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We developed a new method, designated N-linked glycosyla-
tion signal (NGS) differential display (DD)-PCR, that enables the
identification of genes encoding N-linked glycosylated mole-
cules that exhibit varying patterns of expression. Using this
innovative technique, we identified an N-linked glycosylated
11-transmembrane domain protein that is upregulated in re-
sponse to axotomy. Expression levels increased 3 d after axo-
tomy, reached maximal levels at approximately postoperative
days 5–7, and then gradually decreased through day 20. The
protein was termed axotomy-induced glycosylated/Golgi-
complex protein 1 (AIGP1). AIGP1 immunoreactivity is specifi-
cally localized in neurons, with subcellular localization within
the Golgi, indicating that AIGP1 is a resident Golgi protein.

Moreover, AIGP1 gene expression in cultured neurons is spe-
cifically induced by the endoplasmic reticulum (ER)–Golgi stres-
sors tunicamycin and brefeldin A. We observed that the fre-
quency of cell death is increased by AIGP1 overexpression and
that the corresponding region of the protein implicated in the
activity involves the large eighth and ninth transmembrane
loops. Our results suggest that AIGP1 gene activation and
protein accumulation in the Golgi complex in response to
axotomy-induced ER–Golgi stress may contribute to signaling
during programmed cell death in damaged neurons.
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Injuries to peripheral nerves in the adult mammal activate regen-
eration signals that lead to neuronal survival and axonal elonga-
tion (Persson and Ibanez, 1993; Snider, 1994; Oppenheim, 1996;
Fu and Gordon, 1997; Pettmann and Henderson, 1998; Goldberg
and Barres, 2000). This regenerative potential of the peripheral
nervous system (PNS) is distinct from that of the adult CNS, in
which most neurons do not regenerate and subsequently die after
injury (Fu and Gordon, 1997; Goldberg and Barres, 2000). Elu-
cidation of the molecular basis of this difference between the PNS
and CNS would significantly contribute to rescue in diseases that
affect the CNS. Axotomy, a well characterized model of nerve
injury, is useful for studies on molecular and cellular mechanisms
of nerve regeneration and death. For several years, we attempted
to isolate molecules with expression patterns that are altered by
axotomy, with the goal of identifying those that participate in
neuronal death and regeneration. For this purpose, we performed
differential display (DD)-PCR screening and expressed sequence
tag (EST) analysis procedures, which allowed the identification of
various classes of molecules that are upregulated or downregu-
lated in response to axonal damage (Kiryu et al., 1995; Kitahara

et al., 1995; Morita et al., 1996; Namikawa et al., 1998; Tanabe et
al., 1999; Kiryu-Seo et al., 2000; Namikawa et al., 2000; Tanabe et
al., 2000). Although these studies revealed that a significant
number of intracellular molecules are implicated in the nerve
regeneration process, the involvement of membrane-bound gly-
coproteins has not been well established. However, the possible
involvement of a glycosylated membrane protein in neuronal
survival and regeneration was suggested by our previous work
using lectin histochemistry to visualize glycosylated proteins in
injured neurons (Ohshige-Hayashi and Kiyama, 1997). Among 16
lectins, only Glycine max (soybean agglutinin)-binding activity
was selectively increased in injured neurons after hypoglossal
nerve axotomy. Further electron microscopy observations re-
vealed that Glycine max binding is localized to the Golgi complex
in injured motoneurons as well as in the extracellular space
between neurons and microglia. Other lectin histochemistry stud-
ies demonstrated that specific and selective changes in Glycine
max staining are apparent in transected dorsal root ganglia
(Plenderleith et al., 1988; Cameron et al., 1991; Shortland et al.,
1999). In a motor neuron disorder in which subacute motor
neuropathy is associated with neoplastic angioendotheliosis, very
intense Glycine max staining was also observed in patients’ mo-
toneurons (Nagao et al., 1994). However, the identities of these
glycosylated proteins, which were elevated in response to neuro-
nal injuries in Golgi or the cell surface, remain unknown because
of limitations imposed by their low levels of expression.

We developed a novel method to screen for glycosylated mol-
ecules having varying gene expression patterns. Degenerate prim-
ers corresponding to the consensus nucleotide sequence of the
N-linked glycosylation signal (NGS) were used in DD-PCR. Us-
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ing the model of hypoglossal nerve axotomy in mice (Kiryu et al.,
1995), the NGS DD-PCR procedure identified an N-linked gly-
cosylated protein whose expression is upregulated in response to
axotomy. This protein, designated axotomy-induced glycosylated/
Golgi-complex protein 1 (AIGP1), contains 11 putative trans-
membrane domains and localizes to the Golgi complex in neu-
rons. We address the functional significance of AIGP1 and
suggest that this glycoprotein may be involved in programmed
cell death signaling triggered by axotomy.

MATERIALS AND METHODS
Antibodies and reagents. Monoclonal and polyclonal antibodies were as
follows: anti-Myc 9E10 (Santa Cruz Biotechnology, Santa Cruz, CA),
anti-FLAG M2 (Sigma, St. Louis, MO), anti-Tau1 (Chemicon Interna-
tional, Temecula, CA), anti-Map2 (Chemicon International), anti-
synapsin I (Synaptic Systems, Göttingen, Germany), anti-TGN46 (Cos-
mobio, Tokyo, Japan), anti-�-galactosidase (Promega, Madison, WI),
and anti-membrin (Calbiochem, San Diego, CA). All secondary poly-
clonal antibodies conjugated to Alexa Fluor fluorescein were purchased
from Molecular Probes (Eugene, OR). Staurosporine (STS), cytochala-
sin D, and brefeldin A (all from Sigma) were dissolved in DMSO to 100
�M, 100 �M, and 1 mg/ml, respectively. Tunicamycin (Sigma) was 1
mg/ml in 0.1N NaOH.

Animal surgery. Hypoglossal nerve transection was performed as de-
scribed (Kiryu et al., 1995), using C57BL/6J mice weighing �20 gm.
Briefly, the right hypoglossal nerve of each mouse was cut with scissors
and hypoglossal nuclei from both the operated and normal (contralater-
al) sides were dissected 7 d after the surgery. For differential display, 90
hypoglossal nuclei each (operated and normal) were collected, placed in
liquid nitrogen, and stored at �80°C until use. For in situ hybridization,
five mice were killed per day on postoperative days 1, 3, 7, 14, 21, 28, and
35. All animal experiments were performed according to NIH Standards
for Treatment of Laboratory Animals.

N-glycosylation sequence differential display-PCR. Unilateral hypoglos-
sal nerves of 90 male mice were transected, and the hypoglossal nuclei

from both control and operated sides were dissected under a microscope.
Total RNA was purified from operated and normal hypoglossal nuclei,
and the RNA from each nucleus (0.2 �g) was treated with DNase I and
reverse-transcribed to yield cDNA using the oligodeoxynucleotide dT18
and Superscript reverse transcriptase (Invitrogen, Rockville, MD). One-
tenth of the cDNA was amplified by PCR using a single primer (5�-
GTCGTCGAATTCN(G/C)TNNN(G/A)TT-3�) containing a 5� se-
quence (12 nucleotides) randomly selected among 87 arbitrary primers
used in general DD-PCR, and a 3� sequence (9 nucleotides) correspond-
ing to the N-glycosylation signal, Asn-X-Thr/Ser. This single primer (see
Fig. 1 A) was designed to hybridize specifically to the target NGS–reverse
sequence on the lower site of one template strand, and also to hybridize
randomly to the upper site of the other template strand (as in DD-PCR).
The following PCR cycling parameters were used: denaturation at 94°C
for 5 min, followed by 40 cycles of denaturation at 94°C for 30 sec,
annealing at 42°C for 1 min and extension at 72°C for 1.5 min, followed
by one additional extension cycle at 72°C for 5 min. The PCR products
were electrophoresed on a 5% denaturing polyacrylamide sequencing gel
and visualized using SYBR green. Differentially upregulated bands were
recovered from dried gels and reamplified by PCR. The resulting cDNA
products (879 bp cDNA fragment) were cloned into a TA vector accord-
ing to the manufacturer’s protocol (Invitrogen, San Diego, CA).

In situ hybridization. In situ hybridization was performed as described
previously (Kiryu et al., 1995). Briefly, brains from decapitated animals
were immediately frozen on dry ice, and sections (20 �m) were cut on a
cryostat with 2800 Feigocut E (Reichert-Jung, Vienna, Austria) and then
thaw mounted onto 3-aminopropyltriethoxysilane-coated slides and
stored at �80°C until use. 35S-labeled RNA probes were prepared by in
vitro transcription of AIGP1 cDNA in the pGEM-T vector with SP6 or T7
RNA polymerase and �-[ 35S] UTP (DuPont NEN, Wilmington, DE).

Relative quantification of mRNA. The grain intensity of x-ray films from
autoradiograms was measured, and the area of autoradiographic grains
in hypoglossal nuclei was quantified using image analysis software
(MCID, Imaging Research, Ontario, Canada). Differences in grain in-
tensity between the right (operated side) and left (contrateral side)
hypoglossal nuclei from equivalent sections were then calculated. For
statistical analyses, at least eight sections from five mice were studied,

Figure 1. Isolation of a gene encoding an N-linked glycosylated
protein from axotomized hypoglossal nuclei by NGS DD-PCR.
A, The primer sequence used in NGS DD-PCR (N � random
nucleotide). B, 35S-labeled PCR products (from NGS DD-PCR)
in hypoglossal nuclei from normal (cont) and operated (op.) sides
(7 d after injury). The arrowhead indicates the band in the op.
lane corresponding to a differentially expressed gene. C, Expres-
sion of the isolated cDNA fragment was further examined by in
situ display. A section was obtained from a mouse 7 d after it had
undergone unilateral hypoglossal nerve transection. The arrow
in the top panel indicates increased expression of the candidate
gene on the injured/right side only. A bright-field micrograph of
Nissl stain shows localization of mRNA on neurons in the
hypoglossal nucleus (bottom). Scale bar: top, 2 mm; bottom, 50
�m. D, mRNA expression profile after hypoglossal nerve tran-
section. mRNA signal intensity in control (E) and operated sides
(F) was measured and presented as mean � SD obtained from
at least eight sections from five mice; *p � 0.01 (ANOVA). E,
AIGP1 is an N-linked glycosylated protein. COS-7 cells were
transfected with a negative control mock construct (lanes 1, 2) or
N-terminal FLAG-tagged AIGP1 expression construct (lanes 3,
4, 5). Cell lysates were treated without (lanes 1, 3, 4 ) or with
(lanes 2, 5) 5 U/ml N-glycosidase F and subjected to SDS-PAGE
(10 �g protein per lane). Lysates from PC12 cells were treated
without (lanes 6, 7 ) or with (lane 8) 5 U/ml N-glycosidase F and
subjected to SDS-PAGE (30 �g protein per lane). Blots were
probed with an antibody to AIGP1 (ABEP56). Cell lysates not
subjected to 0.5% Nonidet P-40 treatment were analyzed by
Western blot (lanes 3, 6 ). The results are representative of three
separate experiments that yielded similar results.
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and the significance of these differences was determined using ANOVA
(Kiryu-Seo et al., 2000).

Molecular cloning. Approximately 1.0 � 10 6 recombinant phage in a
mouse brain library (Stratagene, La Jolla, CA) were screened by plaque
hybridization using the 879 bp cDNA fragment from NGS DD-PCR as a
probe. This probe was labeled with [�- 32P]dCTP using the Megaprime
labeling system (Amersham Biosciences, Piscataway, NJ). Hybridization
was performed at 42°C for 16 hr in solution containing 50% formamide,
5� SSC (0.75 M NaCl, 75 mM Na-citrate), 5� Denhardt’s solution (0.1%
BSA, 0.1% Ficoll 400, 0.1% polyvinylpyrrolidone), 1% SDS, and 0.2
mg/ml salmon testis DNA, washed twice at 65°C for 30 min in buffer
containing 2� SSC and 0.1% SDS, and washed again at 65°C for 30 min
in buffer containing 0.2� SSC and 0.1% SDS. Independent positive
clones were identified and sequenced by the dideoxynucleotide chain
termination method with a Big Dye Deoxy Terminator cycle sequencing
kit in an ABI 377 Prism automated DNA sequencer (Applied Biosys-
tems, Foster City, CA).

Expression vectors. To construct a C-terminal Myc-tagged AIGP1
expression vector (pCIneo–AIGP1myc), PCR was performed with
pBluescript (SK-) mouse AIGP1 (DDBJ accession no. AB029499) as a
template and the following primers: 5�-GGCCTCGAGCCGCCATG-
GGGGCCGTCCTCG-3� and 5�-GCGGCCGCTCACAAGTCTTCT-
TCAGAAATAAGCTTTTGTTCGCTGAAGTCCCGACCTGTGA-3�.
For constructing the N-terminal FLAG-tagged AIGP1 expression vector
(pCIneo–FLAG–AIGP1), PCR was performed with pBluescript (SK-)
AIGP1 template and the following primers: 5�-GGGGCTCGAGCCG-
CCATGGACTACAAGGACGACGATGACAAGATGGGGGCCGT-
CCTCGGCGT-3� and 5�-GGGGGCGGCCGCTCAGCTGAAGTC-
CCGACCTGT-3�. C-terminal Myc-tagged TPO1 expression vector
(pCIneo–TPO1-myc) was constructed using PCR with pBluescript (SK-)
mouse TPO1 (DDBJ accession no. AB029501) as a template and the
following primers: 5�-GGCCTCGAGCCGCCATGTCTGCCCGGTG-
CTG-3� and 5�-GCGGCCGCTCACAAGTCTTCTTCAGAAATAA-
GCTTTTGTTCGACAGAGAACGCCTGGAGG-3�. To obtain mouse
presenilin-1 cDNA, the entire open reading frame of the gene was
amplified from the mouse brain cDNA library (Stratagene) by PCR with
the primers 5�-GCTGCTCCAATGACAGAGAT-3� and 5�-GCTTGC-
TCTCTGTTTTTGTG-3�. The amplified cDNA fragment was inserted
into pGEM-T vector using the TA cloning Kit (Promega) to produce
pGEM-PS-1. To obtain N-terminal FLAG-tagged mouse presenilin-1
expression vector (pCIneo–NFLAGPS-1), PCR was performed with
pGEM-PS-1 template and the primers 5�-GGGGCTCGAGCCGCCATG-
GACTACAAGGACGACGATGACAAGACAGAGATACGTGCAC-
C TTTGT-3� and 5�-GGGGGCGGCCGCC TAGATATTAAAC T-
GATGGAA-3�. Deletion mutant AIGP1 expression vectors were
constructed by PCR using the following primers: 5�-GGGGCTCGAGC-
CGCCATGGAC TACAAGGACGACGATGACAAGATGGGGGC -
CGTCCTCGGCGT-3� (upper primer for all mutants), 5�-GGGGGCG-
GCCGCTCAATCCTCTTCATCATTGGCTCC-3� (lower primer for
pCI-neo FLAG AIGP16D1), 5�-GGGGGCGGCCGCTCATTTAGG-
GAGGATGGACACAAT-3� (lower primer for pCI-neo FL AG
AIGP15D2), 5�-GGGGGCGGCCGC TCAGTGAGCCATGTC TAC -
CAAGAG-3� (lower primer for pCI-neo FLAG AIGP14D3), and 5�-
GGGGGCGGCCGCTCATCTGGGATCTTTACTTGTTTT-3� (lower
primer for pCI-neo FLAG AIGP13D4). The following PCR cycling pa-
rameters were used: denaturation at 95°C for 1 min, 25 cycles with dena-
turation at 95°C for 1 min, annealing at 46°C for 1 min and extension at
72°C for 1.5 min, followed by one additional extension cycle at 72°C for 10
min. Pfu DNA polymerase was used for PCR and the amplified products
were digested with XhoI and NotI and cloned between the XhoI and NotI
sites of pCI-neo vector (Promega). All constructs were sequenced to con-
firm the DNA sequence. The EYFP vectors, pEYFP–mito, pEYFP–Golgi
and pEYFP–ER, were purchased from Clontech (Palo Alto, CA), and the
pSV2-�-gal vector was obtained from Promega.

Cell culture and transfection. Fetal C57BL/6J mouse embryos at 14–15
d of gestation were used for primary culture of embryonic cortical
neurons (Nakagawa et al., 2000). The brain of each embryo was sepa-
rated from overlying meninges, blood vessels, olfactory bulb, and hip-
pocampus in HBSS. Dissected cortical tissue was mechanically dissoci-
ated using a 0.1 mm blade (Feather, Osaka, Japan) and treated with
0.25% trypsin and 0.1% DNase I (Sigma) in serum-free neurobasal
MEM (Invitrogen). Enzymatic digestion was terminated by incubation
with 10% heat-inactivated horse serum (HS) (Hyclone, Logan, UT),
after which cells were mechanically disrupted by pipetting. After brief
centrifugation, cells were suspended in neurobasal MEM containing B27

supplement (Invitrogen) and seeded on poly-D-lysine-coated chamber
slides or poly-D-lysine-coated 24-well dishes at a concentration of 2 � 10 5

cells per well. Cortical neuron cultures were grown at 37°C in 5% CO2.
COS-7, human embryonic kidney (HEK) 293, and HeLa cells were
grown in DMEM containing 10% FBS (Hyclone), 100 U/ml penicillin,
and 100 �g/ml streptomycin (Invitrogen), and PC-12 cells were grown in
RPMI 1640 containing 10% HS (Hyclone) and 5% FBS (Hyclone).
Neuro2a cells were grown in MEM containing 10% FBS. Cells were
transfected with Lipofectamine reagent (Invitrogen) following the man-
ufacturer’s instructions.

Antibody production. A polyclonal antibody against AIGP1 (ABEP56)
was obtained by immunizing rabbits with the synthetic peptide EP56
(CEGGFQIKMVDTKAEKD; amino acid positions 71–87 in mouse
AIGP1). Rabbits were immunized with keyhole limpet hemocyanin-
coupled peptide in complete adjuvant four times at 2 week intervals. The
antiserum was affinity purified with the EP56-coupled peptide column
using a SulfoLink kit (Pierce, Rockford, IL) according to the manufac-
turer’s protocol.

Western blotting. Monolayer primary cultured cortical neurons, PC-12
cells, or transfected COS-7 cells were washed twice with PBS and lysed
for 10 min on ice in solution containing 0.5% digitonin, 0.5 M NaCl, 50
mM Tris-HCl, pH 7.5, 5 mM EDTA, 1 mM PMSF, 20 �M antipain, 20 �M
leupeptin, and 20 �M pepstatin and then sonicated for 1 min on ice using
the Handy Sonic model UR-20P (power level 3–4; TOMY, Tokyo,
Japan). Protein concentrations of lysates were determined using Bio-Rad
protein assay kits (Bio-Rad, Hercules, CA). Lysates were boiled for 10
min, resolved by 4–20% gradient SDS-PAGE, and transferred to poly-
vinylidene difluoride membranes (Bio-Rad) with a semidry electroblotter
(Bio-Rad). The membrane was blocked by incubation overnight at 4°C in
3% nonfat milk/PBS containing 0.1% Tween 20. Anti-AIGP1 polyclonal
antibody ABEP56 (0.5–2 �g/ml), anti-Myc monoclonal 9E10 (1:500), or
anti-FLAG M2 monoclonal antibody (1:1000) was used as a primary
antibody in Western blotting. Either anti-rabbit IgG conjugated with
horseradish peroxidase (Dako, Carpinteria, CA) or anti-mouse IgG
conjugated with horseradish peroxidase (Dako) (1:2000) was used as
secondary antibody. Immunoreactive bands were detected using the
supersignal substrate system (Pierce) according to manufacturer’s
instructions.

Glycosidase treatment. For glycosidase treatment of AIGP1 protein,
cell lysates were boiled at 100°C in the presence of 1% SDS after which
0.5% (w/v) Nonidet P-40 was added, and the lysates were incubated at
37°C for 1 hr with 5 U/ml N-glycosidase F (Roche, Indianapolis, IN).

Immunofluorescence microscopy. Monolayer primary cultured neurons,
PC12 cells, transfected COS-7 cells, or Neuro2a cells were grown on
slide-chamber dishes for immunofluorescence. All incubations and
washes were performed at room temperature. Cells were fixed with 4%
paraformaldehyde, washed three times with PBS, permeabilized with
0.2% Triton X-100/PBS for 4 min, and finally washed three times with
PBS. Fixed cells were incubated for 1 hr with 3% goat serum (Nichirei,
Tokyo, Japan) and washed with PBS. Cells were incubated with diluted
primary polyclonal or monoclonal antibody (both were used for double-
staining). Next, these cells were incubated for 30 min with diluted
secondary antibody conjugated to fluorescein and washed with PBS.
Dilutions of primary antibodies were as follows: anti-Myc 9E10, 1:100;
anti-FLAG M2, 1:2000; anti-Tau1, 1:500; anti-Map2, 1:500; anti-synapsin
I, 1:500; anti-TGN46, 1:1000, and anti-�-galactosidase, 1:4000. All sec-
ondary antibodies were diluted 1:500. Immunofluorescence microscopy
was performed with a Quantix cooled CCD camera system (Photomet-
rics, Tucson, AZ), and the FLUOVIEW confocal microscope system
(Olympus, Tokyo, Japan) was used for confocal microscopy.

The specificity of AIGP1 staining was confirmed as follows. (1) Stain-
ing with affinity-purified ABEP56 revealed Golgi complex-specific stain-
ing in COS-7 cells transfected with the AIGP1 expression construct,
whereas no signal was observed in COS-7 cells transfected with a mock
construct. (2) Affinity-purified ABEP56 was preincubated with 100-fold
excess EP56 or an unrelated peptide as a negative control. AIGP1
staining was abolished by preabsorption with EP56 antigen. However,
incubation with the control peptide had no effect on staining. (3) No
signal was observed when cells or tissue sections were stained with
preimmune sera (data not shown). (4) Staining with affinity-purified
anti-TPO1 (a member of the AIGP1 protein family) revealed no Golgi
complex-specific staining in cortical neurons (data not shown).

SYBR green-based real-time quantitative RT-PCR. SYBR green-based
real-time quantitative RT-PCR was performed as described (Wong et al.,
2000; Aoki et al., 2002). Total RNA was prepared from 2 � 10 5 cortical
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neurons cultured for 12 hr under stress conditions (B27 supplement
deprivation, 10 �g/ml tunicamycin, 10 �g/ml brefeldin A, 0.2 �M stau-
rosporin, 250 �M H2O2, and 1 �M cytochalasin D). Total RNA (2 �g) was
treated with DNase I and converted to cDNA using Superscript reverse
transcriptase (Invitrogen) and random hexamer primers. SYBR green-
based real-time RT-PCR was performed in 50 �l reactions (Applied
Biosystems 7700 Sequence Detection System). The following primer
pairs were used: 5�-GAGCATCCGTACCTCCAACAA-3� (upper) and
5�-GTCACTTCTGCCATTCCCATC-3� (lower) for amplification of
AIGP1, and 5�-ACGGCCAGGTCATCACTATTG-3� (upper) and 5�-
ATGCCACAGGATTCCATACCC-3� (lower) for amplification of
�-actin. Control experiments (determinations of melting temperature
and DNA sequences of PCR products) established that the signal for
each amplicon was derived from cDNA and not from primer-dimers. The
quantitative RT-PCR method (User Bulletin #2, Applied Biosystems)
was modified to establish an expression level index for mRNA (Aoki et
al., 2002), and the SYBR green signal for �-actin amplicon was used as
a calibrator. Amplification efficiency was determined in a control PCR
experiment using serial cDNA diluents as templates.

Terminal deoxynucleotidyl transferase-mediated fluorescein UTP nick
end-labeling. To detect DNA fragmentation in cultured cells, the modi-
fied terminal deoxynucleotidyl transferase (TdT)-mediated fluorescein
UTP nick end-labeling (fluorescein TUNEL) procedure was performed
with an Apoptosis Detection System Fluorescein kit (Promega) using
protocols provided by the manufacturer. Briefly, cultured cells grown on
slides were fixed in 4% formaldehyde in PBS and then washed with PBS
and permeabilized in 0.2% Triton X-100 in PBS for 5 min. DNA strand
breaks of cell nuclei were labeled with fluorescein-12-dUTP using TdT.
After fluorescein TUNEL staining, transfected cells were further stained
with anti-Myc 9E10, anti-FLAG M2, or anti-�-gal. For statistical analy-
ses of cell death rates, at least four independent wells were studied.

RESULTS
Identification of an axotomy-induced gene encoding
an N-linked glycosylated protein
N-linked glycosylation of proteins in eukaryotic cells is initiated
within the endoplasmic reticulum where a core oligosaccharide
(14-mer) composed of N-acetylglucosamine, mannose, and glu-
cose is transferred to the side chain of the asparagine within the
NGS sequence Asn-X-Ser/Thr (Kornfeld and Kornfeld, 1985;
Abeijon and Hirschberg, 1992; Hart, 1992) of the protein. We
established a novel NGS DD-PCR method for screening differ-
entially expressed genes encoding N-linked glycosylated proteins
using a degenerate oligonucleotide [AA(C/T)-NNN-(A/T)(G/
C)N] containing the Asn-X-Ser/Thr consensus sequence (Fig.
1A). Using a hemihypoglossal nerve transection model in adult
mice, the hypoglossal nuclei of injured and contralateral (control)
sides were collected from 90 mice at 7 d after operation and
subjected to analysis by the novel NGS DD-PCR method. The
procedure yielded many PCR products (Fig. 1B), the sequences
of which were determined to identify glycoprotein-encoding
genes that were selectively amplified. Nearly all of the sequences
represented novel, uncharacterized genes. This result was ex-
pected given that the number of characterized glycoproteins is
likely very small compared with those that remain uncharacter-
ized. Among the selectively amplified PCR products, an in-
creased level of an 879 bp product was detected on the injured
side (Fig. 1B, arrowhead). A histological survey using this 879 bp
cDNA fragment as a probe demonstrated increased mRNA ex-
pression in hypoglossal nuclei from the injured side on day 7 after
axotomy (Fig. 1C, arrow). Furthermore, Nissl staining revealed
specific localization of this mRNA to neurons (Fig. 1C, bottom).
The intensity of the signals markedly increased after 3 d, stayed
at plateau for 1 week, and then gradually decreased to control
levels over the next 2 weeks (Fig. 1D). We detected other up-
regulated bands in NGS DD-PCR (Fig. 1B), but induction of

those transcripts was not detected during subsequent in situ
hybridization analysis (data not shown).

To isolate full-length cDNA corresponding to the 879 bp PCR
product, we screened �1 � 106 recombinant phage from a mouse
brain cDNA library. Several positive clones were identified. Full-
length cDNA contained an 879 bp sequence identical to that
obtained from DD-PCR cloning. The 2.2 kb full-length nucleo-
tide sequence (DDBJ accession no. AB029499) comprises a 1416
bp open reading frame encoding 472 amino acids. The translation
initiation Kozak sequence includes a methionine codon (AC-
CATGG), and the 3� noncoding region contains an AU-rich se-
quence implicated in mRNA instability (Sachs, 1993). Two NGSs
(Asn-Ser-Thr) were identified at amino acid positions 34–36 and
315–317, and the latter corresponds to the NGS primer binding site
of the cDNA sequence. Swiss/Prot, GenBank, and European Mo-
lecular Biology Laboratory database searches revealed that the
amino acid sequence is either identical or highly homologous to
mouse MUSTETU (100%; GenBank accession number L29441),
mouse TMS-1 (99.8%; AF181684), and human Diff33 (68.6%;
U49188) and displays a moderate level of homology (30–60%) to
rat TPO1 (L20319), mouse TMS-2 (AF181685), Caenorhabditis
elegans tms-1, Drosophila melanogaster (AF181686), and Saccharo-
myces cerevisiae TMS1 (Z47746). Mouse MUSTETU, human
Diff33, TPO1, and TMS genes were characterized in previous
studies (Lebel and Mes-Masson 1994; Krueger et al., 1997; Gross-
man et al., 2000), although no data on the native proteins or their
biological functions were presented. We conclude that the protein
that we identified represents a novel axotomy-induced factor. The
protein was designated axotomy-induced glycosylated/Golgi-
complex protein 1 on the basis of its physical and functional
characteristics (see below).

AIGP1 is an N-linked glycosylated membrane protein
Analysis of AIGP1 using hydropathy plots indicated the existence
of multiple clusters of 16–23 hydrophobic amino acids, in agree-
ment with data on related membrane proteins (Krueger et al.,
1997; Grossman et al., 2000), suggesting that AIGP1 is a trans-
membrane protein. To confirm this hypothesis, we used two pro-
grams that adopt different algorithms for the prediction of trans-
membrane regions, specifically, SOSUI (http://sosui.proteome.bio.
tuat.ac.jp/sosuimenu0.html) and TMpred (http://www.ch.embnet.
org/software/TMPRED_form.html). These analyses predicted
that AIGP1 contains 11 putative transmembrane domains. Al-
though a number of studies on members of this gene family
(including the AIGP1 gene) have been reported (Lebel and
Mes-Masson 1994; Krueger et al., 1997; Grossman et al., 2000),
the corresponding native proteins have never been identified
either in vivo or in vitro. The primary limitation in such studies has
been the inability to produce antibodies against proteins of this
family, attributable presumably to their low antigenicity and high
hydrophobicity. In fact, previous efforts to produce antibodies
against TPO1, a member of this protein family that is specifically
expressed in developing oligodendrocytes, were unsuccessful
(Krueger et al., 1997). In our attempts to produce specific anti-
bodies against AIGP1 using antigenic peptides, only peptide
EP56 showed promise as a candidate antigen. Using this antibody,
Western blots of cell lysates from COS-7 cells transfected with an
AIGP1 expression construct (Fig. 1E, lanes 3, 4) revealed a single
band of �70 kDa. Consistent with these results, Western blots of
lysates from PC-12 cells (Fig. 1E, lanes 6, 7) and primary cortical
neurons (Fig. 2F) displayed a band of similar size. The theoret-
ically molecular mass of AIGP1 is 52.6 kDa, which differs signif-
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icantly from its apparent size. This discrepancy may be caused by
glycosylation at Asn 34 and Asn 315 of AIGP1. To examine
whether AIGP1 is an N-linked glycosylated protein, cell lysates
were treated with N-glycosidase F and examined using Western
blots. AIGP1 exhibited a mobility shift in N-glycosidase F(�)
lysates (Fig. 1E, lanes 5, 8) in contrast to N-glycosidase F(�)
lysates in the same buffer (Fig. 1E, lanes 4, 7). The apparent
molecular mass of the deglycosylated protein was �50 kDa, in
good agreement with the theoretical molecular mass. Given that
AIGP1 contains two NGSs, these results strongly suggest that
AIGP1 is an N-linked glycosylated protein.

AIGP1 is specifically localized to the Golgi complex
in neurons
In situ hybridization data in Figure 1C demonstrate AIGP1
mRNA localization in motoneurons of hypoglossal nuclei. To
elucidate the distribution of AIGP1 in the mouse brain, immu-
nohistochemical studies were performed using antibody ABEP56
that recognizes mouse and rat AIGP1 (Fig. 2) but not other
family members such as mouse TMS-2 or TPO1 (data not shown).
AIGP1 expression was detected in the cortex, hippocampus, cer-
ebellum, and hypoglossal nucleus in the mouse brain (Fig.
2A,C,D). AIGP1 immunoreactivity in the hypoglossal nucleus
was specifically elevated after axotomy (Fig. 2A, right side). Most
AIGP1-positive cells in the cortex, hippocampus, and cerebellum
were neurons, and most immunostaining patterns were consistent
with results from in situ hybridization studies (Figs. 1C, 2D)
(Grossman et al., 2000). Furthermore, AIGP1 staining was pre-
dominantly localized to perinuclear membranes as small dot-like
structures (Fig. 2B). To identify the subcellular localization of
AIGP1 in neurons, we performed immunofluorescence staining

with cultured cortical neurons. Axons and dendrites of culture
cells used in this study were distinguished by staining with anti-
bodies to Tau-1 (marker for axons) and Map-2 (marker for
dendrites) (data not shown). Synaptic contacts were established
12–13 d after plating, as verified by staining with anti-synapsin I
(Fig. 3E) and anti-GluR2/3 (a postsynaptic marker; data not
shown). AIGP1 staining was detected in cortical neurons from
initial cultivation onward (Fig. 3B). After plating for 8 hr, AIGP1
was localized near the nucleus as diffuse vesicle structures in the
cytoplasm, whereas no specific signal was observed with the
preabsorbed antibody sample (Fig. 3A). At 1 and 2 d after plating,
the AIGP1 signal was concentrated adjacent to the nucleus as a
dot-like (or tube-like) structure that resembled the Golgi complex
(Fig. 3C,D). In mature neurons with synapsin I-positive synapses,
AIGP1 staining was also observed in Golgi-like structures (Fig.
3E). A double-staining experiment with PC12 cells was per-
formed to confirm that AIGP1 is present in the Golgi complex.
Anti-TGN-46 was used as a trans-Golgi marker, because localiza-
tion of this protein to the Golgi apparatus has been confirmed at
the ultrastructural level (Prescott et al., 1997). AIGP1 colocalized
with TGN-46 (Fig. 3G–I), whereas the AIGP1 staining pattern in
cortical neurons differed from that of membrin, a marker for ER
and cis-Golgi (Hay et al., 1997) (Fig. 3F). The Golgi localization
of AIGP1 was further confirmed by immunostaining in COS-7
cells after cotransfection of AIGP1 with either pEYFP–ER,
pEYFP–Golgi, or pEYFP–mito, constructs that label the ER,
Golgi, and mitochondria, respectively. AIGP1 clearly colocalized
with the pEYFP–Golgi marker (Fig. 4D–F) but not with that of
pEYFP–ER or pEYFP–mito (Fig. 4A–C, G–I). This result con-
firmed that AIGP1 localizes specifically to the Golgi complex and

Figure 2. Localization of AIGP1 immunoreactivity in the
mouse brain. A, Expression of AIGP1 ( green) in the mouse
brain examined by fluorescent immunohistochemistry with
polyclonal antibody ABEP56. A section (25 �m) was obtained
from a unilateral hypoglossal nerve-transected mouse 7 d after
surgery. B, Staining with ABEP56 and propidium iodide (red)
revealed AIGP1 localization ( green) as a dot-like area adja-
cent to the nucleus. C–E, Tissue localization of AIGP1 in the
cortex (C), cerebellum ( D), and hippocampus (E). Coronal
sections were stained with ABEP56 and Alexa Flour 488-
labeled secondary antibody ( green). Confocal images are pre-
sented. F, Mouse cortical neurons were lysed, and total protein
was subjected to Western blotting with preimmune ( pre) or
ABEP56, respectively. 4v, Fourth ventricular; cont, control
side; op, operated side; DG, dentate gyrus; gl, granule cell
layer; pl, Purkinje cell layer; ml, molecular cell layer; py, pyra-
midal cell layer. Scale bars: A, C, D, E, 300 �m; B, 15 �m.
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not to the endoplasmic reticulum or mitochondria. Additional
cotransfection experiments with these pEYFP expression con-
structs using HeLa and HEK293 cells also showed that AIGP1
predominantly localizes to the Golgi (data not shown).

AIGP1 expression is specifically induced by ER–Golgi
stress in neurons
AIGP1 is localized to the Golgi complex, and its expression is
specifically induced in response to axotomy. To clarify the mo-
lecular basis of axotomy-induced AIGP1 expression, we per-
formed SYBR green-based real-time RT-PCR and analyzed gene
expression in cultured neurons under several stress conditions,
including oxidative stress, ER–Golgi stress, trophic factor depri-
vation, cytoskeletal disruption, and staurosporine treatment.
Control experiments established optimal stress conditions that
induced 30–40% death of cortical neurons after 12 hr (data not
shown). Among several stress conditions, only the ER–Golgi
stressors brefeldin A and tunicamycin markedly activated AIGP1
expression (Fig. 5A,B) (tunicamycin: 4.03 � 0.81-fold, p � 0.003;
brefeldin A: 5.92 � 0.62-fold, p � 0.0002). AIGP1 expression was
activated to a much lesser extent by three other stressors, includ-
ing B27(�), STS, and H2O2, but was not activated by cytochalasin
D (Fig. 5A,B).

Frequency of cell death is modulated by AIGP1
expression in COS-7 cells
The S. cerevisiae gene tms-1 is the only gene encoding an ortholog
of AIGP1 in yeast. Loss-of-function experiments have been per-

Figure 3. Localization of AIGP1 immunostaining in mouse cultured
cortical neurons and PC12 cells. Primary cultured cortical neurons were
fixed at 8 hr (A, B), 24 hr ( C), and 48 hr ( D) after plating and stained with
polyclonal antibody ABEP56 and Alexa Flour 488-labeled secondary
antibody ( green). Specificity of staining was verified by preabsorption of
ABEP56 with 100-fold excess peptide EP56 ( A) or negative control
peptide (B). E, Primary cultured cortical neurons were fixed 13 d after
plating and coimmunostained with ABEP56 and Alexa Flour 594 (red)
and monoclonal anti-synapsin-I and Alexa Flour 488 ( green). F, Primary
cultured cortical neurons were fixed 48 hr after plating and immuno-
stained with polyclonal anti-membrin and Alexa Flour 594 (red). G–I,
PC12 cells were coimmunostained with ABEP56 (red) (G) and monoclo-
nal anti-TGN46 ( green) (H ). I, Merged image of G and H. Both Alexa
Flour 488-labeled anti-rabbit IgG and Alexa Flour 594-labeled anti-
mouse IgG were used as secondary antibodies for double-staining (G–I).
A–D and E–I are confocal and cooled CCD images, respectively. Scale
bars: A–D, 10 �m; E, F, 15 �m; G–I, 10 �m.

Figure 4. AIGP1 immunostaining is specifically localized to the Golgi in
transfected COS-7 cells. COS-7 cells were cotransfected with N-terminal
FLAG-tagged AIGP1 and pEYFP constructs: pEYFP–ER (A–C), pEY-
FP–Golgi (D–F), or pEYFP–mito ( G–I). Cells were fixed 24 hr after
transfection and stained with anti-FLAG M2. Confocal images of FLAG
immunostaining with Alexa Fluor 594-labeled anti-mouse IgG (A, D, G)
and EYFP fluorescence (B, E, H ). C, F, and I represent merged images.
Similar results were obtained in four independent experiments. Scale bar,
10 �m.
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formed on tms-1 via disruption by homologous recombination
(Grossman et al., 2000). tms-1 null mutants were examined with
regard to the effects of stress conditions, including temperature,
osmotic stress, toxic chemicals, and metal ions; however, no
apparent phenotype was observed. Thus, there may be a redun-
dant metabolic pathway or gene, or both, that compensates for the
loss of tms-1 function in yeast. In our current gain-of-function
experiments, AIGP1 constructs were transfected and overex-
pressed in COS-7 cells. As expected, exogenously expressed
AIGP1 (visualized as a single band at �70 kDa in COS-7 cells)
(Fig. 1E) localized specifically to the Golgi (Fig. 4D–F). AIGP1
overexpression induced cell death as demonstrated by fluorescein

TUNEL assays in COS-7 cells transfected with AIGP1 [a
�-galactosidase (�-gal) construct served as a negative control]. At
48 hr after transfection, cell death of COS-7 cells expressing
C-terminal Myc-tagged or N-terminal FLAG-tagged AIGP1 was
approximately threefold higher than that measured in cells ex-
pressing �-galactosidase (Fig. 6A) (AIGP1–myc, 32.3 � 5.3%;
FLAG–AIGP1, 25.9 � 1.3%; �-gal, 9.3 � 0.3%; AIGP1–myc vs
�-gal, p � 0.013; FLAG–AIGP1 vs �-gal, p � 0.003). These

Figure 5. ER–Golgi stress specifically induced AIGP1 expression in
cultured cortical neurons. A, After 40 cycles of PCR with primers that
recognize either �-actin or AIGP1 cDNA sequences, reaction products
(�-actin � 118 bp; AIGP1 � 93 bp) were resolved by 2% agarose gel
electrophoresis. B, Three days after plating, cortical neurons were cul-
tured for 12 hr under the following stress conditions: B27 supplement
deprivation [B27(�)], 10 �g/ml tunicamycin (TN ), 10 �g/ml brefeldin A
(BrA), 0.2 �M staurosporin (STS), 250 �M H2O2 (H202), or 1 �M cytocha-
lasin D (CyD). Each cDNA was prepared from random hexamer primers
and total RNA from stress-treated cells. Real-time RT-PCR assays of
AIGP1 mRNA expression were performed with SYBR green and
ABI7700 sequence detection system. �-actin was used as an internal
control. Similar results were obtained in three separate experiments using
independent cortical neuron cultures. Error bars represent the SD calcu-
lated from quadruplicate samples at a minimum (from culture wells).
**p � 0.01.

Figure 6. AIGP1 expression increases the frequency of cell death. A,
COS-7 cells were transfected with constructs encoding �-galactosidase
(b-gal ), TPO1-myc, AIGP1-myc, N-FLAG–presenilin-1 (PS1), or
N-FLAG-AIGP1. At 48 hr after transfection, cells were fixed and stained
with anti-� gal (A, bottom; b-gal ), anti-myc 9E10 (A, bottom; TPO myc and
AIGP1 myc), or anti-FLAG M2 (A, bottom; FLAG PS1 and FLAG
AIGP1). Cell death was determined by fluorescein TUNEL assay (A,
bottom; TUNEL). Confocal images of immunostaining and the fluores-
cein TUNEL stains are presented (A, bottom). The frequency of cell
death (the number of fluorescein TUNEL-positive cells per �-gal, 9E10-,
or FLAG-positive cells) was counted and presented as mean percentages
(A, top). Error bars represent SD calculated from quadruplicate samples.
*p � 0.05; **p � 0.01. Scale bar, 20 �m. B, Nuclear crumpling of a
Neuro2a cell transfected with an AIGP1 expression construct. Neuro2a
cells were transfected with constructs encoding TPO1-myc or AIGP1-
myc. At 72 hr after transfection, cells were fixed and stained with CYTO
green (nuclear stain; top) and anti-myc 9E10 (bottom). Scale bar, 10 �m.
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differences were not evident 24 hr after transfection (data not
shown). In addition, COS-7 cells transfected with AIGP1 expres-
sion constructs displayed characteristic morphological changes,
fragmentation of the cell body, and nuclear and cytoplasmic
condensation (Fig. 6A). Furthermore, cell death and nuclear
crumpling were also observed in a mouse neuronal cell (Neuro2a
cell) transfected with AIGP1 expression constructs (Fig. 6B).

We transfected COS-7 cells with a construct for C-terminal
Myc-tagged TPO1, an AIGP1 family member containing 11 trans-
membrane helices (Krueger et al., 1997), or N-terminal FLAG-
tagged presenilin-1, a multimeric transmembrane protein associ-
ated with Alzheimer’s disease (Doan et al., 1996), as negative
controls for N-terminal FLAG-tagged or C-terminal Myc-tagged
multimeric transmembrane proteins. These membrane protein
constructs did not induce cell death compared with the �-gal
construct [TPO1-myc, 12.3 � 1.5% (no significant difference vs
�-gal), FLAGPS1, 6.6 � 1.6% (no significant difference vs �-gal)],
indicating the specificity of AIGP1 action (Fig. 6A). Expression
of these negative control proteins was equivalent to that of
AIGP1 and was confirmed both by Western blotting (data not
shown) and by immunohistochemistry (Fig. 6A).

To further confirm the specific effect of AIGP1, AIGP1 dele-
tion mutants were used. AIGP1 comprises 11 transmembrane
helices and 10 loop structures. The roles of these structures have
not been determined, although the eighth and ninth loops consti-
tute the largest structures in this protein (Fig. 7A). Serial
C-terminal deletion mutants of the AIGP1 were constructed.
Analysis of the activity of these deletion mutants (Fig. 7A) re-
vealed that the construct containing the eighth and ninth trans-

membrane helices and loops (6D1) displayed significant activity
[(Fig. 7B) 6D1, 25.2 � 3.3% vs 5D2, 2.9 � 4.9%; p � 0.001; (Fig.
6A) FLAGAIGP1, 25.9 � 1.3%; no significant difference vs 6D1].
Mutant 5D2 is the longest deletion mutant that lacked significant
activity, indicating that the C terminus, including the two trans-
membrane helices and loops, is required for AIGP1 function.
The levels of expression and membrane localization of the mutant
constructs that lacked activity did not differ from 6D1 (Fig. 7B),
indicating that the loss of activity was probably caused by the
absence of the effector sequence rather than by decreased protein
expression levels or an altered localization.

DISCUSSION
We developed a novel method that enables the identification of
genes encoding N-linked glycosylated proteins whose expression
levels may change with environmental conditions. This innovative
procedure led to the discovery of an N-linked glycosylated pro-
tein AIGP-1, the expression of which is upregulated in response
to both ER–Golgi stress in vitro and axotomy in vivo. We dem-
onstrated that AIGP1 associates with the Golgi complex and may
be involved in ER–Golgi stress-induced cell death after nerve
injury.

AIGP1 is an axotomy-induced molecule in neurons. Experi-
ments with cultured cortical neurons showed marked induction of
AIGP1 gene expression by the ER–Golgi stressors tunicamycin (a
specific inhibitor of N-glycosylation in the ER) and brefeldin A
(an inhibitor of ER–Golgi transport). These drugs are effective
inducers of ER–Golgi stress, as verified by their specific upregu-
lation of numerous ER–stress response genes (Easton et al., 2000;

Figure 7. C-terminal deletion mutants of AIGP1 and induction
of cell death. A, Schematic representation of AIGP1 structure
and C-terminal deletion mutants. Locations of amino acid resi-
dues are indicated by numbers, and transmembrane domains are
shown as gray boxes (Grossman et al., 2000). B, Loss of AIGP1
activity after deletion of the region containing the eighth and
ninth helices and loops. COS-7 cells were transfected with a
series of deletion mutants, fixed 48 hr after transfection, and
stained with anti-FLAG M2 antibody (B, right, top). Cell death
was analyzed by the fluorescein TUNEL method (B, right, mid-
dle). Confocal images of FLAG immunostaining with Alexa
Flour 594-labeled anti-mouse IgG and fluorescein TUNEL
stains are presented (B, right, top and middle). The frequency of
cell death (TUNEL-positive cells per FLAG-positive cells) was
counted and is presented as mean percentages (B, lef t). Expres-
sion levels of mutant constructs were analyzed by Western blots
with anti-FLAG M2 (8 �g protein per lane) (B, right, bottom).
Error bars represent SD calculated from at least four different
samples. **p � 0.01. Scale bar, 20 �m.
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Nakagawa et al., 2000; Lee, 2001). Our results suggest that axo-
tomy induces ER–Golgi stress, thereby inducing AIGP1 expres-
sion in injured motor neurons.

To date, the biological functions of members of the AIGP1
protein family remain unknown, attributable primarily to diffi-
culties in producing antibodies against these proteins (Lebel and
Mes-Masson 1994; Krueger et al., 1997; Grossman et al., 2000).
TMS genes are members of the AIGP1 family, and previous
experiments involving enhanced green fluorescent protein chime-
ras of these genes showed that TMS proteins localize on the cell
surface in HEK293 cells (Grossman et al., 2000). However, an
AIGP1-specific antibody showed Golgi immunoreactivity only in
neurons and failed to detect AIGP1 either on the cell surface or
in synapses (Figs. 2B, 3E). Although AIGP1 localization may
vary in different cell types and under different conditions (e.g.,
depending on cell–cell interactions and adhesion), it is clear that
in neurons AIGP1 is localized to the Golgi, indicating that it most
likely represents a resident Golgi membrane protein.

Resident proteins of the Golgi are primarily localized via two
different mechanisms, namely the ER-retrieval mechanisms based
on specific amino acid motifs [e.g., C-terminal KDEL (Munro
and Pelham, 1987) and KKXX (Letourneur et al., 1994)] or by
retention (Munro, 1995). One retention mechanism involves
lipid-based sorting, which is determined by the length of trans-
membrane helices in integral membrane proteins. Proteins hav-
ing a transmembrane helix shortened to 17 amino acids accumu-
late in the Golgi complex (Munro, 1995). Although no
conventional ER-retrieval signals are evident in the AIGP1
amino acid sequence, the eighth and ninth transmembrane helices
of the protein contain 16 and 17 amino acids, respectively (Gross-
man et al., 2000), thereby reinforcing the possibility that these
helices represent potential lipid-based retention signals.

The Golgi has a highly organized and dynamic architecture,
comprising a reticulum of linked stacks in the perinuclear regions
of cells. The primary function of the Golgi is selective sorting of
cargo from the ER that is destined for different cellular locations
(Rothman and Wieland, 1996). It also serves as a sensor organelle
that recognizes changes in lipid volume and bilayer composition
(Maceyka and Machamer, 1997; Wright, 1999). Moreover, vari-
ous molecules that mediate elaborate cellular signaling pathways
are enriched in the Golgi, including caspase-2 (Mancini et al.,
2000), protein kinase D (Jamora et al., 1999), phosphatidylinosi-
tol 3-kinase (Kihara et al., 2001), enzymes of the ubiquitin-
proteasome pathway (Hauser et al., 1998), and second messengers
(Cockcroft, 1999). The Golgi occupies a central location and
represents the center of membrane trafficking within cells. The
fact that it also harbors varied resident signaling molecules
prompted Mancini et al. (2000) to postulate that the Golgi is the
primary information-processing organelle within the cytoplasm.
AIGP1 is localized at the Golgi in neurons, and expression is
induced specifically by both ER–Golgi stress and axotomy. Given
that overexpression of AIGP1 increases the frequency of cell
death, this protein may represent a sensor protein for ER–Golgi
stress in axotomized neurons. Overexpression of the stress sensor
may result in increased stress sensitivity, which in turn accelerates
programmed cell death.

In the mouse hypoglossal nerve injury model used in this study,
neuronal death occurs gradually over 30 d and eventually leads to
a death rate of 70–80%, and various cell death-associated genes
are induced in hypoglossal nuclei (S. Seo-Kiryu, R. Kato, T.
Hirayama, and H. Kiyama, unpublished observations). Further-
more, cell death of axotomized motoneurons was also indicated

in a rat hypoglossal nerve injury model (Baba et al., 1999). Most
evidence suggests that axotomy-induced cell death is caused by
activation of mitochondrial cell death signaling. In fact, increased
expression of BH3 protein family members such as Bim and
translocation of Bax to the mitochondrial membrane have been
demonstrated after nerve injury (Putcha et al., 2001). Among the
major findings of our study are that ER–Golgi stress may be
elicited after axotomy and involved in the mechanism of cell
death. The exact relationship between axotomy and the co-
occurrence of ER–Golgi stress is unknown. However, the Golgi
may be one of the primary organelles affected by stress derived
from transection of the axon because axotomy interrupts part of
the membrane as well as vesicular trafficking from the Golgi
complex to the axon. Furthermore, the substantial and immediate
reorganization of protein synthesis for both survival and death in
response to axotomy gives rise to severe stress in the ER–Golgi
system.
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