced by
morphine [52]. Pharmacological behavioral tests further
demonstrated that GRPR plays an important role in
pruriception mediated by opioid, but not in antinociception
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mediated by opioid [52]. Together these findings indicate
that GRPR in the spinal cord takes a central role as the relay
point of itch transmission from reception of various stimuli
in peripheral tissues to the higher brain regions.

3.2. Expression and Distribution of GRP/GRPR in
Somatosensory Systems

Using immunohistochemical analysis, several groups
reported that either bombesin- or GRP-immunoreactivity
was observed in 2-9% of the DRG neurons in mice [23, 53-
58], rats [25], and monkeys (our unpublished observations),
and was primarily localized in small- or medium-sized cells
(Fig. 3). GRP often co-localized with other peptides, such as
substance P and calcitonin gene-related peptide, and also co-
localized with some itch mediators, including Mas-related
GPCR A3 (MrgprA3), Toll-like receptor 7 (TLR7), and
transient receptor potential vanilloid 1 (TRPV1), but rarely
co-localized with the non peptidergic marker, isolectin By
[23, 25]. One of the Mrgpr family, MrgprA3, is a receptor
for chloroquine, an anti-malaria drug that induces scratching
[59]. MrgprA3-expressing neurons are responsive to both
histamine and chloroquine [59]. Histological studies indicate
that 93% of the MrgprA3-positive neurons also expressed
GRP [59]. Moreover, abundant synapses functionally
connect GRPR-positive cells and MrgprA3-positive primary
sensory neurons in the spinal dorsal horn [60]. TLR7, a
member of the TLR family, is mainly expressed in the small-
sized DRG neurons and is important for inducing pruritus
elicited by nonhistaminergic pruritogens, but is not necessary
for pain in mice [54]. Single-cell real-time PCR analysis
indicated that TLR7-positive cell populations also expressed
GRP, MrgprA3, and TRPV1 in the DRG of the mouse
[54]. TRPV1 is considered to be a nociceptive primary
afferent marker and is activated by several factors, including
capsaicin, noxious heat, and many inflammatory mediators.
A recent report indicated that a particular TRPV1-positive
primary afferent responded to some pruritogens, such as
chloroquine, histamine, and imiquimod, through diverse
intracellular signal transduction pathways [61-64]. Neurons
co-expressing GRP and TRPVI1 in the DRG have been
identified [23, 25, 53].

GRP protein expression in the DRG has been
demonstrated, but there is some debate involving expression
of mRNA for GRP in the DRG. Several groups detected the
expression of GRP mRNA in the DRG by reverse transcription-
PCR analysis [54, 55, 57, 65] and in situ hybridization
analysis [57]. In contrast, some groups reported that it is
difficult to detect the expression of GRP mRNA in the DRG,
but they could detect robust expression of GRP in the spinal
dorsal horn [55, 66]. Mishra ef al. [66] argued that GRP-
positive neurons in the spinal cord are downstream of
natriuretic peptide B-expressing primary afferents which are
directly activated by peripheral stimulation. Other groups
determined the origin of the GRP-fibers in the spinal cord by
spinal dorsal root rhizotomy. They demonstrated that GRP-
containing fibers in the spinal dorsal horn were prominently
decreased in the surgically treated side of both mice [23, 58]
and rats [25]. Thus, it has been suggested that the majority of
the GRP-containing fibers in the spinal dorsal horn may be
derived from primary afferents [23, 25, 58].
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Fig. (3). Distribution of gastrin-releasing peptide (GRP) in both the trigeminal and spinal somatosensory systems. GRP is expressed in both
TG and DRG neurons, and expression is specific to the small- and medium-sized cells. GRP-positive fibers are rarely observed in the
trigeminal sensory nucleus principalis (Vp), the trigeminal spinal nucleus oralis (Vo), and interpolaris (Vi). On the other hand, GRP-
expressing fibers are predominant in the superficial layers of the trigeminal spinal nucleus caudalis (V¢), similar to that in the spinal dorsal

horn. (DRG, dorsal root ganglion; TG, trigeminal ganglion).

Peripheral axon terminals of primary afferents expressing
GRP enter both the epidermis and dermis in mice [56, 67]
and the dermoepidermal junction in both monkeys [68] and
humans [69, 70]. Not all, but some GRP-containing fibers
express TRPV1, PAR2, mu-opioid receptor, and tropomyosin-
related-kinase A in the skin of an NC/Nga atopic mouse
model [67]. In an investigation into the function of GRP in
the skin, Andoh et al. [71] reported that an intradermal
injection of GRP not only evoked scratching behavior but
also led to degranulation of mast cells via GRPR in the mast
cells. Cutaneous GRP-induced scratching was markedly
reduced by a variety of factors, including the GRPR antagonist
RC-3095, the mu-opioid receptor antagonist naltrexone
hydrochloride, the HI1 histamine receptor antagonists
chlorpheniramine maleate and fexofenadine hydrochloride,
and the PAR2 antagonist FSLLRY-NH, [71]. Taken together,
these findings revealed that GRP is distributed in both the
peripheral and central terminals of primary afferents and is
involved in the response to the itch sensation.

In regard to the role of the trigeminal sensory system
which transmits the sensations from the orofacial regions, we
found that 12% of trigeminal neurons as well as DRG
neurons were GRP-positive in rats [25]. These GRP-positive
neurons were primarily small- or medium-sized cells and are

identified in rats (Fig. 3) [25] as well as in monkeys (our
unpublished observations). The superficial laminae of the
trigeminal spinal nucleus caudalis (Vc) are regarded as the
projection site of the trigeminal nociceptive afferents.
Electrophysiological responses were observed in the Vc
superficial layers by both nociceptive and pruriceptive
stimulation in the orofacial receptive fields [72, 73]. Recently,
we demonstrated that GRP-containing fibers are abundant in
the superficial layers of the Vc, but are found in very low-
density in the rostral part of the trigeminal sensory nucleus
principalis, the trigeminal spinal nucleus oralis, and
interpolaris (Fig. 3) [25]. The expression of GRPR mRNA
was observed in the spinal dorsal horn in both mice and rats
[19, 23, 55] and also observed in the V¢ dorsal horn in rats
(our unpublished observations). Therefore, these results
indicate that there are GRP/GRPR neuronal synaptic
contacts in the V¢, which are involved in itch transduction at
the brainstem level.

In terms of expression of GRP and GRPR in chronic
pruritus, an atopic dermatitis NC/Nga mouse model showed
high densities of GRP-containing fibers in the epidermis
[67]. GRP expression in the DRG and GRPR expression in
the spinal dorsal horn were both increased in allergic contact
dermatitis and in the dry skin mouse model [58]. Similar
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results were also reported in monkeys with chronic pruritus
[68]. Atopic dermatitis patients have elevated serum GRP
levels and show increases in the visual analogue scale itch
score compared with healthy individuals [69]. Thus, the
expression of GRP/GRPR in the sensory nervous system
might be a conserved property in mammals, and abnormal
regulation of the GRP/GRPR system has been indicated in
chronic pruritus.

3.3. In Vivo Physiological Significance of the GRP/GRPR
System in Somatosensory Systems

Several groups have determined the function of both
GRP and GRPR in somatosensory systems using a
combination of calcium imaging, electrophysiology, and a
behavioral pharmacological test. Calcium imaging and
histological analyses have demonstrated that a substantial
population (20-40% each) of pruritogen (e.g., chloroquine,
bovine adrenal medulla peptide 8-22, histamine, and
SLIGRL-NH,)-responsive DRG neurons expressed GRP
[74]. Whereas scratching behavior induced by chloroquine
and SLIGRL-NH, was decreased by systemic or intrathecal
administration of a GRPR antagonist, the activity generated
by either histamine or the bovine adrenal medulla peptide
8-22 was not decreased by administration of a GRPR
antagonist. This implyies that GRP is the spinal neuropeptide
transmitter for the non-histaminergic itch [74]. Furthermore,
using single-unit recording electrophysiology, Akiyama
et al. [75] found that GRP, substance P, and glutamate play a
role in the spinal neurotransmission of histamine-dependent
and -independent itch. Intradermal injection of chloroquine
did not reduce the responses of single superficial dorsal horn
neurons to either a GRPR antagonist or the neurokinin-1
receptor (NK-1R), a substance P receptor, antagonist.
However, the responses were completely inhibited by the co-
application of a GRPR antagonist, an NK-1R antagonist,
and an AMPA/kainate receptor antagonist CNQX [75].
Intrathecal administration of each GRPR, NK-1R, or
AMPA/kainate receptor antagonists alone markedly
decreased the scratching behavior evoked by chloroquine
and administration of all 3 antagonists abolished scratching
[75]. To provide direct evidence that GRP actually mediated
the responses between primary afferent fibers and dorsal
horn neurons, Koga et al. [76] performed electrophysiological
and calcium imaging analyses. They found that 9% of the
dissociated rat dorsal horn neurons showed an increase in
calcium signaling induced by GRP application [76]. GRP
application increased action potential firing in approximately
25% of superficial dorsal horn neurons in both adult rat and
mouse spinal cord slice preparations by whole-cell patch
clamp recordings, and these neurons exclusively received the
input from primary afferent C-fibers [76]. On the other hand,
few GRP-responsive neurons received the input from
primary afferent Ad-fibers [76]. Bath application of RC-3095
blocked GRP-induced action potentials firing. Surprisingly,
they revealed that CNQX completely inhibited the excitatory
postsynaptic currents evoked by unmyelinated primary
afferents in GRP responsive dorsal horn neurons, suggesting
that the excitatory neurotransmitter, glutamate, mediates
synaptic transmission between primary afferent C-fibers and
GRP-responsive dorsal horn neurons [76]. Glutamate is the
most abundant excitatory neurotransmitter in the primary
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afferents. The vesicular glutamate transporter subtype 2
(VGLUT?2) is highly expressed in the small- and medium-
sized DRG neurons and dominates the nociceptive primary
afferents [77, 78]. Since the distribution of GRP and VGLUT2
overlap significantly, it is suggested that VGLUT2-mediated
neurotransmission in the GRP population plays a role in
regulating itch sensation [53]. Using immunoelectron
microscopy, Takanami et al. [25] recently reported that
many clear and spherical-shaped microvesicles and large
dense-core vesicles were observed in GRP-positive presynaptic
terminals in the superficial layers of the Vc and spinal cord.
Although the contents of the clear microvesicles were not
determined, these results suggested that glutamate and/or
other excitatory neurotransmitters are contained in the GRP-
positive primary afferents and participate in the regulation of
both itch and pain in the Vc as well as in the spinal dorsal
horn. Other studies suggested that the synaptic glutamate
released from a group of peripheral nociceptors is required
for pain sensation and suppresses itch, and that glutamate
controls the receptivity balance of itch/pain [53, 79]. Further
studies are needed to understand how pain and itch
sensations are transmitted via GRP and glutamate in both the
spinal and trigeminal systems in vivo.

3.4. Therapeutic Treatments for Chronic Pruritus
Targeting GRPR in Somatosensory Systems

Directly targeting spinal GRPR can control itch more
efficiently than regulating each peripheral pruritogen.
Combined administration of an AMPA/kainate receptor
antagonist, an NK-1R antagonist, and/or a GRPR antagonist
might abolish the scratching behavior compared with the
single administration of each drug. Indeed, the combination
of a GRPR antagonist with other drugs is becoming more
widely used to reduce itch [74, 75]. However, questions
remain about the transmission mechanism of itch involved in
GRPR-mediated pathways. Although it has been reported
that GRP is responsible for both acute and chronic itch
transmission, it was shown that using certain genetically
modified mice [58], the administration of a GRPR antagonist
only decreased the scratching behavior induced by
histamine-independent pruritonic agents [74] and GRPR null
animals showed similar results [23, 24]. On the other hand,
the specific deletion of GRPR-expressing neurons in the
lamina I of the spinal dorsal horn using the toxin bombesin-
saporin abolished histamine-dependent and histamine-
independent itch and chronic itch sensation [24]. Taken
together, these results indicated that GRPR is an itch-specific
receptor and the targeting GRPR in the spinal cord is critical
for the development of clinical treatments. Therefore, it is
necessary to further investigate the mechanisms of synapse
formation in GRPR-expressing cells. Elucidation of the
relationship among GRP, MrgprA3, and TRPVI, and also
control of the balance of itch/pain by VGLUT2 and/or
Bhlhb5 [80] might lead to a greater understanding of the
treatment of acute and chronic pruritus.

Recently, it was suggested that modulation of MAPK
signaling pathways in the DRG is involved in the pathology
of chronic pruritus [58]. The expression of GRP, MrgprA3,
and phosphorylated ERK in DRG and the expression of
GRPR in the spinal dorsal horn were up-regulated in an



The Gastrin-Releasing Peptide Receptor (GRPR) in the Spinal Cord

allergic contact dermatitis model and in a dry skin murine
model suffering from chronic pruritus [58]. Excessive
spontaneous scratching was reduced by the intrathecal
administration of an MEK inhibitor in these chronic pruritus
models [58]. The B-RAF/MEK/ERK pathway in the sensory
system was identified as an upstream regulator of expression
of various itch mediators in mice [58]. Although it remains
unknown whether the modulation of MAPK signaling
pathways is induced by epigenetic changes due to chronic
inflammation in the chronic itch model, GRPR is a potential
drug target for these signaling pathways that modulate itch
sensation.

4. CONCLUSION

We have reviewed some of the data on the functional
activity of the GRPR in the spinal cord, including
pharmacological treatments for psychogenic ED as well as
for chronic pruritus. Two different research groups, including
us, have simultaneously reported that the GRP/GRPR systems
within the spinal cord not only control male sexual functions
[19, 35] but also convey the itch sensation [23, 24].
Coincidently, therefore, these two distinct functions: sexual
and sensory roles in the same spinal region are regulated by
the same neuropeptide, GRP. The pioneering discoveries of
two GRP/GRPR systems in the spinal cord may open the
door to a new field of research for many pharmacologists as
well as clinicians. In the future, a further understanding of
the interaction between the brain and these 2 previously
unrecognized spinal local networks will provide a strong
impact on various research fields, including neuroscience,
pharmacology, andrology, dermatology, etc.
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