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Two preprotachykinin genes, TAC1 and TAC3, are known
to encode three mammalian tachykinin peptides,
substance P (SP), neurokinin A, and neurokinin B.
Hemokinin-1 (HK-1) is another mammalian tachykinin
peptide encoded by the new preprotachykinin gene,
TAC4, identiﬁed in mouse bone marrow cells (Zhang
et al., 2000). These tachykinin peptides share a common
carboxyl terminal (C-terminal) Phe-Xaa-Gly-Leu-Metamide motif and more varied amino terminals (N-terminal)
(Page, 2004, 2005, 2006).
The function of SP has been well characterized in the
pain system of the spinal cord. SP is found in and
released from small primary aﬀerents, and is believed to
function as a pain transmitter or modulator associated
with primary aﬀerent depolarization following noxious
peripheral stimuli (Henry, 1976; De Koninck and Henry,
1991). SP and the SP-preferred receptor, the neurokinin
1 (NK1) receptor, are expressed in the superﬁcial layer
of the spinal dorsal horn, on which nociceptive primary
aﬀerents mainly terminate (Höckfelt et al., 1977; Brown
et al., 1995). HK-1 mRNA is also localized in the spinal
cord and dorsal root ganglion (Duﬀy et al., 2003), and is
enhanced in the spinal dorsal horn of rats with neuropathic condition and increased in microglia activated by
lipopolysaccharide (Matsumura et al., 2008; Sakai et al.,
2012).
The similarities in amino acid sequences between SP
and HK-1 prompted us to assume that HK-1 may also
have functions similar to SP at the level of the spinal
cord. Indeed, the binding manner of HK-1 and SP to the
NK1 receptor was found to be very similar (Morteau
et al., 2001; Kurtz et al., 2002). Furthermore, the intrathecal administration of HK-1 and SP induced scratching
behavior, and the increase in the number of scratchings
was attenuated by the pretreatment with NK1 receptor
antagonists (Endo et al., 2006; Yoshioka et al., 2006;
Naono et al., 2007b). These ﬁndings suggested that
HK-1 as well as SP may be an agonist of the NK1 receptor; however, the functions of HK-1 have not yet been fully
understood.
Itch is described as an irritating sensation that triggers
a desire to scratch, and SP-induced scratching was
attenuated by the administration of NK1 receptor
antagonists, suggesting that SP and the NK1 receptor
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may be involved not only in nociceptive processing, but
also in pruriceptive processing (Kuraishi et al., 1995;
Carstens et al., 2010). An intradermal injection of histamine and serotonin (5-HT, 5-hydroxytriptamine), which
are well-known pruritic agents, induced scratching behavior (Yamaguchi et al., 1999; Nojima and Carstens, 2003;
Shimada and LaMotte, 2008; Sun et al., 2009; LaMotte
et al., 2011) and also enhanced c-Fos expression in the
spinal dorsal horn (Yao et al., 1992; Nojima et al., 2003;
Nakano et al., 2008). These ﬁndings indicated that the
induction of scratching behavior and enhancement of
c-Fos expression in the spinal cord following the
administration of pruritic agents may be valuable tools
for identifying pruriceptive processing at the level of the
spinal cord.
Recently, it has been demonstrated that intrathecal
administration of the N-terminal fragment peptide of
HK-1, HK-1 (1–5), attenuated the induction of scratching
behavior by intrathecal administration of HK-1 and SP
and by intradermal injection of pruritic agents such as
5-HT and histamine, suggesting that HK-1 (1–5) may be
a potent inhibitor of pruritus and HK-1 may be involved
in pruriceptive processing (Naono-Nakayama et al.,
2014). Thus, identifying proper blockers of HK-1 is important for clarifying the mechanisms underlying pruriceptive
processing; however, no reliable blocker of HK-1 has so
far been reported. A method for ﬁnding new blockers
derived from tachykinin peptides has recently been proposed. The SP-derived peptide, [Leu11]-SP, in which
Met at the C-terminus of SP was replaced by Leu, exhibited a clear antagonistic eﬀect on the induction of scratching by the intrathecal administration of SP, demonstrating
that Leu at the C-terminus of this peptide was crucially
involved in eliciting the antagonist eﬀect (Naono et al.,
2009). When this ﬁnding was applied to HK-1, it was
suggested that the HK-1-derived peptide, [Leu11]-HK-1,
in which Met at the C-terminus of HK-1 was replaced by
Leu, may have a similar antagonist eﬀect on HK-1; however, the function of [Leu11]-HK-1 currently remains
unknown.
Therefore, to clarify the involvement of HK-1 in
pruriceptive processing, the eﬀects of a pretreatment
with [Leu11]-HK-1 on the induction of scratching
behavior by the intrathecal administration of HK-1 and
also on the induction of scratching behavior and c-Fos
expression induced by the intradermal administration of
histamine or 5-HT were evaluated, while comparing with
the eﬀects of the pretreatment with [Leu11]-SP on the
induction of scratching and c-Fos by intrathecal
administration of SP and by the intradermal injection of
histamine, 5-HT, or the induction of ﬂinching and c-Fos
by formalin, well-known noxious stimuli.

EXPERIMENTAL PROCEDURES
Experimental design
The Institutional Animal Care and Use Committee of the
University of Miyazaki approved the experimental
protocol used in the present study, and all eﬀorts were
made to minimize the number of animals used
(Zimmerman, 1983).
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Male Sprague–Dawley rats, weighing 200–250 g,
were intrathecally catheterized after an acclimation
period of at least 1 week at the Experimental Animal
Center of the University of Miyazaki and maintained
under a 12/12-h light/dark cycle with food and water
freely available. Catheterization was performed as
previously described (Yaksh and Rudy, 1976; Naono
et al., 2007a). Under anesthesia with sodium pentobarbital (50 mg/kg, i.p.; Abbot Laboratories, Abbot Park, IL,
USA), a 7.2-cm or 1.0-cm length from the elongated
part of the catheter was threaded caudally into the subarachnoid space through a slit in the atlanto-occipital
membrane. Rats showing neurological deﬁcits during
the one-week recovery period were excluded from the
study.
Peptides and chemicals
Peptides were administered through the catheter into the
subarachnoid space. HK-1 (Arg-Ser-Arg-Thr-Arg-GlnPhe-Tyr-Gly-Leu-Met-amide) and SP (Arg-Pro-Lys-ProGln-Gln-Phe-Phe-Gly-Leu-Met-amide) were purchased
from Genenet Co. (Fukuoka, Japan) and Sigma
Chemical Co. (St. Louis, MO, USA), respectively. The
amino acid sequence of HK-1 proposed by Zhang et al.
(2000) was adopted in this study, since it remains to be
determined whether arginine exists at the N-terminus of
HK-1 (Page, 2004). In addition, two peptides, in which
Met at the C-termini of HK-1 and SP was replaced by
Leu, were designated as [Leu11]-HK-1 (Arg-Ser-Arg-ThrArg-Gln-Phe-Tyr-Gly-Leu-Leu-amide) and [Leu11]-SP
(Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu-Leu-amide),
respectively, and were purchased from Genenet Co.
(Fukuoka, Japan). These four peptides were dissolved
in distilled water at 102 M, and stored at 30 °C until
use.
Histamine and 5-HT were purchased from Sigma
Chemical Co. (St. Louis, MO, USA), dissolved in saline,
and stored at 30 °C until use. These two chemicals
were subcutaneously injected into the nape of the neck
or injected intradermally into the plantar region of the
hind paw.
Assessment of scratching or ﬂinching behavior
To evaluate the induction of scratching behavior, a
volume of 10 ll of 103 M (10 nmol/rat) HK-1 or SP was
intrathecally administered through the catheter (Endo
et al., 2006), and 50 ll of 2  103 M (0.5 mg/rat) 5-HT
or 2.25  103 M (0.1 mg/rat) histamine was intradermally
injected into the nape of the neck under isoﬂurane anesthesia (Abbott Laboratories, Chicago, IL, USA) (NaonoNakayama et al., 2014). Scratchings after the administration of HK-1 or SP and in animals treated with 5-HT or histamine were counted for 5 min and 20 min after the
removal of isoﬂurane, respectively. [Leu11]-HK-1,
[Leu11]-SP, HK-1, or SP was intrathecally administered
through the catheter, while histamine or 5-HT was subcutaneously injected into the nape of the neck. The eﬀect of
the pretreatment with [Leu11]-HK-1 or [Leu11]-SP was
evaluated by examining changes in the number of
scratchings induced by the administration of HK-1,
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SP, 5-HT or histamine while comparing with that in
saline-treated animals. The mean number of scratchings
was regarded as the number of scratchings induced by
the administration of saline or each chemical.
The eﬀect of the pretreatment with [Leu11]-HK-1 or
[Leu11]-SP on the induction of ﬂinching behavior by the
intraplantar injection of formalin was also evaluated.
Fifty microliters of formalin solution (2% formaldehyde in
saline) were injected into the plantar region of the left
hind paw under isoﬂurane anesthesia. After awaking
from anesthesia, rats were returned to the testing
chamber, and the number of ﬂinchings per min was
counted every 2 min until 10 min and every 5 min for
10–60 min after the formalin injection.
Immunohistochemistry of c-Fos
The eﬀect of the pretreatment with [Leu11]-HK-1 or
[Leu11]-SP on the induction of c-Fos expression by the
injection of histamine, 5-HT, or formalin was evaluated
by examining changes in c-Fos immunoreactivity in the
dorsal horn of the lumbar spinal cord. After rats treated
with these peptides or saline were anesthetized with
sodium pentobarbital (50 mg/kg, i.p.), 2  103 M
(0.5 mg/rat) 5-HT, 2.25  103 M (0.1 mg/rat) histamine,
or 2% formalin solution was injected into the unilateral
hind paw.
Animals were again anesthetized with an overdose of
sodium pentobarbital 2 h after the 5-HT, histamine, or
formalin injection, and perfused intracardially with
200 ml saline followed by 500 ml of 4% cold
paraformaldehyde in 0.1 M phosphate buﬀer (PB) for
30 min. The lumbar spinal cord (L4–5) was removed,
postﬁxed for 1 h in the same ﬁxative, and cryoprotected
in 10% sucrose in PB for 1 h and then in 30% sucrose
in PB overnight. Frozen coronal serial sections of the
spinal cord, 50 lm in thickness, were prepared,
collected in phosphate-buﬀered saline (PBS; pH 7.4),
and
processed
as
free-ﬂoating
sections
for
immunohistochemical staining for c-Fos protein.
Immunohistochemical staining of c-Fos was performed
as previously described (Naono et al., 2007b). All sections
were incubated in hydrogen peroxide and Triton X-100,
and the sections were reacted with a polyclonal rabbit
anti-c-Fos antibody (1:5,000; Santa Cruz Biotechnology,
Santa Cruz, CA, USA) overnight at 4 °C after incubation
of normal goat serum (SAB kit; Nichirei Biosci. Inc.,
Tokyo, Japan). The reaction products of the biotinylated
goat anti-rabbit antiserum and avidin-conjugated horseradish peroxidase (SAB kit; Nichirei Biosci. Inc., Tokyo,
Japan) were visualized using diaminobenzidine tetrahydrochloride (DAB; Sigma Chemical Co., St. Louis, MO,
USA) and hydrogen peroxide, and intensiﬁed by the pretreatment with cobalt chloride. Preabsorption of the antibody with a corresponding synthetic peptide (Santa
Cruz Biotechnology, Santa Cruz, CA, USA) or omission
of the antibody from the protocol abolished staining.
To quantitatively evaluate the eﬀects of the
pretreatment with [Leu11]-HK-1 or [Leu11]-SP on c-Fos
expression induced by 5-HT, histamine, or formalin,
cells expressing the c-Fos protein in the dorsal horn of

L4–5 were counted. The dorsal horn was divided into
lamina I/II lamina III/IV and lamina V/VI. Cells positive to
c-Fos were then plotted under bright-ﬁeld illumination
and counted. A single investigator, who was blinded to
the type of treatment of each animal, plotted c-Fospositive cells. At least ﬁve animals were used in each
experimental group, and 10 sections with the largest
number of positive cells per section were collected from
each rat. The mean number of positive cells was used
to evaluate the eﬀects of the pretreatment with these
peptides.
Statistical analysis
Scratching and ﬂinching behaviors were presented in
numbers as the mean ± S.E.M. The expression of
c-Fos was presented as the number of c-Fos-positive
cells as the mean ± S.E.M. Statistical comparisons of
the number of scratchings or ﬂinchings and the number
of c-Fos-positive cells were performed using an analysis
of variance (ANOVA) with repeated measures, followed
by Fisher’s protected least signiﬁcant diﬀerence (PLSD).

RESULTS
Eﬀect of the pretreatment with [Leu11]-HK-1 or
[Leu11]-SP on scratching induced by the intrathecal
administration of HK-1 or SP
Scratching behavior was negligible in rats with saline
administration, while the intrathecal administration of
HK-1 or SP markedly induced scratching behavior. The
raw numbers of scratchings for 5 min after the
intrathecal administration of 10 ll of 103 M (10 nmol/
rat) HK-1 and SP solution in saline-treated rats were
126.3 ± 8.5 and 110.6 ± 4.6, respectively. These
numbers were regarded as the basal level of scratching
induced by HK-1 and SP, and represented 100%
(Fig. 1, Saline).
To evaluate the eﬀects of the pretreatment with
[Leu11]-HK-1 on the induction of scratching by HK-1 and
SP, 10 ll of 103 M (10 nmol/rat) HK-1 or SP was
injected into the subarachnoid space through the
catheter 5 min after the intrathecal administration of
10 ll of 105 M, 104 M, or 103 M (10 nmol/rat) [Leu11]HK-1 solution. The increase in the number of
scratchings following the administration of 103 M HK-1
was dose-dependently attenuated by the pretreatment
with [Leu11]-HK-1. Indeed, the raw number of
scratchings in rats pretreated with 103 M [Leu11]-HK-1
was 51.0 ± 9.4 and was signiﬁcantly decreased from
the basal level, although the eﬀects of the pretreatment
with 105 M and 104 M [Leu11]-HK-1 on HK-1-induced
scratching were not signiﬁcant (Fig. 1A, HK-1). The
pretreatment with [Leu11]-HK-1 had a dose-dependent
eﬀect on SP-induced scratching. However, the eﬀect of
the pretreatment with [Leu11]-HK-1 on the induction of
scratching by SP was modest and not signiﬁcant
(Fig. 1A, SP).
In contrast, the eﬀect of the pretreatment with [Leu11]SP on the induction of scratching by HK-1 and SP was
markedly diﬀerent from that of [Leu11]-HK-1. The

209

A

[Leu11]-HK-1

*

Concentration ( log M )

Number of scratching (% Control)

Number of scratching (% Control)

H. Funahashi et al. / Neuroscience 277 (2014) 206–216

B

[Leu11]-SP

*

Concentration ( log M )

Fig. 1. Eﬀects of the pretreatment with [Leu11]-HK-1 or [Leu11]-SP on the induction of scratching by the intrathecal administration of HK-1 or SP. (A)
Eﬀects of the pretreatment with diﬀerent concentrations of [Leu11]-HK-1 on the induction of scratching by HK-1 and SP. The relative number of
scratchings induced for 5 min after the intrathecal administration of 103 M (10 nmol/rat) HK-1 and 103 M (10 nmol/rat) SP in rats pretreated with
saline (n = 6, Saline), 105 M (n = 6, 0.1 nmol/rat), 104 M (n = 6, 1 nmol/rat), and 103 M (n = 6, 10 nmol/rat) [Leu11]-HK-1 5 min before the
administration of HK-1 and SP. (B) Eﬀects of the pretreatment with diﬀerent concentrations of [Leu11]-SP on the induction of scratching by HK-1 and
SP. The relative number of scratchings induced for 5 min after the intrathecal administration of 103 M (10 nmol/rat) HK-1 and 103 M (10 nmol/rat)
SP in rats pretreated with saline (n = 6, Saline), 105 M (n = 6, 0.1 nmol/rat), 104 M (n = 6, 1 nmol/rat) and 103 M (n = 6, 10 nmol/rat) [Leu11]SP 5 min before the administration of HK-1 and SP. All points represent the number of scratchings ± S.E.M. and signiﬁcant changes from Control
were statistically analyzed by ANOVA with repeated measures, followed by Fisher’s protected least signiﬁcant diﬀerence (PLSD) and were
represented as ⁄P < 0.05.

increase in the number of scratchings following the
administration of 103 M SP was signiﬁcantly attenuated
from the basal level by the pretreatment with 103 M
[Leu11]-SP and the raw number of scratchings was
44.6 ± 6.9, although the decrease in the number of
scratchings after the administration of 105 M and
104 M [Leu11]-SP was not signiﬁcant (Fig. 1B, SP). On
the other hand, the pretreatment with any concentration
of [Leu11]-SP did not signiﬁcantly aﬀect the number of
scratchings induced by 103 M HK-1 (Fig. 1B, HK-1).
Eﬀect of the pretreatment with [Leu11]-HK-1 or
[Leu11]-SP on ﬂinching induced by the formalin
injection
The injection of 50 ll of 2% formalin into the plantar
region of the hind paw induced ﬂinching behavior, and
the induction of ﬂinching behavior in rats pretreated with
saline was regarded as the control (Fig. 2A, Control).
When the induction of ﬂinching behavior was evaluated
by examining changes in the number of ﬂinchings,
formalin-induced ﬂinching behavior displayed a typical
biphasic response. The number of ﬂinchings just after
the formalin injection was marked and then gradually
decreased, and was hardly observed 10 min after the
formalin injection (Phase I). Flinching reappeared 15 min
later, and the number of ﬂinchings gradually increased,
with a peak 25 min after the formalin injection, and then
gradually decreased (Phase II) (Fig. 2A, Control).
The number of ﬂinchings induced by the formalin
injection into the hind paw of rats treated with 103 M
(10 nmol/rat) [Leu11]-HK-1 5 min before the formalin
treatment was not signiﬁcantly diﬀerent from that in the
control. The number of ﬂinchings 30–50 min after the
formalin injection was very similar (Fig. 2A, [Leu11]-HK-

1). The total number of ﬂinchings in Phase I and Phase
II of saline-treated rats was 195.4 ± 56.3 and
847.2 ± 137.2, respectively (Fig. 2B, C, Control), and
those in rats pretreated with [Leu11]-HK-1 were
103.0 ± 20.1 and 718.5 ± 62.3, respectively. The
reduction in the ﬂinching numbers in [Leu11]-HK-1pretreated rats was not signiﬁcantly diﬀerent from the
control in Phase I and Phase II, although the number of
ﬂinchings was less than that in saline-treated rats
(Fig. 2B, C, [Leu11]-HK-1 + formalin).
On the other hand, the number of formalin-induced
ﬂinchings in rats treated with 103 M (10 nmol/rat)
[Leu11]-SP 5 min before the formalin injection was
markedly lower than that in the control. The ﬂinching
number in Phase I was markedly reduced, while that in
Phase II remained low without a peak in the ﬂinching
number (Fig. 2A, [Leu11]-SP + formalin). The total
number of ﬂinchings in Phase I and Phase II of rats
pretreated with [Leu11]-SP was 53.7 ± 10.7 and
383.8 ± 45.2, respectively, and was signiﬁcantly lower
than those in the control (Fig. 2B, C, [Leu11]SP + formalin).
Eﬀect of the pretreatment with [Leu11]-HK-1 or
[Leu11]-SP on c-Fos expression induced by the
formalin injection
The immunoreactivity of c-Fos was inconspicuous in the
dorsal horn of saline-treated rats, while the
subcutaneous administration of 50 ll of 2% formalin to
the
hind
paw
markedly
enhanced
c-Fos
immunoreactivity in the medial part of the dorsal horn
(Fig. 3A, Control). The enhancement in c-Fos
immunoreactivity in the dorsal horn following the
formalin injection was markedly attenuated by
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Fig. 2. Eﬀects of the pretreatment with [Leu11]-HK-1 or [Leu11]-SP on the induction of ﬂinching behavior by a formalin injection into the paw plantar
region. The number of ﬂinchings per min after the injection of 50 ll 2% formalin into the left plantar region in rats pretreated with saline (n = 6,
Control), 103 M (10 nmol/rat) [Leu11]-HK-1 (n = 6, HK-1 (1–5)) and 103 M (10 nmol/rat) [Leu11]-SP (n = 6, SP (1–5)) 5 min before the formalin
injection. The ﬂinching number in rats pretreated with saline was regarded as the basal level. (A) Time course changes in the ﬂinching number per
min after the formalin injection in rats pretreated with saline, [Leu11]-HK-1 and [Leu11]-SP. (B) The sum of ﬂinchings in Phase I (0–10 min) and Phase
II (15–60 min) after the formalin injection in rats pretreated with saline (n = 6, Control), [Leu11]-HK-1 (n = 6, [Leu11]-HK-1 + formalin) and [Leu11]SP (n = 6, [Leu11]-SP + formalin). All points represent the ﬂinching number ± S.E.M., and signiﬁcant changes from the control were statistically
analyzed by ANOVA with repeated measures, followed by Fisher’s protected least signiﬁcant diﬀerence (PLSD) and were represented as
⁄
P < 0.05.

the intrathecal administration of [Leu11]-SP 5 min before
the formalin injection (Fig. 3C). However, no signiﬁcant
change was observed in the expression of c-Fos by the
pretreatment with [Leu11]-HK-1 (Fig. 3B).
The eﬀects of [Leu11]-HK-1 or [Leu11]-SP on formalininduced c-Fos expression were evaluated by examining
changes in the number of c-Fos-positive cells in lamina
I/II, lamina III/IV, and lamina V/VI of the dorsal horn.
The number of c-Fos-positive cells in each lamina of the
spinal cord of saline-treated rats was considered as the
basal level, and, indeed, the raw numbers of c-Fospositive cells in lamina I/II, lamina III/IV, and lamina V/VI
were
88.4 ± 2.5,
14.0 ± 2.3
and
19.2 ± 2.8,
respectively (Fig. 3D, Control). To clarify the eﬀects of
the pretreatment with 103 M [Leu11]-HK-1 or [Leu11]SP, 10 ll of each peptide was intrathecally administered
5 min before the formalin injection. The number of cFos-positive cells after the formalin injection laminadependently decreased by the pretreatment with
[Leu11]-HK-1 or [Leu11]-SP. The number of c-Fospositive cells in lamina I/II, lamina III/IV, and lamina V/VI
in the spinal cord was signiﬁcantly decreased by the
pretreatment with [Leu11]-SP from the basal level, and
the raw numbers of c-Fos-positive cells in each lamina
were 42.6 ± 3.0, 3.65 ± 0.5 and 4.4 ± 0.5, respectively
(Fig. 3D, [Leu11]-SP). On the other hand, the
pretreatment with [Leu11]-HK-1 did not signiﬁcantly
change the number of c-Fos-positive cells in lamina I/II
in the spinal cord following the formalin injection,
whereas the number of c-Fos-positive cells in lamina III/

IV and lamina V/VI was signiﬁcantly decreased (Fig. 3D,
[Leu11]-HK-1).
Eﬀect of the pretreatment with [Leu11]-HK-1 or
[Leu11]-SP on scratching induced by the
subcutaneous injection of 5-HT or histamine
Scratching behavior was markedly induced by the
subcutaneous injection of 5-HT into the nape of the rat
neck. The raw number of scratchings for 5 min after the
subcutaneous administration of 50 ll of 2  105 M
(0.5 mg/rat)
5-HT
in
saline-treated
rats
was
357.7 ± 19.3, and this scratching number was regarded
as the basal level (Fig. 4 and 5-HT, Control). To clarify
the eﬀects of the pretreatment with [Leu11]-HK-1 or
[Leu11]-SP on 5-HT-induced scratching, 2  103 M
5-HT was subcutaneously injected into the nape of the
neck 5 min after the intrathecal administration of 103 M
(10 nmol/rat) [Leu11]-HK-1 or [Leu11]-SP. The increase
in the number of scratchings following the administration
of 5-HT was markedly attenuated by the pretreatment
with [Leu11]-HK-1, and the raw number of scratchings
was 105.3 ± 25.9. This number was signiﬁcantly lower
than the basal level Fig. 4 and 5-HT, [Leu11]-HK-1). The
pretreatment
with
[Leu11]-SP
also
signiﬁcantly
decreased the number of scratchings induced by 5-HT,
and the raw number of scratchings was 54.7 ± 11.6
(Fig. 4 and 5-HT, [Leu11]-SP).
The number of scratchings induced by the
subcutaneous injection of 50 ll of 2.25  103 M
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Fig. 3. Eﬀects of the intrathecal administration of [Leu11]-HK-1 or [Leu11]-SP on c-Fos expression by a formalin injection into the paw plantar region.
Immunoreactivity of c-Fos in the spinal dorsal horn following the injection of 50 ml 2% formalin into the right hind paw 5 min after the intrathecal
administration of saline (A, Control), [Leu11]-HK-1 (B, [Leu11]-SP) or [Leu11]-SP (C, [Leu11]-SP). (D) Number of c-Fos-positive cells in lamina I/II, III/
IV, and lamina V/VI of the lumbar dorsal horn after the formalin injection in rats pretreated with saline (n = 5, Control), 103 M (10 nmol/rat) [Leu11]HK-1 (n = 5, [Leu11]-HK-1), or 103 M (10 nmol/rat) [Leu11]-SP (n = 5, [Leu11]-SP). All points represent the number of c-Fos-positive
cells ± S.E.M., and signiﬁcant changes from the control were statistically analyzed by ANOVA with repeated measures, followed by Fisher’s
protected least signiﬁcant diﬀerence (PLSD) and were represented as ⁄P < 0.05.

Fig. 4. Eﬀects of the pretreatment with [Leu11]-HK-1 or [Leu11]-SP on the induction of scratching by 5-HT or histamine. (A) The number of
scratchings induced for 20 min after the subcutaneous administration of 2  103 M (0.5 mg/rat) 5-HT in rats pretreated with saline (n = 6, Control),
103 M (10 nmol/rat) [Leu11]-HK-1 (n = 6, [Leu11]-HK-1), and 103 M (10 nmol/rat) [Leu11]-SP (n = 6, [Leu11]-SP) 5 min before 5-HT administration.
(B) The number of scratchings induced for 20 min after subcutaneous administration of 2.25  103 M (10 mg/rat) histamine in rats pretreated with
saline (n = 6, Control), and 103 M (10 nmol/rat) [Leu11]-HK-1 (n = 6, [Leu11]-HK-1), and 103 M (10 nmol/rat) [Leu11]-SP (n = 6, [Leu11]-SP) 5 min
before the administration of histamine. All points represent the scratching number ± S.E.M., and signiﬁcant changes from the number of
scratchings induced by 5-TH or histamine in saline-pretreated rats were statistically analyzed by ANOVA with repeated measures, followed by
Fisher’s protected least signiﬁcant diﬀerence (PLSD) and were represented as ⁄P < 0.05.

(0.1 mg/rat) histamine solution into the nape of the neck of
saline-treated rats was regarded as the basal level (Fig. 4,
Histamine, Control), and the raw number of scratchings
induced for 5 min was 183.6 ± 14.8. The eﬀects of the
pretreatment with [Leu11]-HK-1 or [Leu11]-SP on

histamine-induced scratching were very similar to those
of 5-HT. When 50 ll of 2.25  103 M histamine was
subcutaneously administered 5 min after the intrathecal
administration of 10 ll of 103 M (10 nmol/rat) [Leu11]HK-1 or [Leu11]-SP, the increase in the number of
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scratchings following the administration of histamine was
signiﬁcantly attenuated by the pretreatment with [Leu11]HK-1 from the basal level, and the raw number of
scratchings was 51.6 ± 10.8 (Fig. 4, Histamine, [Leu11]HK-1). Similarly, the number of histamine-induced
scratchings was signiﬁcantly decreased by the
pretreatment with [Leu11]-SP, and the raw number of
scratchings was 53.8 ± 14.2 (Fig. 4, Histamine, [Leu11]SP).
Eﬀect of the pretreatment with [Leu11]-HK-1 or
[Leu11]-SP on c-Fos expression induced by the
subcutaneous injection of 5-HT or histamine
The immunoreactivity of c-Fos was inconspicuous in the
dorsal horn of saline-treated rats, while the
subcutaneous administration of 50 ll of 2  103 M
(0.5 mg/rat) 5-HT (Fig. 5A) or 2.25  103 M (0.1 mg/rat)
histamine (Fig. 5D) to the hind paw of saline-treated
rats markedly enhanced c-Fos immunoreactivity in the
medial part of the dorsal horn. The enhanced

A

5-HT

immunoreactivity of c-Fos in the dorsal horn induced by
5-HT or histamine was markedly attenuated by the
intrathecal administration of 103 M [Leu11]-HK-1
(Fig. 5B, E) or 103 M [Leu11]-SP (Fig. 5C, F).
The eﬀects of the pretreatment with [Leu11]-HK-1 or
[Leu11]-SP on 5-HT- or histamine-induced c-Fos
expression were evaluated by examining changes in the
number of c-Fos-positive cells in lamina I/II, lamina III/
IV, and lamina V/VI of the dorsal horn. The number of
c-Fos-positive cells was low in saline-treated rats, but
was increased in lamina I/II following the injection of
2  105 M (0.5 mg/rat) 5-HT or 2.25  103 M (0.1 mg/
rat) histamine into the hind paw of saline-treated rats.
Indeed, the raw numbers of c-Fos-positive cells in
lamina I/II, lamina III/IV, and lamina V/VI following the
administration of 5-HT were 113.4 ± 2.1, 3.4 ± 0.1, and
2.8 ± 0.2, respectively, while those of histamine were
108.1 ± 3.6, 3.4 ± 0.4, and 4.0 ± 0.4, respectively.
The number of c-Fos-positive cells in each lamina was
considered as the basal level (Fig. 6, Control).

D

Histamine

Control

B

E

C

F

[Leu11]-HK-1

[Leu11]-SP

100µm
Fig. 5. Immunoreactivity of c-Fos in the spinal dorsal horn following the injection of 5-HT (5-HT) into the left hind paw 5 min after the intrathecal
administration of saline (A, Control), 103 M [Leu11]-HK-1 (B, [Leu11]-HK-1 or 103 M [Leu11]-SP (C, [Leu11]-SP) and histamine injection (Histamine)
into the left hind paw 5 min after the intrathecal administration of saline (D, Control), 103 M [Leu11]-HK-1 (E, [Leu11]-HK-1, or 103 M [Leu11]-SP (F,
[Leu11]-SP).
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Fig. 6. Eﬀects of the intrathecal administration of [Leu11]-HK-1 or [Leu11]-SP on c-Fos expression by the injection of 5-HT or histamine into the paw
plantar region. (A) Number of c-Fos-positive cells in lamina I/II, III/IV, and lamina V/VI of the lumbar dorsal horn after the 5-HT injection in rats
pretreated with saline (n = 5, Control), 103 M (10 nmol/rat) [Leu11]-HK-1 (n = 5, [Leu11]-HK-1), or 103 M (10 nmol/rat) [Leu11]-SP (n = 5, [Leu11]SP. (B) Number of c-Fos-positive cells in lamina I/II, III/IV, and lamina V/VI of the lumbar dorsal horn after the histamine injection in rats pretreated
with saline (n = 5, Control), 103 M (10 nmol/rat) [Leu11]-HK-1 (n = 5, [Leu11]-HK-1, or 103 M (10 nmol/rat) [Leu11]-SP (n = 5, [Leu11]-SP. All
points represent the number of c-Fos-positive cells ± S.E.M., and signiﬁcant changes from the control were statistically analyzed by ANOVA with
repeated measures, followed by Fisher’s protected least signiﬁcant diﬀerence (PLSD) and were represented as ⁄P < 0.05.

To clarify the eﬀects of the pretreatment with 103 M
[Leu11]-HK-1 or 103 M [Leu11]-SP on 5-HT- or
histamine-induced c-Fos expression, 10 ll of each
peptide was intrathecally administered 5 min before the
administration of 5-HT or histamine. 5-HT- or histamineinduced c-Fos expression was lamina-dependently
attenuated by the pretreatment with [Leu11]-HK-1 or
[Leu11]-SP and the manner of attenuation was similar to
each other. A marked eﬀect of the pretreatment with
[Leu11]-HK-1 and [Leu11]-SP on the number of c-Fospositive cells following the administration of 5-HT or
histamine was observed in lamina I/II of the spinal cord,
and the number of c-Fos-positive cells was signiﬁcantly
decreased from the basal level. On the other hand, no
signiﬁcant diﬀerence was observed between the
numbers of c-Fos-positive cells in laminae III/IV and
V/VI of saline-treated rats and rats pretreated with
[Leu11]-HK-1 or [Leu11]-SP (Fig. 6A, B).

DISCUSSION
The results of the present study demonstrated that HK-1induced scratching was attenuated by the pretreatment
with [Leu11]-HK-1, but not [Leu11]-SP, while SP-induced
scratching was attenuated by the pretreatment with
[Leu11]-SP, but not [[Leu11]-HK-1. These results
suggests that the functions of HK-1 and SP may be
blocked by [Leu11]-HK-1 and [Leu11]-SP, respectively;
therefore, it appears likely that [Leu11]-HK-1 and [Leu11]SP are antagonists of the HK-1-preferred receptor and
NK1 receptor, respectively, while HK-1 and SP are
agonists of the HK-1-preferred receptor and NK1
receptor, respectively. This suggestion is inconsistent
with an idea that HK-1 is a full agonist of the NK1
receptor (Morteau et al., 2001; Bellucci et al., 2002;
Kurtz et al., 2002). Taken together, a piece of evidence
indicates that the HK-1-preferred receptor is very similar,
but not identical, to the NK1 receptor (Naono et al.,
2007b). Therefore, it is possible that the HK-1-preferred
receptor may be derived from the NK1 receptor, since
the NK1 receptor consists of two subtypes, long isoform

and short isoform, and it has been suggested that SP
may bind to the long isoform of the NK1 receptor, while
HK-1 may bind to the short isoform of the NK1 receptor
(Watanabe et al., 2010). Alternatively, it cannot rule out
the possibility that the amino acid sequences consisting
of the HK-1 and NK1 receptors may be very similar,
although the genes encoding these receptors are diﬀerent. Now, it remains unclear whether the gene encoding
the HK-1-preferred receptor is identical to that of the
NK1 receptor.
The attenuating eﬀect of [Leu11]-SP on SP-induced
scratching behavior was in agreement with the ﬁndings
of a previous study (Naono et al., 2009), and [Leu11]HK-1 also attenuated HK-1-induced scratching. HK-1
and SP share Met at the C-terminus, and the intrathecal
administration of these two peptides induced scratching
behavior (Endo et al., 2006; Naono et al., 2007a,b,
2008; Naono-Nakayama et al., 2010). On the other hand,
[Leu11]-SP and [Leu11]-HK-1 share Leu at the C-terminus,
and have an antagonistic eﬀect on the functions of SP and
HK-1, respectively. Taken together, it is possible that
tachykinin peptides sharing Met at the C-terminus, such
as HK-1 and SP, exert an excitatory eﬀect such as
scratching behavior, while tachykinin-derived peptides
sharing Leu at the C-terminus, such as [Leu11]-HK-1
and [Leu11]-SP, elicit an attenuating eﬀect on the induction of scratching by HK-1 and SP. These results indicate
that the amino acid, Met or Leu, at the C-terminus of tachykinin peptides plays a crucial role in the function of these
peptides. This idea was based on the ﬁndings in studies
examining the eﬀects of EKC/D (using the common carboxyl-terminal duodecapeptide in endokinin C and endokinin D); indeed, the C-terminus of this peptide consists
of Leu, and the pretreatment with EKC/D attenuated
SP-induced scratching behavior (Naono et al., 2007b).
Furthermore, the present study revealed marked
diﬀerences in the functions of [Leu11]-HK-1 and [Leu11]SP. Indeed, the pretreatment with [Leu11]-SP and
[Leu11]-HK-1 clearly attenuated the induction of
scratching behavior by SP and HK-1, respectively,
indicating that tachykinin-derived peptides have a more
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speciﬁc antagonistic eﬀect. A similar ﬁnding was recently
reported; indeed, SP-induced scratching behavior was
markedly attenuated by the N-terminal fragment of SP,
SP (1–5), but not HK-1 (1–5) (Naono-Nakayama et al.,
2014). In addition, the eﬀects of the pretreatment with
EKC/D on SP- and HK-1-induced scratching behavior
were also similar to this, since the induction of scratching
by SP, but not HK-1, was inhibited by the pretreatment
with EKC/D (Naono et al., 2007b). Furthermore, similar
to the eﬀects of EKC/D on the induction of scratching
behavior by SP, the desensitization induced by SP, but
not HK-1, was also attenuated by the pretreatment with
EKC/D (Naono et al., 2008). Taken together with these
results, it is possible that [Leu11]-SP, SP (1–5), and
EKC/D are more speciﬁc antagonists of the NK1 receptor.
Contrary to the eﬀects of [Leu11]-SP, the pretreatment
with [Leu11]-HK-1 produced a marked decrease in the
scratching behavior induced by HK-1, but not SP, while
the N-terminal fragment of HK-1, HK-1 (1–5), reduced
the induction of scratching behavior by HK-1 and SP
(Naono-Nakayama et al., 2014). Therefore, these ﬁndings
suggest
that
[Leu11]-HK-1,
but
not
HK-1
(1–5), may be a suitable candidate for antagonists of
the HK-1-preferred receptor and may be a valuable tool
for evaluating the function of HK-1.
Similar to scratching behavior, a marked diﬀerence
was noted between the eﬀects of the pretreatment with
[Leu11]-HK-1 and [Leu11]-SP on the induction of ﬂinching
behavior and the enhancement in c-Fos expression
following the formalin injection into the plantar region of
the hind paw. Formalin-induced ﬂinching behavior and
c-Fos expression were similarly attenuated by the
intrathecal administration of [Leu11]-SP, but not [Leu11]HK-1. Taken together with the results of scratching
behavior shown in Fig. 1, it seems likely that [Leu11]-SP
administered at the spinal cord inhibits the functions of
SP released from the central terminals of nociceptive
primary aﬀerents by the formalin injection; therefore, SP
may have a crucial role in nociceptive processing in the
spinal cord following formalin injection. This idea was
supported by many previous studies, since formalininduced ﬂinching was attenuated by the intrathecal
administration of NK-1 receptor antagonists (Yamamoto
and Yaksh, 1991) and EKC/D (Naono et al., 2007b) as
well as small interfering RNA against the NK1 receptor
(Naono-Nakayama et al., 2011). On the other hand, the
eﬀect of [Leu11]-HK-1 on enhanced ﬂinching behavior
and on c-Fos expression following the formalin injection
was little, indicating that [Leu11]-HK-1 hardly contributes
to nociceptive processing, and the functions of HK-1 diﬀer
from SP (Endo et al., 2006; Naono et al., 2007b).
The intrathecal administration of [Leu11]-HK-1
attenuated the induction of scratching behavior following
the subcutaneous injection of 5-HT and histamine,
pruritic agents, into the nape of the rat neck, whereas
no signiﬁcant change of [Leu11]-HK-1 was observed in
ﬂinching behavior induced by the formalin injection,
noxious stimulation. This result is consistent with the
ﬁndings in mice pretreated with bombesin-saporin,
which binds with high aﬃnity to the gastrin-releasing
peptide (GRP) receptor (Sun et al., 2009) and in mice pre-

treated with natriuretic polypeptide b (Nppb)-saporin
(Mishra and Hoon, 2013). A treatment with bombesinsaporin markedly reduced the induction of scratching by
an intradermal injection of pruritic agents such as histamine, compound 48/80, and 5-HT, while little changes
were observed in the tests with noxious stimuli (Sun
et al., 2009). Similarly, the induction of scratching by pruritic chemicals such as histamine, chloroquine, and 5-HT
was signiﬁcantly reduced in Nppb-saporin-treated animals, whereas no signiﬁcant diﬀerence was noted in noxious thermal and chemical tests between animals treated
with Nppb-saporin and saline (Mishra and Hoon, 2013),
indicating that GRP and Nppb are involved in pruritic processing, but not nociceptive processing. The similarity
between the attenuated eﬀects of [Leu11]-HK-1, bombesin-saporin, and Nppb-saporin on scratching behavior
induced by pruritic agents prompted us to assume that
HK-1 as well as GRP and Nppb may be involved in pruritic
processing; however, the relationship between HK-1,
GRP, and Nppb in pruritic processing remains to be
elucidated.
The expression of c-Fos induced by the subcutaneous
injection of pruritic chemicals such as histamine (Yao
et al., 1992; Han et al., 2012), 5-HT or a-Met-5-HT
(Nojima et al., 2003; Akiyama et al., 2009; Imamachi
et al., 2009), protease-activated receptor-2 agonist
(Nakano et al., 2008; Akiyama et al., 2009), endothelin1 (Imamachi et al., 2009), compound 48/80 (Inan et al.,
2009), and chloroquine (Han et al., 2012, 2013) was
restrictively distributed at the superﬁcial layer of the dorsal
horn. Similarly, in the present study, more than 90% of
c-Fos-positive cells following the injection of histamine
and 5-HT were localized at the superﬁcial layer of
the dorsal horn. The ratio of cells positive to c-Fos in the
superﬁcial layer to other layers following the administration of pruritic agents was clearly higher than that after
the formalin injection, indicating that the majority of cells
responsive to the intradermal injection of pruritic chemicals are distributed in the superﬁcial layer of the spinal
dorsal horn (Akiyama et al., 2014). Thus, it seems likely
that transmitters or modulators released from primary
aﬀerents following pruritic stimuli bind to receptors distributed at the superﬁcial layer of the spinal cord, and the
pruritic signals at the spinal cord are conveyed to higher
structures in the brain.
In the present study, the induction of scratching
behavior and enhancement in c-Fos expression
following the intradermal injection of 5-HT or histamine
was attenuated by the intrathecal administration of both
[Leu11]-HK-1 and [Leu11]-SP. Since the intrathecal
administration of [Leu11]-HK-1 and [Leu11]-SP reduced
the functions of HK-1 and SP, as shown in Fig. 1,
respectively, it is possible that both the HK-1-preferred
receptor and NK1 receptor may be involved in pruritic
processing in the superﬁcial layer of the spinal dorsal
horn. The involvement of NK1 receptor in pruritic
processing was also suggested by attenuation of the
induction of scratching behavior by 5-HT in rats treated
with SP-saporin (Carstens et al., 2010) and by reduction
of the itch intensity in patients with chronic pruritus following administration of NK1 receptor antagonist aprepitant
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(Ständer et al., 2010). Contrary to the functions of NK1
receptor in pruritic processing, the results of the formalin
test demonstrated the involvement of the NK1 receptor
in nociceptive processing. Therefore, taken together, it
is possible that the HK-1-preferred receptor and the
NK1 receptor may be involved in only pruritic processing
and in both pruritic and nociceptive processing, respectively. These results indicate that [Leu11]-HK-1 is a speciﬁc blocker of the HK-1-preferred receptor involved in
pruritic processing.
In summary, the present study demonstrated that the
intrathecal administration of [Leu11]-HK-1 attenuated
HK-1-induced scratching and the induction of scratching
behavior by 5-HT or histamine, indicating that HK-1 is a
neurotransmitter
or
neuromodulator
in
pruritic
processing at the level of the spinal cord. Therefore, it is
possible that [Leu11]-HK-1 is a valuable tool for clarifying
the mechanisms underlying pruritic processing at the
spinal level.
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