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Damage-induced neuronal endopeptidase (DINE) is a novel
metallopeptidase and is expressed in response to various neu-
ronal injuries. The expression regulation of DINE mRNA in the
dorsal root ganglia (DRGs) after sciatic nerve injury is examined.
A substantial increase of DINE mRNA expression was observed
in relatively small-sized DRG neurons after nerve injury. The
expression was observed in isolectin B4-negative and partly
TrkA-positive neurons, and the expression profile was fairly
similar to that of the neuropeptide galanin. More than 80% of
DINE mRNA-positive neurons simultaneously demonstrated
galanin immunoreactivity after nerve injury. In cultured DRG,
DINE mRNA expression was enhanced by leukemia inhibitory
factor (LIF) but not by other growth factors and cytokines. LIF
treatment to rat sciatic nerve induced DINE mRNA expression
in DRG without nerve injury, and, conversely, the intranerve

injection of anti-gp130 antibody after sciatic nerve injury signif-
icantly inhibited the upregulation of DINE mRNA in DRG. Fur-
thermore, nerve growth factor (NGF) deprivation, which can
induce galanin expression, also enhanced DINE mRNA expres-
sion in vitro and in vivo. Both LIF application and NGF depri-
vation additively enhanced DINE expression in vitro. These
results suggest that DINE gene expression is regulated sepa-
rately by both LIF and NGF deprivation, and this regulation
pattern is similar to that of galanin gene expression. Because
both DINE and galanin have a neuroprotective function, their
simultaneous induction may provide more successful protec-
tion for injured sensory neurons.
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Damage-induced neuronal endopeptidase (DINE in rats or
ECEL in humans) is a newly identified membrane-bound metal-
lopeptidase, specifically expressed in neurons of the CNS and
peripheral nervous system and induced in response to nerve
damage (Kiryu-Seo et al., 2000). DINE might be important for
neuropeptide processing, which in turn may have functional con-
sequences for adaptive response of neuronal injury. DINE en-
hances the expression and the activity of antioxidant enzymes
such as Cu/Zn-superoxide dismutase (SOD), Mn-SOD, and glu-
tathione peroxidase under oxidative stress by unknown mecha-
nisms (Kiryu-Seo et al., 2000). The enhanced expression of
antioxidant enzymes could contribute to preventing the neuronal
death caused by nerve damage. After nerve injury, various mol-
ecules, such as neurotrophic factors, growth factors, cytokines,
neuropeptides, and their receptors, are induced in injured neu-
rons and/or non-neuronal cells and serve in neuroprotective and
trophic mechanisms (Acheson et al., 1995; Matheson et al., 1997;
Bennett et al., 1998; Groves et al., 1999; Murphy et al., 1999a;

Terenghi, 1999). Many of these molecules require processing to
be activated or to mature, and thus the involvement of protease in
their processing is very likely.

Although understanding the functional significance of DINE is
crucial and is being studied, another intriguing characteristic of
DINE is its expression regulation. The induction of DINE ex-
pression is seen in response to a wide range of nerve injuries, such
as motor and sensory nerve injuries, brain and spinal cord
trauma, and cerebral ischemia. The enhanced expression of
DINE is strikingly restricted to neuronal cells and is not seen in
glial cells. This intriguing promoter activity would be useful to
achieve neuron-specific and neural damage-specific expression of
various molecules in transgenic animals and gene therapy for
neuronal degenerative diseases. In this study, we therefore fo-
cused on the mechanism of DINE expression regulation. In our
previous study, we found that DINE mRNA is upregulated in the
dorsal root ganglion (DRG) neurons by sciatic nerve injury
(Kiryu-Seo et al., 2000). Using this rat sciatic nerve injury model,
we characterized cell types of DINE mRNA expressing neurons
first and further examined the influence of neurotrophic factors
on DINE mRNA expression both in vitro and in vivo. Because
nerve injury promotes a number of neurotrophic factors, such as
nerve growth factor (NGF), brain-derived neurotrophic factor
(BDNF), glial cell line-derived neurotrophic factor (GDNF),
neurotrophin-3 (NT-3), insulin-like growth factor I (IGF-I), leu-
kemia inhibitory factor (LIF), ciliary neurotrophic factor
(CNTF), and interleukin 6 (IL-6) (Johnson et al., 1988; Murphy
et al., 1993, 1999b; Acheson et al., 1995; Matheson et al., 1997;
Groves et al., 1999; de Pablo et al., 2000; Shuto et al., 2001), we
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assumed that these might be the possible factors. Accordingly, we
addressed the consequences of those molecules on the regulation
of DINE expression both in vitro and in vivo.

MATERIALS AND METHODS
Animals. Male Wistar rats, weighing �200–300 gm, were anesthetized
with pentobarbital (45 mg/kg). Their left sciatic nerves were cut with
scissors at the midthigh level. For reverse transcription (RT)-PCR, 5 d
after the operation, the fourth and fifth lumbar DRGs (10 DRGs from
each lumbar) were quickly dissected out and frozen in liquid nitrogen.
DRGs from embryonic day 15 (E15), E17, E20, postnatal day 1 (P1), P7,
P15, P20, and adult were also dissected for RT-PCR studies. For in situ
hybridization and immunohistochemistry, after a postoperative survival
time of 1, 3, 5, 7, 35, and 60 d (6 DRGs each point), animals were deeply
anesthetized and killed by perfusion with 200 ml of ice-cold saline,
followed by 250 ml of 4% paraformaldehyde containing 0.21% picric acid
in 0.1 M phosphate buffer (PB). The fourth and the fifth lumbar DRGs
were quickly dissected out, postfixed, and immersed in 0.1 M PB contain-
ing 25% sucrose. Serial transverse sections were cut at 14 �m on a
cryostat and thaw mounted onto 3-aminopropyltriethoxysilane-coated
slides. To reduce variability, injured and contralateral DRGs were
mounted on the same slide glass.

For the LIF treatment, left sciatic nerve was exposed at the midthigh
level, and the epineuriums were partly excised. The nerves were treated
with 20 �l of LIF [125 �g/ml with 50 �g of bovine serum albumin (BSA)
in PBS; Alomone Labs, Jerusalem, Israel] or 20 �l of PBS as a control
using a Spongel (Yamanouchi, Tokyo, Japan) (five rats each). After 3 d,
the fourth and fifth lumbar DRGs were dissected out for either RT-PCR
or in situ hybridization as described above.

For the gp130 antibody treatment, left sciatic nerve was cut at the
midthigh level, and 5 �l of anti-gp130 antibody (1.0 mg/ml in PBS; R &
D Systems, Minneapolis, MN) or 5 �l of PBS as a control was injected
into the nerves from the proximal stump using a Hamilton syringe (five
rats each). After 24 hr, the fourth and fifth lumbar DRGs were dissected
out for either RT-PCR or in situ hybridization as described above.

For in vivo NGF deprivation, male Wistar rats weighing �200–300 gm
were used, and 0.5 ml of sheep anti-NGF-� antibody (1.0 mg/ml in PBS;
Chemicon, Temecula, CA) or 0.5 ml of sheep IgG (1.0 mg/ml in PBS;
Cappel, Aurora, OH), as a control, was injected daily intraperitoneally
(three rats each). Animals were treated for 2 d, and the fourth and the
fifth lumbar DRGs were dissected out 24 hr after the final injection, for
either RT-PCR or in situ hybridization as described above.

In situ hybridization. For in situ hybridization, sections were rinsed in
PB, treated with 10 �g/ml proteinase-K in 50 mM Tris-HCl and 5 mM
EDTA for 4 min, and then fixed again. After rinsing in distilled water,
sections were acetylated with 0.25% acetic anhydride in 0.1 M trietha-
nolamine, rinsed in PB, dehydrated in ascending ethanol series (70, 95,
and 100%), defatted in chloroform, rinsed in ethanol, and air dried. All
prehybridization procedures were performed RNase free. 35S-Labeled
RNA probes were prepared by in vitro transcription of DINE cDNA
(accession number AB026293, nucleotides 1287–1761) fragment or gala-
nin cDNA (accession number M18102, nucleotides 125–499) fragment in
linearized pGEM-T Easy vector (Promega, Madison, WI) by using T7
RNA polymerase (Promega) and 35S-UTP (DuPont NEN, Natick, MA).
The labeled probes (5 � 10 6 cpm/ml per slide, minimum) in hybridiza-
tion buffer (50% deionized formamide, 0.3 M NaCl, 20 mM Tris-HCl, 5
mM EDTA, 10 mM PBS, 10% dextran sulfate, 1� Denhardt’s solution,
0.2% sarcosyl, 500 �g/ml yeast transfer RNA, and 200 �g/ml salmon
sperm DNA) was denatured for 2 min at 80°C, quenched on ice, and
placed on the sections. Hybridization was performed in a humid chamber
overnight at 55°C. Hybridized sections were rinsed briefly in 5� SSC and
1% 2-mercaptoethanol at 55°C and washed in 50% deionized formamide,
2� SSC, and 10% 2-mercaptoethanol (high-stringency buffer) for 30 min
at 65°C. After rinsing the sections in RNase buffer (0.5 M NaCl, 10 mM
Tris-HCl, and 1 mM EDTA), they were treated with 1.0 �g/ml RNase-A
in RNase buffer for 30 min at 37°C and washed in RNase buffer. Sections
were then incubated in high-stringency buffer as described above, rinsed
in 2 and 0.1� SSC for 10 min each at room temperature, dehydrated in
an ascending ethanol series, and air dried. Sections were then dipped in
Kodak autoradiography emulsion (6:4; Eastman Kodak, Rochester, NY)
diluted in water. Sections were then exposed for 3–14 d at 4°C, developed
in a Kodak D19 developer, dehydrated in a graded series of ethanol to
xylene, and coverslipped before microscopic observation.

Immunohistochemistry and in situ hybridization (double-labeling stud-

ies). For double-labeling studies, the sections were air dried, rinsed in 0.1
M PBS, and then preincubated in 0.1 M PBS containing 1% BSA for 10
min. The sections were then incubated with primary antibodies diluted
with 0.1 M PBS containing 1% BSA and 0.1% Triton X-100 for 12–24 hr
in a humid chamber at 4°C. The following primary antibodies were used
for double-labeling studies: rabbit anti-TrkA (1:1000; Upstate Biotech-
nology, Lake Placid, NY), IB4 from Griffonia simplicifolia (biotin la-
beled, 1:500; Sigma, St. Louis, MO), rabbit anti-galanin (1:8000; Penin-
sula Laboratories, Belmont, CA). After rinsing in 0.1 M PBS, the sections
were incubated with biotinylated anti-rabbit IgG (1:500; Vector Labora-
tories, Burlingame, CA) diluted in 0.1 M PBS containing 1% BSA and
0.1% Triton X-100 for 12–24 hr in a humid chamber at 4°C, except the
sections that had been incubated with IB4. After rinsing in 0.1 M PBS,
the sections were incubated with the avidin–biotin complex (1:100;
Vector Laboratories) diluted in 0.1 M PBS for 3 hr at room temperature.
The positive antigens were then visualized by incubation with 0.02%
3,3�-diaminobenzidine tetrahydrochloride and 0.003% hydrogen perox-
ide in 50 mM Tris-HCl, pH 7.6, for 5–60 min at room temperature. After
identifying positive immunoreactions by light microscopy, the sections
were rinsed in 50 mM Tris-HCl and fixed in 4% paraformaldehyde in 0.1
M PB for 20 min and then transferred into the prehybridization step.

Imaging and quantification. Sections were observed under dark- and
bright-field illuminations. Images were directly captured from the micro-
scope using a black-and-white film or a digital camera and composed
using Adobe Photoshop 5.0J (Adobe Systems, San Jose, CA). For in situ
hybridization, cells were identified as positively labeled when epipolar-
ized illumination revealed silver grains clustered over the cell body. Only
those DRG neurons with a nucleus and silver grain densities five times
over background were measured. Cells were outlined manually using a
computer mouse to measure the cell size. The proportions of DINE
mRNA-positive DRG cells were determined by counting the number of
all of the positively labeled neuronal profiles in five sections from ipsi-
lateral DRGs of three animals and also the total number of neuronal
profiles in the same visible sections.

RT-PCR. Total RNA was extracted from DRGs of 10 animals. Total
RNA (each 5 �g) was converted to cDNA with Superscript reverse
transcriptase (Invitrogen, Gaithersburg, MD) and nucleotide oligo-dT.
Aliquots from the RT reaction were used for PCR amplification using
primer pairs ubiquitously expressing glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) as a control. The specific primers were used in
PCR analysis for the detection of DINE and galanin mRNAs. The
reaction products were electrophoretically separated on 1.2% agarose gel
and visualized by staining with ethidium bromide. Data were also ex-
pressed as the mean density of the band in question relative to the density
of the GAPDH band in the same sample. The density was measured at
five points for each band. The means were compared by an unpaired
Student’s t test.

Figure 1. Expression profile of DINE mRNA in DRG 5 d after sciatic
nerve injury. Less than 1% of DRG neurons expressed DINE mRNA in
non-injured DRG ( A). Sciatic nerve injury induced dramatic increase of
DINE mRNA expression (B). RT-PCR confirmed the increase of DINE
mRNA expression after nerve injury ( C). GAPDH mRNA expression
was examined as an internal control. Scale bar, 500 �m.
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DRG organ culture. For the primary culture, DRGs were isolated from
1-d-old Wistar rats, collected into ice-cold L-15 (Invitrogen) medium,
and then seeded on 24-well plates (six DRGs per each well), which had
been coated with polyethyleneimine. The feeding medium was a
DMEM–F12 (Invitrogen), to which 0.5% penicillin–streptomycin (Sig-
ma), 5 �M uridine (Sigma), 5 �M fluorodeoxyuridine (Sigma), and 50
ng/ml NGF (Promega) were added. DRGs were cultured in the presence
of NGF at 37°C in a 5% CO2 atmosphere. After 40 hr, the medium in
each well was exchanged, and the neurotrophic factors, growth factors,
and cytokines were applied to each well to investigate regulating factors
of DINE mRNA induction. The following reagents were applied: 50
ng/ml BDNF (Alomone Labs), 10 ng/ml NT-3 (Calbiochem, La Jolla,
CA), 50 ng/ml GDNF (Alomone Labs), 50 ng/ml IGF (Promega), 10
ng/ml LIF (Alomone Labs), 10 ng/ml CNTF (Alomone Labs), and 10
ng/ml IL-6 (Alomone Labs). Anti-hgp130 antibody (1.0 �g/ml; R & D
Systems) was also used to confirm the inductive pathway of DINE
mRNA expression. Cultures with excessive NGF (500 ng/ml), cultures
with NGF deprivation, and control cultures with 50 ng/ml NGF were also
studied. After 96 hr, total RNA from every four wells was extracted, and
RT-PCR study was performed as described above.

RESULTS

The expression profile of DINE mRNA in DRGs
In sections of normal DRG of L4 –L5, DINE mRNA expres-
sion was found in a very small number of neurons (�1% of the
total number of DRG neurons) (Fig. 1 A). Sciatic nerve injury
markedly induced DINE mRNA expression in injured DRG
(Fig. 1 B). RT-PCR study confirmed the increase of DINE
mRNA expression after nerve injury (Fig. 1C). The number of
DRG neurons expressing DINE mRNA increased to 18% at
5 d after nerve injury and maintained this level up to 60 d after
the nerve injury (Table 1). DINE mRNA was mainly expressed
in small (diameter �30 �m) DRG neurons and hardly ob-
served in large-diameter neurons (Fig. 2). Because Tandrup et
al. (2000) reported that the loss of small DRG neurons became
significant from 8 weeks after axotomy, the data at 60 d after
axotomy may be influenced by the neuronal death. Small DRG
neurons were classified into two major groups, TrkA-positive
and IB4-positive neurons (Snider and McMahon, 1998). The
double-labeling study for immunohistochemistry and in situ
hybridization showed that 41% of TrkA-positive neurons ex-
pressed DINE mRNA, and 43% of DINE mRNA-expressing
neurons were TrkA positive in the injured DRGs (Fig. 3A). On
the other hand, DINE mRNA expressions were hardly seen in
IB4-positive neurons in DRGs (Fig. 3B). These colocalization

Figure 2. Size of DINE mRNA-positive neurons in
DRGs. Most DINE mRNA-positive neurons in DRG
were small or medium sized.

Figure 3. Characterization of DINE mRNA-
positive neurons in DRGs. DINE mRNA (silver
grain accumulations) was expressed partly in
TrkA-positive neurons (A) but was hardly ex-
pressed in IB4-positive neurons (B). Frequently,
DINE mRNA signal and galanin immunoreactiv-
ity were colocalized in the same DRG neurons
(C). Arrowheads indicate double-labeled neurons.
Arrows indicate DINE mRNA only positive neu-
rons. Scale bars, 50 �m. D, The developmental
expression profile of DINE mRNA was examined
by RT-PCR.

Table 1. Population of DINE mRNA-expressing neurons in DRG after
nerve injury

1 d 3 d 5 d 7 d 35 d 60 d

Injured DRGs (%) 3.3 7.5 18.5 16.8 16.3 17.0
Contralateral DRGs (%) 0.2 0.3 0.4 0.4 1.0 2.0
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patterns reminded us that the expression profile of DINE
mRNA appeared quite similar to that of galanin mRNA in
injured DRGs. The double-labeling study for galanin immuno-
staining and DINE mRNA was therefore attempted. This
double-labeling study revealed that 71% of galanin-positive
neurons simultaneously expressed DINE mRNA, and 83% of
DINE mRNA-expressing neurons were galanin positive in
injured DRGs (Fig. 3C). Next, the embryonic expression of
DINE mRNA in DRGs was examined by RT-PCR. Most
prominent expression of DINE mRNA was observed at E17
(Fig. 3D).

DINE mRNA expression was induced by LIF but not
other neurotrophic factors in vitro
Using DRG culture cells, changes of DINE mRNA expression by
various neurotrophic factors, which are also increased in the
axotomy model, were examined by RT-PCR. The RT-PCR study
showed that neurotrophic factors, such as BDNF, GDNF, NT-3,
and IGF, did not significantly change DINE mRNA expression
level (Fig. 4A), whereas DINE mRNA expression was signifi-
cantly increased by LIF. A similar induction was not seen by other
gp130-related cytokines, such as CNTF and IL-6 (Fig. 4A).
Because the culture medium contained NGF (50 ng /ml) to

Figure 4. DINE mRNA expression in organ
cultured DRGs after stimulus by various
growth factors. A, E xpression of DI N E
mRNA was enhanced by LIF but not growth
factors. NGF(��) indicates application of
10-fold higher dose of NGF. B, Addition of
anti-gp130 antibody suppressed LIF-induced
expression of DINE mRNA. C, NGF depri-
vation induced DINE mRNA expression.
Application of LIF together with NGF depri-
vation further enhanced DINE mRNA ex-
pression. All quantitative RT-PCR data were
normalized by GAPDH and presented as
fold increase against control. Data represent
mean � SEM values. *p � 0.001 versus con-
trol by Student’s t test. **p � 0.001 versus
LIF or NGF(�).
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maintain neuronal survival, a 10-fold dose NGF application
NGF(��) was examined. The increased application of NGF
did not affect DINE mRNA expression level (Fig. 4 A).

Both LIF and NGF deprivation induced DINE mRNA
expression in vitro
Because LIF was the only factor that enhanced DINE expression
in above-mentioned study, a blockade of LIF receptor signaling
was attempted by a use of a neutralizing antibody against the
signal-transducing receptor component gp130 in vitro. The en-
hancement of DINE mRNA expression by LIF was completely
blocked by the application of anti-gp130 antibody (Fig. 4B). To
eliminate the NGF implication under the condition of LIF stim-
ulation, we removed NGF from the culture medium. Surprisingly,
this condition [NGF(�)/LIF(�)] resulted in a dramatic increase
of DINE mRNA expression. Even without LIF, NGF withdrawal
alone enhanced DINE mRNA expression. The application of
LIF and the withdrawal of NGF showed an additive effect on
DINE mRNA expression (Fig. 4C).

LIF and the NGF deprivation induced DINE mRNA
expression in rat DRGs
As described above, the in vitro data strongly suggested the
positive effect of LIF and the negative effect of NGF on DINE
mRNA expression. We then attempted to confirm these effects in
rats. Either PBS or LIF containing Spongel was placed on the
epineurium of excised sciatic nerve. The control (PBS treatment)
showed a slight increase of DINE mRNA expression (Fig. 5A).
This was probably attributable to the partial injury effect by the
epineurium excision. Contrary to PBS, LIF treatment demon-
strated a significant increase of DINE mRNA expression. We
also examined galanin mRNA expression, because galanin ex-

pression is regulated by LIF. Whereas there was a slight increase
of galanin mRNA with PBS, there was a substantial increase with
LIF treatment. The induction of DINE and galanin mRNAs was
confirmed by RT-PCR (Fig. 5E). The LIF-induced expression of
DINE in vivo was further examined by using the neutralizing
antibody against gp130, which is the signaling component of LIF
receptor. This neutralizing antibody is well known to inhibit
gp130-mediated cytokine signaling, such as LIF-, CNTF-, and
IL-6-mediated signaling. After sciatic nerve injury, either gp130
antibody or PBS was injected into the injured nerve site. When
PBS treated, significant increases of DINE and galanin mRNAs
were seen. Conversely, gp130 treatment dramatically suppressed
expression of both mRNAs (Fig. 6A–D). The change by gp130
injection was confirmed by RT-PCR study as well (Fig. 6E).

To examine NGF deprivation effect in vivo, NGF neutralizing
antibody was injected intraperitoneally. Both DINE and galanin
mRNA expressions were barely induced by intraperitoneal injec-
tion of the control sheep IgG (Fig. 7A,C, respectively), although
these mRNA expressions were significantly enhanced by intra-
peritoneal injection of neutralizing anti-NGF antibody for 2 d
without nerve injury (Fig. 7B,D, respectively). RT-PCR study
also confirmed the increases of both DINE and galanin mRNA
expressions after NGF deprivation (Fig. 7E).

DISCUSSION
Sciatic nerve injury induced DINE mRNA expression in
a group of DRG neurons
DINE is a neuron-specific metallopeptidase thought to have a
neuroprotective function by promoting antioxidant machinery
(Kiryu-Seo et al., 2000), although the underlying mechanism and
the substrate are still unknown. Structurally, DINE resembles

Figure 5. LIF induced both DINE and galanin
mRNA expressions in vivo. A and B demonstrate
DINE mRNA expression by in situ hybridization, and
C and D show galanin mRNA expression. A and C
were treated with PBS, whereas B and D were LIF
treated. Scale bar, 500 �m. E, RT-PCR confirmed
increases of both DINE and galanin mRNA expres-
sions by LIF treatment. RT-PCR data were normal-
ized by GAPDH and presented as fold increase
against control. Data represent mean � SEM values.
*p � 0.001 versus normal by Student’s t test.
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endothelin converting enzymes and neprilysin, which is identified
as enkephalinase and currently attracting attention as a �-amyloid
peptide degrading enzyme (Iwata et al., 2001). Both enzymes
have an indirect neuron-rescue activity, and, in this respect,
DINE is consistent with those members. Therefore, members of
this family, including DINE, are suggested to have a possible
protective role (Carson and Turner, 2002). In normal rat brain,
DINE is enriched in hypothalamus, in which various neuropep-
tides are expressed, suggesting a strong relationship between
DINE and neuropeptides. Expression of neuropeptides, some of
which are also known to have a neuroprotective role, is dramat-
ically regulated after nerve injury. The present study demon-
strated that DINE expression was also regulated by nerve injury
in a certain group of DRG cells. In non-injured DRG neurons,
few DINE mRNA-expressing neurons were observed; however,
after sciatic nerve injury, DINE mRNA expression was markedly
induced, mainly in small DRG neurons. Small DRG neurons are
identified as nociceptors and thermoceptors, and these neurons
are classified mainly into two groups. One group is known as the
peptide-containing NGF receptor TrkA-positive neurons (Kaplan
et al., 1991), and another group is known as the nonpeptide-
containing c-Ret (a GDNF receptor) and IB4-positive neurons
(Molliver et al., 1997; Snider and McMahon, 1998). The double-
labeling studies for DINE mRNA and TrkA or IB4 immuno-
staining showed that approximately one-half of DINE mRNA-
positive cells were also TrkA positive, but hardly any were also

IB4 positive. Therefore, DINE-positive neurons are partly NGF
dependent and not GDNF dependent. This would be consistent
with the result that GDNF had no effect on the induction of
DINE mRNA expression in cultured DRGs. Whereas NGF ap-
plication had no effect on the induction of DINE mRNA expres-
sion, NGF deprivation significantly induced DINE mRNA ex-
pression in NGF-dependent cells. Therefore, the lack of NGF
signaling from the target by axotomy, for instance, may be a
trigger of DINE mRNA induction at least in part of TrkA-
positive cells. However, there are DINE mRNA-positive cells
that are negative to TrkA. From the aspect of growth factor
receptor localization, DINE-expressing cells are not clearly char-
acterized; nevertheless, the relatively higher localization in TrkA-
positive cells and the negative dependency of NGF may suggest
some functional correlation.

Nerve injury influences the expressions of neuropeptides in
DRGs. For instance, expressions of calcitonin gene-related pep-
tide (Noguchi et al., 1990) and substance P (for review, see
Hökfelt et al., 1994) are downregulated after nerve injury,
whereas vasoactive intestinal peptide (VIP) (Noguchi et al.,
1989), galanin (Hökfelt et al., 1987), and neuropeptide Y (NPY)
(Wakisaka et al., 1992) are upregulated (for review, see Hökfelt
et al., 1994; Bergman et al., 1999) in DRGs. Among those con-
ventional neuropeptides, the expression profile of DINE after
nerve injury appeared relatively comparable with that of galanin
and VIP. The expression of DINE mRNA was observed from 1 d

Figure 6. Intraneural injection of anti-gp130
antibody inhibited upregulations of both
DINE and galanin mRNA expressions after
sciatic nerve injury. A and B demonstrate
DINE mRNA expression by in situ hybridiza-
tion, and C and D show galanin mRNA expres-
sion. A and C indicate mRNA expressions after
intraneural injection of PBS after nerve injury,
whereas B and D demonstrate those after in-
traneural injection of anti-gp130 antibody after
nerve injury. Scale bar, 500 �m. E, RT-PCR
confirmed decreases of both DINE and gala-
nin mRNA expressions by injection of anti-
gp130 antibody. RT-PCR data were also nor-
malized by GAPDH and presented as fold
increase against control. Data represent
mean � SEM values. *p � 0.001 versus normal
by Student’s t test. axt., Axotomy.
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after the sciatic nerve injury, reached its peak at 5 d, and main-
tained this expression level up to 60 d. This expression profile
suggests that the expression profile of galanin is the most consis-
tent with that of DINE. The galanin expression persisted up to
50 d after nerve injury (Brecht et al., 1997), whereas the VIP
expression gradually decreased from 21 d after nerve injury
(Noguchi et al., 1989). As we expected, the double-labeling study
showed that DINE mRNA expression and galanin immunostain-
ing were highly colocalized in injured DRG neurons. In addition,
the expression profile of DINE mRNA during development is
remarkably similar to that of galanin. The comparable expression
profiles suggest that both DINE and galanin are likely to be
regulated by identical factors or mechanisms after nerve injury.
Although the significance of the colocalization of galanin and
DINE in DRGs is unknown, both DINE and galanin have
neuron rescue activity. Thus, DINE may have some association
with galanin as a processing enzyme, for instance, to promote
neuronal protection (Holmes et al., 2000). In addition, because
galanin has a nociceptive function, DINE may also influence the
nociceptive function such as allodynia (Liu et al., 2001).

LIF and NGF deprivation regulate DINE expression in
vitro and in vivo
After sciatic nerve injury, a variety of neurotrophic factors and
cytokines are induced and function for the survival and regener-
ation of injured DRG neurons. CNTF, which is normally accumu-
lated in Schwann cells and released in response to nerve injury,
could be the primary factor. The released CNTF has potent rescue
activity for the injured neurons (Sendtner et al., 1992). In addition,
NGF, BDNF, NT-3, GDNF, IGF-I, and LIF are synthesized and
released in the distal segment of injured nerve, injured neurons, or
target organs in response to nerve injury, and these factors have

potent rescue activities for injured neurons (Johnson et al., 1988;
Kanje et al., 1988; Funakoshi et al., 1993; Banner and Patterson,
1994; Acheson et al., 1995; Matheson et al., 1997; Bennett et al.,
1998; Groves et al., 1999; Michael et al., 1999; Zhou et al., 1999; de
Pablo et al., 2000). Among these trophic factors and cytokines,
which are induced after nerve injury, only LIF induced DINE
mRNA expression in neonatal DRGs. The induction of DINE
mRNA expression by LIF was inhibited by neutralized anti-gp130
antibody in vitro and in vivo. LIF, CNTF, and IL-6 are cytokines
acting through a common signaling receptor, gp130 (Davis et al.,
1993); however, both CNTF and IL-6 failed to induce DINE
mRNA. These results strongly suggest that DINE expression was
mediated by the interaction of LIF and LIF receptor complex.
Furthermore, LIF is retrogradely transported to DRG, in particu-
lar by small-diameter nociceptive-specific neurons, but CNTF and
IL-6 are not (Thompson et al., 1997). These may be reasons why
DINE mRNA expression is induced by LIF but not CNTF or
IL-6. However, it is likely that the cytokine dependency pattern
may alter along with development and reach a peak at embryonic
stage. We used neonatal DRG for in vitro experiment. It cannot
exclude that DINE expression might have different response
against the cytokines, such as CNTF and IL-6, in other case.

Interestingly, LIF is a potent factor for induction of galanin
expression in cultured DRGs (Kerekes et al., 1999) and in DRGs
after nerve injury (Sun and Zigmond, 1996). LIF injection into
the sciatic nerve of normal animals causes increased galanin
expression in DRGs, and upregulation of galanin after nerve
injury is reduced after treatment with antibody against the gp130
receptor motif (Thompson et al., 1998). Collectively, LIF could
be a factor, promoting both DINE and galanin expression in a
group of nerve injured DRG neurons.

Figure 7. NGF deprivation induced both DINE and ga-
lanin mRNA expressions in vivo. A and B demonstrate
DINE mRNA expression by in situ hybridization, and C
and D show galanin mRNA expression. A and C demon-
strate mRNA expressions after intraperitoneal injection of
sheep IgG, whereas B and D show increase of mRNA
expressions after injection of anti-NGF antibody. Scale bar,
500 �m. E, RT-PCR confirmed increases of both DINE
and galanin mRNA expressions by NGF deprivation. RT-
PCR data were also normalized by GAPDH and presented
as fold increase against control. Data represent mean �
SEM values. *p � 0.001 versus normal by Student’s t test.
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A previous report shows that NGF deprivation enhances gala-
nin expression in the presence of LIF (Corness et al., 1998), and
another report shows that galanin expression in cultured DRG
incubated with LIF and NGF is less than that in DRG cultured
with LIF alone (Ozturk and Tonge, 2001). In addition, Shadiack
et al. (2001) reported that NGF antiserum induces galanin ex-
pression in intact DRG neurons. Conversely, delayed NGF infu-
sion also reduces the number of neurons expressing VIP, chole-
cystokinin, NPY, and galanin after injury (Verge et al., 1995). All
of these studies suggest that galanin expression is upregulated by
NGF deprivation both in vitro and in vivo and that NGF sup-
presses galanin expression. Likewise, the present study demon-
strated that DINE mRNA expression was also regulated by NGF
deprivation both in vitro and in vivo. Therefore, the induction
mechanism seen in galanin and DINE by NGF deprivation could
be similar. In this respect, the higher colocalization of galanin and
DINE in DRG neurons after axotomy could be the consequence
of the similar gene expression regulation mechanism of DINE
and galanin. NGF deprivation might activate or suppress some
signal, but the signaling is rather hazy. In developing sympathetic
neurons, both NGF deprivation and LIF treatment can activate
the same downstream pathway, c-Jun N-terminal kinase (JNK)
signaling, and induce apoptosis of developing neurons (Savitz
and Kessler, 2000). We therefore examined whether the activa-
tion of JNK signaling [by MEKK1 (mitogen-activated protein
kinase kinase kinase 1) overexpression with adenovirus] induces
DINE expression in organ cultured DRGs and found that DINE
mRNA expression was barely induced by JNK activation (data
not shown). Consequently, NGF deprivation and JNK activation
may be a distinct signal, at least for DINE expression. Although
the signaling downstream of NGF deprivation should be exam-
ined further, DINE mRNA induction was regulated by at least
two signals, the LIF– gp130-mediated signaling pathway and the
NGF deprivation signal pathway, that were activated when the
nerve was damaged.

In conclusion, DINE mRNA expression in DRGs was induced
by LIF and NGF deprivation that were elicited by the nerve
damage, and this expression regulation was surprisingly similar to
that of galanin, leading to the higher colocalization of DINE and
galanin in nerve-injured DRG neurons. Because galanin-deficient
mice exhibit decreased peripheral nerve regeneration after a
lesion, the large increases in galanin expression that occur in
axotomized peripheral neurons have functional consequences for
regeneration (Holmes et al., 2000; Zigmond, 2001). In addition,
galanin has receptor subtype-specific pronociceptive and analge-
sic actions in the spinal cord (Liu et al., 2001). Likewise, DINE
may also have potent functions for regeneration of injured sen-
sory neurons and neuropathic pain.
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