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Ns (neuroserpin) is a member of the serpin (serine protease
inhibitor) gene family that is primarily expressed within the cen-
tral nervous system. Its principal target protease is tPA (tissue
plasminogen activator), which is thought to contribute to synaptic
plasticity and to be secreted in a stimulus-dependent manner.
In the present study, we demonstrate in primary neuronal cultures
that Ns co-localizes in LDCVs (large dense core vesicles) with
the regulated secretory protein chromogranin B. We also show
that Ns secretion is regulated and can be specifically induced
4-fold by secretagogue treatment. A novel 13-amino-acid sorting

signal located at the C-terminus of Ns is identified that is
both necessary and sufficient to target Ns to the regulated
secretion pathway. Its deletion renders Ns no longer responsive
to secretagogue stimulation, whereas PAI-Ns [Ns (neuroserpin)–
PAI-1 (plasminogen activator inhibitor-1) chimaera appending the
last 13 residues of Ns sequence to the C-terminus of PAI-1] shifts
PAI-1 secretion into a regulated secretory pathway.

Key words: immunohistochemistry, large dense-core vesicle,
neuron, neuroserpin, serpin, tissue plasminogen activator (tPA).

INTRODUCTION

Ns (neuroserpin) is a serine protease inhibitor that is specifically
axonally secreted [1]. Immunohistochemical analysis of murine
brain reveals Ns protein in the pyramidal neurons of the hippo-
campus and neurons of the cortex, cerebellum and hypothalamus,
where it has been proposed to regulate extracellular proteolysis
[2]. The primary target for Ns is thought to be the protease tPA
(tissue plasminogen activator), which has been localized to the
same regions of the brain as Ns [3].

tPA expression and/or activity has been associated with LTP
(long-term potentiation), kindling, seizure, axonal migration and
complex-motor learning [3]. Increased levels of tPA are seen in
all of these events and it has been suggested that tPA acts by
modulating the activity of the NMDA (N-methyl-D-aspartate)
receptor, either by direct proteolysis of the receptor or through
interactions with the LRP (low-density lipoprotein receptor-
related protein) [4–7]. tPA secretion is thought to be regulated and
to respond to stimuli [8]. In model systems of regulated secretion,
tPA co-localized with corticotropin in LDCVs (large dense core
vesicles) [9], and its secretion was stimulated by high potassium,
barium chloride, NMDA or cAMP [5,10–13].

tPA is also associated with disease in models of seizure or
stroke. tPA−/− mice (mice deficient in tPA) show delayed seizure
progression [14] and are resistant to kainic acid-induced neuronal
death [15,16]. tPA−/− mice also demonstrate a 50% decrease in
stroke volume following middle cerebral artery occlusion [17,18].
Consistent with its role as a regulator of tPA, Ns is up-regulated in
animal models of stroke and seizure, and Ns has been shown to be
neuroprotective in both disease models [14,19,20]. Mutations in

Ns are also linked to a progressive form of myoclonic epilepsy and
dementia in humans [21–24]. These mutations lead to inclusion
body formation in neurons throughout the cerebral cortex and in
some subcortical nuclei. It is not known whether it is the presence
of Ns inclusions, or the loss of tPA regulation, or a combination of
both that leads to disease [25]. Nonetheless, accumulating
evidence suggests that the balance between Ns and tPA in the
CNS (central nervous system) is important [3,14]. However,
the mechanism that regulates this balance is not known. In the
present study, we have begun to address this important question
by characterizing the regulation of Ns secretion, and our findings
suggest that Ns is targeted to a regulated secretory pathway in
neurons via a novel C-terminal sorting sequence.

EXPERIMENTAL

Antibodies against Ns and PAI-1 (plasminogen activator inhibitor-1)

Polyclonal antibodies against Ns and PAI-1 were produced
in rabbits by standard procedures as described in [2,26]. The
antibody directed against the last 15 amino acid residues of
Ns, HPETMNTSGHDFEEL (anti-Ns15 antibody), was generated
by immunizing rabbits with the peptide antigen coupled with
the carrier, KLH (keyhole-limpet haemocyanin; Biosynthesis,
Lewisville, TX, U.S.A.). Murine monoclonal antibodies against
human Ns (anti-NsH7) were produced by a standard procedure
and purified by Protein A–Sepharose (Amersham Biosciences,
Piscataway, NJ, U.S.A.). Biotinylation of polyclonal anti-Ns
antibodies was performed using D-biotinoyl-ε-aminocaproic
acid-N-hydroxysuccinimide ester (biotin-7-NHS; where NHS is
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N-hydroxysuccinimido; Roche Applied Science, Indianapolis,
IN, U.S.A.).

Immunohistochemistry of human hippocampal and cortical
tissue slices

Paraffin-embedded normal adult hippocampal and cortical slices
were purchased from Novagen (Hybrid-Ready; Novagen, San
Diego, CA, U.S.A.). The slips were de-paraffinized and immersed
in methanol containing 0.3 % H2O2 for 30 min to exhaust
endogenous peroxidase activity. The sections were then pre-
incubated with 10% (v/v) normal goat serum and 1% (w/v) BSA
(Sigma–Aldrich, St. Louis, MO, U.S.A.) in DPBS (Dulbecco’s
PBS; Invitrogen, Carlsbad, CA, U.S.A.) for 20 min followed by
reaction with mouse anti-Ns H7 antibody (1:800) for 1 h. The
sections were washed in DPBS and incubated with HRP (hor-
seradish peroxidase)-conjugated anti-mouse IgG (Vectorstain;
Vector Labs, Burlingame, CA, U.S.A.), followed by another
DPBS wash and developed with chromogen-33-diaminobenzi-
dine tetrahydrochloride (Sigma–Aldrich) for 5 min. The sections
were then counterstained with Mayer’s haematoxylin for 2 min.
Appropriate sections were digitally photographed through a
Nikon Eclipse E800 microscope and a CCD camera (charge-
coupled device camera; Nikon) at ×100 oil-immersion lens.

Primary cortical cultures

Primary cortical cells were isolated from E15 (embryonic day 15)
CD1 mouse embryos as described in [27]. Cortices were triturated
with a pipette and the resulting single-cell suspension was plated
on to coverslips coated with poly(L-lysine) (0.1 mg/ml; Sigma–
Aldrich) in 24-well plates and incubated in NBM (neurobasal
medium; Invitrogen) supplemented with B27 nutrients and 10%
(v/v) FBS (fetal bovine serum; Fisher Scientific, Pittsburgh, PA,
U.S.A.) and penicillin/streptomycin at 37 ◦C for 1 h. After a brief
wash with DPBS, the medium was switched to serum-free NBM
supplemented with B27 nutrients. Primary cortical cultures were
grown in a 37 ◦C incubator and half of the medium in each well
was replaced with new NBM/B27 medium every 3 days according
to the manufacturer’s protocol.

Generation of Att-20 cell lines expressing recombinant
Ns and PAI-1 variants

Mouse anterior pituitary Att-20 cells (American Type Culture
Collection, Manassas, VA, U.S.A.) were grown in DMEM
(Dulbecco’s modified Eagle’s medium) supplemented with 10%
FBS and penicillin/streptomycin at 37 ◦C. The human Ns cDNA
was subcloned into the mammalian expression vector pcDNA-3.1
(Invitrogen), sequenced and transfected into Att-20 cells [wtNs
(wild-type Ns)] using the GenePORTER transfection kit (Gene
Therapy Systems, San Diego, CA, U.S.A.). The Ns variants were
constructed by PCR, sequenced and subcloned in pcDNA3.1.
The human PAI-1 cDNA cloned into pcDNA 3.1-hygro (pcPAI-1;
Invitrogen) was a gift from Dr Michael K.K. Wong (Department
of Medicine, Division of Hematology–Oncology, University of
Pittsburgh Cancer Institute, Pittsburgh, PA, U.S.A.). For making
the PAI-Ns (Ns–PAI-1 chimaera appending the last 13 residues
of Ns sequence to the C-terminus of PAI-1) chimaera, we used a
splicing-by-overlap extension method to attach the cDNA that
codes for the last 13 amino acid residues of the Ns C-terminus
to the 3′-end of PAI-1 cDNA coding sequence. BamHI and NotI
were used to excise the PAI-1 cDNA from the pcPAI-1. For PCR,
we used the sense primer 5′-GGTACCGAGCTCGGATCCACT-
AGTCC-3′ and the anti-sense primer 5′-GCGCGCGCGGCCGC-
TCATTAAAGTTCCTCAAAGTCATGGCCACTTGTATTCAT-
TGTTTCGGGTTCCATCACTTGG-3′ (Integrated DNA Techno-

logy, Coralville, IA, U.S.A.). This latter primer codes for the
last seven amino acids of PAI-1 followed by the last 13 amino
acids of Ns followed by a stop codon. The PCR products
were digested with BamHI and NotI, purified with QIAquick
PCR (Qiagen, Valencia, CA, U.S.A.) and ligated back into the
pcDNA 3.1-hygro vector. Independent clones were expanded
and plasmids coding for the chimaeric PAI-Ns or PAI-1 were
transfected into Att-20 cells by GenePORTER2 transfection kit
(Gene Therapy Systems). Clones from wtNs and �13Ns were
selected in the presence of Geneticin (G418-sulphate; 150 µg/ml;
Sigma–Aldrich) and grown in 10% FBS DMEM with Geneticin
(1.5 µg/ml). Clones from PAI-1 and PAI-Ns were selected by
hygromycin B (250 µg/ml; Roche Applied Science) and grown
in 10% FBS DMEM with hygromycin B (250 µg/ml).

To verify the protein expression, cells were incubated overnight
in DMEM without serum and lysed with cell lysis buffer [50 mM
Hepes, 500 mM NaCl, 1% Triton X-100 and 0.05% Tween 20,
pH 7.0, supplemented with a CompleteTM mini-protease inhibitor
cocktail tablet (Roche Applied Science)]. The conditioned media
and crude lysates were centrifuged at 2655 g for 10 min at 4 ◦C and
the samples were subjected to SDS/PAGE and Western blotting
(see below). wtNs, �13Ns, PAI-1 and PAI-Ns all formed SDS
stable complexes with tPA in gel shift assays, indicating that all
four proteins were functional inhibitory serpins (serine protease
inhibitors) (results not shown).

Immunofluorescence and laser-scanning confocal microscopy

Primary cortical cells on coverslips were washed with DPBS
and fixed with 3.7% (w/v) formaldehyde for 5 min. Then cells
were permeabilized at 37 ◦C for 1 h with 0.1 % saponin (Sigma–
Aldrich) in a 5% BSA solution, which was also used in the sub-
sequent steps. After DPBS washes, primary antibodies were
incubated overnight at 4 ◦C. Mouse anti-NsH7, rabbit anti-
human chromogranin B (QED Biosciences, San Diego, CA,
U.S.A.), mouse anti-BiP (immunoglobulin heavy-chain-binding
protein)/GRP78 and mouse anti-GM130 (BD Biosciences,
Franklin Lakes, NJ, U.S.A.) and mouse anti-NeuN (Chemicon,
Temecula, CA, U.S.A.) antibodies were used at 1:200, 1:800,
1:250, 1:250 and 1:500 dilutions respectively. In some cases,
rabbit anti-human Ns antibodies were used at 1:400 dilutions.
For controls, purified normal mouse or rabbit IgG (Sigma–
Aldrich) at the same concentrations as primary antibodies were
used. F(ab′)2-fragmented secondary anti-mouse or rabbit antibody
[Alexa Fluor® 488 or 546; Invitrogen; RRX (Rhodamine Red-
X); Jackson ImmunoResearch Laboratories, West Glove, PA,
U.S.A.] at 1:200–1:400 dilution were used to label the appropriate
primary antibodies for 1 h at 37 ◦C. In some cases, Alexa Fluor®

668-conjugated Nissl stain (Invitrogen) was used at 1:25 to
label neurons. For additional controls, only secondary antibody
was used in the absence of primary antibodies and in double
staining experiments secondary antibodies were cross-reacted
with the competing primary antibody to rule out cross-reactivity.
After DPBS washes, some slips were also labelled briefly
with either DAPI (4′,6-diamidino-2-phenylindole) or TO-PRO-
3 nuclear stain (Invitrogen). Antifading agent (Invitrogen) was
added and the coverslips were placed on to slips and sealed with
nail polish. All slips were kept at 4 ◦C in the dark.

For fluorescence microscopy, images were digitally acquired
through a Nikon Eclipse E800 microscope (Nikon) with a CCD
camera using the image acquisition software SPOT advanced
version 3.0.4 (Diagnostic Instruments, Sterling Heights, MI,
U.S.A.). Each image from a range of different wavelengths was
registered sequentially based on an optimized exposure time
calculated by the software. If necessary, appropriate filters were
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used to lessen the mercury light source to reduce the excitation
power. All the samples were exposed to the appropriate range
of wavelengths for times much less than the time required to
detect an appropriate negative control slip, stained with either
non-immune IgG serum or secondary fluorescent antibodies only.
Typical exposure times were 30–60 s for retrieving signals from
the negative control slips, and milliseconds to approx. 5 s for
detecting specific staining.

For laser-scanning confocal microscopy, images were acquired
using a Radiance 2100 laser-scanning system (Bio-Rad, Hercules,
CA, U.S.A.) using the Laser Sharp 2000 version 4.1 software. The
argon–krypton lasers and the red diode laser excite at 488, 568
and 637 nm. All confocal images were acquired under the Kalman
mode with a minimum laser power set based on negative control
slips. The following are settings were used for calibration and
during experiments, as necessary: ×100 oil-immersion objective
lens, 8-bit, 1024 × 1024 pixel resolution of the CCD camera, LOT
(Look-Out Table) set to green for 488 nm emission, red for 568 nm
emission and blue for 668 nm (far-red) emission. The dichroic
mirrors (Chroma Technology Corp., Rockingham, VT, U.S.A.)
were set to 560 DCLPXR (dichroic long-pass mirror, extended
reflection) for green, 650 DCLPXR for red and none for far-red.
The emission filters were set to HD515/30 for green, HQ600/40
for red and HQ660 long-pass for far red. Finally, laser-scanning
speed was set to 160 lines per second, with sequential recording
of three channels. After image acquisition, reconstruction and
deconvolution of registered images were performed using the
Volocity program version 2.6 (Improvision) as indicated. No
special effect or filter (i.e. reduce noise, blur, sharpen etc.) was
used.

Pulse–chase metabolic labelling

Att-20 cell lines were grown at the density of 1 × 105/well in
6-well plates for 3 days prior to experiments. Cells were briefly
washed with DPBS and DMEM without L-methionine (Biofluid,
Rockville, MD, U.S.A.) three times. Cells were pulse-labelled
for 1 h with 80 µCi/ml of [35S]methionine (37 MBq; Amersham
Biosciences) in DMEM without L-methionine at 37 ◦C. The
medium was then switched to regular DMEM and incubated
for 1–8 h. For secretagogue-induced secretion experiments,
[35S]methionine-labelled proteins were chased for 1 h with regular
DMEM in the presence or absence of 2 mM BaCl2. The
conditioned media were collected and cells were lysed in ice-
cold cell lysis buffer (as described above). The conditioned media
and cell lysates were centrifuged at 3500 and 9500 g respectively
for 10 min at 4 ◦C. The supernatants for both conditioned media
and cell lysates were kept on ice and the protein concentrations
were determined using a standard BCA (bicinchoninic acid) assay
(Pierce Biotechnology, Rockford, IL, U.S.A.).

Immunoprecipitation and immunoblotting

A 50% mixture of Protein G–Sepharose (Protein G–Sepharose 4
Fast Flow; Amersham) in DPBS was incubated with an equal
volume of rabbit anti-human Ns, anti-PAI-1 or anti-Ns13
antibodies at 4 ◦C for 2 h. The mixture was centrifuged at a low
speed (50 g) for 5 min at 4 ◦C and washed with DPBS and the cell
lysis buffer. Then 40 µl of the 50% mixture of Protein G–Seph-
arose bound to an appropriate antibody was added to the volume
equivalent to 100 µg of cell lysate or to an equal volume of the
conditioned media and incubated for 2 h at 4 ◦C. After washing
with the cell lysis buffer and DPBS, the final mixture was
centrifuged at 20 g for 1 min at 4 ◦C, and the supernatant was dis-
carded. Then, 20 µl of 2× SDS/PAGE loading buffer was added
and boiled for 5 min. Samples were then centrifuged at 20 g for

1 min and cooled down to room temperature (23 ◦C) and loaded on
to Tris-glycine gels (4–20, 4–12 or 10 %; Invitrogen), followed by
Coomassie Brilliant Blue staining. The gels were dried overnight
in a gel dryer and exposed to a phosphor screen for 3 days. Then,
the screen was scanned with a STORM PhosphorImager system
(Molecular Dynamics) and labelled proteins were quantified by
ImageQuant version 5.2 software for analysis.

For immunoblotting samples were subjected to SDS/PAGE (4–
12 or 4–20% Tris-glycine gradient gels; Invitrogen) followed
by transfer to nitrocellulose membranes for 2 h. The membranes
were then blocked [5% (w/v) milk and 0.05 % Tween 20 in
Tris-buffered saline (50 mM Tris and 140 mM NaCl, pH 7.5)]
after which they were probed for 1 h with either rabbit anti-
Ns (1:10000), biotinylated rabbit anti-Ns (1:100), rabbit
anti-Ns13 (1:5000) or rabbit anti-PAI-1 (1:20000). After washing,
the membranes were reacted with HRP-conjugated streptavidin
(1:2000) or anti-rabbit secondary antibody (1:10000) for 1 h,
washed, then briefly incubated (5 min) with SuperSignal West
Pico chemiluminescent substrate (Pierce) and exposed to an X-
ray film (Kodak).

Statistical analysis

All the analysis was carried out using one-tail Student’s t test and
values were considered significant at P < 0.05.

RESULTS

Detection of Ns in human brain and in primary murine neurons

In the mouse, Ns is expressed in neurons of highly plastic areas,
where it is believed to control the activity of tPA [2]. To see if
Ns distributes similarly in human brain tissue, immunohisto-
chemistry was performed on normal adult human hippocampal
and cortical sections with monoclonal anti-Ns antibodies. These
results revealed a perinuclear punctate staining pattern, which
suggested an intracellular storage pool of endogenous Ns
(Figure 1). Ns was predominantly present in pyramidal neurons,
in which it appeared to be localized primarily in a region proximal
to the axon hillock but distal from the nucleus. In addition,
weak Ns staining was also detected in some axons as well as in
interneurons. This localization and the punctate appearance of
the Ns staining led us to hypothesize that Ns may normally be
stored in intracellular vesicles where it can be rapidly released in
response to stimulus. To test this hypothesis, we first characterized
the subcellular localization of Ns in murine E15 primary cor-
tical cultures. The cells were isolated from CD1 mice and
analysed by immunofluorescent microscopy and laser-scanning
confocal microscopy. Similar to the results obtained with
immunohistochemistry of human brain tissues, a punctate perinu-
clear staining pattern was observed for Ns in primary neurons
(Figure 2). The polarized staining pattern was distinct from
both the ER (endoplasmic reticulum) and the Golgi, and was
prominent in the larger neurite extensions (Figure 3), which have
been identified as axons (results not shown). These results are
consistent with the earlier suggestion that Ns in cultured cells
is axonally secreted [1]. Further confocal microscopy analysis
indicated that Ns largely co-localizes with chromogranin B
(Figure 4), a protein known to be packaged into LDCVs and
secreted via a regulated secretory pathway [28,29]. These results
suggest that Ns is packaged into LDCVs and targeted to a
regulated secretory pathway where it may be released at sites of
neuronal activity. These results are also consistent with the recent
findings that Ns antigen can be detected in purified secretory-
granule fractions from bovine pituitary and adrenal tissues
[30].

c© 2007 Biochemical Society



28 S. Ishigami and others

Figure 1 Immunohistochemistry of endogenous Ns in adult human brain
sections

Ns (brown) forms a punctate pattern that is localized within neurons of the cortex (A, C)
and hippocampus (B, D). Ns is primarily detected in the soma, proximal to the main axon;
(C) and (D) (×40) are magnified images of (A) and (B) (×20) respectively. The sections were
counterstained with Mayer’s haematoxylin. Scale bars: (A, B) 10 µm (×20) and (C, D) 5 µm
(×40).

Novel sorting signal

To identify a putative sorting signal on Ns that directs it to the
LDCVs, a BLAST sequence alignment of the human Ns amino
acid sequence was performed against more than 500 serpins
in the NCBI (National Center for Biotechnology Information)
database. This analysis indicated that in contrast with the vast
majority of serpins, which end within four residues of a conserved
proline residue, Ns has a nearly unique 13-amino-acid C-terminal
extension (Figure 5). Only three other serpins were identified
in this search with similar C-terminal extensions (Table 1). The
most similar was present on the pancreatic protein ZG-46p, also
called pancpin, which has been reported to be packaged into the
zymogen granules of the pancreas [31,32]. The other two serpins
identified with similar extensions were the Drosophila protein
Spn4.1, which lacks the conserved proline residue, but which has
a 13-residue extension, and the chaperone, HSP47 (heat-shock
protein 47) or collagen-binding protein, which has a nine-residue
extension [33,34]. These latter two serpins both appeared to have
C-terminal ER retention signals similar to a KDEL sequence, and
HSP47 has been shown to localize to the ER. Based on these
findings, we decided to test the hypothesis that the C-terminal
extension on Ns may contain a sorting sequence that directs Ns
to LDCVs.

Since sorting to secretory vesicles most likely does not occur
until a protein has folded and passed through ER, then if the C-
terminal 13-amino-acid extension on Ns functions as a vesicular
targeting sequence it must be available on the surface of the folded
Ns protein. The structure of recombinant Ns has been solved;
however, the form of Ns used for crystallization lacked the last
13 amino acids and thus the location of the C-terminal extension
in the tertiary structure of Ns is not known [35]. Therefore, to
determine the accessibility of the C-terminal 13 residues of Ns,

the cDNA for full-length human Ns (wtNs), and a variant of
Ns with the sequence coding for the C-terminal 13 amino acids
removed (�13Ns) were constructed in the mammalian expression
vector pCDNA-3 and stably transfected into the mouse anterior
pituitary cell line Att-20 (Table 2). Antibodies were also raised to
a synthetic peptide representing the last 15 amino acid residues
of Ns, HPETMNTSGHDFEEL. These antibodies (anti-Ns15)
were then used in immunoprecipitation experiments of native Ns
to determine the surface accessibility of this peptide sequence
in undenatured wtNs. These results are shown in Figure 6
and they indicate that the anti-Ns15 antibody can effectively
immunoprecipitate native wtNs from the conditioned media of
Att-20 cells but cannot immunoprecipitate the mutant Ns lacking
the C-terminal 13 residues. This suggests that the C-terminal 13
residue extension on Ns is exposed on the surface of native wtNs
protein.

Secretagogue-mediated release of Ns

To characterize the role of the C-terminal extension in regulating
Ns secretion, the stably transfected Att-20 cells expressing wtNs
or the �13Ns variant were subjected to metabolic pulse labelling
with [35S]methionine for 1 h followed by incubation with non-
radioactive methionine for various times. Immunoprecipitation
of [35S]methionine-labelled Ns from the medium and cell lysates
showed that very little secreted wtNs was detected prior to 2 h of
chase (Figure 7A), whereas secretion of �13Ns was significantly
faster and could be easily detected in the media of pulse-labelled
cells at the beginning of chase (Figure 7B). The doublet band of
Ns seen is due to differences in glycosylation and both forms
of Ns are active inhibitors of tPA (results not shown). By plotting
the percentage of the total expressed Ns that was secreted against
time, it was found that even following an 8 h chase period approx.
50% of the labelled wtNs still remained within the cells
(Figure 7C). This relatively slow release of Ns supports the sug-
gestion that it is retained intracellularly in a regulated secretory
pathway. In contrast, the relatively rapid release of the �13Ns
variant suggests that it may not be retained within the cells
and instead may be targeted to a constitutive secretion pathway.
Quantitative analysis of the initial rates of Ns secretion calculated
from the first 4 h of the chase period demonstrated that the initial
rate of �13Ns secretion was more than 6-fold faster than that of
the wtNs, suggesting that removal of the C-terminal 13 residues
results in an Ns protein that is constitutively secreted (Figure 7C).

To test the hypothesis that Ns secretion is not only targeted to
the LDCVs but that its secretion is also regulated, we examined
if Ns secretion could be induced in response to secretagogue
stimulation. To test this hypothesis the stably transfected Att-
20 cells were subjected to metabolic pulse labelling with
[35S]methionine for 1 h as above except that the cells were treated
with or without the potent secretagogue BaCl2 at the start of the
chase. These studies demonstrated that following 1 h of chase,
there was an approx. 4-fold increase in wtNs secretion in the
presence of BaCl2 (Figure 8). Similar results were also obtained
with the secretagogue cAMP (results not shown). In contrast,
BaCl2 treatment had no effect on the release of the �13Ns
protein. This demonstrates that wtNs can be secreted in a stimulus-
dependent manner, but that the secretion of the �13Ns is no longer
regulated. Taken together, the results suggest that the C-terminal
13 amino acid residues constitute a sorting sequence on Ns for a
regulated secretory pathway.

Targeting of PAI-1 to a regulated secretion pathway

Next, we determined whether the role of the C-terminal extension
in secretory vesicle targeting is unique to Ns or whether
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Figure 2 Immunofluorescence microscopy of endogenous Ns in E15 primary mouse cortical cultures

Ns (green) is detected in a representative neuron (red) and forms a punctate pattern similar to that observed in human neurons in Figure 1. (A) Polyclonal anti-Ns antibodies; (B) DAPI nuclear stain
(blue); (C) a phase contrast image of the same cell; (D) a monoclonal antibody of the neuronal specific marker NeuN; (E) a three-colour merged image of Ns, DAPI and NeuN; (F) a merged image of
(C) and (E). The secondary antibodies used were anti-rabbit Alexa Fluor® 488 for Ns and anti-mouse RRX for NeuN, and the original magnification was with a ×100 oil-immersion objective lens.
Scale bar, 5 µm.

Figure 3 Laser-scanning confocal microscopy of Ns and markers for the ER
and the Golgi

Ns (green) in each panel is co-stained with either the ER marker BiP (red in A) and Golgi marker
GM130 (red in B). Ns is not detected in the ER or Golgi. Note the punctate stain of Ns in
the axons. Secondary antibodies used for fluorescence were anti-rabbit Alexa Fluor® 488 and
anti-mouse RRX. The confocal images were deconvolved iteratively by using Volocity computer
software. The scale bar shows 5 µm, and a ×100 oil-immersion objective lens was used.

this peptide is capable of sorting another protein to a regulated
secretion pathway. For these experiments the 13-residue extension
from Ns was added to the C-terminus of a structurally similar

serpin PAI-1, the primary plasma inhibitor of tPA. Unlike Ns,
PAI-1 ends with the conserved proline residue at the C-terminus
and does not have the 13-amino-acid extension; however, similar
to Ns, PAI-1 also inhibits tPA with high specificity [36]. For
these studies the PAI-1 cDNA was cloned in pCDNA-3 and
stably transfected into Att-20 cells to determine whether its
secretion was also regulated. In contrast with wtNs, a significant
amount of PAI-1 was secreted into the culture medium following
[35S]methionine labelling and incubation with non-radioactive
methionine for only 1 h (Figure 9). Furthermore, stimulation by
2 mM BaCl2 during the chase had no effect on the secretion of
PAI-1, suggesting that PAI-1 is constitutively secreted. Next,
a PAI-1 variant containing the C-terminal 13 amino acids
from Ns (PAI-Ns) was constructed and stably expressed in
Att-20 cells (Table 2). Metabolic pulse–chase labelling experi-
ments demonstrated that PAI-Ns was secreted significantly more
slowly than wild-type PAI-1 with only 1–2% of the PAI-Ns
protein being secreted into the culture supernatant during the
1 h chase compared with 20% of the total wtPAI-1 protein
being secreted in 1 h (results not shown). Furthermore, when
the secretagogue was included during the chase, the level of
PAI-Ns in the medium increased by more than 2-fold, indicating
that appending the C-terminal 13 amino acids from Ns to
PAI shifted PAI-1 into a stimulus-dependent secretion pathway
(Figure 9).
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Figure 4 Ns partially co-localizes with chromogranin B

Confocal microscopy of a primary mouse cortical neuron shows that the endogenous Ns in red (A) and chromogranin B in green (D) are in a neuron in blue (B). Transmission (grey) in (C) shows
that this neuron is a single isolated cell. (E) The merged image of (A), (B) and (D). (F) The merged image of (A), (B), (C) and (D). Monoclonal anti-Ns antibody, polyclonal anti-chromogranin B
antibodies and fluorescent Nissl stain were used to detect Ns, chromogranin B and neurons respectively. Secondary antibodies anti-rabbit Alexa Fluor® 488 and anti-mouse Alexa Fluor® 568 were
used for fluorescence. All the images were deconvolved iteratively by using Volocity computer software. The scale bar shows 5 µm, and a ×100 oil-immersion objective lens was used.

Figure 5 Amino acid sequence of Ns

The N-terminal signal sequence (positions 1–20) is shown in boldface italics, the conserved
C-terminal proline residue is double underlined, and the 13-residue C-terminal extension is
shown in underlined boldface text.

Table 1 Comparison of serpin C-terminal sequences

Comparison of the C-terminal residues of Ns, pancpin, Spn4.1 and HSP47. The sequence
number of the first residue shown is given in parentheses and the conserved proline residue is
underlined in each sequence.

Serpin C-terminal residues Localization

Ns (395) ∼MHPETMNTSGHDFEEL –
Pancpin/ZG-46p (390) ∼TNPDTQEIKGRDLDSL Zymogen granule
Spn4.1 (410) ∼RL-EENTFASSEHDEL ER
HSP47 (406) ∼VRPK-GD---KMRDEL ER

DISCUSSION

In earlier in vivo studies, we showed that within 10 min of kainate
injection into the amygdala of mice there was local release of
both tPA and Ns within the tissues of the amygdala [14]. Based
on these results, we postulated that the increase in extracellular Ns
was likely in response to increased local levels of tPA activity [14].
Such a rapid rise in extracellular Ns suggested that there must be
a mechanism to regulate the release of stored Ns, since within this
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Table 2 Serpin variants stably expressed in Att-20 cells

Comparison of the C-terminal residues of wtNs with�13Ns, wtPAI-1 and the PAI-1-Ns chimaera,
which contains the full sequence of wtPAI-1 with the last 13 residues of Ns appended to the
C-terminus. The conserved proline residue is underlined in each sequence.

Serpin variants C-terminal residues

wtNs ∼MHPETMNTSGHDFEEL

�13Ns ∼MHP

wtPAI-1 ∼MEP

PAI-Ns ∼MEPETMNTSGHDFEEL

Figure 6 The Ns C-terminus is exposed on the surface of the molecule

Conditioned media from wtNs (lanes 1, 3 and 5) or �13Ns (lanes 2, 4 and 6) was
immunoprecipitated with either polyclonal anti-Ns (α-Ns; lanes 3 and 4) or with anti-Ns15
antibodies (α-Ns15; lanes 5 and 6), which detects only the Ns C-terminus, followed by
immunoblotting with biotinylated rabbit anti-Ns. Lanes 1 and 2 are starting material not subjected
to immunoprecipitation. Notice that anti-Ns15 antibody precipitated wtNs (lane 5) but not �13Ns
(lane 6). Arrows show the position of a 50 kDa marker.

short 10 min time frame there was unlikely to be sufficient time
to respond to the increased extracellular tPA levels by increasing
Ns synthesis and its transport through the constitutive secretory
pathway. Therefore the study presented here was undertaken to
test the hypothesis that Ns is targeted to a regulated secretory
pathway where it can be rapidly released upon stimulation, and
to identify the signal on Ns that directs it into this pathway.

The localization of Ns by immunohistochemistry and immuno-
fluorescence microscopy is consistent with a vesicular distribution
for Ns. Furthermore, expression of Ns in Att-20 cells indicates
that its secretion is regulated since spontaneous secretion of
Ns is relatively slow with less than 1 % being secreted in 1 h,
while upon stimulation Ns secretion is increased approx. 4-fold.
In contrast, nearly 20 % of the homologous serpin, PAI-1, the
primary tPA inhibitor in plasma, is secreted in 1 h, and PAI-1
secretion is not increased further in response to BaCl2. These
results indicate that Ns, but not PAI-1, is specifically targeted
to a regulated secretion pathway. The sequence responsible for
this targeting appears to lie within the last 13 residues of Ns
since their deletion both increased the basal rate of Ns secretion
and made Ns secretion no longer responsive to stimulus, while
addition of these 13 residues to PAI-1 both reduced its rate of basal
secretion and made it responsive to BaCl2 stimulation. Together,
these results indicate that Ns secretion is regulated and that the
last 13 amino acid residues of Ns contain sufficient information
to function as the sorting sequence for this regulated secretory
pathway.

Unlike Ns, most serpins are either constitutively secreted
or localized to the cytoplasm [37,38]. Ns, pancpin and the ER-
localized serpins are exceptions to this general pattern, and it
is interesting to note that both Ns and the ER-localized serpins
appear to contain their targeting sequences at their C-termini.
Thus we speculate that the 13-residue C-terminal extension on
pancpin may also be responsible for targeting that serpin to the

Figure 7 Secretion rate is lower for wtNs than the variant

Pulse–chase metabolic labelling was performed in Att-20 cell lines. Proteins were metaboli-
cally pulse-labelled with [35S]methionine for 1 h followed by a chase of non-radioactive
methionine for the times indicated. (A, B) Ns immunoprecipitated from conditioned media were
subjected to SDS/PAGE and visualized by STORM imager. The number located at the bottom of
each lane indicates the chase time in hours. Representative gels are shown. (C) Quantification
of Ns secretion (circle, wtNs; square, �13Ns). The broken line is a linear fit of the basal
level of secretion calculated from the first 4 h of data. The molecular band quantification was
performed with the ImageQuant computer software. The percentage of total secretion is calculated
by the amount of Ns in the media divided by the total amount of Ns in both media and cell lysates.
The data show the results of two independent experiments performed in duplicate. P < 0.05
using Student’s t test was obtained for all time points of wtNs compared with the �13Ns.

Figure 8 Secretion of Ns is regulated

Pulse–chase metabolic labelling was performed in Att-20 cell lines as in Figure 7 except that
during the 1 h of chase period, the cells were treated with (+) or without (−) 2 mM BaCl2. After
immunoprecipitation with polyclonal anti-Ns antibody, samples were subjected to SDS/PAGE
and STORM imager analysis. (A) A representative scan of the SDS/PAGE. (B) Quantification
of the fold increase in Ns secretion by barium stimulation. The data show the results of three
independent experiments performed in triplicate with wtNs and two independent experiments
performed in triplicate with �13Ns. P < 0.05 using Student’s t test was obtained for stimulated
secretion of wtNs compared with the control in the absence of barium. There was no significant
increase in secretion with the �13Ns.
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Figure 9 Secretion of the PAI-Ns chimaeric protein is regulated

Pulse–chase metabolic labelling was performed in Att-20 cell lines as in Figure 8 with (+) or
without (−) 2 mM BaCl2 during the 1 h chase period. Cells expressing wtNs, wtPAI-1 and two
independent clones of the PAI-Ns chimaera were examined. Following immunoprecipitation with
either polyclonal anti-PAI-1 (wtPAI-1 and PAI-Ns) or anti-Ns (wtNs) antibodies, samples were
subjected to SDS/PAGE and STORM imager analysis. (A) Representative scan of the SDS/PAGE.
(B) Quantification of the fold increase in Ns or PAI-1 secretion induced by barium stimulation.
The data show the results of two independent experiments performed in triplicate for each
protein. P < 0.05 using Student’s t test was obtained for stimulated secretion of wtNs and the
two chimaera compared with the controls in the absence of barium. There was no significant
increase in secretion with the wtPAI-1.

zymogen granules of the pancreas. The targeting of Ns is also
very likely to be cell-specific, and in cells lacking LDCVs Ns
targeting will necessarily be different. This has been shown by
studies where Ns was expressed in Cos-7 cells. These studies
found that wtNs was secreted relatively slowly from Cos-7 cells
and immunofluorescence analysis localized the intracellular Ns
to the ER and Golgi compartments [39]. It could be that since
these cells lack LDCVs, Ns may accumulate in compartments
that Ns normally only transits through in cells that naturally
express Ns such as neurons, and we show here that in neurons
Ns does not localize to either the ER or Golgi. PAI-1 provides
another example of cell-specific serpin targeting. PAI-1 is thought
to be constitutively secreted from most cell types including
endothelial cells, smooth-muscle cells and many tumour cells,
and in the present study we show that PAI-1 is constitutively
secreted from Att-20 cells. However, PAI-1 is also synthesized
by megakaryocytes, the precursor cell of platelets, and PAI-1 is
stored within the α granules of platelets [40]. The mechanism for
this localization of PAI-1 is not known, but suggests that protein
targeting can be highly cell-specific.

In general, the mechanisms of secretory pathway sorting
are not well established. Based on studies of endocrine and
neuroendocrine cells, it has been suggested that proteins can enter
a regulated secretory pathway by a number of processes. These
include bivalent ion interactions and low-pH-induced protein ag-
gregation, and/or interaction with specific receptor cargo proteins,
which may guide a protein to LDCVs [41]. Both of these put-
ative mechanisms are thought to involve a surface-exposed sorting
sequence that is unique to a particular protein or a class of
proteins. Our results suggest that the 13 residues at the C-
terminus of Ns are exposed on the surface of native Ns, permitting
interaction with other proteins or ions, and a portion of this
C-terminal sequence shows significant similarity to a sequence
identified on another protein whose secretion is regulated, ANP
(atrial natriuretic peptide). ANP is targeted to LDCVs and co-
localizes with chromogranin B [42]. ANP also contains the
sequence motif, DHLEEK, which is remarkably similar to the last
six residues of Ns, HDFEEL. The DHLEEK sequence in ANP
has been suggested to act as a calcium-binding sorting signal
for regulated secretion [43]. In studies where the two glutamate
residues of this sequence were replaced with glutamine residues,

there was a shift in ANP secretion from a regulated pathway into
a constitutive secretory pathway. The mechanism of targeting to
the regulated pathway was suggested to involve ANP aggregation
in the presence of calcium and reduced pH, conditions which are
comparable with the environment found in immature granules.
Interestingly, chromogranin B has been shown to facilitate
calcium influx into LDCVs and to play a key role in the LDCV
biogenesis [44,45]. Chromogranin B is also known to function
as a helper protein that targets other proteins to the LDCVs [46].
Taken together, these studies and our results suggest that the two
glutamate residues at the C-terminus of Ns may form part of the Ns
sorting sequence, and may act by mediating calcium-dependent
aggregation necessary for vesicular packaging and targeting to a
regulated secretion pathway. In addition, the co-localization of
chromogranin B with Ns suggests that chromogranin B may help
Ns to enter the secretory pathway.

A mechanism for regulating Ns secretion that entails induced
protein aggregation during packaging into LDCVs might also
explain the susceptibility of Ns to pathological mutations that
result in polymerization and inclusion body formation [25].
Pathological serpin polymerization is a concentration-dependent
process [47], and other than Ns, the only serpin proteins that
are known to undergo this type of loop-sheet polymerization are
all highly expressed proteins with normal plasma levels greater
than 1 µM (α1-antitrypsin, α1-antichymotrypsin, antithrombin
III and C1-inhibitor) [48]. The Ns concentration in the CNS is
unknown; however, even relatively low levels of Ns expression
could achieve locally high concentrations during packaging if
this process involved induced aggregation, and in the context
of a mutant Ns, this aggregation could promote pathological
loop-sheet polymerization. Thus understanding the mechanisms
that regulate Ns secretion may also further our understanding of
how and where mutant Ns aggregates, potentially leading to new
ways to treat the devastating dementia caused by pathological Ns
polymerization.

To study the regulated release of Ns we have used barium as
a stimulus because it is a potent secretagogue that has been used
extensively in model systems of regulated protein secretion, and
because it has been shown to specifically induce the release of tPA
from the LDCVs in PC-12 cells [11]. Barium chloride is thought
to stimulate secretion by blocking voltage-sensitive potassium
channels, and thereby inducing membrane depolarization, which
causes voltage-sensitive calcium channels to open [29]. Barium
is also thought to act as a substitute for intercellular calcium
upon entering through the calcium channels. Interestingly, a
recent study has shown that barium appears to preferentially
stimulate a reserve vesicular pool rather than a readily releasable
vesicular pool [49]. Our results from the immunohistochemistry
in adult human brain show that Ns staining is abundant in a
region proximal to the axon hillock. This localization might
suggest that in vivo Ns may be preferentially stored in a reserve
pool that accumulates at the axon hillock. Moreover, the regulation
of Ns secretion may be linked to the regulated release of tPA,
which has been suggested to occur at synaptic sites in an activity-
dependent manner [8,12]. It may be that the mobilization and
secretion of Ns from a reserve pool are mediated by retrograde
signalling from a synaptic site that is triggered in response
to increased levels of tPA activity at the synapse. Although
such a co-ordinated secretion mechanism still remains to be
elucidated, it would allow a window of time for tPA to act during
synaptic plastic events before Ns were released and tPA’s action
inhibited.

Future studies will clarify the mechanism whereby the C-
terminal residues of Ns target Ns to a regulated secretion pathway.
In addition, studies aimed at understanding the signals within
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the CNS that regulate the release of Ns will undoubtedly add
to our understanding of the role of Ns in regulating tPA in the
brain.

This work was supported by grants HL55374, HL55747 and HL54710 to D. A. L. from the
National Institutes of Health.
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