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Abstract

In this study, we examined the expression of mRNAs for Regenerating gene (Reg)/pancreatitis-associated protein (PAP) family
members following hypoglossal nerve injury in rats. In addition to four rat family members (Regl, Reg-2/PAP I, PAP II, and
PAP III) that had been identified, we newly cloned and sequenced a type-IV Reg gene in rats. Among these five family members,
the expression of Reg-2/PAP I mRNA was predominantly enhanced in injured motor neurons after axotomy. Furthermore, a
marked induction of PAP III mRNA was observed in the distal part of the injured nerve. A polyclonal antibody was raised against
PAP III, and a Western blotting analysis using this antibody confirmed an increased level of PAP III protein in the injured nerve.
These results suggest that Reg family members would be new mediators among injured neurons and glial cells, and may play pivotal

roles during nerve regeneration.
© 2005 Elsevier Inc. All rights reserved.
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Following peripheral nerve injury, glial cells sur-
rounding axotomized neurons secrete a number of
growth factors and/or cytokines, including glial cell-
line-derived neurotrophic factor (GDNF), brain-derived
neurotrophic factor (BDNF), leukemia inhibitory factor
(LIF), etc., many of which can prevent injured neurons
from undergoing cell death as well as promote axonal
regeneration [1-3]. To elicit these responses, well-orga-
nized interactions between injured neurons and their
surrounding glial cells are essential [4,5]. Among these
glial cells, Schwann cells may play a major role in
peripheral nerve regeneration, and the existence of
Schwann cells may be the major reason why nerve
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regeneration occurs in the peripheral nervous system,
but not in the central nervous system [6]. In addition
to their role as producers of neurotrophic factors, Schw-
ann cells provide a suitable molecular pavement for
regenerating axons by releasing several cell adhesion
molecules or materials into the extracellular matrix
[4,7]. Therefore, a variety of molecular signals from
Schwann cells to injured neurons that promote regener-
ation have been identified and characterized, whereas
the reverse signals from injured neurons to Schwann
cells are not fully understood. One molecule that is re-
leased from injured neurons towards Schwann cells is
Reg-2 [8], which is also known as pancreatitis-associated
protein I (PAP I) or Peptide 23 in rats (referred to as
PAP I below) [9]. PAP I is a small secretory protein
(relative molecular mass, 16 kDa) that belongs to the
Reg family and is structurally classified as the
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calcium-dependent type (c-type) lectins [10]. PAP I
expression is substantially induced in spinal motor neu-
rons as well as subsets of the dorsal root ganglion
(DRG) neurons after sciatic nerve injury [8,11]. In vitro,
PAP I has a mitogenic effect on Schwann cells [8], and
inhibition of PAP I by application of a neutralizing anti-
body against PAP I retards peripheral nerve regenera-
tion in vivo [8], strongly suggesting that injury-induced
PAP I is a crucial mediator from neurons to Schwann
cells during nerve regeneration. To date, the members
of this family can be grouped into four subclasses,
type-1, -II, -III, and -IV, according to their structural
similarities [12]. One type-I gene (Regl) and three type-
IIT genes (PAP I, PAP II, and PAP III) have been
cloned in rats. Of the family members, only PAP I gene
expression has been reported following nerve injury
[8,11], although the other remaining members have not
yet been examined. Therefore, in this study, we exam-
ined the expression of Reg family members, including
the newly identified rat ReglV, in response to peripheral
nerve injury, and revealed that the expressions were dif-
ferentially regulated among the family members, not
only in injured motor neurons, but also in injured nerve.

Materials and methods

Animals and surgery. Adult male Wistar rats weighing 150-200 g
(6-8 weeks of age) were used throughout this study after anesthesia
with pentobarbital. They were placed in a supine position and their
right hypoglossal nerves were then cut with a pair of scissors just
proximal to the bifurcation at the hyoid bone. Experiments were car-
ried out in accordance with the Guideline laid down by Osaka City
University Medical School regarding the care and use of animals for
experimental procedures.

In situ hybridization. The techniques used were described in detail in
our previous manuscript [13]. For mRNA detection in injured hypo-
glossal motor neurons, rats were decapitated 3 days after surgery. The
cDNA fragments comprising the entire coding regions for each rat Reg
family member (shown in Table 1) were cloned into pBluescript KS
(Stratagene) and used as probes. o->>S-labeled cRNA probes
(5% 10° cpm/pl) were hybridized to 18-um thick sections at 55 °C,
subjected to two high stringency washes (in 50% deionized formamide,

Table 1

2x SSC, and 10% 2-mercaptoethanol) at 65 °C, and then dipped in
photographic emulsion (Kodak NTB2). The sections were then ex-
posed for 3-4 weeks at 4 °C, developed in Kodak D-19 developer, and
examined using a microscope.

RT-PCR. Total RNA was extracted from each tissue using the acid
guanidinium-phenol-chloroform method [14]. In order to isolate rat
ReglV, the following primers, which amplify the mouse Reg/V coding
sequence, were used for reverse transcription-polymerase chain reaction
(RT-PCR): forward primer: 5-TCGAAAGAGGAAGATGGCTT-3;
reverse primer: 5-GCTTGATTTTTGCTCTATG-3'. cDNA prepared
from rat ileum was used as the PCR template. For mRNA detection in
an injured hypoglossal nucleus or injured nerve, operations were per-
formed on 10 rats and these were sacrificed at 12 h, 1, 3,7, 14 or 28 days
after axotomy. Total RNA was also prepared from control and injured
hypoglossal nuclei, control nerves, and distal segments of injured nerves
(0-15 mm from the site of transection). Aliquots from the RT reaction
were used for PCR amplification. The primers used were as follows: Reg
family: see Table 1; glyceraldehyde-3-phosphate dehydrogenase
(GAPDH): nucleotides 836-855 and 1149-1168 of NM017008 (Gen-
Bank Accession No.); activating transcription factor-3 (ATF-3):
nucleotides 165187 and 688-708 of M63282; p75: nucleotides 1005—
1026 and 1326-1347 of NM012610; and PO: nucleotides 82-106 and
660-681 of MNO017207. The numbers of amplifying cycles were: 30 for
Reg family members; 28 for ATF-3 and p75; and 18 for PO and GAPDH.
The reaction conditions consisted of denaturation at 94 °C for 30s,
annealing at 60 °C for 1 min, and extension at 72 °C for 30s. The
reaction products were separated electrophoretically in 6-8% poly-
acrylamide gels and visualized using a Fluoroimager (Amersham
Pharmacia Biotech) after staining with CYBR Green II (Molecular
Probes) for 15 min. The visualized bands were analyzed quantitatively
using NIH Image (National Institute of Health, USA). The intensities
of the PCR products of PAP I, PAP III, p75, and PO were compared
with that of GAPDH as an internal control.

Preparation of recombinant PAP 111 and generation of an anti-PAP
III antibody. Recombinant PAP III protein was produced by the
methylotrophic yeast Pichia pastoris as described previously [15,16].
The rat PAP Ill-encoding yeast expression plasmid, pPIC9 PAP III,
was kindly provided by Dr. R. Graf (University Hospital, Ziirich). The
linearized plasmid was transformed into Pichia pastoris GS115 using a
Pichia EasyComp kit (Invitrogen), and the yeast transformants were
selected on histidine-deficient RDB agar plates prepared according to
the manufacturer’s protocol (Invitrogen). Individual colonies on the
plates were screened for insert integration by PCR, using the factor
primer and the 3’AOX (alcohol oxidase) primer. Positive clones were
selected for further analysis to check the level of PAP III production in
the culture medium. Colonies were grown at 30 °C in 2 ml glass test-
tubes, each containing 1 ml of buffered minimal glycerol (BMG)
medium (100 mM potassium phosphate, pH 6.0, 1.34% yeast nitrogen

Probes for the in situ hybridization study and primer pairs for the RT-PCR analysis in detecting rat Reg family members

Rat Reg family member (other names)  Accession No.

PCR primers used in this study

References

Reg 1 M18962

Sense 5'-GCATCCTAAGCAGAAGACAGT-3’

Terazono et al. (1988) [19]

Antisense 5'-TTCTTGTCTGGCTCTGTATGAC-3’

Sense 5'-AAGATGTTGCATCGCTTGGCC-3’
Antisense 5'-CTAAAGCTGTTTGCTGTCTGG-3’

Sense 5-ATCCCAGATCACTGCAAGGC-3’
Antisense 5'-AAGGTCTCTTCTGGCAGGCC-3’

Sense 5'-GGAAGATGTGCCCACTTCACG-3’

Tovanna et al. (1991) [58]

Kamimura et al. (1992) [59]

Katsumata et al. (1995) [27]
]

Frigerio et al. (1993) [60
Suzuki et al. (1994) [61]

Frigerio et al. (1993) [62]

Antisense 5'-GTTGTTGATCTTCCCATTGGG-3’

PAP I (Reg-2, Peptide 23) M55149
PAP II (Reg III) D23676
PAP III 120869
ReglV AB164049

Sense 5'-CTGCTGAGCTGGGTAGCTGGCCC-3'

This paper

Antisense 5'-TTTATCCTTGGGGTTCATCTCAG-3'
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base, 0.000004% biotin, and 1% glycerol). After 2 days of cultivation,
when the Agoy was between 2 and 6, the cells were harvested by cen-
trifugation and resuspended in 0.5 ml BMM (BMG containing 0.5%
methanol instead of glycerol) for induction of PAP III protein
expression. After a further 4 days of cultivation, 10 ml of the super-
natant of each clone was subjected to SDS-PAGE analysis, and the
resulting gel was stained with SYPRO Ruby (Amersham Pharmacia
Biotech) to visualize the PAP I1I band. The most productive clone was
selected and cultured in 1 L start volumes for large scale PAP III
preparation. High yield media were collected by centrifugation at
1500g for 5 min at 4 °C, and the supernatants were then centrifuged
again at 5000g for 15 min. The supernatant was diluted 1:3 with water,
filtered, and adjusted to pH 3.6 with HCI. The diluted supernatant was
applied, at a rate of 5 ml/min, to a cation exchange column (Hi-prep
16/10 SP XL; Amersham Pharmacia Biotech) with a bed volume of
40 ml. The column was washed with 2 volumes of starting buffer
(50 mM Mes, 10 mM LiCl, pH 5.3), and the proteins were eluted with
a stepwise gradient (0-35%) of elution buffer (50 mM Mes, 2 M LiCl,
pH 6.3), generated by an AKTAprime system (Amersham Pharmacia
Biotech). The purified protein was subjected to SDS-PAGE analysis
along with concentrated culture medium samples derived from 293T
cells which were mock-transfected or transfected with a PAP III-ex-
pressing pcDNA3 vector (Invitrogen) as described below, followed by
SYPRO Ruby protein staining and visualization using a Fluoroim-
ager. A rabbit polyclonal anti-PAP III antiserum was raised against
the recombinant PAP III described above and the antiserum obtained
was concentrated by ammonium sulfate precipitation. The anti-PAP
III antiserum was further purified by chromatography through an
affinity column in which the recombinant PAP III was coupled to Hi-
Trap NHS-activated HP (Amersham Pharmacia Biotech) according to
the manufacturer’s instructions.

Western blotting. Each Reg family member was cloned into
pcDNA3 and transfected into 293T cells. Thirty-six hours after
transfection, the cells were lysed in buffer containing 50 mM Tris-HCl
at pH 6.8, 2% SDS, 6% B-mercaptoethanol, and 10% glycerol. Samples
of hypoglossal nerves (uninjured site and distal segment of the injured
site) 7 days after axotomy were also used. Equal amounts of protein
(20 ug) from each sample were subjected to SDS-PAGE and the
resulting gels were transferred to a polyvinylidene fluoride (PVDF)
membrane (Millipore). The following primary antibodies were used as
probes: anti-PAP III antibody (1:1000), mouse anti-p75 monoclonal
antibody (1:50; cell supernatant of 192 hybridoma; kindly provided by
Dr. C.E. Henderson, Developmental Biology Institute, Marseille), and
anti-GAPDH monoclonal antibody (1:10000; Ambion). The mem-
branes were then probed with a horseradish peroxidase-conjugated
goat anti-mouse or anti-rabbit secondary antibody (Amersham Phar-
macia Biotech) as appropriate and visualized using a chemilumines-
cence system (Amersham Pharmacia Biotech).

Immunocytochemistry. The PAP 111 coding sequence was cloned to
the pcDNA3, expression vector and transfected into COS7 cells using
Lipofectamine 2000 (Invitrogen). Thirty-six hours later, immunocyto-
chemistry was performed using the anti-PAP III antibody (1:500). An
Alexa 488-conjugated antibody (Molecular Probes) was used as the
secondary antibody. Subsequently, Hoechst staining was performed
(Hoechst 33258, 2.5 ug/ml; Wako, Tokyo, Japan) to visualize the cell
nuclei.

Results

mRNA expressions of Reg family in injured motor
neurons

To date, four isoforms of Reg family member genes,
Regl, PAP I, PAP II, and PAP III, have been cloned in

rats (Table 1). To examine the expression of the com-
plete set of Reg family mRNAs in rats, we attempted
to clone the unidentified rat ReglV gene. Eventually
we obtained and sequenced the rat ortholog of human
or mouse Regl/V/RELP (regenerating protein-like pro-
tein) [17,18] and designated it as rat Regl/V (GenBank
Accession No.: AB164049 in Table 1). First, we exam-
ined the mRNA expressions of these five Reg family
members in injured motor neurons after rat hypoglossal
nerve transection. In situ hybridization histochemistry
using probes for the five family members revealed that
the mRNA expression of PAP I was markedly induced
in injured motor neurons 3 days after axotomy (Fig.
1A), which is consistent with previous data that PAP I
expression is induced in injured spinal motor neurons
after sciatic nerve axotomy [8]. In addition, weak PAP
II mRNA expression was observed in the injured motor
neurons (Fig. IA). No expression of the other three Reg
family members, Regl, PAP III, and ReglV, was de-
tected in either the normal or nerve-injured sides of
hypoglossal nuclei. RT-PCR analysis using cDNAs pre-
pared from injured hypoglossal nuclei was performed
during the time-course after axotomy (Fig. 1B). Consis-
tent with the results for the in situ hybridization analy-
sis, the RT-PCR analysis confirmed that there was a
marked increase in PAP I mRNA and a faint increase
in PAP II mRNA. A slight increase in the amplified
band for the PAP I gene was detected initially 12 h after
nerve transection and the intensity of the band markedly
increased to a peak level at 3 days after the nerve injury.
Thereafter, the expressions were maintained for the fol-
lowing 2 weeks. This analysis also revealed that there
were no detectable mRINA expressions of the other three
Reg family members in either normal or injured hypo-
glossal nuclei.

mRNA expressions of Reg family in injured nerve

We next examined changes in the Reg family member
mRNA expressions in injured hypoglossal nerve after
axotomy. In the intact hypoglossal nerve, no expression
of the mRNAs for Regl and PAP II was detected by
RT-PCR, whereas faint expressions of PAP I and
PAP III mRNAs were observed (Fig. 2A). After nerve
injury, PAP III mRNA was dramatically induced within
12 h in the injured nerve to reach a peak level at 1 day
after the lesion, and the induced expression was main-
tained for the following 4 weeks (Fig. 2A). In addition,
a slight increase in PAP I mRNA expression was also
detected in the injured nerve from 12 h to 1 day after
axotomy. On the other hand, such alterations in Regl,
PAP II, and ReglV mRNA expressions were not
observed in the injured nerves. The rapid increase in
PAP III mRNA expression was significantly faster
than the alterations in p75 and PO expressions (Figs.
2A and B).
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Fig. I. mRNA expressions of Reg family members in hypoglossal motor neurons. (A) Emulsion autoradiography of tissue sections (3 days after
nerve injury) hybridized with probes for the Reg family members. In each panel, the right side is the injured side, and the left side is the uninjured one.
When the PAP I or PAP II probes are used, an up-regulated hybridization signal (accumulation of silver grains) is observed for the injured motor
neuron. Bar = 0.5 mm. (B) During the course of nerve regeneration (control (cont), 12 h, 1, 3, 7, and 14 days after axotomy), mRNA expressions for
the Reg family members were determined in the nerve-injured hypoglossal nuclei by RT-PCR. Other RT-PCRs using cDNA prepared from rat
pancreas or ileum, which abundantly express Reg family members, were performed to confirm that the primer pairs used in this study were suitable
for PCR amplification. GAPDH mRNA expression was used as an internal control, and 4TF-3 mRNA expression was used as a positive control [63].
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Fig. 2. (A) Expression of mRNAs for Reg family members in the distal part of injured hypoglossal nerves during the course of nerve regeneration
examined by RT-PCR. p75 and PO mRNA expressions, which are up-regulated and down-regulated, respectively, in injured nerves, were used as
positive controls. The expression of GAPDH mRNA was used as an internal control. (B) Graph showing the temporal mRNA expression patterns
for PAP I, PAP 111, p75, and P0. At least three individual RT-PCR experiments were performed, and each time point shows the average intensity of
the amplified band as a ratio to that of GAPDH, and the standard deviation.

Preparation of an antibody against PAP III and the PAP
111 protein induction in injured nerve

Since we had identified PAP 11l mRNA as a novel le-
sion-induced mRNA in injured peripheral nerves, the
generation of a rabbit antibody against rat PAP III
was attempted. For use as a PAP III immunogen, re-
combinant rat PAP III was prepared using the methylo-
trophic yeast Pichia pastoris, which has been shown to
be able to effectively produce Reg proteins in its culture
supernatant [15,16]. After one step of cation exchange

column chromatography, purified recombinant PAP
I1I was obtained and visualized by SDS-PAGE as a sin-
gle band that was the predicted size of 16 kDa, and ex-
actly the same size as the secreted PAP III in the culture
medium from PAP Ill-transfected 293T cells (Fig. 3A).
Using this recombinant protein as an immunogen, we
successfully obtained a rabbit antibody against PAP
IT1. In order to examine the specificity of the generated
antibody among the family members, we first performed
Western blotting using cell lysates prepared from 293T
cells transfected with each Reg family member. This
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Fig. 3. Generation of an anti-PAP III antibody and induction of PAP III protein expression in injured nerves. (A) SDS-PAGE analysis and
subsequent protein staining demonstrating that the purified recombinant PAP 111 is exactly the same size as the secreted PAP III protein (arrow) in
the supernatant of 293T cells transfected with a PAP III-expressing plasmid. (B) Plasmids expressing each rat Reg family member were separately
transfected into 293T cells, and Western blotting analysis of their cell lysates revealed that the generated antibody specifically recognizes PAP III. (C)
Immunocytochemistry using mock-transfected COS7 cells (upper) or COS7 cells transfected with a PAP Ill-expressing plasmid (lower). The anti-
PAP III antibody specifically recognizes PAP III (green), while Hoechst staining (blue) reveals the nuclei of the cells. Bar = 40 pm. (D) Western
blotting analysis using the anti-PAP III antibody reveals the induction of PAP III protein expression in the distal segment of the injured hypoglossal
nerve at 7 days after axotomy. The same membrane was re-probed with an anti-p75 antibody. Equal amounts of protein loading are confirmed by the
Western blot using the anti-GAPDH antibody. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this paper.)

analysis revealed that only PAP III was strongly recog-
nized by the antibody, while the other members were not
(Fig. 3B). In addition, to examine the specificity of the
immunocytochemical detection of PAP III by the gener-
ated antibody, immunocytochemical staining was per-
formed on COS7 cells that were transfected with an
empty vector or a PAP III expression vector. Even in
the mock-transfected cells, faint immunopositive reac-
tions were detected in the perinuclear region of the cyto-
plasm, possibly corresponding to the Golgi apparatus
(Fig. 3C, upper). On the other hand, PAP IlI-transfec-
ted cells were strongly stained by the antibody (Fig.
3C, lower). Collectively, these results indicate that the
generated antibody is useful for the specific detection
of PAP III. Finally, we performed Western blotting
analysis to detect PAP III protein induction in the distal
portion of injured nerve using the generated antibody.
Similar to its transcriptional regulation, the PAP III
protein expression was also up-regulated in the injured
hypoglossal nerve after axotomy (Fig. 3D).

Discussion

In this study, we examined the alterations in rat Reg
family member expressions after peripheral motor nerve
injury, and revealed the cell type-specific induction of
Reg family members in response to nerve injury. PAP
I expression is predominantly induced in injured motor
neurons, whereas PAP III expression is preferentially
enhanced in injured nerve. These specific expressions
of PAP I and PAP III in injured motor neurons and

nerves, respectively, suggest that these Reg family pro-
teins are possible signal mediators from injured motor
neurons and Schwann cells during the process of nerve
regeneration.

The initially identified Reg gene (now called Regl)
was originally isolated from a regenerating islet-derived
cDNA library [19]. Subsequently Reg family members
have been identified by other laboratories using different
approaches, and shown to have functional diversity,
especially in the cells of the digestive organs [9,20].
One of the family members, Regl protein, has been iden-
tified as a predominant pancreatic B-cell replication fac-
tor and also as an islet regeneration inducer in vivo
[21,22]. In addition, much attention has recently been
focused on their significant expressions in human cancer
cells residing in the liver [23], colon [24] or stomach [25],
although some normal tissues such as the small intestine
or pituitary express some of the Reg family members
[26,27]. Moreover, they are dramatically induced as
acute phase reactants after tissue injuries, such as pan-
creatitis [26], colonic inflammation [28] or gastric ulcers
[29], and these functions may be associated with cell pro-
tection from inflammatory responses [30,31] or cell pro-
liferation during the wound healing stages [21,32,33]. In
neural injury, as revealed in the present study and previ-
ous reports [8,11], Reg family members are significantly
induced in both neurons and nerves after peripheral
nerve transection. Of the rat Reg family members, three
PAP family members (PAP I, PAP II, and PAP III),
which are structurally similar and constitute a subfamily
of type III Reg, are all up-regulated, although the pre-
dominance of their expressions varies among cell types.
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As shown in this study, injured hypoglossal motor
neurons markedly express PAP I. The PAP I mRNA
up-regulation was detected within 12 h and peaked 3
days after the nerve injury. This relatively quicker
expression profile supports the idea that PAP I released
from injured neurons stimulates the growth of Schwann
cells [8]. Indeed, we observed that ERK activation,
which would act as a critical intracellular growth signal
in various types of cells, is induced in the injured hypo-
glossal nerve within 24 h after axotomy [34], and subse-
quently the injured Schwann cells begin to proliferate 1-
2 days later. Like nerve-injured mature neurons, subsets
of normal developing motor or sensory neurons specifi-
cally and abundantly express mRNA for PAP I[8,35] or
its mouse homolog ReglIIf [36], and these expressions
seem to function as a trophic factor for neurons by being
released in an autocrine and/or paracrine manner during
different developmental periods. Furthermore, it has
been proved that PAP I possesses vital survival activity
for cultured motor neurons [35]. Previously, it has been
demonstrated that the induction of PAP I mRNA after
nerve injury is mainly regulated by the signal transducer
and activator of transcription (STAT)-3 transcription
factor, which has been separately revealed to function
in protection against axotomy-induced motor neuron
death. In fact, a functional IL-6-responsive element, to
which STAT-3 can bind, exists in the promoter region
of the PAP I gene [37,38]. STAT-3 deficiency accelerated
axotomy-induced motor neuron death, and a remark-
able reduction in PAP I mRNA was observed in axo-
tomized motor neurons [39]. It is well known that
CNTF-related cytokines, including CNTF and LIF,
are released from injured Schwann cells [40,41], and
have a potent motor neuron survival activity [42,43]
after nerve injury. These members can enhance STAT-
3 transcriptional activity via gp130 receptors in various
types of cells [44]. In fact, a previous report demon-
strated that PAP I, which is induced by CNTF, is a sig-
naling intermediate in the CNTF-elicited survival
pathway in cultured motor neurons, since PAP I inhibi-
tion using an antisense strategy induced marked motor
neuron death even in the presence of CNTF [35]. There-
fore, PAP I induction by the CNTF family would be a
key mechanism for promoting the survival of motor
neurons in culture. Furthermore, in vivo, it is likely that
the CNTF family is required for PAP I mRNA expres-
sion, since there is no PAP I expression in developing
motor and sensory neurons deficient in the gene for
the LIF receptor B chain which is a component of
CNTF and/or LIF receptor complexes [8,35]. Further
experiments examining whether direct application of
PAP I protein or overexpression of the PAP I gene in in-
jured motor neurons are capable of rescuing axotomy-
induced cell death are needed to clarify a more precise
role for PAP I in vivo. Regarding PAP I expression reg-
ulation in this study, the enriched CNTF in mature

Schwann cells may be released by passive lysis of the in-
jured nerve immediately after injury [40,41], and at this
immediate early phase other family members have not
yet been synthesized in response to the nerve injury.
Thus, CNTF would be recognized as an early lesion-in-
duced retrograde signal from Schwann cells to axotom-
ized motor neurons [45]. We observed that the higher
level of PAP I mRNA expression was maintained for
at least 2 weeks after axotomy. Since the CNTF mRNA
level reduces quickly after nerve injury [40,46], subse-
quently induced and released LIF from Schwann cells
[47,48], for instance, might maintain the long-lasting
PAP I expression during nerve regeneration.

In this study, for the first time, we found that PAP 111
is prominently induced in injured nerve. Although the
type of cells that express PAP III in injured nerve should
be precisely determined in further experiments, Schwann
cells seem to be the major source of PAP III because of
its rapid and significant phenotypic responses to nerve
injury [4]. PAP III mRNA is induced in the pancreas
by acute pancreatitis [49] together with PAP I and
PAP II mRNAs, suggesting that the expressions of these
three PAPs may be regulated in a similar manner. How-
ever, PAP family members are differentially regulated in
a cell type-specific manner in the nervous system after
nerve injury. The reason why such selective regulation
of PAP family members occurs in the nervous system re-
mains unclear. The immediate increase in PAP Il
expression within 12 h following injury suggests that
PAP III is an acute reactant derived from injured nerves
as well as PAP I from injured motor neurons. Since the
promoter region of the PAP III gene has one IL-6-re-
sponsive element [49] that is also located in the PAP [
gene promoter, and since STAT-3 is immediately acti-
vated following axotomy at the site of injured sciatic
nerves [50], involvement of the JAK-STAT pathway in
the transcriptional regulation of PAP III is likely and
should be examined in further studies.

Previous reports demonstrated that several secreted
molecules are rapidly induced in injured Schwann cells
[4], and some of these appeared to function on infiltrat-
ing macrophages that scavenge the debris of degener-
ated axons and myelin in injured nerves, leading to the
rapid Wallerian degeneration required for effective nerve
regeneration [51]. For instance, pro-inflammatory cyto-
kines, including tumor necrosis factor-oo (TNFao) and
interleukin-1o (IL-1a) that are the most rapidly up-reg-
ulated molecules (within 5h after nerve injury) and
immediately released from injured Schwann cells, are
likely to be involved in stimulating macrophage phago-
cytosis for the removal of debris [52]. In addition, other
lesion factors such as monocyte chemoattractant pro-
tein-1 (MCP-1), IL-6 or LIF, which are immediately in-
duced in injured Schwann cells, would act as direct or
indirect chemotactic factors for macrophages after nerve
injury [53,54]. Indeed, a previous report showed that
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PAP I has the ability to enhance the motility of human
melanocytes and melanoma cells [55]. Therefore, PAP
III may be another acute reactant in injured nerves,
although it remains unclear whether PAP III has the
same role as PAP I which acts as a Schwann cell mitogen
or motor neuronal survival factor [8,35].

There are other possible roles for the injury-induced
PAP I and PAP III. Vasseur et al. [56] recently revealed
a novel function of PAP I. Interestingly, PAP I could
prevent the release of pro-inflammatory cytokines such
as TNFa and IL-6 from activated macrophages in vitro
[56], and administration of an anti-PAP I antibody to
rats increased pancreatic inflammation during pancrea-
titis in vivo [56], suggesting that PAP I acts as an anti-in-
flammatory factor during acute pancreatitis. Since the
nerve injury-induced pro-inflammatory cytokines that
are released from both Schwann cells and infiltrating
macrophages may have cytotoxic effects on the regener-
ating neurons and/or Schwann cells, it may be prefera-
ble that they are suppressed immediately after finishing
their role related to rapid Wallerian degeneration as
mentioned above. Since the PAP I produced in the in-
jured neuron was transported to the injured axon tip
[8,11], and may be released from the regenerating axons,
it may have the ability to suppress such inflammatory re-
sponses elicited by nerve injury. In addition, it is also
possible that injury-induced PAP I has a similar anti-in-
flammatory activity against microglial cells surrounding
injured motor neurons, since these cells are possibly sup-
portive for injured motor neurons without expressing
cytotoxic cytokines in spite of their presentation of acti-
vated status markers after axotomy [5,57]. Although it
remains to be elucidated whether the PAP III produced
in injured nerves acts as a similar anti-inflammatory fac-
tor to PAP I, injury-induced Reg proteins seem to play a
crucial role in suppressing such axotomy-induced
inflammatory responses in both the axotomized motor
nucleus and the site of injured nerves.

In conclusion, we have shown that the Reg/PAP fam-
ily members PAP 1 and PAP III are induced in injured
motor neurons and nerves in response to axotomy. Since
the induction and release of PAP I and PAP III ap-
peared to readily respond to nerve injury, PAP I and
PAP III may function as mediators of the injury signal
among the neuron and glial cells, and possibly macro-
phages. The proper expression of these molecules in
the proper cells may be crucial for the promotion of
nerve regeneration.
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