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Pancreatitis-Associated Protein-III Is a Novel Macrophage
Chemoattractant Implicated in Nerve Regeneration
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Circulating macrophages are recruited to degenerating nerves in response to nerve injury to remove myelin and axonal debris, a process
that is crucial for successful nerve regeneration. In this study, we demonstrate that pancreatitis-associated protein (PAP)-III is a macro-
phage chemoattractant that is induced in and released from injured nerves. In vitro experiments revealed that PAP-III possessed a strong
macrophage chemoattractant activity that was comparable with that of monocyte chemoattractant protein-1. In addition, gene knock-
down via adenovirus-mediated small interference RNA expression in isolated sciatic nerves successfully suppressed PAP-III expression
and its macrophage chemoattractant activity. Furthermore, overexpression or knockdown of the PAP-III gene in crushed sciatic nerves
in rats resulted in acceleration or retardation of macrophage recruitment and subsequent nerve regeneration, respectively. Collectively,
our results demonstrate that PAP-III is a novel macrophage chemoattractant that is involved in peripheral nerve regeneration and further
provide new insights into Schwann cell–macrophage interactions and therapeutic interventions.
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Introduction
Injuries to axons in the peripheral nervous system (PNS) induce
the degeneration of distal axons (Wallerian degeneration), a pro-
cess that is rapidly achieved by both axonal and myelin break-
down (Scherer and Salzer, 2001). Wallerian degeneration is ac-
companied by orchestrated cellular responses in the injured
neurons, dedifferentiated Schwann cells, and cells involved in
immune systems (Scherer and Salzer, 2001). Among such cellular
responses, the most striking is macrophage invasion into the de-
generating nerves, mainly by circulating hematogenous mono-
cytic cells (Beuche and Friede, 1984). Multiple beneficial roles of
the invading macrophages appear to contribute to Wallerian de-
generation and subsequent axonal regeneration (Hughes and
Perry, 2000). These cells effectively scavenge the debris of myelin
components that inhibits axonal growth. In addition, they can
secrete a number of soluble factors that stimulate axonal growth
directly or indirectly.

Although the molecular mechanisms underlying the macro-

phage influx into injured nerves are not fully understood, it is
widely accepted that disruption of axon–Schwann cell contacts
during axon degeneration triggers dedifferentiation of the
Schwann cells and subsequently induces the cells to release me-
diators for macrophage attraction. A recent study suggested that
secreted molecules from cultured Schwann cells or sciatic nerve
explants are the most potent candidates for macrophage attract-
ants (Tofaris et al., 2002). Among these factors, monocyte che-
moattractant protein-1 (MCP-1) and leukemia inhibitory factor
(LIF), released from Schwann cells after nerve injury, have been
shown to have chemotactic activity for macrophages (Sugiura et
al., 2000; Tofaris et al., 2002). However, knock-out mice of LIF or
the MCP-1 receptor gene CCR2 (for the CC motif chemokine
receptor 2) only show partial reduction of the macrophage re-
cruitment to degenerating sciatic nerves (Siebert et al., 2000; Su-
giura et al., 2000), strongly suggesting the existence of additional
factors that play similar or even higher roles as macrophage che-
moattractants during nerve regeneration.

Recently, we reported that pancreatitis-associated protein
(PAP)-III, a member of the PAP/regenerating gene (Reg) family, is
predominantly induced in the Schwann cells of injured nerves
(Namikawa et al., 2005). The PAP/Reg family consists of secre-
tory molecules, and much attention has been paid recently to
their significant expressions in human cancer cells (Zhang et al.,
2003). Among the family members, Reg-2/PAP-I [also known as
HIP (hepatocarcinoma–intestine–pancreas)/PAP in humans
(Zhang et al., 2003)] is the only member whose functions in the
nervous system have been elucidated. Reg-2/PAP-I is massively
upregulated in motor and sensory neurons after axotomy and
was found to enhance nerve regeneration via stimulation of
Schwann cell growth (Livesey et al., 1997). In addition, Reg-2/
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PAP-I also functions as a survival factor for cultured motor neu-
rons (Nishimune et al., 2000). In contrast to such remarkable
functions of Reg-2/PAP-I released from injured neurons, the
physiological relevance of PAP-III in injured nerves as well as
other systems has hardly been investigated. Therefore, we exam-
ined the physiological relevance of PAP-III during nerve regen-
eration in the present study. Several aspects of the results ob-
tained from our in vitro and in vivo experiments clearly indicate
that PAP-III is a new member of the macrophage chemoattrac-
tants and is particularly involved in nerve regeneration.

Materials and Methods
Transwell assay using modified Boyden chambers. Proteose peptone
(Difco, Detroit, MI)-elicited macrophages were collected from rat peri-
toneal cavities as described previously (Tofaris et al., 2002). A mouse
macrophage cell line, Bac1.2F5, established by Dr. E. Richard Stanley’s
laboratory (Albert Einstein College of Medicine, New York, NY), was
maintained according to their protocol (Morgan et al., 1987). First, 700
�l of RPMI-1640 medium (Sigma, Tokyo, Japan) containing recombi-
nant rat PAP-III (supplemental Method 1, available at www.jneuro-
sci.org as supplemental material) or rat MCP-1 (Chemicon, Temecula,
CA) or no factor was placed in the lower chambers. Cells were resus-
pended at a concentration of 1 � 10 5 cells/ml (peritoneal macrophages)
or 2.5 � 10 5 cells/ml (Bac1.2F5 cells) in RPMI-1640 containing 0.1%
BSA. Next, 200 �l aliquots of the cell suspensions were placed in
FALCON-HTS Fluoro Block inserts (3.0 �m pore size for peritoneal
macrophages or 8.0 �m pore size for Bac1.2F5 cells; BD Falcon, Bedford,
MA). At 2 h (for peritoneal macrophages) or 8 h (for Bac1.2F5 cells) after
seeding, the cells migrating to the lower chambers were labeled with the
fluorescent dye Calcein-AM (Invitrogen, Carlsbad, CA) according to the
protocol of the manufacturer, and the numbers of migrated cells were
counted after capturing at least five random 200� fields per well. At each
point, six independent wells were used to determine the mean number of
migrating cells. Data were calculated as the ratio of the mean number of
migrated cells treated with PAP-III or MCP-1 relative to the control cells
(n � 6).

Scratch assay. A wound was made in confluent monolayers of Bac1.2F5
cells grown on 12-well cell culture plates by scraping with a sterile 200 �l
Gilson (Middletown, WI) pipette tip. Next, the cells were rinsed with PBS
and further cultured in DMEM (Sigma) supplemented with 10% fetal
calf serum (FCS) in the presence (1 ng/ml each) or absence of PAP-III or
MCP-1. Using a CCD camera system, pictures of the cultures were taken
immediately after scratching and then after 16 and 24 h. The migration
distances of the macrophages were measured according to a previous
report (John et al., 2004) (n � 6).

Generation of adenoviral vectors and viral infections. Adenovirus vec-
tors were constructed using a Takara (Otsu, Japan) adenovirus kit ac-
cording to the protocol of the manufacturer. The detailed methods used
for virus construction and viral infection of COS7 cells or sciatic nerves
are described in supplemental Method 2 (available at www.jneurosci.org
as supplemental material).

Animals and surgery. Experiments using animals were performed in
accordance with the guidelines laid down by Osaka City University Med-
ical School regarding the care and use of animals for experimental pro-
cedures. Adult male Wistar rats weighing 150 –200 g were used through-
out this study after anesthesia with pentobarbital. Their right sciatic
nerves were axotomized or crushed. Some rats were operated on at 1 d
after adenovirus infection. For nerve crush injury, the nerve was crushed
with a pair of jeweler’s forceps for 30 s, and the crush site was tagged with
an 8-0 Dermalon suture to create a mark on the injury site.

Chemotaxis assay in collagen gels. To evaluate the chemotactic activity
of PAP-III, aggregates of Bac1.2F5 macrophages were embedded in col-
lagen gels together with aggregates of green fluorescent protein (GFP)- or
PAP-III-expressing COS1 aggregates as shown in Figure 3. GFP-, PAP-
III-, or MCP-1-expressing adenoviruses were infected into COS1 cells as
described above, followed by creation of aggregates of these cells by the
hanging-drop method (Fan and Tessier-Lavigne, 1994) at 24 h after the
adenovirus infection. Conversely, macrophage aggregates were created

by placing single drops of a macrophage cell suspension (6 � 10 4 cells in
10 �l of DMEM) on plastic Petri dishes (BD Falcon), followed by incu-
bation in a CO2 incubator for 3– 4 h. After formation of the macrophage
aggregates, COS1 aggregates were placed at 500 �m from the edge of a
macrophage aggregate, embedded in collagen gels (8:1:1 of 0.3% colla-
gen/0.23 M NaOH– 0.14 M NaHCO3/10� DMEM), and cultured in
DMEM (Sigma) containing 10% FCS. After 48 h of coculture, the aggre-
gates were fixed with 4% paraformaldehyde and reacted with the F4/80
monoclonal antibody (1:200; Serotec, Raleigh, NC), a specific marker for
mouse macrophages. An Alexa 594-conjugated anti-rat IgG (Invitrogen)
was used as the secondary antibody, followed by staining with Hoechst
33258 (Wako, Osaka, Japan). Photographs of the cells were obtained
using a CCD camera before and after each assay and saved on a computer.
Next, the two photographs were merged to identify the edge of each
macrophage aggregate before the migration, and the chemotactic index
was determined as described in Fig. 3D. Conversely, nerves infected with
adenoviruses expressing either siGFP [small interfering RNA (siRNA)
sequence targeted against rat GFP mRNA] or siPAPIII (siRNA sequence
targeted against rat PAP-III mRNA) as described above were sampled at
1 d after the axotomy. Nerve explants were cut as 3-mm-long segments,
spanning from 2 to 5 mm distal from the injury site. The explants were
then cocultured with a macrophage aggregate with the 2 mm end of the
explant oriented toward the macrophage aggregate. The chemotactic
index of each nerve was also estimated similar to that of COS1 aggregates
(n � 8).

Reverse transcription-PCR. For mRNA detection in injured nerves, rats
were killed at 1 d after sciatic nerve transection or crush injury. Total
RNA was prepared from normal nerves and distal segments of the injured
nerves (0 –5 mm from the injury site). Reverse transcription (RT)-PCR
analysis was performed as described in supplemental Method 3 (available
at www.jneurosci.org as supplemental material).

Western blotting. At 36 h after adenovirus infection, Western blotting
analysis of COS7 cell lysates was performed as described previously
(Namikawa et al., 2005). The following primary antibodies were used as
probes: anti-PAP-III antibody (1:1000) (Namikawa et al., 2005) and
anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) monoclo-
nal antibody (1:10,000; Ambion, Austin, TX). The reactions were visual-
ized using an ECL system (GE Healthcare, Piscataway, NJ).

In vivo assay for macrophage recruitment and nerve regeneration. At 4 d
(for macrophage and axon staining) or 7 d (for axon staining) after the
nerve crush injury, adenovirus-infected sciatic nerves were removed and
frozen in a block of Tissue Tek OCT. Serial 8 �m longitudinal cryostat
sections were cut and subjected to immunohistochemical staining as
described previously (Dailey et al., 1998). ED-1 (1:5000; Serotec) or 2H3
(1:50; cell supernatant of 2H3 mouse hybridoma; Developmental Studies
Hybridoma Bank, University of Iowa, Iowa City, IA) antibodies were
used as primary antibodies for staining the macrophages or regenerating
axons, respectively. Macrophage counts were performed by counting the
numbers of ED-1-positive cells in areas of 0.04 mm 2 at 1.5 and 3 mm
from the crush site. Axon counts were also performed by counting re-
generating axons stained with the 2H3 antibody in five fields at 3 and 6
mm from the crush site. The detailed protocols for the macrophage and
axon counts are described in supplemental Method 4 (available at ww-
w.jneurosci.org as supplemental material).

Statistical analysis. The mean of the collected data were determined for
each time point and experimental group. The statistical significance of
differences in the counts between two groups was tested by Student’s t
test. Statistical significance was set at p � 0.05.

Results
PAP-III stimulates migration of macrophages in
Transwell assays
Our previous report revealed that PAP-III expression is promi-
nently upregulated in the distal portion of injured hypoglossal
nerves and that this upregulation occurs rapidly within 12 h to
reach a peak level at 1 d after axotomy (Namikawa et al., 2005). A
rapid upregulation of PAP-III expression was also observed at 1 d
after injury in our sciatic nerve injury model (supplemental Fig.

Namikawa et al. • PAPIII Is a Novel Macrophage Chemoattractant J. Neurosci., July 12, 2006 • 26(28):7460 –7467 • 7461



1A, available at www.jneurosci.org as sup-
plemental material). In addition, PAP-III
may be a secretory molecule, because
PAP-III-transfected HEK293T cells se-
creted abundant PAP-III into the culture
medium (supplemental Fig. 1B, available
at www.jneurosci.org as supplemental
material). Such a rapid gene expression
profile and the secretory nature after in-
jury are reminiscent of chemoattractants
for macrophages. To examine the possi-
bility that PAP-III acts as a macrophage
chemoattractant, we first used one of the
Transwell assays, known as the “modified
Boyden chamber assay,” which enables us
to count fluorescently labeled macro-
phages migrating across a fluorescence-
blocking planar micropore membrane
(Yamakawa et al., 2000). Two sources of
macrophages, namely rat peritoneal pri-
mary macrophages and the mouse bone
marrow-derived cell line Bac1.2F5 (Mor-
gan et al., 1987), were used for these as-
says. Recombinant rat PAP-III prepared
using a yeast expression system (supple-
mental Fig. 1B, available at www.jneuro-
sci.org as supplemental material) was
added to the medium in the lower cham-
bers at concentrations ranging from 0.01
to 500 ng/ml, whereas cells were seeded
into the upper chambers. Next, the cell
migration to the lower chambers was mea-
sured. MCP-1 at 10 ng/ml was applied to
the lower chambers for control experi-
ments, because it has been shown previ-
ously to induce successful macrophage
migration in Boyden chamber assays (To-
faris et al., 2002). In the experiments using
primary macrophages and Bac1.2F5 cells,
the numbers of migrated cells (arrow-
heads) in the lower chambers containing
PAP-III or MCP-1 were significantly
higher than those in control chambers
without these factors (Fig. 1A). The most effective migration
activities were induced by PAP-III at concentrations from 1 to 10
ng/ml. These results indicate that PAP-III promotes macrophage
migration, similar to MCP-1. Furthermore, its activity was simi-
lar to that of MCP-1 for peritoneal macrophages and even higher
for Bac1.2F5 cells (Fig. 1B).

PAP-III enhances chemokinesis of macrophages in
scratch assays
Previous studies have argued that Transwell chamber assays rep-
resent a simple method for estimating cell migration but are not
ideal for measuring chemoattraction (Zhu et al., 2002), because
stimulation of cell motility (chemokinesis) could be sufficient to
increase the number of migrating cells into the lower chambers.
Thus, we performed additional experiments to determine
whether the increase in migration observed in the Transwell as-
says was attributable to the activation of chemokinesis, chemo-
taxis, or both. First, to evaluate whether PAP-III induces chemo-
kinesis of macrophages, we performed scratch assays as described
in a previous study (John et al., 2004). A cell-free area was gener-

ated by gently scratching a confluent cell monolayer with a pi-
pette tip, resulting in the formation of a gap. Immediately after
creation of the gap, PAP-III or MCP-1 was added to the medium,
and the migration distances of the cells from the edges of the gaps
were measured at 16 and 24 h after the scratch. Control experi-
ments were performed in parallel without the addition of a factor.
We only used Bac1.2F5 macrophages in these assays because pri-
mary peritoneal macrophages hardly reached confluence in the
culture dishes, even in the presence of a growth factor such as
colony stimulating factor-1 (data not shown). The macrophages
exposed to either PAP-III or MCP-1 clearly demonstrated rapid
migration into the gaps compared with control assays without a
factor at each time point (Fig. 2A,B). This effect was not attrib-
utable to stimulation of cell growth because none of the concen-
trations of PAP-III and MCP-1 used in these assays induced mac-
rophage growth, even in the presence of serum (data not shown).
In terms of their chemokinesis activities, no significant differ-
ences were observed between PAP-III and MCP-1 (Fig. 2B).
These results demonstrate that PAP-III enhances chemokinesis
of macrophages, in a manner similar to MCP-1.

Figure 1. PAP-III promotes macrophage migration, as evaluated using modified Boyden chamber assays. A, The photographs
show fluorescently labeled peritoneal macrophages (top) or Bac1.2F5 cells (bottom) migrating to lower chambers containing
PAP-III or MCP-1 or no factor as a control (cont). The concentration of each factor is indicated in the photographs. The white
arrowheads indicate migrating macrophages, and the arrows indicate the pores of the culture inserts, which are smaller in size.
Note that the diameters of the pores in the inserts are 8 �m for Bac1.2F5 cells and 3 �m for peritoneal macrophages. B, The data
in the histograms represent the migration indexes obtained by calculating the ratios of the numbers of migrating cells in chambers
containing PAP-III at different concentrations or MCP-1 (10 ng/ml) relative to those in control chambers. The statistical signifi-
cance between the two groups for the migration index of each point relative to that of the control experiment was determined.
Error bars are the SEM. Scale bar, 50 �m.
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PAP-III induces chemotaxis of macrophages in cocultures of
aggregated macrophages and COS cells
Next, to further address the potential role of PAP-III as an acti-
vator of macrophage chemotaxis, we established a coculture sys-
tem in collagen gels (Fig. 3). Aggregates of Bac1.2F5 cells attached
to plastic dishes were cocultured and embedded in collagen gels
with aggregates of COS cells expressing GFP, PAP-III, or MCP-1
using adenoviral gene transfers. PAP-III-expressing COS cells
strongly attracted macrophages, which were positively stained by
an anti-macrophage marker antibody (F4/80), whereas the GFP-
expressing COS cells did not show a clear attraction (Fig. 3A,C).
MCP-1-expressing aggregates also effectively attracted macro-
phages in this assay system (Fig. 3B). The numbers of cells mi-
grating �100 �m toward to the center of the COS aggregates
were counted, and the chemotactic index was calculated as the
ratio of the migrating cells toward to each aggregate compared
with that toward to the GFP-expressing aggregate (Fig. 3D). The

chemotactic activity of PAP-III was apparently stronger than that
of GFP. In addition, its activity was significantly higher than that
of MCP-1 (Fig. 3E).

Knockdown of PAP-III gene expression in injured nerves
suppresses the chemotactic activity
Although PAP-III is induced in injured nerves and functions as a
chemoattractant for macrophages, it remains unclear whether
nerve injury-induced PAP-III is a major macrophage attractant
among the known and unknown factors released from injured
nerves. To address this question, we generated a PAP-III gene-
silencing construct expressing an siRNA (Miyagishi and Taira,
2004) and used it to specifically suppress PAP-III expression in
injured sciatic nerves. This unique 19 bp siRNA sequence tar-

Figure 2. PAP-III promotes macrophage chemokinesis, as evaluated using scratch assays.
Bac1.2F5 cells were grown to confluence on cell culture dishes, and then a gap was made using
a sterile 200 �l Gilson pipette tip in control cultures (cont) or cultures in the presence of PAP-III
or MCP-1 at 1 ng/ml. A, Photographs of the same fields were taken at 16 and 24 h after creation
of the scratch. B, The mean migration distances of the macrophages at each point after the
scratch were measured. Error bars are the SEM. Scale bar, 500 �m.

Figure 3. Cocultures of aggregated macrophages and COS cells reveal that PAP-III has a
chemotactic activity for macrophages. A, B, Aggregates of Bac1.2F5 macrophages and COS cells
expressing GFP and either PAP-III (A) or MCP-1 (B) were embedded in collagen gels and cocul-
tured for 48 h. COS cell aggregates expressing PAP-III (A) or MCP-1 (B) strongly attract large
numbers of macrophages. C, High-power magnification photographs showing that significant
numbers of macrophages migrate toward a PAP-III-expressing aggregate (bottom) but not
toward a GFP-expressing aggregate (top) after 48 h of coculture. The cells are visualized by
either Hoechst staining (left column, blue) or F4/80 antibody staining (right column, red). The
white dotted curve in each photograph indicates the edge of the macrophage aggregate when
the assay started. D, Evaluation of the chemotactic activities in these assays. The numbers of
cells migrating �100 �m from the macrophage aggregate toward GFP-expressing COS cells
(green field) and PAP-III-expressing COS cells (red field) were counted in each assay, and the
chemotactic indexes were calculated as ratios of the number of migrating cells toward the
PAP-III-expressing aggregate relative to the GFP-expressing aggregate. E, Chemotactic indexes
of the COS aggregates. Error bars are the SEM. Scale bars: A, B, 2 mm; C, 200 �m.
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geted against rat PAP-III mRNA (siPAP-III) was cloned under
the mouse U6 promoter. Plasmid vectors expressing siPAP-III
and PAP-III were cotransfected into COS cells, and successful
specific suppression of PAP-III protein expression was con-
firmed (supplemental Fig. 2, available at www.jneurosci.org as
supplemental material). Next, adenoviruses expressing either
siPAP-III or a control siRNA targeted against GFP mRNA
(siGFP) were constructed to suppress PAP-III or for use as a
control adenovirus in injured nerves, respectively. Coinfection of
the PAP-III- and siPAP-III-expressing adenoviruses into COS
cells successfully diminished the PAP-III expression, whereas the
control siGFP had no effect on the level of PAP-III (Fig. 4A).
According to a previously described optimized protocol for ad-
enoviral gene transfer into injured nerves with higher efficiency
(Joung et al., 2000), an intraneural adenovirus injection was per-
formed into normal nerves of rats, and the axotomy was per-
formed at 1 d after the infection. When the GFP-expressing ade-
novirus was injected using this procedure, strong GFP labeling of
cells, possibly Schwann cells, was observed in injured nerves
throughout the injected site at 1 d after the axotomy (Fig. 4B).
Using this method, the endogenous PAP-III mRNA expression

was significantly reduced in siPAP-III-expressing nerves without
changing the expression of MCP-1, whereas siGFP expression did
not affect the expressions of either PAP-III or MCP-1 (Fig. 4C).
The distal nerve segments of the injured nerves infected with the
siRNA-expressing adenoviruses were explanted into collagen gels
together with macrophage aggregates, and their macrophage che-
motactic activities were measured as described above (Fig. 4D).
The siGFP-expressing explants, which expressed a higher level of
endogenous PAP-III, showed apparent macrophage attraction
(Fig. 4D). Conversely, the siPAP-III adenovirus-infected nerve
fragments, whose PAP-III expression level was almost abolished,
demonstrated �50% lower activity (Fig. 4D,E). These results
indicate that injury-induced PAP-III is one of the major attract-
ants in injured nerves.

PAP-III promotes macrophage recruitment and nerve
regeneration in rats
To gain additional insights into the physiological significance of
lesion-induced PAP-III in vivo, PAP-III gene expressions were
manipulated in a crush model of rat sciatic nerves by adenoviral
gene transfer. The infection of adenoviruses expressing either
PAP-III or siPAP-III into the distal segments of the injured nerves
successfully controlled the level of PAP-III expression in the
nerves at 1 d after the nerve injury (Fig. 5A). As expected, injury-
induced MCP-1 mRNA expression was not altered by these ade-
novirus infections, and the control adenoviruses expressing GFP
or siGFP had no effects on any of the gene expressions (Fig. 5A).
First, longitudinal sections of the injured nerves were stained
with the ED-1 antibody, which specifically recognizes rat CD68, a
lysosomal/endosomal marker of macrophages, at 4 d after the
crush injury. This sampling time was selected as optimal based on
observations of significant increases in the numbers of macro-
phages in the injured nerves around this time point. In the area
1.5 mm distal to the crush site, a massive increase in macrophage
invasion was observed in PAP-III-overexpressing nerves,
whereas similar increases were not seen in the control nerves
(GFP and siGFP) (Fig. 5B,C). In the injured nerves expressing
siPAP-III, the number of infiltrating macrophages was signifi-
cantly lower than in the control nerves (Fig. 5B,C). Furthermore,
substantial increases of macrophage invasion in PAP-III-
overexpressing nerves were seen in areas 3 mm distal to the crush
site in which macrophage influx was not fully achieved in control
nerves (Fig. 5C).

Finally, to evaluate the effects of PAP-III on nerve regenera-
tion, longitudinal sections of regenerating axons in the distal
parts of injured nerves were stained with an anti-neurofilament
(NF) antibody (Fig. 6). At 4 d after the crush injury, the regener-
ating nerve length appeared shorter in siPAP-III-expressing
nerves than in siGFP-expressing nerves (Fig. 6A). Next, we mea-
sured the numbers of regenerating axons stained by the anti-NF
antibody at 3 and 6 mm distal from the injury site in the nerves.
PAP-III-knockdown nerves showed an �50% reduction in the
number of regenerating axons compared with control siGFP-
expressing nerves at 3 mm from the crush site and almost no
NF-staining axons at 6 mm from the crush site. In contrast, sev-
eral regenerating axons were counted in control nerves (Fig.
6B,C). Furthermore, in PAP-III-overexpressing nerves, NF-
positive axons extended farther from the crush site than those in
control GFP-expressing nerves (Fig. 6A–C). A substantial in-
crease in the number of regenerating axons was observed in PAP-
III-overexpressing nerves. Specifically, �1.6- and 2.7-fold in-
creases were observed at 3 and 6 mm from the injury site,
respectively, compared with the numbers in GFP-expressing

Figure 4. Knockdown of lesion-induced PAP-III expression leads to a reduction in its chemo-
tactic activity of injured nerves. A, Western blotting using an anti-PAP-III antibody confirms that
adenoviral expression of PAP-III in COS cells is clearly diminished by coinfection of an siPAP-III-
expressing adenovirus, whereas coinfection of a control siGFP adenovirus has no effect. Equal
amounts of protein loading were confirmed by Western blotting with an anti-GAPDH antibody.
B, Adenoviral gene transfer into sciatic nerves at 1 d after axotomy. Strong GFP expression is
detected in the adenovirus-infected region (bottom, GFP), whereas no fluorescence signal was
observed in control nerve 1 d after axotomy (top, no virus). Each asterisk indicates the nerve
injury site. C, RT-PCR analysis using distal segments of injured sciatic nerves. Note that axotomy-
induced PAP-III expression is effectively suppressed in siPAP-III-expressing nerves without
changing the level of MCP-1 expression. Infection of a control siGFP-expressing adenovirus has
no effect on the gene expression levels. The expression of GAPDH mRNA was used as an internal
control. cont, Control. D, Photographs showing cocultures of macrophage aggregates with
siRNA-expressing nerves (top, siGFP; bottom, siPAP-III) after 48 h embedded in collagen gels.
The black dotted curve in each photograph indicates the edge of the macrophage aggregate
when the assay started. E, Evaluation of the chemotactic activity of each adenovirus-expressing
nerve explant. Error bars are the SEM. Scale bars: B, 1 mm; D, 200 �m.
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nerves (Fig. 6C). Similar tendencies for axon counts were ob-
served in PAP-III gene-manipulated nerves 7 d after nerve injury
(Fig. 6C). PAP-III would not directly function on Schwann cell or
neuron, because primary cultures of Schwann cells in the pres-
ence of PAP-III could not show any significant cell growth. Fur-
thermore, PAP-III failed to stimulate neurite elongation in
organ-cultured dorsal root ganglion (supplemental Figs. 3, 4,
available at www.jneurosci.org as supplemental material). Col-
lectively, these in vivo results suggest that injured nerve-derived
PAP-III is one of the crucial factors for macrophage attraction
and perhaps subsequent peripheral nerve regeneration.

Discussion
In this study, we revealed physiological functions of PAP-III for
the first time. PAP-III was found to stimulate both chemokinesis
and chemotaxis of macrophages, as evaluated using three distinct
assay systems in vitro, and these novel functions of PAP-III were
further shown to be involved in peripheral nerve regeneration in
vivo.

Macrophage recruitment by injured nerves is a prominent
phenomenon for peripheral nerve regeneration. In injured
nerves, infiltration of neutrophils is hardly observed, whereas a

substantial influx of macrophages into degenerating nerves is
seen at 2–3 d after nerve injury (Ramón y Cajal, 1928; Beuche and
Friede, 1984; Perry et al., 1987; Stoll et al., 1989). These findings
strongly suggest that macrophage chemoattractants are released
from injured nerves, from either the injured nerve tips or
Schwann cells. Among the factors released from injured nerves,
MCP-1 from Schwann cells has been assumed to be the major
macrophage chemoattractant (Tofaris et al., 2002), although
faint activity of LIF has also been reported (Sugiura et al., 2000).
However, application of a neutralizing antibody against MCP-1
to conditioned media from nerve segments and Schwann cell
cultures does not completely reduce the chemotactic activity (To-
faris et al., 2002), suggesting the possibility that another chemoat-
tractant is also released, presumably from injured Schwann cells.
Our coculture system demonstrated that PAP-III has a greater
chemotactic activity for macrophages than MCP-1, whereas cul-
tured nerves whose PAP-III expression was knocked down with-
out changing the MCP-1 expression showed greatly reduced che-
motactic activity. These results clearly indicate that PAP-III could
be the missing macrophage chemoattractant released from in-
jured nerves.

The substantial induction of PAP-III in injured peripheral
nerves is quite a specific response that has not been observed in
other tissue injury models (data not shown), although acute pan-
creatitis can induce PAP-III mRNA expression together with the
mRNAs of other Reg/PAP family members (Dusetti et al., 1995;
Graf et al., 2002). In particular, we did not detect any induction of
PAP-III expression in CNS glial cells, such as oligodendrocytes,
or astrocytes in our spinal cord injury model (Suzuki et al., 2005).
Conversely, MCP-1 is induced in a wide variety of traumatic
damage and inflammation, including CNS injuries (Rollins,
1996; McTigue et al., 1998; Minami and Satoh, 2003). Actually,
the accumulation of macrophages and/or microglial cells around
an injury site is significantly delayed in the CNS (Perry et al.,
1987; Perry and Gordon, 1991; Avellino et al., 1995), and subse-
quent removal of myelin from the injured CNS is also limited
(George and Griffin, 1994; Avellino et al., 1995). Therefore, rela-
tively specific induction of PAP-III expression and its strong che-
motactic activity for macrophages would partially explain the
reason why larger amounts of macrophages were capable of in-
filtrating degenerating peripheral nerves to facilitate nerve regen-
eration. In addition to the rapid accumulation of macrophages at
an injury site in the PNS, a previous study suggested that their
phagocytic capacity for myelin clearance is much higher in the
PNS than in the CNS (Lazarov-Spiegler et al., 1996). In fact,
exposure of monocytes to sciatic nerve segments, but not optic
nerve segments, significantly enhances the phagocytic activity
of these cells (Lazarov-Spiegler et al., 1996). Furthermore,
transplantation of such monocytes stimulated by sciatic nerve
segments can overcome CNS regeneration failure in optic
nerves or spinal cord trauma to some extent (Lazarov-Spiegler
et al., 1996; Rapalino et al., 1998). It remains unclear whether
injury-induced PAP-III enhances such phagocytic activities in
macrophages, and additional studies are required to reveal the
PAP-III function in terms of myelin removal for successful
nerve regeneration.

It is also possible that macrophages stimulated by PAP-III are
able to secrete potent regeneration-promoting molecules. Accu-
mulated macrophages after PNS injury, for example, produce
Schwann cell migration factor (Horie et al., 2004) or proteases
and their inhibitors that modify the extracellular matrix (La Fleur
et al., 1996; Siebert et al., 2001). Macrophages can also release
some factors that have beneficial effects on neuronal regrowth or

Figure 5. PAP-III expression regulates the chemoattractant activity for macrophages in de-
generating nerves in vivo. A, RT-PCR analysis showing that injury-induced PAP-III mRNA expres-
sion is enhanced or reduced by adenoviral gene transfer of PAP-III or siPAP-III, respectively, at
1 d after sciatic nerve crush injury. cont, Control. B, The recruited macrophages in the degener-
ating nerves were stained with the ED-1 antibody at 1.5 mm from the crush site at 4 d after the
injury. Note that a higher number of macrophages is present in PAP-III-overexpressing nerves
compared with GFP-expressing nerves. Conversely, a lower number of macrophages is observed
in siPAP-III-expressing nerves than in control siGFP-expressing nerves. C, Mean numbers of
macrophages per 0.04 mm 2 in longitudinal nerve sections at 1.5 and 3 mm distal to the crush
site. Error bars are the SEM. Scale bar, 50 �m.
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survival, e.g., brain-derived neurotrophic
factor (BDNF), interleukin (IL)-6, or glial
cell line-derived neurotrophic factor
(Batchelor et al., 1999; Dougherty et al.,
2000; Leskovar et al., 2000). In fact, BDNF
is especially shown to be involved in col-
lateral branching from regenerating mo-
tor axons (Streppel et al., 2002). There-
fore, macrophage accumulation in injured
nerve may be associated with stimulation
of the collateral sprouting of regenerated
fibers as well as axon regrowing. Interest-
ingly, Yin et al. (2003) revealed that acti-
vation of endogenous macrophages by in-
travitreal injections of Zymosan could
facilitate optic nerve regeneration in vivo.
Furthermore, they identified a novel fac-
tor released from activated macrophages
that induces neurite outgrowth of retinal
ganglion cells more strongly than other
tropic factors in vitro (Yin et al., 2003).
Another probable function of PAP-III is to
suppress macrophage release of cytotoxic
cytokines around a nerve injury site because
another family member, Reg-2/PAP-I, was
reported to have anti-inflammatory poten-
tial on macrophages in acute pancreatitis
(Vasseur et al., 2004). Although all the
above-mentioned functions of PAP-III re-
quire further elucidation, it is likely that
PAP-III has other beneficial functions in ad-
dition to macrophage chemoattraction for
facilitating nerve regeneration.

Although PAP-III has a potent macro-
phage chemoattractant activity, the intra-
cellular signaling pathways stimulated by
PAP-III remain to be elucidated. Regard-
ing Reg-2/PAP-I, a few studies have re-
ported that PKA, Akt, and NF�B (Nish-
imune et al., 2000; Simon et al., 2003) are
involved in the cell-protective effect medi-
ated by Reg-2/PAP-I, although our pre-
liminary experiments indicated that these
molecules are not involved in the effects of
PAP-III (data not shown). Regarding
MCP-1, its receptor and intracellular sig-
naling pathway have been identified
(Rossi and Zlotnik, 2000; Jones et al., 2003). One of the
G-protein-coupled receptors (GPCRs), CCR2, is a receptor for
MCP-1, and a recent study revealed that phosphatidylinositol
3-kinase � (PI3K�) located downstream of this receptor is in-
volved in the signaling of MCP-1 because macrophages lacking
PI3K� show reduced migration and a lack of chemotaxis when
stimulated by MCP-1 (Jones et al., 2003). PI3K�, which trans-
duces signals for actin cytoskeleton reorganization, has been
shown to generate phosphatidylinositol-4, 5-biphosphate and/or
phosphatidylinositol 3,4,5-trisphosphate at the leading edge of
migrating cells via a GPCR in response to a chemoattractant gra-
dient, and PI3K localization in such a restricted region of cells
may be required for proper chemotaxis (Merlot and Firtel, 2003).
In fact, the PAP-III-induced chemotaxis of macrophages in our
coculture system was significantly suppressed in the presence of
pertussis toxin, which inhibits Gi signaling (data not shown).

This observation suggests that activation of the Gi–PI3K� path-
way may be involved in the activation of macrophage motility by
PAP-III, although it remains elusive whether PAP-III can bind
directly to a certain type of GPCRs to elicit the intracellular
signaling.

In conclusion, we identified PAP-III as a novel macrophage
chemoattractant released from Schwann cells, the expression of
which is induced in response to nerve injury. Because the induc-
tion of PAP-III has a clear merit for the regeneration of injured
peripheral nerves, it should be further examined whether PAP-III
expression has similar benefits for CNS regeneration. Further-
more, macrophages activated by PAP-III may have additional
advantages over those activated by MCP-1, and, in this respect,
PAP-III may provide new therapeutic intervention strategies for
various types of injuries and inflammatory diseases not only in
the neural tissue but also in other peripheral tissues.

Figure 6. PAP-III induces axon regeneration in rat sciatic nerves. A, B, Longitudinal sections through the sciatic nerves were
stained with the 2H3 antibody against neurofilaments to detect regenerating nerves (red fluorescence) at 4 d after nerve crush
injury. A, NF-positive axons extending from the crush site are marked by asterisks. In B, the high-power magnification photo-
graphs show regenerating nerves at both 3 mm (left column) and 6 mm (right column) from the crush site. Note that sections from
siPAP-III-expressing rats show fewer regenerating axons than control siGFP-expressing animals. Conversely, numerous axons are
seen in PAP-III-overexpressing animals at these distances from the crush site. C, Mean numbers of NF-positive axons at 4 and 7 d
after nerve injury at different distances from the crush injury site. Error bars are the SEM. Scale bars: A, 3 mm; B, 50 �m.
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