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Background: Nocistatin (NST) is involved in pain transmission.
Results: 4-Nitrophenylphosphatase domain and non-neuronal SNAP25-like protein homolog 1 (NIPSNAP1) is purified by
using NST-conjugated beads. The inhibition of tactile allodynia by NST is abolished in NIPSNAP1-deficient mice.
Conclusion: NIPSNAP1 interacts with NST and mediates pain modulation by NST.
Significance: These results may provide a novel therapeutic target for pathological pain.

4-Nitrophenylphosphatase domain and non-neuronal
SNAP25-like protein homolog 1 (NIPSNAP1) is a molecule of
physiologically unknown function, although it is predominantly
expressed in the brain, spinal cord, liver, and kidney. We iden-
tified NIPSNAP1 as a protein that interacts with the neuropep-
tide nocistatin (NST) from synaptosomal membranes of mouse
spinal cord using high-performance affinity latex beads. NST,
which is produced from the same precursor protein as an opi-
oid-like neuropeptide nociceptin/orphanin FQ (N/OFQ), has
opposite effects on pain transmission evoked by N/OFQ. The
calculated full-length pre-protein of NIPSNAP1 was 33 kDa,
whereas the N-terminal truncated form of NIPSNAP1 (29 kDa)
was ubiquitously expressed in the neuronal tissues, especially in
synaptic membrane and mitochondria of brain. The 29-kDa
NIPSNAP1 was distributed on the cell surface, and NST inter-
actedwith the 29-kDa but not the 33-kDaNIPSNAP1. Although
intrathecal injection ofN/OFQ induced tactile allodynia in both
wild-type and NIPSNAP1-deficient mice, the inhibition of
N/OFQ-evoked tactile allodynia by NST seen in wild-type mice
was completely lacking in the deficient mice. These results sug-
gest thatNIPSNAP1 is an interactingmolecule ofNSTandplays
a crucial role in pain transmission.

4-Nitrophenylphosphatase domain and non-neuronal
SNAP25-like protein homolog 1 (NIPSNAP1)2 is a member of

the NIPSNAP family consists of NIPSNAP1, NIPSNAP2,
NIPSNAP3, and NIPSNAP4 (NIPSNAP3A); however, the
physiological functions of the NIPSNAP protein family remain
elusive. The gene for NIPSNAP1 in Caenorhabditis elegans is
present in a polycistronic operon encoding 4-nitrophenylphos-
phatase and non-neuronal SNAP25-like proteins, and there-
fore it is thought to contribute to vesicular trafficking (1).
NIPSNAP1 protein is expressed in the brain, spinal cord,
liver, and kidney, and it has been reported to play several
roles in the brain (2–5). NIPSNAP1 protein is localized in the
postsynaptic density fraction of synapses, and its level is
increased during generalized seizures caused by kainate (2).
The level of NIPSNAP1 mRNA is reduced in the brain of a
mouse model for phenylketonuria, an inborn error of amino
acid metabolism caused by phenylalanine hydroxylase defi-
ciency (3). NIPSNAP1, which localizes at mitochondria,
binds to amyloid precursor protein that is implicated to
Alzheimer disease (4), and the branched-chain �-ketoacid
dehydrogenase enzyme complex that is disrupted in maple
syrup urine disease (5). The physiological functions of
NIPSNAP1 in the central nervous system remain unclear.
Recently, high-performance affinity latex beads, called SG

beads, which are glycidylmethacrylate-covered glycidylmeth-
acrylate-styrene copolymer core beads, have beenused success-
fully to purify various proteins including drug receptors (6, 7).
SG beads have a number of excellent features, such as low non-
specific protein interaction and high purification efficiency. In
this study, we applied affinity chromatography using SG beads
to identify nocistatin (NST)-interacting proteins for a better
understanding of the molecular mechanism underlying the
functions of NST. NST is a neuropeptide that is produced from
the same precursor protein as nociceptin/orphanin FQ
(N/OFQ), which is an opioid-like neuropeptide that selectively
binds to the N/OFQ receptor, NOP (8–10). Although NST
does not interfere with the binding of N/OFQ to NOP or
N/OFQ-induced intracellular signaling in vitro, it blocks
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N/OFQ-induced pain transmission in vivo (8). NST itself exerts
inhibitory effects, such as inflammatory pain responses (11–13)
and morphine tolerance (14, 15). NST also induces pronocice-
ptive effects in inflammatory pain response at high doses
(nmol) (16, 17) and nociceptive flexor reflexes (18). In addition
to pain transmission, NST is involved in other central nervous
functions such as learning and memory (19), feeding (20), and
anxiety (21, 22). Although the pharmacological functions of
NST have been studied extensively, the precise molecular tar-
gets of NST and the mechanism(s) of pain regulation by NST
remain unclear. Here, we identified NIPSNAP1, as an NST-
interacting molecule, and demonstrated that NIPSNAP1 regu-
lates pain transmission mediated by NST.

EXPERIMENTAL PROCEDURES

Affinity Purification of NST-interacting Proteins—Synapto-
somalmembraneswere prepared from4- to 5-week-oldmice as
described earlier (23). Briefly, mouse spinal cords in 10 mM

Tris-HCl, pH 7.4, containing 0.32 M sucrose, 1 mM EDTA, 0.2
mM phenylmethylsulfonyl fluoride, and protease inhibitormix-
ture (Roche Applied Science) were homogenized with a
Dounce homogenizer. The homogenate was centrifuged at
1,000 � g for 10 min at 4 °C, and the resulting postnuclear
supernatant (S1) was centrifuged at 17,000 � g for 20 min to
yield the crude synaptosomal and microsomal pellet (P2). The
P2 pellet was resuspended in hypotonic buffer (5 mM Tris-HCl,
pH 7.4, containing 0.5mMEDTA), placed on ice for 30min, and
centrifuged at 25,000 � g for 30 min to yield the synaptosomal
membrane (LP1). The LP1was dissolved in lysis buffer contain-
ing 0.3% n-octyl-�-thioglucoside, 10 mM Tris-HCl, pH 7.4, 1
mM EDTA, 10 mMMgCl2, 25% glycerol, 1 mMDTT, and prote-
ase inhibitor mixture at 4 °C for 1 h, and then centrifuged at
100,000 � g for 30 min. The resultant supernatant was incu-
bated at 4 °C for 16 h with NST-immobilized SG beads (con-
centration of conjugated NST: 0, 1.2, 2.9, and 4.8 �M) in the
presence or absence of 10�MNST.NST-immobilized SGbeads
were prepared as described previously (6). After the beads had
been washed with the lysis buffer, the bound proteins were
eluted with 1 M NaCl. The bound proteins were subjected to
SDS-PAGE and silver staining. For analysis of mass spectro-
metry, the proteins were transferred to polyvinylidene difluoride
filters (Applied Biosystems) and then stained with colloidal
gold (Bio-Rad). The stained bandswere subjected to in-gel tryp-
sin digestion, and the resultant peptides were analyzed by
matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry.
Isolation of NIPSNAP and NOP cDNAs—The cDNAs encod-

ing NIPSNAP1, NIPSNAP2, and NIPSNAP3A (annotated as
NIPSNAP4) were amplified using polymerase chain reaction
(PCR) with cDNAs synthesized from mouse spinal cord
mRNAs. The nucleotide sequences obtained were identical to
those of NIPSNAP1 (accession number NM_008698),
NIPSNAP2 (NM_008095), and NIPSNAP3A (NM_025623).
cDNA encoding NOP was generated by PCR from a human
brain cDNA library (accession number X_77130). The cDNAs
were subcloned into pEF-Bos (kindly donated by Shigekazu
Nagata, Kyoto University, Kyoto, Japan) for expression. The
C-terminal hemagglutinin (HA)-taggedNIPSNAP1 (NIPSNAP1-

HA) and theN-terminalHA-tagged nociceptin receptor (NOP-
HA) were constructed using pCG-C-BL and pCG-N-BL (pro-
vided by Jun-ichi Fujisawa, Kansai Medical University, Osaka,
Japan), respectively.
Cell Cultures and Transfections—COS-7 cells were grown

under 5% CO2 at 37 °C in Dulbecco’s modified Eagle’s medium
(Invitrogen) containing 10% fetal calf serum, 100 units/ml of
penicillin, and 100 �g/ml of streptomycin. cDNA transfection
was performed by using Lipofectamine (Invitrogen) according
to the manufacturer’s instruction.
Antibodies—Anti-NIPSNAP1 antibody was obtained by

immunization of rabbits with keyhole limpet-coupled synthetic
peptides (anti-NSP1-N, MAPLCIISAAARRL; anti-NSP1-I,
SLTEAVLPKLHLDEDYPCS; and anti-NSP1-C, LVRHMESRI-
MIPLKISPLQ) according to the method described previously
(8). Anti-NSP1-N and anti-NSP1-I antibodies recognized spe-
cifically NIPSNAP1, but anti-NSP1-C antibody cross-reacted
with NIPSNAP2 (Fig. 2B). Other primary antibodies used in
this study were as follow: mouse anti-�-tubulin (1:1,000;
Sigma), rabbit anti-NR2B (1:500; Chemicon), mouse anti-syn-
aptophysin (1:2,000; BD Bioscience), mouse anti-heat shock
protein (HSP) 60 (1:300; Chemicon), rabbit anti-HA (1:1,000;
NeoMarkers), and rabbit anti-NST (0.5 �g/ml; Okuda-Ashi-
taka et al. (11)). The secondary antibodies were horseradish
peroxidase (HRP)-conjugated sheep anti-mouse IgG (1:10,000;
GE Healthcare UK Ltd.), HRP-conjugated goat anti-rabbit IgG
(1:20,000; BIOSOURCE), Alexa 546-conjugated goat anti-rab-
bit IgG (1:500, Molecular Probes), and Alexa 488-conjugated
goat anti-mouse IgG (1:500, Molecular Probes). NeuroTrace
Fluorescent Nissle stain (1:150) was fromMolecular Probes.
Immunoblotting—Subcellular fractions of mouse brain were

performed as described previously (24). Protein samples were
quantified by using aBradford protein assay (Bio-Rad). Proteins
were loaded into the SDS-PAGE gel, electrophoresed, and
transferred electrophoretically to polyvinylidene difluoride
membranes (Bio-Rad). After having been blocked for 1 h at
room temperature with 3% skim milk in a TBS-T buffer con-
taining 0.1% Triton X-100, 150mMNaCl, and 10mMTris-HCl,
pH 7.4, the membrane was incubated with primary antibodies
and secondary antibodies conjugated to horseradish peroxi-
dase. Signals were detected with an enhanced chemilumines-
cence system (GEHealthcare UK Ltd.). The intensity of immu-
nostaining was quantified by use of ImageJ.
Immunochemistry—NIPSNAP1-transfected COS-7 cells

grown on poly-L-lysine-coated glass dishes were fixed with 4%
paraformaldehyde for 10 min at room temperature and subse-
quently incubated in the presence (permeabilizing condition)
or absence (non-permeabilizing condition) of 0.3% Triton
X-100 for 15 min. After having been washed with PBS, the cells
were blocked with PBS containing 2% normal goat serum and
1% bovine serum albumin, and incubated with primary anti-
bodies overnight. Immune complexes were visualized with
Alexa 546- andAlexa 488-labeled secondary antibodies. Immu-
nohistochemistry was carried out as described previously (8).
Digital imageswere captured by a Zeiss laser-scanning confocal
microscope LSM510 equipped with argon (at 488 nm for Alexa
Fluor 488) and HeNe1 (at 543 nm for Alexa Fluor 546) lasers
and the appropriate filters. Samples of a set of control and
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experimental cells and tissues were concurrently immuno-
stained, and images were captured under the same conditions.
[3H]NST Binding—[3H]NST binding was used with aliquots

of the same crudemembrane prepared fromNIPSNAP1-trans-
fected cells. The crude membranes prepared fromNIPSNAP1-
transfected COS-7 cells and mouse spinal cord were incubated
for the indicated times at 4 or 30 °C for time and temperature
dependence, and for 60 min at 30 °C for saturation binding,
with [3H]NST (Phoenix Pharmaceuticals, Inc.) in buffer con-
taining 50 mM Tris-HCl, pH 7.4, 10 mM MgCl2, 1 mM EDTA,
500�g/ml of protease-free bovine serumalbumin, 100�g/ml of
bacitracin, and 10 �g/ml of pepstatin A. After the incubation,
the reaction mixtures were applied to a Whatman GF/C glass
filter pretreated with 0.3% polyethylenimine. The filter was
then washed three times with 50 mM Tris-HCl, pH 7.4, and 1
mM EDTA, and the radioactivity was counted by a scintillation
counter. Nonspecific binding was determined by using unla-
beledNST (10�M) in the reactionmixture. The specific binding
was calculated by subtracting the nonspecific binding from the
total binding.
Immunoprecipitation—The COS-7 cells expressing

NIPSNAP1-HA and NOP-HA were dissolved in the same lysis
buffer for affinity purification of NST-interacting proteins, and
then centrifuged at 20,000 � g for 20 min. The protein concen-
tration of the resultant supernatant was determined with a DC
protein assay (Bio-Rad). The cell lysate was incubated at 30 °C
for 1 h with [3H]NST (15 nM), and then for 1 h with anti-HA-
conjugated agarose (Sigma). After the incubation, the reaction
mixtures were applied to a Whatman GF/C glass filter pre-
treated with 0.3% polyethylenimine. The filter was thenwashed
three times with 50mMTris-HCl, pH 7.4, and 1mMEDTA, and
the radioactivity was counted in a scintillation counter.
Surface Biotinylation Assay—NIPSNAP1-transfected COS-7

cells were labeled for 1 h at 4 °C with 1 mg/ml of Sulfo-NHM-
LC-Biotin (Pierce) in Dulbecco’s PBS containing 0.5mMMgCl2
and 0.9 mM CaCl2 (PBS(�)). Unreacted biotinylation reagent
was quenched by twowasheswith a solution of ice-cold PBS(�)
containing 100 mM glycine and a subsequent 30-min incuba-
tion in the same solution. After three additional washes in
ice-cold PBS(�), the cells were lysed in lysis buffer (10 mM

Tris-HCl, pH 7.4, containing 140 mM NaCl, 0.3% n-octyl-�-
thioglucoside, 0.2 mM sodium orthovanadate, and protease
inhibitor mixture), and centrifuged at 20,000 � g for 15 min at
4 °C. The supernatants containing equal amounts of proteins
were incubated with NeutraAvidin-agarose (Pierce) overnight
to immunoprecipitate the surface-biotinylated proteins. After
five washes in lysis buffer, precipitated proteins were eluted
from the streptavidin beads by boiling in reducing sample
buffer and then analyzed by immunoblotting.
Generation of NIPSNAP1 Mutant Mice—The NIPSNAP1

mutant (RIKEN accession number CDB0535K) was established
as follows: NIPSNAP1-deficient mice were generated by the
gene targeting technique described previously (25). NIPSNAP1
was isolated from aC57BL/6mouse bacterial artificial chromo-
some gene library.We constructed a targeting vector by insert-
ing a neomycin-resistance cassette into the NIPSNAP1 locus
(exon II–IV). To generate NIPSNAP1-deficientmice, we trans-
fected TT2 embryonic stem cells with the targeting vector, and

then screened G418-resistant clones for homologus recombi-
nation by PCR and Southern blot analysis (26). Embryonic
stem clones carrying the targeted NIPSNAP1 allele were intro-
duced into host embryos and used to produce chimeric mice.
The chimeras with a high embryonic stem cell contribution
were crossed with C57BL/6 mice to produce NIPSNAP1�/�

mice. NIPSNAP1�/� mice were generated by intercrossing of
the NIPSNAP1�/� mice. The genotype of the mice were deter-
mined by PCR using primers (5�-GCTGTACTGCCCAAGCT-
GCACCTG-3�, 5�-CGCATCGCCTTCTATCGCCTTCTT-3�,
and 5�-GAGAGAGGAGGGCAGACAGATACG-3�). The
length of the amplified fragments were 174 bp forwild-type and
483 bp for the mutant. For Southern blot analysis, genomic
DNA was digested with NheI, separated by electrophoresis
through a 0.8% agarose gel, and transferred to a nylon mem-
brane. For hybridization we used a 968-bp DNA fragment
located outside the targeting vector. The protocols used for all
animal experiments in this study were approved by the Animal
Research Committee of Kansai Medical University and RIKEN
Kobe Animal Experiment Committee.
Behavioral Analysis—Animal experiments were carried out

in accordance with the National Institutes of Health guide
for the care and use of laboratory animals and the ethical
guidelines of the Ethics Committee of the International
Association for the Study of Pain (27). NIPSNAP1�/� mice
and their cognate wild-typemice were obtained from respec-
tive heterozygous breeding pairs of mice. Eight to 12-week-
old male mice were used for behavioral analyses. Tactile allo-
dynia was assessed once every 5 min for 50 min by light
stroking of the flank of the mice with a paintbrush after
intrathecal injection of NST and/or N/OFQ into the sub-
arachnoid space between the L5 and L6 vertebrae (8, 28). The
allodynic response was ranked as follows: 0, no response; 1,
mild squeaking with attempts to move away from the strok-
ing probe; 2, vigorous squeaking evoked by the stroking
probe, biting at the probe, or strong efforts to escape. The
maximum possible scores for allodynia of 6 mice were 2 �
6 � 12 in any 5-min period and 2 � 6 �20 � 120 for 50 min,
and either was taken as 100%.
Chemicals—NST was kindly provided from Yuji Nishiuchi,

Peptide Institute, Minoh, Japan.
Statistical Analysis—All data were expressed as the mean �

S.E.We evaluated statistical significance with Student’s t test or
the Mann-Whitney U test for comparisons between two mean
values.

RESULTS

Identification of NIPSNAP1 as an NST-interacting Protein—
To identify molecules that interact with NST, we performed
affinity purification using NST-conjugated SG beads, which
have been successfully used as an affinity resin showing mini-
mal nonspecific interactions. We tried to isolate NST-interact-
ing proteins from the extract of synaptosomal membranes in
mouse spinal cord solubilizedwith 0.3% n-octyl-�-D-thiogluco-
side. Althoughmost protein bands were decreased by 7–30% in
the presence of free NST (10 �M), the 29-kDa protein by 91%,
the 28-kDa protein by 38%, and the 27-kDa protein by 63%.
Three proteins with apparent molecular mass of �29, 28, and
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27 kDa interacted with the NST-conjugated SG beads in a con-
centration-dependent manner (Fig. 1,A and B). These proteins
did not bind to control beads; and their band density decreased
in the presence of an excess amount of free NST, but not

N/OFQ (Fig. 1C), suggesting that the interaction between these
proteins and NST-conjugated SG beads was specific. Mouse
NIPSNAP1 (accession number NP 032724.1; Fig. 1E) was iden-
tified bymass spectral analysis of these proteins. To confirm the
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interaction between these proteins and NST-conjugated SG
beads, we cloned NIPSNAP1 cDNA from mouse spinal cord,
and used expression vectors encoding the cDNA for transfec-
tion of COS-7 cells. By the same affinity purification procedure
using NST-conjugated SG beads, two faint bands (�29 and 28
kDa) and one strong band (�27 kDa) were evidently detected
on silver-stained SDS-PAGE gels when an extract from the
membranes of COS-7 cells expressing NIPSNAP1 was exam-
ined (Fig. 1D). A highly homologous protein of NIPSNAP1,
NIPSNAP2 (also called glioblastoma amplified sequence;
accession number NP 03212.1), could not be purified by use of
the NST-conjugated SG beads. To further confirm the interac-
tion of NIPSNAP1 with NST, we carried out a binding assay
using [3H]NST. [3H]NST bound to the membrane fraction of
NIPSNAP1-transfected COS-7 cells, and the [3H]NST binding
was higher at 30 °C than at 4 °C, and reached equilibrium after
60 min at 30 °C (Fig. 1F). When the NIPSNAP1-expressing
COS-7 cell membrane was incubated for 60 min at 30 °C with
increasing concentrations of [3H]NST (1.1–22.0 nM), [3H]NST
significantly bound to the membrane fraction of NIPSNAP1-
transfected cells (Fig. 1G). Scatchard plot analysis of the specific
binding to NIPSNAP1 revealed a high-affinity binding site (Kd
5.8 nM, 0.67 pmol/mg of protein). [3H]NST tended to bind to
NIPSNAP2, but not significantly, and a slight binding was
found in the membrane of the mock-transfected cells. The
binding to [3H]NST (15 nM) was displaced by unlabeled NST,
but not N/OFQ, in a concentration-dependent manner (Fig.
1H). Furthermore, we carried out co-immunoprecipitation
of [3H]NST with the C-terminal HA-tagged NIPSNAP1
(NIPSNAP1-HA) and the N-terminal HA-tagged nociceptin
receptor (NOP-HA). NIPSNAP1-HA and NOP-HA ex-
pressed in COS-7 cells were immunoprecipitated with anti-
HA-conjugated agarose and subjected to a Whatman GF/C
filter. [3H]NST significantly bound NIPSNAP1-HA, but not
NOP-HA (Fig. 1I).
The predicted protein from NIPSNAP1 cDNA consisted

of 284 amino acid residues with a calculated molecular
weight of 33,363. Although seven peptide sequences
obtained by mass spectral analysis were found within the
deduced amino acid sequence (Fig. 1E), there were no pep-
tide fragments close to the N and C termini of NIPSNAP1
among the peptide fragments. We characterized NIPSNAP1
by using anti-NIPSNAP1 antibodies that recognized the
N-terminal region (anti-NSP1-N) and the C-terminal region
(anti-NSP1-C; Figs. 1E and 2A). A 33-kDa protein was
detected by both anti-NSP1-N and anti-NSP1-C antibodies

(Fig. 2B), suggesting it to be full-length NIPSNAP1. The
29-kDa protein of NIPSNAP1 was detected by anti-NSP1-C,
but not by anti-NSP1-N. This protein was truncated at the
N-terminal region of NIPSNAP1. Although four bands of
�33-, 29-, 28-, and 27-kDa proteins were detected in the
extract of the membrane of NIPSNAP1-expressing COS-7
cells by anti-NSP1-C (Fig. 2C), the 33-kDa protein was not
detected with NST-conjugated SG beads (Fig. 2D). Immuno-
blot analysis using anti-NSP1-C antibody showed two faint
bands (�29 and 28 kDa) and one strong band (�27 kDa) in
the affinity purified eluate from the extract of synaptosomal
membranes of mouse spinal cord (Fig. 2E). The surface bioti-
nylation assay using themembrane proteinNOP-HAandmito-

FIGURE 1. Purification and identification of NST-interacting proteins. A, NST-conjugated SG beads at the indicated concentrations of NST and unconju-
gated SG beads were incubated overnight at 4 °C with synaptosomal membrane extracts of the spinal cord. B, quantification of protein bands in the right two
lanes of A (NST-beads 4.8 �M with or without NST) using ImageJ. C, displacement of NST-conjugated SG beads binding protein bands by 10 �M NST and 10 �M

N/OFQ. D, proteins from COS-7 cells transfected with expression vectors for mouse NIPSNAP1 and NIPSNAP2 were purified with NST-conjugated SG beads. The
eluates were subjected to SDS-PAGE followed by silver staining. These experiments were performed at least 4 times, and similar results were obtained.
Arrowheads in A–D indicate the positions of the interacting proteins. E, amino acid sequences of mouse NIPSNAP1, NIPSNAP2, and NIPSNAP3A. The parts of
NIPSNAP1 in red correspond to the peptide fragments obtained by trypsin digestion. The peptide fragments used as immunogens are indicated by the blue
underlines. Conserved residues are boxed. A possible transmembrane helix is shadow boxed. F–I, [3H]NST binding to NIPSNAP1. F, the membrane fraction
prepared from COS-7 cells expressing mouse NIPSNAP1 was incubated with [3H]NST (8 nM) at 4 and 30 °C. Specific binding was determined as described under
“Experimental Procedures.” Data are expressed as the mean � S.E. (n � 3– 6). G, the membrane fractions prepared from COS-7 cells expressing mouse
NIPSNAP1 and NIPSNAP2 were incubated with the indicated concentrations of [3H]NST at 30 °C. Data are expressed as the mean � S.E. (n � 3–9). **, p � 0.01;
*, p � 0.05 versus vector-transfected cells (mock). H, [3H]NST (15 nM) binding was determined in the presence of the indicated concentrations of unlabeled NST
or N/OFQ (mean � S.E., n � 3). *, p � 0.05 versus vehicle. I, NIPSNAP1-HA and NOP-HA expressed in COS-7 cells were immunoprecipitated with anti-HA
antibody-conjugated agarose and applied to a Whatman GF/C filter. Data are expressed as the mean � S.E. (n � 3). **, p � 0.01 versus mock.

FIGURE 2. Characterization of NIPSNAP1 protein. A, schematic diagram
depicting the structure and antibodies against NIPSNAP1. B, specificity of
NIPSNAP1 antibodies. COS-7 cells expressing NIPSNAP1, NIPSNAP2, or
NIPSNAP3A were subjected to immunoblot analysis with anti-NSP1-N, anti-
NSP1-I, and anti-NSP1-C antibodies. C, immunoblotting of the membrane
fraction of NIPSNAP1-transfected COS-7 cells with anti-NSP1-C antibody. D
and E, immunoblotting of the eluates from COS-7 cells transfected with
NIPSNAP1 in Fig. 1D (D) and synaptosomal membrane extracts of the spinal
cord in Fig. 1A (E) with anti-NSP1-C antibody. These experiments were per-
formed at least 4 times, and similar results were obtained. The open arrow-
heads indicate the full-length form of NIPSNAP1 (B and C); the closed arrow-
head indicate a mature form of NIPSNAP1 (B–E). The asterisk indicate
NIPSNAP1 (B). Arrows indicate NIPSNAP1-related proteins (C–E).
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chondrialHSP60 as positive andnegative controls, respectively,
revealed that the 29-kDa NIPSNAP1 and NOP-HA, but not
HSP60, were labeled with a membrane-impermeable biotiny-
lating reagent (Fig. 3A). Furthermore, immunofluorescence
was observed with both anti-NSP1-I (raised against the inter-

mediate region of NIPSNAP1) and anti-NSP1-C antibodies
in fixed- and permeabilized-COS-7 cells expressing
NIPSNAP1, similar to NOP-HA and a cytoskeleton protein
�-tubulin (Fig. 3B). In the fixed- and non-permeabilized
cells, immunofluorescence at the cell periphery was detected

FIGURE 3. Cell surface expression of NIPSNAP1. A, total and surface levels of NIPSNAP1 and NOP were examined in NIPSNAP1- and NOP-HA-transfected
COS-7 cells by using biotinylation and immunoblot analysis with anti-NSP1-C, anti-HA, and anti-HSP60 antibodies. B, immunofluorescence analysis using
anti-NSP1-I, anti-NSP1-C, anti-HA, and anti-�-tubulin antibodies with permeablized and non-permeablized NIPSNAP1- and NOP-HA-transfected COS-7 cells.
These experiments were performed at least 3 times, and similar results were obtained. Bar, 10 �m.
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with anti-NSP1-I and anti-HA, but not anti-�-tubulin.
These results suggest that 29-kDa NIPSNAP1 was expressed
on the cell surface.
Expression of 29-kDa Protein of NIPSNAP1 as Mature Form—

We examined the expression of NIPSNAP1 protein by
immunoblot analysis using anti-NSP1-I and anti-NSP1-C
antibodies. Anti-NSP1-I antibody specifically recognized
NIPSNAP1, whereas anti-NSP1-C antibody recognized both
NIPSNAP1 and NIPSNAP2 (Fig. 2B). Immunoblot analysis
using the anti-NSP1-I antibody revealed that the 29-kDa
protein was distributed in the brain, spinal cord, liver, and
kidney (Fig. 4A). Similarly, this protein was also detected in
these tissues with anti-NSP1-C antibody. These results indi-
cate that the 29-kDa protein is the mature form of
NIPSNAP1 in vivo. The mature form of NIPSNAP1 was dis-
tributed in various brain regions (Fig. 4B). Furthermore, sub-
cellular distribution analysis of the brain showed that the
mature form of NIPSNAP1 was relatively concentrated in
the synaptic membrane and mitochondrial fractions, which
fractions were confirmed by the detection of N-methyl-D-
aspartate (NMDA) receptor subunit NR2B and HSP60,
respectively (Fig. 4C). The mature form of NIPSNAP1 was
hardly detected in the synaptic vesicle fraction, which was
confirmed by the presence of synaptophysin. These results
suggest that the 29-kDa protein of NIPSNAP1 is the mature
form that is detected ubiquitously in various brain regions
and the spinal cord and is concentrated in the synaptic mem-
brane and mitochondrial fractions.
NIPSNAP1-deficient Mice—To determine the pathophysio-

logical role of NIPSNAP1 in pain transmission, we disrupted
the mouse gene by homologous recombination in embryonic
stem cells (Fig. 5A). We used Southern blot analysis of NheI-
digested genomic DNA and PCR of genomic DNA to ensure
proper targeting (Fig. 5, B and C). NIPSNAP1�/� mice were
obtained at the expectedMendelian frequency and were fertile.
Whereas wild-type brain, spinal cord, liver, and kidney exhib-
ited the 29-kDa NIPSNAP1 protein band, no NIPSNAP1 pro-
tein bands were detected in the NIPSNAP1�/� mice (Fig. 5D).
Also, specific [3H]NST binding was significantly reduced in the
spinal cord membrane fraction of NIPSNAP1�/� mice (Fig.
5E). NIPSNAP1�/�mice exhibited no gross histological abnor-
malities of the spinal cord by Nissl staining (Fig. 5F). Further-
more, NIPSNAP1�/�mice exhibited no difference of the spinal
cord in reactivity with anti-NST antibody, similar to the inten-
sity of wild-type mice (Fig. 5G).
Involvement of NIPSNAP1 in Inhibition of N/OFQ-evoked

Tactile Allodynia by NST—Intrathecal injection of NST blocks
theN/OFQ-induced allodynia, a pain response to tactile stimuli
applied to the flank with a paint brush (8). To address how
NIPSNAP1 affected pain regulation byNST,we analyzed tactile
allodynia on NIPSNAP1�/� mice. Allodynia was strongly
evoked by the first stimulus at 5 min after the intrathecal injec-
tion of 50 pg of N/OFQ and was observed by tactile stimulation
every 5 min for 50 min in both NIPSNAP1�/� and wild-type
mice (Fig. 6A). NST (500 pg/mouse) alone did not induce allo-
dynia in either NIPSNAP1�/� or wild-type mice. Although
simultaneous intrathecal injection of N/OFQ and NST signifi-
cantly inhibited N/OFQ-induced allodynia over the 50-min

experiment in wild-type mice, the N/OFQ-evoked allodynia
was not blocked by NST in the NIPSNAP1�/� mice (Fig. 6B).
When the scores of allodynia obtained for the overall 50 min
were cumulated, the N/OFQ (50 pg/mouse)-induced allodynia
was dose-dependently inhibited by NST at 5 and 50 pg in

FIGURE 4. Distribution of NIPSNAP1. A, immunoblot analysis of NIPSNAP1.
The homogenates of various mouse tissues were subjected to immunoblot
analysis with anti-NSP1-I and anti-NSP1-C antibodies. Arrowheads indicate
the mature form of NIPSNAP1, and the asterisk, NIPSNAP2. B, ubiquitous dis-
tribution of NIPSNAP1 in the central nervous system. The homogenates of
various regions of the brain and spinal cord were subjected to immunoblot
analysis with anti-NSP1-I, anti-NSP1-C, and anti-�-tubulin. C, subcellular dis-
tribution of NIPSNAP1. The homogenate of mouse brain was subjected to
subcellular fractionation. Each fraction (12 �g of protein) was analyzed by
immunoblotting with anti-NSP1-C, NR2B, synaptophysin, and HSP60 anti-
bodies. These experiments were performed at least 3 times, and similar
results were obtained. P1, nucleus and cell debris; S1, crude synaptosomal
fraction; P2, crude synaptosomal pellet fraction; S2, cytosolic synaptosomal
fraction; PM, plasma membrane fraction; SM, crude synaptic membrane frac-
tion; SV, crude synaptic vesicle fraction.
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NIPSNAP1�/� mice, whereas the inhibition by NST disap-
peared in NIPSNAP1�/� mice (Fig. 6C). Taken together with
no difference in NST immunoreactivity in the dorsal horn of

spinal cord between wild-type and NIPSNAP1�/� mice (Fig.
5G), these results suggest that the inhibition of N/OFQ-evoked
allodynia by NST is mediated by NIPSNAP1.

FIGURE 5. Generation and characterization of NIPSNAP1�/� mice. A, construction of the targeting vector. The wild-type allele of the NIPSNAP1 gene,
targeting vector, and mutant allele are shown. Exons are represented by boxes. The neomycin resistance gene (Neo) and the gene coding for diphtheria toxin
A (DT-A) are indicated. The probe used for Southern blot analysis in B is indicated by a bold bar; the locations of PCR primers used for genotyping in C are
indicated by arrows; and NheI-digested fragments detected by the probe by double-headed arrows. B, Southern blot analysis of the mutant mice. NheI-cleaved
tail DNA of wild-type (�/�), NIPSNAP1�/� (�/�), and heterozygous (�/�) littermates were hybridized with the probe indicated in A (10.0 kb for NIPSNAP1�/�

and 6.6 kb for NIPSNAP1�/�). C, PCR genotyping of the mutant mice. The wild-type allele band (174 bp) and the mutant allele band (483 bp) were
amplified by PCR with the primers indicated in A. D, immunoblot analysis of the mutant mice. The homogenates of the adult tissues were immuno-
blotted with anti-NSP1-C antibody. The arrowhead indicates NIPSNAP1, and the asterisk, NIPSNAP2. E, [3H]NST binding to the membrane fraction from
spinal cord of the mutant mice. The membrane fraction was incubated with [3H]NST (6.4 and 11 nM) at 30 °C for 60 min (mean � S.E., n � 3). **, p � 0.01,
*, p � 0.05 versus wild-type value. F, histological analysis of wild-type and NIPSNAP1�/� mice. Nissl staining of the spinal cord. Bar, 500 �m.
G, fluorescence micrographs of the spinal dorsal horn of the mutant mice stained with anti-NST antibody. These experiments were performed at least
3 times, and similar results were obtained. Bar, 100 �m.

FIGURE 6. Tactile allodynia induced by N/OFQ and NST in NIPSNAP1�/� mice. A, N/OFQ (50 pg; E, ●) or NST (500 pg; �, f) was injected intrathecally into
wild-type (�/�; E, �) and NIPSNAP1�/� (�/�; ●, f) mice. Allodynia was assessed once every 5 min for 50 min, and the values (mean � S.E., n � 6) are
expressed as % of the maximal possible cumulative score over the 50-min experimental period. B, NST (500 pg) and N/OFQ (50 pg) were simultaneously
injected intrathecally into wild-type (‚, �/�) and NIPSNAP1�/� (Œ, �/�) mice. C, the values shown are expressed as a percent of the maximum possible
cumulative score for allodynia over the 50-min observation period at the indicated concentration of NST and N/OFQ (mean � S.E., n � 5). **, p � 0.01, versus
wild-type value; ##, p � 0.01, N/OFQ-injected value in wild-type mice.
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DISCUSSION

In the present study, we identified NIPSNAP1 as an NST-
interacting protein. An N-terminal truncated mature form (29
kDa) of NIPSNAP1 was expressed in the brain, spinal cord,
liver, and kidney in vivo; the full-length pre-protein of
NIPSNAP1 was 33 kDa. The mature form of NIPSNAP1 was a
membrane protein harboring an intracellular C-terminal
region. NST is involved in several central nervous functions
including pain transmission. The inhibition of N/OFQ-evoked
allodynia by NST was abolished in NIPSNAP1-deficient mice.
These results demonstrate that NIPSNAP1, as an NST-inter-
acting protein, is an important molecule for the regulation of
pain transmission via NST.
First, NIPSNAP1 is thought to contribute to vesicular traf-

ficking, because the gene for NIPSNAP1 inC. elegans is present
in a polycistronic operon encoding 4-nitrophenylphosphatase
and non-neuronal SNAP25-like proteins (1). Regarding the
NIPSNAP family, NIPSNAP2, a highly homologous protein of
NIPSNAP1 with 75% amino acid identity, is expressed in glio-
blastoma and cell lines co-amplified with the epidermal growth
factor receptor gene, besides being found in normal tissues such
as lung and skeletal muscle (29). NIPSNAP4 (annotated as
TassC, target for Salmonella secreted protein C) was first iden-
tified, by use of the yeast two-hybrid assay, as a host cell target
for the Salmonella virulence protein SpiC (30). SpiC interferes
with intracellular trafficking in host cells of the Salmonella
strain in NIPSNAP4-deficient macrophages. NIPSNAP4 is
found in lipid rafts of membrane (31) and mitochondria (32).
Mitochondrial NIPSNAP4 interacts with inhibitor of apoptosis
proteins, which suppress apoptosis by binding to and inhibiting
active caspases, and it is able to antagonize the X-linked inhib-
itor of apoptosis protein-induced inhibition of caspase 3 in vitro
(32). Recent reports suggest that NIPSNAP1 interacts with the
transient receptor potential vanilloid channel (TRPV) 6 (33),
the amyloid precursor protein (8), and the branched-chain
�-ketoacid dehydrogenase enzyme complex (9). Here, the fol-
lowing lines of evidence led us to conclude thatNIPSNAP1 is an
NST-interacting protein: 1) the mature form of NIPSNAP1 (29
kDa) and its immunoreactive proteins (28 and 27 kDa) were
isolated from synaptosomal membrane fractions of mouse spi-
nal cord by use of NST-conjugated SG beads (Figs. 1A and 2E);
2) [3H]NST specifically bound to the membrane fraction of
NIPSNAP1-transfected COS-7 cells (Fig. 1, F–H); 3) [3H]NST
binding to the synaptosomal membrane of spinal cord was sig-
nificantly reduced in NIPSNAP1�/� mice (Fig. 5E); and 4) the
inhibition of N/OFQ-induced allodynia by NST was abolished
in NIPSNAP1�/� mice (Fig. 6). Because NIPSNAP2 is highly
homologous to NIPSNAP1, NST may also bind NIPSNAP2.
[3H]NST tended to bind to NIPSNAP2 expressed in COS-7
cells, and the Bmax value of NIPSNAP2 was approximately half
(53.4%) of NIPSNAP1 (Fig. 1G). Fig. 2B shows that the expres-
sion of NIPSNAP2 was �2.9-fold lower than that of
NIPSNAP1, assuming that the anti-NSP1-C antibody had the
same affinity for NIPSNAP1 andNIPSNAP2. Hence, the differ-
ence of Bmax values between NIPSNAP1 and NIPSNAP2 does
not negate dependence of the expression level. On the other
hand, the Kd value of [3H]NST binding in NIPSNAP2-trans-

fected COS-7 cells was 10.6 nM, which was 1.8-fold lower com-
pared with NIPSNAP1 (5.8 nM). NST-conjugated SG beads
bound the cell membranes transfected withNIPSNAP1 but not
NIPSNAP2 (Fig. 1D). These results suggest NIPSNAP1 has a
higher affinity for NST than NIPNSAP2.
NIPSNAP1 is found to be localized in themitochondria in rat

liver and NIPSNAP1-transfected COS-7 cells, and the mito-
chondrial NIPSNAP1 forms complex with the branched-chain
�-ketoacid dehydrogenase enzyme complex and the amyloid
precursor protein (8, 9). In contrast, the NIPSNAP1 protein is
localized in the postsynaptic density fraction of mouse fore-
brains (6). NIPSNAP1 also binds the cell surface protein, such
as a highly selective Ca2� channel TRPV6, and inhibits TRPV6
activity (33). The NIPSNAP1 immunoreactivity in the pyrami-
dal neurons of cerebral cortex is detected in the periphery area,
in addition to the perinuclear area rich in mitochondria (9).
Consistent with these reports, Fig. 4C revealed the similar den-
sity of NIPSNAP1 in both mitochondria and synaptic mem-
branes, but the density of a mitochondrial marker HSP60 in
mitochondria was 1.6-fold higher than in synaptic membranes.
Hence, the discrepant ratio between NIPSNAP1 and HSP60
suggests that NIPSNAP1 was localized in not only mitochon-
dria but also synaptic membranes. Furthermore, the mature
form of NIPSNAP1 (29 kDa) was expressed on the cell surface,
as revealed by analysis of biotinylated cell surface protein and
immunofluorescence analysis (Fig. 3). TheNST-conjugated SG
beads bound the mature form of NIPSNAP1 (29 kDa) and its
immunoreactive proteins (28 and 27 kDa) in NIPSNAP1-ex-
pressing COS-7 cells and the synaptosomal membrane of
mouse spinal cord (Fig. 2, D and E). These results suggest that
NST binds to at least the mature form of NIPSNAP1 probably
localized at the cell surface.
NST inhibits N/OFQ-induced pain transmission such as

allodynia and hyperalgesia (12–14), inflammatory pain
responses (15–17), and morphine tolerance (18, 19). The
mature form of NIPSNAP1 was expressed in various regions of
the brain and spinal cord (Fig. 4, A and B). The inhibition of
N/OFQ-evoked allodynia by NST seen in wild-type mice was
completely lacking in NIPSNAP1�/� mice (Fig. 6). However,
specific [3H]NST binding in the spinal cordmembrane fraction
of NIPSNAP1�/� mice was reduced by �30%, but not com-
pletely (Fig. 5E). NST may bind other protein(s) in the spinal
cord besides NIPSNAP1. Heretofore, the possibility that NST
acts through an as yet unidentified G protein-coupled receptor
is suggested by the findings that NST suppresses inhibitory
neurotransmission in the rat spinal cord in vitro (20), inhibits
5-hydroxytryptamine release in the mouse neocortex in vitro
(34), and induces nociception in vivo (22), all of which are sen-
sitive to a Gi/o protein inhibitor, pertussis toxin. Furthermore,
NSTdepolarizes central amygdala nucleus-periaqueductal gray
neurons by causing the opening of canonical transient receptor
potential cation channels via pertussis toxin-insensitive Gq/11
(35). NST increases the cytosolic free Ca2� concentration
([Ca2�]i) in primary culture cells from rat embryonic spinal
cord.3 However, NST did not increase [Ca2�]i in COS-7 cells

3 E. Okuda-Ashitaka and S. Ito, unpublished data.
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transfected with NIPSNAP1 (data not shown), suggesting that
NIPSNAP1 did not influence the [Ca2�]i induced by NST
directly. Taken together thatNIPSNAP1 is amembrane protein
containing a single transmembrane segment but not seven
transmembrane segments (Fig. 2A), NIPSNAP1 may be
involved in a novel mechanism of pain transmission regulated
by NST independent of a signal pathway acting through a G
protein-coupled receptor.
In the brain, the mature form of NIPSNAP1 was distributed

in various brain regions (Fig. 4B). NIPSNAP1 is found in neuron
but not glial cells such as astrocyte and oligodendrocyte, in
particular pyramidal neurons in the cerebral cortex, glutama-
tergic neurons of the granule cell layer, and �-aminobutyric
acidergic of the polymorphic layer in the hippocampus, dop-
aminergic neurons in the midbrain, noradrenergic neurons in
the brainstem, Purkinje neurons in the cerebellum, and motor
neurons in the spinal cord (9). Furthermore, the NIPSNAP1
protein level is increased during generalized seizures caused by
kainite (6), and the NIPSNAP1 mRNA level is reduced in the
brain of a mouse model for phenylketonuria, an inborn error of
amino acid metabolism caused by phenylalanine hydroxy-
lase deficiency (7). Also, NIPSNAP1 binds molecules bearing
maple syrup urine disease (9) and Alzheimer disease (8). We
demonstrated here that NIPSNAP1-deficient mice abol-
ished the inhibition of N/OFQ-evoked allodynia by NST
(Fig. 6). Thus, NIPSNAP1 may be involved in several central
functions containing pain transmission. In accord with the
interaction of NIPSNAP1 and membrane protein TRPV6,
NIPSNAP1 might bind a signal molecule, a channel, and a
receptor involving pain transmission, and NST probably reg-
ulates the interaction. Further studies focusing on the rela-
tionship between NST and NIPSNAP1 will contribute to our
better understanding of pain transmission evoked by NST.
One of the physiological functions of NIPSNAP1 is the pain
modulation, and it may provide a novel therapeutic target for
pathological pain.
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