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1 Much attention has focused on tachykinin receptors as therapeutic targets for neuropsychiatric
disorders, although their expressional distributions in the primate central nervous system (CNS)
remain unclear. We cloned the genes encoding the NK-1 and NK-3 tachykinin receptors (referred to
as rmNK-1 and rmNK-3) from the rhesus monkey (Macaca mulatta) brain and examined their
pharmacological profiles and regional distributions in the CNS.

2 The deduced rmNK-1 amino-acid sequence differed by only two amino acids from the human
NK-1 (hNK-1). The deduced rmNK-3 amino-acid sequence was two amino acids shorter than human
NK-3 (hNK-3), with a seven-amino-acid difference in sequence.

3 Ligand binding studies revealed that the affinity of rmNK-1 to substance P (SP) was comparable
to that of hNK-1 in cell lines that expressed individual receptors stably. Nonpeptide antagonists had
similar effects on the binding of rmNK-1 and hNK-1. Affinity of rmNK-3 for NKB was stronger than
for SP and the ICs, value was comparable with that of hNK-3. Ca?* imaging showed that activations
of both rmNK-1 and rmNK-3 by specific ligands, SP and senktide, induced increased intracellular
Ca’* in cell lines that stably expressed individual primate tachykinin receptors.

4 The amounts of rmNK-1 and rmNK-3 mRNAs were quantitatively determined in the monkey
CNS. The expression of rmNK-1 was observed in all of the cortical and subcortical regions, including
the hippocampus and the amygdala. The putamen contained the most NK-1 mRNA in the brain, with
less rmNK-3 mRNA found in the cortex compared to rmNK-1 mRNA. In the monkey hippocampus
and amygdala, rmNK-1 mRNA was present at markedly higher concentrations than rmNK-3 mRNA.

5 The present results provide an insight into the distinct physiological nature and significance of the
NK-1 and NK-3 tachykinin systems in the primate CNS. These findings are indispensable for
establishing model systems in the search for a subtype-specific tachykinin receptor agonist and
antagonist for the treatment of neuropsychiatric disorders.
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Introduction

Substance P (SP), neurokinin A (NKA) and neurokinin B
(NKB) are tachykinin family peptides that share the
C-terminal amino-acid sequence, Phe-X-Gly-Leu-Met-NH,.
Tachykinins are widely distributed throughout the central
and the peripheral nervous systems where they are believed to
act as neurotransmitters or neuromodulators (Otsuka &
Yoshioka, 1993). Within the brain, SP-immunoreactive cells
are distributed in the amygdala, the hypothalamus, the hippo-
campus and the striatum in rodents (Ribeiro-da-Silva &
Hokfelt, 2000) and primates (Hayashi, 1992; Jakab et al.,
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1996), which regions are considered to be involved in emotion,
learning and memory, and motor control.

The biological action of the tachykinins is mediated through
three subtypes of receptors, NK-1, NK-2 and NK-3, belonging
to the G-protein-coupled receptor family. SP has a high
affinity for NK-1, whereas NKA and NKB have been
observed to bind preferentially to NK-2 and NK-3, respec-
tively (Nakanishi et al., 1990; Otsuka & Yoshioka, 1993).
While NK-1 and NK-3 are known to be distributed in the
brains of rodents and their expression patterns have been
extensively studied (Dietl & Palacios, 1991; Nakaya et al.,
1994; Ding et al., 1996; Shughrue et al., 1996; Taoka et al.,
1996; Mileusnic et al., 1999), fewer studies of NK-1 distribu-
tion in the primate brain have been undertaken (Parent et al.,
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1995; Jakab et al., 1996; Caberlotto et al., 2003). As regards
NK-3, even the existence of the NK-3 receptor still remains
controversial in the primate central nervous system (CNS).
Autoradiographic analysis by Dietl & Palacios (1991) using
eledoisin as a radioactive-ligand revealed no significant NK-3
binding in the monkey and human, whereas immunohisto-
chemical analyses demonstrated the occurrence of NK-3 in the
cortex and the hypothalamus of the human (Mileusnic ef al.,
1999; Koutcherov et al., 2000; Tooney et al., 2000).

Recently, it was reported that antagonists of NK-1 exhibited
the antidepressant and anxiolytic activity associated with the
NK-1 receptor in rodents and the human (Kramer et al., 1998;
Boyce et al., 2001; Stout et al., 2001; Carrasco & Van de Kar,
2003), and the role of tachykinin systems in emotion and
cognition have subsequently constituted a major focus of
recent research (Longmore et al., 1997; Holmes et al., 2003).
However, the development of nonpeptide NK-1 antagonists
has revealed the occurrence of species differences in their
affinity to NK-1 receptors, with pharmacological profiles of
NK-1 in the rat and the mouse differing from those found in
the guinea-pig and the human. These findings imply that
limitations exist regarding the studies performed to date in
rodents. Consequently, further research of tachykinin recep-
tors in the non-human primate brain would be useful for
elucidating the role of the tachykinin system in higher
functions such as emotion and cognition, as well as for
developing new drugs against neuropsychiatric disorders.

We therefore cloned NK-1 and NK-3 cDNAs of the rhesus
monkey and investigated their pharmacological profiles as well
as the distribution of their mRNAs in various regions of the
brain.

Methods
Animals

The experimental procedures used in this study were approved
by the Institutional Committee on Laboratory Animals
(Approval Number 15-09, Nippon Medical School; The
Cooperation Research Program (Number 23), Primate Re-
search Institute, Kyoto University) and executed in accordance
with The Guide for the Care and Use of Laboratory Animals
established by the NIH (1996) and The Guide for the Care and
Use of Laboratory Primates established by The Primate
Research Institute, Kyoto University (1986). Three 5-year-
old male rhesus monkeys (Macaca mulatto) were used. All
of the monkeys were pretreated with ketamine hydrochloride
(10mgkg™" im.), deeply anesthetized with pentobarbital
sodium (Nembutal; 25mgkg™" i.p.) and killed by bloodletting
from the carotid artery. The dissection of the brain was
performed on crushed ice by the methods described by Brown
et al. (1979) and Hayashi & Oshima (1986). Cortical
subdivisions were determined according to the nomenclature
of von Bonin & Bailey (1947). In total, 16 regions of the CNS
shown in Figure 4 were removed and stored at —80°C until
use.

Molecular cloning of monkey NK-1 and NK-3 receptors

We extracted total RNA from the amygdala of a male monkey
brain using ISOGEN (Nippon Gene, Japan), according to the

manufacturer’s instructions. In total, 10 ug of total RNA were
reverse-transcribed using Superscript II reverse transcriptase
(Invitrogen, U.S.A.). PCR reactions were performed with the
first strand cDNA and primers based on the sequences for
human NK-1 (hereafter referred to as hNK-1; Accession No.
M81797) or NK-3 (hNK-3; Accession No. M89473) receptors
using Ampli Taq Gold DNA polymerase (Applied Biosystems,
U.S.A.) at 95°C for 10 min, 35 cycles at 95°C for 15, 60°C (for
NK-1) or 55°C (for NK-3) for 30s and 72°C for 30s, and one
cycle at 72°C for 10 min. The forward and reverse primer pairs
were 5-GACCTCTCCCCAAACATCTCCACTAACACC-3’
and 5Y-CTAGGAGAGCACATTGGAGGAGAAGCTGAA-
3’ for NK-1, and 5-TGGCGCATCGCGCTCTGGTC-3' and
5Y-TGTTGTTTGGGACCTTCTGGC-3' for NK-3, respec-
tively. The expected PCR products of 1197 (NK-1) and
485bps (NK-3) were isolated as possible partial fragments
containing the monkey NK-1 (referred to hereafter as rmNK-
1) and NK-3 (rmNK-3) sequences and their sequences were
verified using a dye-termination cycle-sequencing-ready reac-
tion kit (Applied Biosystems: ABI, U.S.A.) and an ABI 377
sequencer. To obtain the full-length open reading frame for
rmNK-1 and rmNK-3, 3’- and 5'-rapid amplification of cDNA
ends (RACE) was performed using a SMART RACE cDNA
amplification kit (BD Biosciences Clontech, U.S.A.) and gene-
specific primers based on the partial sequences of rmNK-1 and
rmNK-3. Total RNA was extracted from the prefrontal lobe
of a male monkey brain using ISOGEN and poly-A* RNA
was then purified using Oligotex-MAG (TaKaRa, Japan).
First-strand cDNA was synthesized from 500 ng of poly-A™
RNA and was used for 3’- and 5-RACEs. 3'- and 5-RACE
products were subcloned into the pGEM-T Easy vector
(Promega, U.S.A.) and sequenced.

Establishment of cell lines expressing tachykinin receptors

To obtain cell lines expressing tachykinin receptors, CHO-K1
and HEK?293 cells were transfected with monkey and human
NK-1 or NK-3 cDNA subcloned into pcDNA3 using
FuGENEG6 (Roche, Germany). cDNAs of hNK-1 (Takahashi
et al., 1992) and hNK-3 (Aramori et al., 1994) were gifts from
Professor S. Nakanishi (Osaka Bioscience Institute, Japan)
and Astellas Pharma Inc. (Japan), respectively. Cell clones that
stably expressed each of the tachykinin receptors were selected
and maintained in culture medium (Ham’s F12 medium with
10% fetal bovine serum for CHO-K1 and DMEM and 10%
horse serum for HEK293) containing 500 ug ml~' G418
(Gibco, U.S.A)).

Radioligand binding assay

CHO-KI1 cells stably expressing monkey and human NK-1 or
NK-3 were seeded into 24-well plates at a cell density of
1 x 10°cellsml™" and cultured for 48 h. Thereafter, a binding
assay was carried out following a previous report (Gerard
et al., 1991). Briefly, the cells were washed twice with cold
wash buffer (S0mM Tris-HCL, pH 7.5, 0.15M NaCl, 3mM
MnCl,, and 0.02% BSA) before being incubated with 0.1 nM
radioligands ("*I-labelled SP or '*I-labelled NKB; Perkin
Elmer, U.S.A.) with unlabelled tachykinin-receptor agonists
(SP, NKB; Peptide Institute, Japan) or antagonists (L733060
or WINS51708; Sigma, U.S.A.) in the same buffer containing
protease inhibitors for 60min at 4°C. The cells were then
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washed three times with cold wash buffer and lysed with
0.2N NaOH before receptor-bound radioactive ligands were
determined by y-counting.

’+ mobilization

Measurement of intracellular Ca
Transfected HEK293 cells were tested for mobilization of
intracellular Ca®* with 1 uM SP (Sigma, U.S.A.) for NK-1, or
senktide (Calbiochem, Germany) for NK-3 receptor activa-
tion. The cells were re-plated onto poly-D-lysine-coated culture
dishes (35mm in diameter). After 24 h, the cells were stained
with Fluo-3 AM cell-permeable Ca>* indicator (Molecular
Probes, U.S.A.) for 2h and washed twice with the serum-free
culture medium. SP or senktide was puff-applied (5-s duration)
onto the cells through a glass pipette (tip diameter of 1-2 um)
controlled by a picospritzer (PV830, WPI, U.S.A.). Digital
fluorescence imaging was performed with a Fluoview confocal
microscope system (Olympus, Japan) mounted on the micro-
scope. Fluorescence was excited using a 488 nm wavelength
argon laser and emissions were detected using a 515 nm barrier
filter. Fluorescence time courses were then recorded in frame
scan mode (800 x 600 pixels), and images were sampled at 2s
intervals. Changes in intracellular Ca®* concentration were
expressed as percent of increase in the fluorescence intensity
over resting levels (F/Fy) x 100.

Quantitative analysis of NK-1 and NK-3 receptor mRN As
in the CNS

Samples of dissected brain tissues (40—-350 mg) were broken up
into pieces on dry ice and were ground to powder using a
Cryopress (Microtech, Japan) in liquid nitrogen. Total RNA
was extracted using ISOGEN as described above. Quantifica-
tion of each mRNA was performed using TagMan PCR with a
GeneAmp 5700 sequence detection system (ABI). Forward
and reverse primers and TagMan probes for NK-1, NK-3, and
p-actin (GenBank Accession No. AY497558) of the rhesus
monkey as shown in Table 1 were designed using the
Primer Express software version 2.0 (ABI). For quantification,
cDNA sequences for NK-1, NK-3 or f-actin were inserted
into pGEM-T easy vector, and then the plasmids were
serially ~ diluted to  concentrations of 1.0 x 10*
1.0 x 10¥molecules reaction™' tube for use as standards. All
PCR reactions using the standards and the samples were
performed in triplicate at 50°C for 2 min, 95°C for 10 min and
40 cycles at 95°C for 15s and 60°C for 1 min.

Results
Molecular cloning of monkey NK-1 and NK-3 receptors

The deduced amino-acid sequences for the NK-1 and NK-3
receptors translated from the cloned mRNAs (GenBank
Accession No. AB180074 for NK-1 and No. AB180075 for
NK-3) are shown in Figure 1. Both the NK-1 and NK-3
monkey receptors were highly homologous to those found in
the human, with the NK-1 receptor differing from that of the
human by only two amino acids (alanine at 13 and valine at
406, Figure la). Two amino acids, valine at residue 116 and
isoleucine at 290, both of which are thought to be important
for species selectivity of the NK-1 receptor, were conserved in

Table 1 List of primer sequences and TagMan probes used for TagMan-PCR

Reverse primer sequence

TagMan probe sequence

Forward primer sequence

Gen Bank Accession No.

GACAATTTGCCAGGCTGGTT

TTGGTTGCTGTGGCAGACA
TCGTCCCAGTTGGTGACGAT

ATGGCTATTATTGATCCCCTGAAACCCAGA

ACTAACACCTCGGAACCCAATCAGTTCGTG
CATTCTCACCCTGAAGTACCCCATCGAG

TCAGACCTCTCCGCAAACATCT
CCATTGCGGTGGACAGGTA
ACGAGGCCCAGAGCAAGAG

AB180074
ABI180075
AY497558

Monkey NK1
Monkey NK3
Monkey f-actin
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Figure 1 (a) Comparison of deduced amino-acid sequences of monkey and human NK-1. (b) Comparison of deduced amino-acid
sequences of monkey and human NK-3. Amino-acid sequences were almost identical between the human and monkey, differing
only at those amino acids indicated by boxes. Numbers in parentheses indicate amino-acid positions relative to the initiator
methionine residue. Sequences were submitted to the DDBJ; monkey NK-1 (AB180074), NK-3 (AB180075).

the human and the monkey. The C-terminus of the rmNK-3
sequence was two amino acids shorter than the human form.
The NK-3 receptor of the human and the monkey were
observed to differ at seven amino acids, five of which were
distributed in the deduced intracellular C-terminal tail
(Figure 1b).

Pharmacological profiles of rmNK-1 and rmNK-3
To investigate the pharmacological profiles of the rmNK-1

and rmNK-3 receptors, we established cell lines capable of
stably expressing human and monkey NK-1 and NK-3

receptors and compared the ligand binding profiles of the
two species.

Nontransfected cells did not exhibit any detectable ligand
binding. In CHO-KI1 cells expressing rmNK-1, Scatchard
analyses of '*I-labelled SP binding by displacement with SP
and NKB indicated ICss of 1.20+0.09 nM and 0.34+0.10 uM,
respectively (Figure 2a). hNK-1 receptors also showed similar
ICsos  for both ligands (SP, 3.78+0.44nM; NKB,
0.40+0.07 uM; Figure 2d). Selectivity of two NK-1 antago-
nists, L733060 and WIN51708, was then examined in CHO-K 1
cells transfected with rmNK-1 and hNK-1; L733060 is
reported to have a higher affinity for hNK-1 than for rat or
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Figure 2 Comparison of the binding affinity of ligands to NK-1 and NK-3 receptors in the monkey and human based on the
displacement of radioligands. Displacement of '*I-labelled SP by unlabelled SP or NKB in CHO-K 1 cells stably expressing rmNK-1
(a) and hNK-1 (d). Displacement of '*I-SP by NK-1 antagonists L733060 or WIN51708 in the CHO-K1 ells stably expressing
rmNK-1 (b) and hNK-1 (e). Displacement of '*’I-labelled NKB by unlabelled NKB or SP in the CHO-K1 cells stably expressing
rmNK-3 (c) and hNK-3 (f). Open circles indicate unlabelled SP, closed circles indicate unlabelled NKB, open triangles indicate
L733060, closed triangles indicate WIN51708. Data from triplicate experiments are shown as means +s.e.m.

mouse NK-1, while WIN51708 is thought to be selective for
rat and mouse NK-1 (Stout et al., 2001). As shown in
Figure 2b, rmNK-1 exhibited ICs, of 0.954+0.09nM for
L733060, which was similar to that observed in hNK-I
(1.46+0.18 nM, Figure 2¢), but both rmNK-1 and hNK-1
exhibited lower affinity for WINS51708. In CHO-K1 cells
expressing rmNK-3, '"®I-labelled NKB binding was strongly
displaced by NKB (ICs, 0.12+0.03 uM, Figure 2c), but weakly
by SP (ICsg, 2.454+0.66 uM, Figure 2c). These 1Cs, values were
comparable with those obtained in CHO-K1 cells expressing
hNK-3 (NKB, 75.2+7.64nM; SP, 2.214+0.35 uM; Figure 2f).

We sought to determine whether the cloned rmNK-1 and
rmNK-3 receptors elicited physiological responses to indivi-
dual agonists in HEK293 cell lines expressing rmNK-1 and
rmNK-3 using Ca’?* imaging. The application of SP and
senktide at 1uM in cell lines transfected with rmNK-1 and
rmNK-3 receptors, respectively, brought about a significant
increase in intracellular Ca2* (Figure 3).

Distributions of rmNK-1 and rmNK-3 mRNAs
in the CNS

The amounts of rmNK-1 and rmNK-3 mRNAs were
quantified in 16 regions of the rhesus monkey CNS using the
TagMan PCR system (Figure 4). To normalize transcript
levels, we simultaneously measured the amount of f-actin
mRNA in the same samples and calculated the relative amount
of each tachykinin receptor mRNA to f-actin mRNA. The
expression of f-actin mRNA was similar in all of the samples
(approximately 5x 107 mRNA molecules ug~' total RNA).
Similar concentrations of rmNK-1 mRNA were found in all of
the cortical regions. However, of the regions examined,
expression of rmNK-1 mRNA was most apparent in the
putamen. The hippocampus and the amygdala were found to
contain amounts of rmNK-1 mRNA similar to those of the
cortices, while rmNK-3 mRNA was expressed in the cortices at
levels less than those of rmNK-1 mRNA. In the caudate and

the putamen, NK-3 mRNA expression was one-tenth that of
NK-1, and the expression levels of NK-3 mRNA were two and
one orders of magnitude smaller than that of NK-1 mRNA in
the hippocampus and the amygdala, respectively.

Discussion

Based on the findings of studies on the distribution and
pathophysiological roles of the tachykinin receptors performed
primarily in rodents, it is anticipated that tachykinin receptor
antagonists will have several therapeutic applications involving
the central and the peripheral nervous systems. However,
increasing evidence suggests several differences in the central
tachykinin systems of rodents and humans. Nonpeptide NK-1
antagonists clearly revealed species difference in their affinities
for NK-1 receptors (Fong et al., 1992; Stout et al., 2001), with
some antagonists being sensitive to rat and mouse NK-1 while
others were sensitive to guinea-pig and human NK-1. In
addition, even NK-1 antagonists with a high affinity for
guinea-pig and human NK-1 failed to alleviate the pain state in
humans in spite that animal experiments clearly showed pain-
relieving effects of those drugs (Hill, 2000). Consequently,
accumulating evidence on the mechanisms associated with the
tachykinin receptors of a non-human primate such as the
monkey may be helpful for increasing our understanding of
tachykinin systems in the human.

In the present study we cloned genes of rmNK-1 and rmNK-
3 from the rhesus monkey and revealed that the deduced
amino-acid sequences for both receptors were, as expected,
highly homologous to those of the human. The rmNK-1
receptor exhibited greater homology to hNK-1 than the
rmNK-3 receptor did to the hNK-3. The amino-acid residues
at 116 and 290 of the hNK-1 receptor, which have been
reported to be critical in determining the ligand binding
affinity for human-type NK-1 (Fong et al., 1992), were also
conserved in the rmNK-1 receptor. Differences in the deduced
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Figure 3 Intracellular Ca>* mobilization induced by the NK-1 agonist, SP, or the NK-3 agonist, senktide. (a) A view of a
subsample of HEK-293 cells stably expressing rmNK-1 incubated with a calcium indicator, Fluo-3 AM, before puff-application of
SP. The square area surrounded by a dashed line is the region of interest (ROI). (b) The same view of (a) taken when fluorescence
reached a peak just after SP application. Scale bar for (a) and (b) is 50 um. (c) Time course of the change in fluorescence induced by
SP in the ROI. The baseline was fixed relative to the fluorescent level before SP application shown in (a). (d) Time course of change
in fluorescence induced by senktide in the HEK-293 cells stably expressing rmNK-3.
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Figure 4 Distribution of rmNK-1 and rmNK-3 mRNAs in the monkey CNS. Quantitative RT-PCR was used to measure
transcript levels of rmNK-1 (left) and rmNK-3 (right) in 16 regions of the CNS. Tissue samples were obtained from three rhesus
monkeys. Transcript levels were normalized to f-actin. Data are shown as means+s.e.m.

sequences for NK-3 receptors from the monkey and the NK-3 receptor may differ between both primates because the
human were mostly observed in the C-terminal region. This C-terminus is thought to be responsible for the receptor
finding suggests that the desensitization behaviour of the desensitization (Nakanishi ez al., 1990).
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The pharmacological profiles of rmNK-1 and rmNK-3
confirmed that both receptors have functional similarities that
are analogous to hNK-1 and hNK-3, respectively. The order
of affinity for rmNK-1 was SP>NKB and for rmNK-3
NKB>SP, with the similar ICsos to those of the human.
Binding studies using two specific NK-1 receptor antagonists
also revealed the same order of affinity for rmNK-1 as for
hNK-1. Regarding intracellular signalling in response to the
ligands, Ca?" imaging suggested that rmNK-1 and rmNK-3
both possibly act through G proteins to elevate cytoplasmic
Ca’* concentrations, which is consistent with results obtained
for human tachykinin receptors (Aramori et al., 1994).

The amount of rmNK-1 mRNA observed throughout the
cerebral cortices and the subcortical regions, including the
hippocampus and the amygdala, were almost comparable.
This widespread distribution of NK-1 mRNA in the monkey
CNS is consistent with similar findings in NK-1 mRNA
(Caberlotto et al., 2003), NK-1 immunoreactivity (Parent
et al., 1995; Tooney et al., 2000) and SP binding (Dietl &
Palacios, 1991) in the human. In addition, the reported
distribution of the endogenous ligand seems to overlap with
that of NK-1 mRNA in the present study. Intensely labelled
cells positively expressing PPT-A mRNA were found in most
subregions of the neocortex as well as the caudate and the
putamen in the human and the monkey (Hurd ef al., 1999). SP
immunoreactivity was also observed in the cortex and the
striatum in the monkey (Hayashi, 1992; Jakab et al., 1996). Of
all regions examined, rmNK-1 mRNA was most abundant
in the striatum, corroborating previous observations using
positron emission tomography (Bergstrom et al., 2000), in situ
hybridization (Caberlotto ez al., 2003) and immunohistochem-
istry (Parent et al., 1995; Jakab et al., 1996). The intense
expression of rmNK-1 supports the hypothesis that the
tachykinin system is critical to physiological functions, such
as locomotor activity, associated with the basal ganglia.
rmNK-1 mRNA was expressed in substantial amount in the
hippocampus and the amygdala, which are central to the
processing of emotional information such as fear and anxiety
(Maren, 2001). Consequently, in conjunction with previously
published results in humans, the presence of NK-1 in the
limbic system might support the rationale for developing new
NK-1 antagonists as antidepressants and anxiolytics (Kramer
et al., 1998; Boyce et al., 2001; Stout et al., 2001; Carrasco &
Van de Kar, 2003).
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