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Background: PAP-III is a secretory protein expressed in injured nerves.
Results: Extracellular PAP-III formed fibrillar structures upon proteolytic N-terminal processing, interacted with neuronal
surfaces, and enhanced neurite extension.
Conclusion: Fibrillar PAP-III formed around injury sites may serve as a scaffold for the growth of regenerating axons.
Significance: Clarifying fibrillar PAP-III functions would provide a novel strategy for nerve regeneration.

Pancreatitis-associated protein (PAP)-III, also known as
regenerating gene/regenerating islet-derived (Reg)-III�, is a
small secretory protein whose expression is substantially
induced in injured nerves. Here, we found that PAP-III protein
underwent proteolytic N-terminal processing by trypsin-like
protease(s) in injured sciatic nerves after axotomy. In vitro stud-
ies demonstrated that the N terminus-truncated PAP-III (�N-
PAP-III) polymerized into a filament with a relatively uniform
diameter of 10–20 nm, and the filaments formed higher order
structures in a Na� concentration-dependent manner. When
the �N-PAP-III fibers were added to the culture media, the
�N-PAP-III fibers were tightly attached to neurites and somata
of primary cortical neurons in vitro. In contrast, little associa-
tion with glial cells was observed. When dense matrices of
�N-PAP-III fibers were sheeted on a culture dish, neurites pref-
erentially adhered to the fibers, and neurite extension was
enhanced. This neurite outgrowth activitywas significantly sup-
pressed by preincubation with antibodies against PAP-III.
These results imply that the released PAP-III might be cleaved
and forms �N-PAP-III fibers at the nerve injury sites. Conse-
quently, these resulting fiberswouldprovide regenerating axons
with a platform for extension.

Pancreatitis-associated protein (PAP)2 family members are
small secretory proteins structurally classified as the calcium-

dependent type (C-type) lectin. PAP-I was initially identified as
a secretory molecule in the pancreas of rats with acute pancre-
atitis (1), and thereafter PAP-II and -III were cloned by the
screening of cDNA libraries (2, 3). Because several familymem-
bers have been identified in various animal species, the nomen-
clature of thesemolecules remains complicated (4, 5). The PAP
family in rats consists of orthologs of the type III subclass of
regenerating gene/regenerating islet-derived (Reg) family in
mice; PAP-I (also calledReg-2) corresponds toReg-III�, PAP-II
to Reg-III�, and PAP-III to Reg-III�. PAP/Reg-III family mem-
bers have been shown to play roles in the digestive system; for
instance, PAP-I expression is enhanced by inflammation in
intestine aswell as in pancreas and acts as an anti-inflammatory
molecule (6–8). PAP-III, whose expression is induced by an
interaction of epithelial cells with bacteria in the gut, controls
the innate immune system by killing bacteria (9–12).
In addition to the digestive system, several studies have

revealed pivotal roles of PAP molecules in neuronal regenera-
tion. Although the basal expression of PAP family members is
almost nonexistent in the adult nervous system, they are mark-
edly induced following neural injury. The expression of PAP-I is
specifically induced in injured neurons both in the central nerv-
ous system and the peripheral nervous system (4, 13–18). It has
been suggested that secreted PAP-I promotes neuronal regen-
eration by acting as a neuronal autocrine/paracrine survival
factor as well as a mitogen for Schwann cells (13, 15, 18–20). In
contrast to PAP-I, functional consequences of PAP-III expres-
sion have been less studied. The expression of PAP-III is also
induced in injured neurons after central nervous system injury
(16, 17).Unlike PAP-I, the induction of PAP-III expression does
not occur in injured neurons in the peripheral nervous system;
however, prominent expression has been observed in injured
nerves in which Schwann cells serve as the putative sources of
PAP-III (4). Our study further reveals that PAP-III secreted
around injured peripheral nerves acts as a potent chemoattrac-
tant for macrophages, which is required for the removal of
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myelin and axonal debris in injured nerves (21–23). PAP-III
overexpression by adenoviral injection into injured sciatic
nerves not only promoted macrophage infiltration into injured
nerve but also enhanced axonal regeneration in rats (23).
Although these results demonstrated a crucial role of PAP-III in
nerve regeneration, it is possible that PAP-IIImay possess addi-
tional functions. In this study we addressed this possibility and
found that PAP-III formed fibrillar structures uponN-terminal
proteolytic processing and associated specifically with neurons
to promote neurite extension.

EXPERIMENTAL PROCEDURES

Animals and Surgery—All experimental procedures were
conducted in accordance with the standard guidelines for ani-
mal experiments of the Osaka City University andNagoya Uni-
versity Graduate Schools of Medicine. Adult male Wistar rats,
weighing about 150 g (SLC, Hamamatsu, Japan), were anesthe-
tized with pentobarbital (40 mg/kg), and their sciatic nerves
were transected with scissors. Control nerves and distal seg-
ments of injured nerves 1, 3, and 7 days after surgery were har-
vested for RT-PCR and Western blot analyses.
RT-PCR—Total RNAwas obtained by the acid guanidine iso-

thiocyanate/phenol/chloroform extractionmethod. cDNAwas
converted from total RNAwith SuperScript III (Invitrogen) and
used for PCR amplification. Amplificationwas carried out in 23
cycles for GAPDH or 32 cycles for PAP-III at 94 °C for 30 s, at
60 °C for 30 s, and at 72 °C for 30 s using primers described in
our previous paper (4). The amplified products were loaded
onto a 1.2% agarose gel and stained with ethidium bromide.
Western Blotting—Sciatic nerves and ilea were lysed in a

buffer containing 8 M urea and 2% CHAPS as described previ-
ously (24). The supernatants (16–22 �g) were loaded onto
5–20% gradient gels (Wako Chemicals, Osaka, Japan) together
with 10ng of recombinant PAP-III protein treatedwith orwith-
out trypsin as described below. Blots were prepared on polyvi-
nylidene difluoride membranes (Millipore). The membrane
was probed with a mouse monoclonal anti-GAPDH antibody
(4300; Ambion, Huntingdon, UK) or a rabbit polyclonal anti-
PAP-III antibody produced in our previous study and thenwith
horseradish peroxidase-conjugated secondary antibodies (GE
Healthcare) (4). Images were visualized by chemiluminescence
(ECL Prime; GE Healthcare).
Precipitability of N Terminus-truncated PAP-III (�N-PAP-

III) Processed by Trypsin—Recombinant PAP-III protein was
purified from Pichia pastoris transformed with a rat PAP-III
expression vector (4, 25). One microgram of PAP-III protein
was treated with 0.1 �g of trypsin in a 20-�l solution of 25 mM

Tris (pH 7.5) containing 0, 25, or 150 mM NaCl for 2, 5, or 12 h
at room temperature. Then the reaction mixtures were centri-
fuged at 20,000 � g for 20 min at 4 °C, and supernatants and
pellets were dissolved in 2 � and 1 � Laemmli sample buffer,
respectively. After boiling, both samples were subjected to 15%
SDS-PAGE, and proteins were visualized by staining with Coo-
massie Brilliant Blue R-250.
Microscopic Observation of �N-PAP-III Structure—PAP-III

protein (2.5 �g) was treated with or without 0.25 �g of trypsin
in a 25-�l solution of 25 mM Tris (pH 7.5) containing 0, 25, or
150 mM NaCl. For the control experiment, an equivalent

amount (77 ng) of synthesized N-terminal 11 amino acids
(EDAKEDVPTSR37) of PAP-III (PAP-III (N)) was diluted in a
25-�l solution of 25mMTris (pH 7.5) containing 150mMNaCl.
To examine the Ca2� effect on the fiber shape, 25 mM Tris (pH
7.5), 150 mM NaCl solutions containing 2 mM EGTA or CaCl2
were used. The solutions were then diluted in 250 �l of the
same buffers and incubated for 3 h at room temperature with
poly-D-lysine (PDL)-coated 12-mm round glass coverslips
placed on the bottomof 24-well culture dishes.We consistently
used PDL in the present study because PDL cannot be hydro-
lyzed by trypsin (26). After a brief wash, proteins were fixed
with 4% paraformaldehyde and then stained by a polyclonal
anti-PAP-III antibody and anti-rabbit IgG conjugated with
Alexa Fluor 488 (Invitrogen) for fluorescence observation.
Images were acquired by confocal microscopes (TCS-SP5,
Leica, Heidelberg, Germany; FV10i, Olympus, Tokyo, Japan).
For scanning electron microscopy analyses, �N-PAP-III pre-
pared on the coverslips was fixed with 2.5% glutaraldehyde and
subsequently with 1% OsO4 in 0.1 M phosphate buffer. After
dehydration with an ascending series of ethanol, the samples
were immersed in isoamyl acetate and driedwith a critical point
dryer. Then the surfaces of the samples were coated with plat-
inum using a sputter coater (E-1030; Hitachi, Tokyo, Japan).
Images were acquired by S-4700 (Hitachi).
Generation of Monoclonal Anti-PAP-III Antibody—Rat

monoclonal antibody was raised in accordance with the previ-
ous reports (27, 28). Briefly, a 10-week-old female WKY rat
(SLC) was immunized with 100 �g of �N-PAP-III protein.
Three weeks after immunization, lymph nodes obtained from
the rat were dispersed, and lymphocytes were fusedwithmouse
myeloma Sp2/0-Ag14 cells. The supernatants of hybridoma
clones were screened by ELISA and subsequent immuno-
staining of �N-PAP-III fibers. A hybridoma clone was chosen,
and the culture supernatant was loaded onto Hi-Trap SP col-
umn (GE Healthcare) to purify the antibody.
Primary Cultures—Cortical neurons were prepared from

cerebra of embryonic day (E) 18 embryonic Wistar rats as
described previously (29). Neuronswere seeded on PDL-coated
12-mm round glass coverslips placed on the bottom of 24-well
culture dishes (1.5 � 105 cells/well) and precultured in Neuro-
basal medium (Invitrogen) containing 0.05 mg/ml penicillin/
streptomycin (Invitrogen), 0.5 mM glutamine, and B27 supple-
ment (Invitrogen) for 12–18 h or 10 days for the interaction
assay. Astrocytes were also prepared from E18Wistar rats (30)
andmaintained in DMEM containing 10% FBS and 0.05mg/ml
penicillin/streptomycin (hereafter referred to as DMEM/FBS).
Microgliawere isolated fromamixed culture of brains of neonatal
Wistar rats on day 14–21 (31). Schwann cells were prepared from
sciatic nerves of neonatal Wistar rats (32) and maintained in
DMEM/FBS containing 10 �M forskolin (Calbiochem). Before
the interaction assay, astrocytes, microglia, and Schwann
cells were seeded on PDL-coated glass coverslips placed on
the bottom of 24-well culture dishes and pre-cultured in
DMEM/FBS for 12–18 h.
Interaction of�N-PAP-III Fibers with Primary CulturedCells—

PAP-III protein (2.5 �g) was treated with or without 0.25 �g of
trypsin in a 25-�l solution of 25 mM Tris (pH 7.5) containing 150
mM NaCl for 2 h at room temperature, and the reaction was
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stopped by the addition of 2.5 �g of trypsin inhibitor (Sigma). For
the control experiment, an equivalent amount (77 ng) of PAP-III
(N) was used. The reactionmixtures were added to culturemedia
of each culture, and then cells were incubated for 24 h at 37 °C.
After a brief wash with phosphate-buffered saline (PBS), samples
were fixed with 4% paraformaldehyde and subjected to immuno-
cytochemistryusingpolyclonal anti-PAP-III andmousemonoclo-
nal anti-�-tubulin antibodies (Sigma) (24). Alexa Fluor 488- or
594-conjugated secondary antibodies (Invitrogen) and Alexa
Fluor 594-conjugatedphalloidin (Invitrogen)were used for visual-
ization. Images were acquired by confocalmicroscopes (TCS-SP5
and FV10i). To examine the inhibition of interactions by anti-
PAP-III antibodies,�N-PAP-III fiberswere incubatedwith 2.5�g
of a normal rabbit IgG (R&D Systems), normal rat IgG (Sigma),
polyclonal or monoclonal anti-PAP-III antibody for 2 h at room
temperature before addition to the culture media.
Neurite Extension on �N-PAP-III Fibers—Trypsin digestion

of PAP-III was performed on the top of coverslips to prepare
dense fiber matrices of �N-PAP-III. PAP-III protein (1.0 �g)
was diluted in a 10-�l solution of 25 mM Tris (pH 7.5) without
NaCl. Immediately after the addition of 0.1 �g of trypsin, the
solution was put on the center of PDL-coated 12-mm round
glass coverslips placed on the bottom of 24-well culture dishes
and incubated for 2 h at 37 °C. Coverslips were washed briefly
with PBS, incubated for 30 min with 250 �l of PBS containing
1.0�g of trypsin inhibitor, and thenwashed several times again.
To examine antibody neutralization, coverslips were incubated
with 250 �l of PBS containing anti-rabbit IgG (1.6 �g), rat IgG
(0.8 �g), polyclonal (1.6 �g), or monoclonal anti-PAP-III anti-
body (0.8 �g) for 2 h at room temperature. After brief washes,
cortical neurons were seeded at a density of 1.5 � 105 or 5.0 �
103 cells/well. Neurons were maintained in Neurobasal
medium containing 0.05 mg/ml penicillin/streptomycin, 0.5
mM glutamine, and B27 supplement (Invitrogen) for 36 h, fixed
with 4% paraformaldehyde, and subjected to immunocyto-
chemistry using polyclonal anti-PAP-III and anti-�-tubulin
antibodies.
Effects of Full-length PAP-III andN-terminal Peptide onNeu-

rite Extension—Cortical neurons were seeded at a density of
5.0 � 103 cells/well on PDL-coated 12-mm round glass cover-
slips placed on the bottom of 24-well culture dishes in the cul-
ture media described above. Full-length PAP-III (2.5 �g) and
the equivalent amount (77 ng) of PAP-III (N) were added to the
culturemedia immediately after seeding. Cellswere cultures for
36 h, fixed with 4% paraformaldehyde, and stained by anti-�-
tubulin antibody.
Quantification of Neurite Length—Cortical neurons cultured

at a density of 5.0 � 103 cells/well were prepared as described
above. Low magnification images were acquired randomly
using a fluorescent microscope BX41 (Olympus), and neurites
of individual neurons were measured using the Neuron J
plug-in in the ImageJ software (National Institutes of Health,
Bethesda, MD). At least 88 neurons from three independent
cultures were analyzed.

RESULTS

Proteolytic N-terminal Processing of PAP-III after Injury—
We first examined the expression of PAP-III in injured sciatic

nerves. PAP-III mRNA was substantially induced in the injured
nerves in 1 day, and the expression gradually decreased (Fig. 1A).
Western blotting using PAP-III antibody demonstrated a similar
pattern of expressions of PAP-III protein (Fig. 1B). We detected a
�14-kDa band in the injured nerves throughout the period,
whereas the molecular mass of full-length protein was �16-kDa.
Trypsin-like proteases were reported to act on PAP-III and
remove the N-terminal 11 amino acids to generate a stable �14-
kDa product (25, 33).We therefore digested recombinant PAP-III
proteinwith trypsin in vitro to compare their sizes. The size of the
bands detected in injured nerves was approximately equal to that
of�N-PAP-III cleaved by trypsin (Fig. 1B). The size of the product
was also almost identical to that observed in the small intestine,
where removal of N-terminal 11 amino acids by trypsin-like pro-
tease(s) was reported previously (Fig. 1C) (34). These results sug-
gest that N-terminal processing of PAP-III occurs at the nerve
injury sites.
Na� Concentration-dependent Higher Order Structures of

�N-PAP-III—Previous studies reported that �N-PAP-III
became insoluble upon trypsin processing and sedimented
spontaneously (25, 33). Because these experiments were per-
formed only under the Na�-free conditions, insolubility/pre-
cipitability of �N-PAP-III under the physiological concentra-
tion ofNa�was unknown. Thus, we examined precipitability of
�N-PAP-III in the neutral buffer containing different concen-
trations of NaCl 2 h after the trypsin treatment (Fig. 2A).
�N-PAP-III was entirely precipitated by centrifugation at
20,000 � gwithout NaCl, which is in line with previous reports
(25, 33). Although �N-PAP-III remained in the pellet fraction
even in the presence of 25mMNaCl, the protein appeared in the
supernatant fraction under 150mMNaCl.When the incubation

FIGURE 1. N-terminal proteolytic processing of PAP-III in injured sciatic
nerves of rats. A, induction of PAP-III mRNA in injured sciatic nerves. Nerves
were collected 0 (cont), 1, 3, and 7 days (d) after axotomy. Expression of PAP-III
mRNA was examined by RT-PCR. B, processing of PAP-III protein in injured
sciatic nerves. Extracts of sciatic nerves collected 0 (cont), 1, 3, and 7 days (d)
after axotomy were analyzed by Western blotting using anti-PAP-III antibody.
Recombinant PAP-III protein treated with or without (�) trypsin was used for
the comparison. C, comparison of the product size between the injured
nerves and small intestine. Extracts of the small intestine (intestine) and sciatic
nerves (nerve) collected 1 day after axotomy were analyzed by Western blot-
ting. Recombinant PAP-III protein treated with or without (�) trypsin was also
loaded.
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was prolonged up to 12 h under 150mMNaCl, the precipitation
of �N-PAP-III was increased and could not be detected in the
supernatant (Fig. 2B). These results imply that �N-PAP-III
gradually loses solubility, and the speed of this precipitationwas
dependent on the salt concentration.
We next determined overall shapes of the insoluble

�N-PAP-III by immunofluorescence and found apparent dif-
ferences among different Na� concentrations (Fig. 3A). The
�N-PAP-III formed a sheet-like structure in a neutral buffer
without NaCl; however, it formed fibrils under 150 mM NaCl.
Intermediate NaCl concentrations resulted in intermediate
structures. Signals could not be detected in case of full-length
protein or N-terminal 11 amino acids of PAP-III (PAP-III (N))
(Fig. 3B), indicating that �N-PAP-III was the component of
these structures. PAP-III is structurally classified as C-type lec-
tin; however, Ca2� did not affect the shapes (data not shown).
To further characterize these insoluble structures, EM analyses
were performed (Fig. 3C). Scanning electron microscopy dem-
onstrated that a filament with a diameter of 10–20 nm was the
minimal constituent in common. The sheet-like (meshwork)
structure, under the NaCl-free condition, consisted of matrices
of filaments branched and entangled tightly (Fig. 3C, a–c). In
contrast, the filaments formed thicker bundles in the presence
of 150 mM NaCl (Fig. 3C, d–f). These results indicate that the
conformation patterns by �N-PAP-III filaments depend on
environmental salt conditions, although �N-PAP-III polymer-
izes into a primary filament with a consistent diameter. We
prepared either the fibrils or the meshwork matrices for the
following assays.
Association of �N-PAP-III Fibers with Neuronal Surfaces—

To address functions of extracellular �N-PAP-III fibers in the
injured nervous system, we prepared primary cultures, added
�N-PAP-III fibers to the culturemedia, and observed interactions
of �N-PAP-III fibers with the cultured cells. The fibrillar
�N-PAP-III produced in the presence of 150 mM NaCl was used
for this experiment toobserve the interactions indetail. Significant
interactionswithglial cellswerenotobserved (Fig. 4). Exogenously
added�N-PAP-III fibers adhered to the cell-free areaof coverslips

as well as on glial cells, although there were moderate tendencies
for the �N-PAP-III fibers to attach preferentially to cellular sur-
faces. In contrast, significant interaction with neurons was
observed (Fig. 5). When we added �N-PAP-III fibers to cultured
cortical neurons, which were cultured for 12–18 h after seeding,
�N-PAP-III fibers associated predominantly with growing neu-
rites as well as neuronal somata (Fig. 5A). These associations were
entirely blocked by preincubation of �N-PAP-III fibers with the
rabbit polyclonal anti-PAP-III antibody before adding to the cul-
ture media (Fig. 5B). Moreover, the inhibition was confirmed by
the use of rat monoclonal antibody, which we produced using
�N-PAP-III fibers as an antigen. Control rabbit or rat IgG had no
effect on the interactions (Fig. 5B anddatanot shown). In linewith
Fig. 3B, neither full-length PAP-III nor PAP-III (N) exhibited any
signals on neuronal surfaces (data not shown). Such tight associa-
tions were also observed using matured cortical neurons, which
were precultured for 10 days (data not shown).
Neurite Outgrowth Activity of �N-PAP-III Fibers—As shown

byasterisks in Fig. 5A, a large complex of the accumulated fibrils
was often observed onneuronal somata. Precise observations of
these regions by confocal microscopy revealed that some neu-
rites grew upward into the accumulated fibrillar complex

FIGURE 2. Precipitability of �N-PAP-III depends on Na� concentrations. A,
PAP-III protein was incubated with (�) or without (�) trypsin in 25 mM Tris (pH
7.5) containing 0 (�), 25, and 150 mM NaCl for 2 h (hrs). B, PAP-III protein was
treated with trypsin (�) in 25 mM Tris (pH 7.5) containing 150 mM NaCl for 2, 5,
and 12 h. Solutions were centrifuged at 20,000 � g, and proteins in superna-
tant (S) and pellet (P) fractions were resolved by SDS-PAGE followed by Coo-
massie Brilliant Blue staining. �N-PAP-III is precipitated under 0 and 25 mM

but not under 150 mM NaCl after 2 h of incubation. �N-PAP-III becomes pre-
cipitated even in the presence of 150 mM NaCl after 5 h of incubation.

FIGURE 3. Fibrillar structure of �N-PAP-III. A, PAP-III treated with trypsin in
25 mM Tris (pH 7.5) containing 0 (�), 25, and 150 mM NaCl was attached to
PDL-coated coverslips and visualized by immunofluorescence using anti-
PAP-III antibody. Scale bar, 30 �m. B, full-length PAP-III, PAP-III (N), and PAP-III
treated with trypsin in 25 mM Tris (pH 7.5) containing 150 mM NaCl were
incubated with PDL-coated coverslips and stained by anti-PAP-III antibody.
Scale bar, 30 �m. C, PAP-III treated with trypsin in 25 mM Tris (pH 7.5) contain-
ing 0 (�) (a– c) or 150 mM (d–f) NaCl was analyzed by scanning electron
microscopy. Scale bars, 5 �m (a and d), 1 �m (b and e), and 200 nm (c and f).
Note that filaments with a diameter of 10 –20 nm are the minimum constitu-
ents in common in both conditions (arrows).
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(Fig. 5C). This prompted us to examine the possibility that
�N-PAP-III fibers might serve as a scaffold or substrate for
neurite extension (Fig. 6).
We next prepared patchy dense matrices of �N-PAP-III on

PDL-coated glass coverslips and then seeded cortical neurons
on them. The patchy dense matrices were successfully formed
on the coverslips with some areas where the thick bundles were
sparsely formed (Fig. 6A). In these areas, the neuronal somata
adhered predominantly to the region where the bundled
�N-PAP-III fibrils were formed. Moreover, neurites extended
along the networks of fibrils, indicating that the neurites were
guided by the �N-PAP-III fibers for their extension.
Finally, we examined whether the �N-PAP-III fibers pro-

moted the neurite outgrowth (Fig. 6, B–D). Cortical neurons
were cultured at low densities on densematrices of�N-PAP-III
for 36 h, and their morphologies were evaluated. Neurons
grown on �N-PAP-III matrices had longer neurites than those
grown on PDL. This activity was mostly neutralized by prein-
cubation with anti-PAP-III antibodies before seeding neurons.
To examine a possibility that the full-length PAP-III and the
cleaved N-terminal fragment also had a similar effect, we car-
ried out similar experiments using either PAP-III and PAP-III
(N). However, the full-length PAP-III hardly adhered to any
types of the coated coverslips (Fig. 3B), and the adhesion of
cleaved N-terminal peptide (PAP-III (N)) was ambiguous due
to the failures of the detections by the antibodies examined. In
any event, the preincubation with PAP-III or PAP-III (N) did
not show significant neurite elongation activity. To verify
whether the soluble PAP-III and PAP-III (N) had neurite elon-
gation activity, we added the proteins to the cultured media of
cortical neurons and evaluated their morphologies. Neither the
full-length PAP-III nor PAP-III (N) showed significant neurite
extension activities (Fig. 7), indicating that those peptides do
not function as a soluble neurite elongation factor. Taken
together, these results suggest that extracellular �N-PAP-III
fibers promote neurite extension by functioning as a scaffold or
a substrate for neurites.

DISCUSSION

In this study we have demonstrated that the nerve injury-
induced secretory protein PAP-III is cleaved and subsequently
forms 10–20 nm filamentous structures. In vitro, the filaments
provide neurites with a scaffold to facilitate neurite elongation.
Previously, we demonstrated that PAP-III expression was sub-

FIGURE 4. Weak interactions of exogenously added �N-PAP-III fibers with glial cells. �N-PAP-III fibers produced in 25 mM Tris (pH 7.5) containing 150 mM

NaCl were added to the culture media of astrocytes, microglia, and Schwann cells, and incubated for 24 h. After fixation, �N-PAP-III fibers and cellular shapes
were visualized by anti-PAP-III antibody (green) and phalloidin (red) staining, respectively. Scale bar, 50 �m.

FIGURE 5. Association of exogenously added �N-PAP-III fibers with neu-
rons. �N-PAP-III fibers produced in 25 mM Tris (pH 7.5) containing 150 mM

NaCl were added to the culture media of primary cortical neurons precultured
for 12–18 h. Twenty-four hours after incubation, the preparations were fixed
and immunostained with anti-PAP-III (green) and anti-�-tubulin (red) anti-
bodies. A, �N-PAP-III fibers associated with neurites (arrows) as well as
somata. Complexes of accumulated fibrils were often formed and accumu-
lated on somata (asterisks). B, the associations were blocked by preincubating
�N-PAP-III fibers with rabbit polyclonal (�rab. pAb) or rat monoclonal anti-
PAP-III (�rat mAb) antibody, but not with normal rabbit IgG (�normal rab.
IgG). C, high magnification Z-stack images of regions where large complexes
of �N-PAP-III fibers accumulates on somata (indicated by asterisks in A).
Superficial images of the coverslips show a clear association of �N-PAP-III
fibers with neurites (a– c, arrows). The top images show the upward growth of
some neurites into accumulated fibrillar complex (d–f and g–i, arrowheads).
Maximum projections of XY (j–l) and YZ (m– o) planes. Neurites grow upward
only in the presence of fibrillar complexes (m– o). Scale bars, 50 �m (A and B)
and 10 �m (C).
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stantially induced in injured peripheral nerves (4, 23). Although
in those studies we did not address the cleavage form of PAP-
III, we found, in the present study, a �14-kDa product of PAP-
III in injured nerves throughout the period we examined (Fig.
1B). It is unlikely that this smaller product is derived from a
splicing variant because no mRNA variants have been identi-
fied in our present and previous studies and in the NCBI data-
base. A previous study showed that intestinal Reg-III�, the
mouse ortholog of PAP-III, actually underwent processing by
trypsin-like protease(s) at the C terminus of conserved Arg37 in
vivo (34). This cleavage site was identical to that where trypsin
recognized the recombinant protein in vitro, and the N-termi-
nal processing at this site could be essential for the bactericidal
activity as well as conformation of the protein. Although the
cleavage site of PAP-III remained uncertain in injured nerves,
the size of the product was almost equal to the intestinal one
(Fig. 1C), and it is likely that PAP-III is also cleaved at the C
terminus of Arg37 in vivo. Processing enzyme(s) for PAP-III
remain to be identified in vivo. Along with the context of the
previous report in the intestine (34), we assume that PAP-III
might be cleaved in the extracellular milieu immediately after

secretion. An identification of potent protease(s) could be
important for understanding how PAP-III activity is regulated
by the nerve injury.
PAP family members and their orthologs are commonly

cleaved at the C terminus of Arg37 (5, 25, 33–35). In addition to
PAP-III, rat PAP-I and its putative human ortholog hepatocar-
cinoma-intestine-pancreas (HIP)/PAP were shown to become
insoluble after the N-terminal processing at neutral pH (25, 33,
35). However, those studies were carried out in the absence of
Na�, which was a nonphysiological condition. We therefore
examined the correlation between Na� concentration and the
precipitability of �N-PAP-III, and we demonstrated that the
precipitability and the precipitated fibrillar structures varied
depending on the Na� concentrations. The precipitability and
precipitation speed of �N-PAP-III became lower and slower,
respectively, as Na� concentration increased (Fig. 2). However
the present study demonstrated that the precipitation and the
formation of filamentous structure could occur even under
physiological conditions (Figs. 2 and 3). The present confocal
and subsequent EM studies demonstrated that the precipita-
tion, which was a polymerized �N-PAP-III, was composed of

FIGURE 6. Neurite extension on �N-PAP-III fibers immobilized on glass coverslips. Dense matrices of �N-PAP-III fibers were prepared on PDL-coated glass
coverslips by digesting �N-PAP-III without NaCl. Primary cortical neurons were seeded on them and cultured for 36 h. Neuronal shapes were defined by
immunostaining with anti-�-tubulin antibody (red). A, image of regions where bundles of �N-PAP-III fibrils were sparsely formed (green). Neurites (arrows) as
well as somata adhere predominantly to the thick fibrils. Scale bar, 100 �m. B, representative images of neurons extending neurites on PDL (control), PDL��N-
PAP-III fibers (�N-PAP-III fibers) in the presence of rabbit polyclonal (�N-PAP-III fibers�pAb) or rat monoclonal (�N-PAP-III fibers�mAb) antibody. Scale bar, 100
�m. C, quantification of the total neurite length. D, quantification of length of the longest neurite.
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relatively uniform primary filament (10–20 nm in diameter) in
the presence or absence of Na� (Fig. 3). However, the confor-
mational patterns by the primary filaments were different
depending on the concentration of Na�. In the presence of 150
mMNaCl, several filaments made a thicker bundle. In contrast,
in lower concentrations of Na� the bundles composed of the
primary filaments showed branched and entangled structures
and eventually formed a meshwork, which was in accordance
with the observation in a previous paper (25). Somemembers of
the PAP family were biochemically shown to form oligomers
(36, 37), and furthermore the degree of oligomerization of
human HIP/PAP was shown to be dependent on Na� concen-
tration (38). The oligomerization state of the protein before
processing may have an influence on the conformation such as
bundling, branching, and meshwork composed of �N-PAP-III
filaments.
To address significances of the fibrillar structure, we pre-

pared dense mesh-like matrices of �N-PAP-III on coverslips
and demonstrated that the neurites were preferentially adhered
to and elongate along the fibrillar �N-PAP-III (Fig. 6). Neurite
elongation was significantly promoted on dense matrices of
�N-PAP-III, and the neurite elongation activity of the fibrillar
�N-PAP-III was decreased to almost control levels by preincu-
bation of the matrices with antibodies against PAP-III (Fig. 6,
B–D). Recently, it was reported that full-length Reg-I, which
belong to a distant family of PAP/Reg-III, stimulated neurite
outgrowth (39). This was not the case with PAP-III. Neuronal

morphologies were unchanged when the full-length protein
was added to the culture media of cortical neurons (Fig. 7). In
addition, the N-terminal peptide cleaved by trypsin, PAP-III
(N), did not alter neurite length (Fig. 7). These results indicate
that the cleaved N-terminal fragment and the full-length PAP-
III, which are soluble, do not function as a neurite elongation
factor and suggest that the N-terminal truncation of PAP-III or
composition of the fibrillar structure would be necessary for
promoting neurite outgrowth.
One of the intriguing findings in this study is that the associ-

ation of the fibrillar �N-PAP-III is neuronal cell-specific (Fig.
5). Specific interactions between the fibrillar �N-PAP-III and
glial cells or various nonneuronal cell lines were not observed
(Fig. 4 and data not shown), suggesting that there may exist
neuronal surface-specific molecule(s) having an affinity with
�N-PAP-III. PAP family members are reported to bind to cer-
tain carbohydrates such as mannan, chitin, and bacterial pepti-
doglycan as a lectin (9, 35, 40). Thus, it is likely that�N-PAP-III
recognizes and binds to sugar chains of membrane-bound pro-
teins or lipids, which are preferentially expressed on neurons.
Alternatively, it is also possible that �N-PAP-III may directly
bind to the neuronal membrane via receptor-like molecules.
Fibrillar proteins such as collagen and fibronectin promote
neurite outgrowth by binding to their receptors, such as a com-
bination of integrin heterodimers expressed on neuronal sur-
faces (41, 42). Further studies are needed to investigate molec-

FIGURE 7. No significant effects of exogenously added full-length PAP-III or PAP-III (N) on neurite extension. Primary cortical neurons were seeded on
PDL-coated glass coverslips and cultured for 36 h in media containing no PAP-III (control), full-length PAP-III, or PAP-III (N). Neuronal shapes were defined by
immunostaining with anti-�-tubulin antibody (red). A, representative images of neurons. Scale bar, 100 �m. B, quantification of the total neurite length. C,
quantification of length of the longest neurite.
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ular mechanisms underlying the neuron-specific adhesion and
the neurite outgrowth activity of the fibrous �N-PAP-III.
In this study we demonstrated the neurite elongation activity

of �N-PAP-III using the cortical neurons. This suggests that
neurites of cortical neurons are capable of binding to �N-PAP-
III and the adhesion could promote the neurite elongation.
Indeed a traumatic injury of the cortex also demonstrated an
induction of PAP-III expression (16). However, in the case of cen-
tral nervous system injury, most neurons are highly susceptible to
injury and eventually die without elongating neurites. In this
respect, when injured neurons are successfully protected by some
treatments, the �N-PAP-III may be advantageous for the pro-
tected neurons to promote their neurite elongation.
Regarding the actual structure of �N-PAP-III in vivo, we

were not able to identify the fibrillar structure in the nerve
injury site. Although our antibody clearly visualized PAP-III
proteins in other brain lesion models (16, 17), immunohisto-
chemical analyses did not show convincing results in injured
nerve. One possibility may be that PAP-III conformation is sig-
nificantly changed upon the processing. As our antibody was
raised against full-length PAP-III (4), this antibody may not
recognize �N-PAP-III in vivo. Alternatively, antigenic site(s)
within PAP-IIImight bemasked by some binding proteins such
as proteoglycans in vivo. In any event, the present indirect evi-
dences suggest that PAP-III undergoes processing and possibly
interacts with regenerating axons. To further demonstrate the
interaction between fibrillar PAP-III and regenerating axon in
vivo, a good antibody that identifies �N-PAP-III in vivo would
be necessary.
In conclusion, we have demonstrated a novel activity of PAP-

III in vitro. The N-terminal cleaved PAP-III, �N-PAP-III, is
capable of forming fibrils around injury sites andwould serve as
a scaffold or substrate for the growth of regenerating axons.
However, the full-length PAP-III may attractmacrophages/mi-
croglia to the injury site (23). The dual functions of PAP-IIImay
be switched depending on its cleavage state. It has been dem-
onstrated that the antibacterial activity of mouse Reg-III� and
humanHIP/PAP is tightly controlled by an inhibitory N-termi-
nal prosegment that is removed by trypsin or a trypsin-like pro-
tease in vivo (34, 40). They proposed that the N-terminal frag-
ment of PAP molecules controls a two-state conformational
switch between the biologically active and inactive states of the
protein. In an analogous manner, the cleavage of the N-termi-
nal region of PAP-III in injured nerves may also switch the
function of the protein from a macrophage chemoattractant to
an activator of neurite elongation. The proteolytic regulation of
the dual PAP-III functions at the injured nerve site may be
crucial for proper nerve regeneration.
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