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Abstract: Parkinson’s and
polyglutamine diseases are considered to involve endoplasmic reticulum (ER) stress, which leads
to ER stress-mediated apoptosis of some neurons.
reported that unfolded proteins are accumulated in the ER and this step is critical for progression

Neuronal degenerative diseases including Alzheimer’s,
In the process of these diseases, it has been

of neuronal apoptosis through the caspase cascade involving an ER stress-specific caspase,
caspase-12. During ER stress, chaperone proteins including glucose-regulated protein 78
(GRP78) are expressed to fold these unfolded proteins as an unfolded protein response (UPR).
In cultured cells, ER stress can be induced by tunicamycin (Tm) or thapsigargin (Tg).

We report that nerve growth factor (NGF), a well-known member of the neurotrophin family,
suppressed Tm-, Tg- and 2-deoxy-glucose (2DG)-induced ER stress-mediated apoptosis in PC12
cells as a model neuron. NGF prevented the progression of ER stress-induced apoptosis by the
suppression of activation of caspase-12 via the PI3-kinase-Akt signaling pathway. =~ NGF
up-regulated the ER stress-stimulated expression of GRP78, but this up-regulation of GRP78 by
NGF did not contribute to the protective effect of NGF on ER stress-induced apoptosis.

We found that nicotine protected against Tm-induced ER stress-mediated apoptosis but not
Tg-induced ER stress-mediated apoptosis in PC12 cells. We also found that the expression of
GRP78 was suppressed by nicotine in Tm-treated PC12 cells. Interestingly, the expression of
Moreover, nicotine reduced the

These results suggest

GRP78 was not changed by nicotine in Tg-treated cells.
activation of caspase-12 in Tm-treated cells, but not in Tg-treated cells.
that nicotine prevents Tm-induced ER stress-mediated apoptosis by attenuating Tm-induced ER
stress itself, probably by the clearance of accumulated unfolded proteins from the ER.

1. Introduction

Recently it is known that some neurons in patients
of neurodegenerative diseases including Alzheimer’s,
Parkinson’s and polyglutamine diseases are considered
to be exposed to ER stress and consequently undergo
apoptotic cell death (%) The sources of ER stress
are genetic or acquired after birth. Whether ER
stress is induced by genetic or acquired effectors,

neurons die through the apoptotic signaling specific to

ER stress, but not through the well-known ordinary
apoptotic signaling. In cultured cells, ER stress can
be chemically induced by tunicamycin (Tm),
thapsigargin (Tg) or 2-deoxy-glucose (2DG). Tm
induces ER stress by inhibiting the glycosylation of
newly synthesized proteins and Tg induces ER stress
by inhibiting Ca’*-ATPase which maintains the
homeostasis of Ca’* in the ER ®'%. 2DG induces
ER stress by depriving cultured cells of glucose.
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These compounds also lead to ER stress-mediated
apoptosis via an intracellular mechanism involving the

-10
caspase cascade ©-10)

At the same time, chaperone
proteins including GRP78 are up-regulated during
Tm- and Tg-induced ER stress (1D Thus, these
compounds activate the same intracellular signals
involving ATF6, Irel and PERK to induce GRP78
expression, and trigger ER stress-mediated apoptosis
when ER stress is severe. During ER stress-induced
apoptosis of rat or mouse neurons, caspase-12
B9 After
the activation of caspase-12, caspase-9 is activated
without the of cytochrome c

mitochondria, and then caspase cascade downstream

localized in ER is specifically activated

release from
of caspase-9 is activated as the ordinary apoptosis.
Therefore, there exist two apoptotic signalings, the
ordinary apoptotic singanling and the ER
The latter ER
stress-induced apoptotic signaling is specifically

mediated by the ER stress-specific caspase-12. On

stress-induced apoptotic signaling.

the other hand, neurotrophins including NGF (nerve
growth factor) and BDNF (brain-derived neurotrophic
factor) are known to suppress ordinary apoptosis a3,
It is noteworthy whether neurotrophins can also
suppress ER stress-specific apoptosis or not.

In this report, we describe the protective singnaling
mechanism by which NGF supprésses Tm-induced,
Tg-induced and 2DG-induced ER stress-mediated
apoptosis in PC12 cells as a model neuron. NGF
prevents the progression of ER stress-induced
apoptosis by the suppression of activation of
caspase-12 via the PI3-kinase-Akt signaling pathway.
But NGF does not attenuate ER stress itself. NGF
up-regulated the ER stress-stimulated expression of
GRP78, but this up-regulation of GRP78 by NGF did
not contribute to the protective effect of NGF on ER
stress-induced apoptosis in PC12 cell. Next we
describe that nicotine suppresses Tm-induced ER
stress-mediated apoptosis, but not Tg-induced ER
stress-mediated  apoptosis. Nicotine prevents
Tm-induced ER stress-mediated apoptosis via the
attenuation of Tm-induced ER stress itself by a
mechanism which does not work in Tg-induced ER

stress.

2. NGF prevents 2DG-induced ER stress-mediated

apoptosis via the PI3-kinase-Akt signaling
pathway.

We observed that NGF prevented 2DG-induced ER
stress-mediated apoptosis as well as Tm-induced and
Tg-induced ER stress-mediated apoptosis in PC12

cells (Fig.1). The protective effect of NGF on ER
120 ¢
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Fig.1 NGF has a effect on
2DG-induced ER stress-mediated apoptosis and VST

survival-promoting

does not alter the increased cell viability in the presence
of NGF.

PC12 cells were maintained with DMEM containing 10%
(v/v) fetal bovine serum. Cells were plated onto
collagen-coated 96-well plates. The next day, the medium
was changed to SF-DMEM (con) or SF-DMEM plus 24.5
mM 2DG in the absence (2DG) or presence (2DG+NGF) of
100 ng/ml NGF (NGF). 3.3 uM VST (VST) or 5 uM
LY294002 (LY) was also added if necessary (2DG+VST,
2DG+LY, 2DG+NGF+VST and 2DG+NGF+LY). Then,
cells were incubated for 2 days. Viable cells were
measured using the alamarblue assay. Values are
meanstSEM (n=4) and statistical analysis was carried out
with one-way ANOVA; **P<(.01.
t-test to compare the significance between 2DG and

2DG+VST; #*P<0.05.

We also used Student’s

stress-mediated apoptosis was decreased by the
treatment with LY294002, a specific inhibitor of
phosphatidylinositol 3-kinase (PI3-kinase). These
results indicate that NGF prevented 2DG-induced ER
stress-mediated apoptosis by the suppression of
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activation of caspase-12 via the PI3-kinase-Akt
signaling pathway.

3. NGF up-regulates the ER stress-stimulated
expression of GRP78, but this up-regulation of
GRP78 by NGF does not contribute to the
protective effect of NGF on ER stress-induced
apoptosis in PC12 cell.

We also found that 2DG increased the expression of
GRP78 (Fig.2) and NGF up-regulated the
2DG-stimulated expression of GRP78 (Fig.3). On

\
1»\36\“‘ \»9\«\\\
\ A
con 0 04 1 3 0 VST (zM)
- ww o - ww| <~ GRP78

<« 28S rRNA

Fig.2 2DG-induced GRP78
suppression by VST in PC12 cells.
PC12 cells were

expression and its

245 mM
2-deoxy-D-glucose (2DG) in the absence or presence of 0.1,
1.1 and 3.3 pM versipelostain (VST) was added to
DMEM (SF-DMEM) pg/ml
tunicamycin (Tm) was also added as a positive control.
Then, total RNA was
collected with ISOGEN. Total RNA was electrophoresed

cultured, and then

serum-free (con). 1

Cells were maintained for 8 hours.

on a 1% (w/v) agarose/2 M formaldehyde gel and
transferred onto a membrane. Hybridization was
performed overnight at 65 °C in 10% Denhart solution,
0.5% (w/v) SDS, 6xsaline-sodium citrate (SSC) and 100
pg/ml salmon sperm DNA with a radiolabeled GRP78
probe. The membrane was washed twice with 2xSSC
containing 0.5% SDS at 65 °C for 30 minutes, and
visualized by Fuji BAS2000. To estimate the RNA
content, the membrane was rehybridized with a radiolabeled
28 S rRNA probe. The radiolabeled GRP78 probe was
generated with a random primer DNA labeling kit
(TaKaRa), [0-32P]dCTP and a linearized 377-bp cDNA
fragment. The cDNA fragment was obtained by PCR with
a cloned GRP78 cDNA-containing plasmid. The set of
primers were 5’-ACAAAACTGATTCCGAGGAACA-3’

and 5°-ATGCGCTCTTTGAGCTTTTTGT-3".

the other hand, versiperlostatin (VST), which has an
ability to down-regulate GRP78 expression through a

an @b @ em w| HpGINGF+LY

| | control

| i~ = = | VST

| | w~GF
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Fig.3 Suppression of GRP78 expression by VST in
2DG+NGF-treated PC12 cells.

PC12 cells were maintained and seeded onto a 6-cm
diameter dish. The next day, SF-DMEM (control), 3.3 uM
VST (VST), 100 ng/ml NGF (NGF), 24.5 mM 2DG (2DG),
2DG+VST, 2DG+NGF, 2DG+NGF+5 uM LY
(2DG+NGF+LY) and 2DG+NGF+VST were added, and
cells were cultured for 24 hours. Then, cells were lysed
with ISOGEN, and the isolated total RNA was subjected to

Northern blotting as described in Fig.2.

reduced production of a spliced XBP-1 mRNA and
therefore is a specific inhibitor of GRP78 expression
(Figs.2 and 3), increased the cell viability in the
presence of 2DG alone, but did not increased that in
the presence of 2DG plus NGF (Fig.1). That is to say,
VST had no effect on the protective effect of NGF on
2DG-induced ER stress-mediated apoptosis. These
results suggest that the up-regulation of GRP78 by
NGF does not contribute to the protective effect of
NGF on ER stress-induced apoptosis in PC12 cell, and
that NGF prevents the of ER
stress-induced apoptosis, but does not attenuate ER

progression
stress itself .
4. Nicotine protects against Tm-induced ER

stress-mediated apoptosis but not Tg-induced ER
stress-mediated apoptosis in PC12 cells.
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Chronic nicotine treatment blocks arachidonic acid-,

glutamate-, B-amyloid-, and tunicamycin-induced

neurotoxicity '® '”.  Nicotine also promotes cell

. . 18
survival of spinal cord motorneurons as),

Many
nicotinic acetylcholine receptor (nAChR) subtypes, for
instance, a4p2 and o7, have been reported to be
involved in these protective effects of nicotine (19-23)

The calcium influx, the activation of the
PI3-kinase/Akt-mediated pathway, and the induction
of Bcl-2 have been suggested to play important roles
in nicotine-induced neuroprotective effects in various
cells (19, 21, 22, 24-27).

We  examined whether nicotine has a
survival-promoting effect on cells treated with Tm and
those treated with Tg. As a result, we found that
nicotine prevented Tm-induced ER stress-mediated
apoptosis in PC12 cells, whereas nicotine had no
significant effect on Tg-induced ER stress-mediated

apoptosis (Fig. 4) @8,

5. The expression of GRP78 is suppressed by
nicotine in Tm-treated PC12 cells, but not in
Tg-treated cells.

To investigate the prevention of progression of ER
stress-mediated apoptosis by nicotine, we measured
the activation of caspase-12 known as the ER
stress-specific caspase. We previously reported that
caspase-12 was activated during both Tm- and
Tg-induced apoptosis, and that zZVAD-fmk, a general
inhibitor,
caspase-12 induced by both Tm and Tg to the control

caspase suppressed the activation of

level. As shown in Fig. 5, the activation of
caspase-12 was decreased by nicotine in Tm-treated
cells, but not in Tg-treated cells. These results
indicate that nicotine prevents the progression of only
Tm-induced ER stress-mediated apoptosis.

To elucidate the molecular mechanism of nicotine
prevension, we analyzed the expression of GRP78
during 24 hours after the addition of nicotine to Tm-
and  Tg-treated cells, by  immunoblotting.
Interestingly, nicotine suppressed the expression of
GRP78 in Tm-treated cells, however, the expression of
GRP78 was not altered by nicotine in Tg-treated cells
(Fig.6). These data indicate that Tm-induced ER

stress-mediated apoptosis is suppressed by nicotine

through the attenuation of Tm-induced ER stress itself.

Survival (% of control)

B 120

-
[~
=

Survival (% of control)

8 & 2 B

effect of

Fig4 Survival-promoting nicotine on
Tm-induced ER stress-mediated apoptosis.

A and B, PCI12 cells were cultured as described in
Experimental Procedures, and 1 pg/ml tunicamycin (Tm) or
0.3pM thapsigargin (Tg) in the absence (con) or presence of
nicotine (Ni) was added to serum-free DMEM. The final
concentrations of nicotine are shown as uM in parentheses.
PC12 cells were maintained for 24 hours, and viable cells
were quantified using the MTT assay. Values are
meanstSEM (n=4) and statistical analysis was carried out

with one-way ANOVA. ***P<(.001

We consider that this effect of nicotine may be
achieved by the clearance of accumulated unfolded
proteins in the ER, however, the mechanism of
nicotine action only in Tm-treated cells is still unkown.
It has been reported that p97/VCP is important for the
clearance of accumulated unfolded proteins during ER
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stress Thus, p97/VCP may be a key molecule in

the nicotine prevention of Tm-induced ER stress.

A

- G W > — |. Active fragments
S a— e ] of caspase-12
> e -—d GAPDH

con Tm Tm Tm Tm
+ + +
Ni Ni  Ni
(5) (50) (500)

. u-.ll ......II ....lll .......I] Active fragments

of caspase-12
P—.- — GAPDH
con Tg Tg Tg Tg
+ + +
Ni  Ni Ni

(5) (50) (500)

Fig.5 Nicotine suppresses activation of caspase-12 in
Tm-treated cells.

A and B, PC12 cells untreated (con) or treated with 1 pg/ml
tunicamycin (Tm) or 0.3 pM thapsigargin (Tg), or 1 pg/ml
Tm or 0.3 pM Tg in the presence of nicotine (Ni) for 24
hours were lysed in lysis buffer as described in
Experimental Procedures. The final concentrations of Ni
are shown as pM in parentheses. Twenty pg of total
protein per lane was used for SDS-PAGE.  Then,
immunoblotting was carried out using anti-caspase-12
antibody (Sigma) and anti-GAPDH antibody (Chemicon) as
described in Experimental Procedures. The bands were
visualized with a light capture system (Atto) and the
location of active fragments of caspase-12 was shown on the

right.

6. Nicotine Tm-induced ER

apoptosis by

prevents
stress-mediated attenuating
Tm-induced ER stress itself by a mechanism which
does not work in Tg-induced ER stress.

The GRP78 gene has the cis-element ERSE (ER
stress response element) in the promoter region.
During ER stress, cleaved ATF6 works as a

transcriptional factor binding to the ERSE to induce

GRP78 expression. Moreover, XBP-1, which is

A

GRP78

e -

i. ol e @lb| Actin
con Tm Tm Tm Tm

+ + +

Ni Ni Ni
(8) (50)  (500)

con Tg Tg Tg Tg
+ + +
Ni Ni Ni

() (50)  (500)

Fig.6 Nicotine suppresses GRP78 expression in
Tm-treated cells.

A and B, PC12 cells untreated (con) or treated with 1 pg/ml
tunicamycin (Tm) or 0.3 pM thapsigargin (Tg) , or 1 ng/ml
Tm or 0.3 uM Tg in the presence of nicotine (Ni) for 24
hours were lysed in lysis buffer as described in Fig.2. The
final concentrations of Ni are shown as pM in parentheses.
Immunoblotting was carried out using anti-GRP78 antibody
(SantaCruz) or anti-GAPDH antibody (Chemicon). The
bands were visualized with a light capture system (Atto)

after treatment with SuperSignal West Femto (Pierce).

generated by translation of XBP-1 mRNA spliced by
Irel, also binds to the ERSE to induce GRP78
There may be a possibility that the
suppression of GRP78 expression by nicotine is

expression.

achieved through the suppression of these two
pathways. However, we consider that the two
pathways may not contribute to the suppression of
GRP78 expression by nicotine, because both Tm and
Tg induced GRP78 expression through the two
pathways and the suppression of GRP78 expression by
nicotine was not observed in Tg-treated cells.
Therefore, we nicotine

suggest that prevents
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Tm-induced ER stress through the clearance of
accumulated unfolded proteins by the ejection of
unfolded proteins from the ER and the degradation of
unfolded proteins via the ubiquitin-proteasome system.
As shown in Fig.5 , the activation of caspase-12 which
should occur after the accumulation of unfolded
proteins was also suppressed by nicotine in addition to
the suppression of GRP78 expression. Tg is an
inhibitor of Ca’*-ATPase which located on the ER
membrane and disturbs the homeostasis of Ca®* in the
ER. If nicotine affects Ca’*-mediated cell survival
mechanism in the ER, it is possible to explain why
nicotine has not a survival-promoting effect on
Tg-induced ER stress.

We consider that the effect of nicotine on ER stress
itself may be very useful in the therapy of neuronal
Alzheimer’s,

Parkinson’s and polyglutamine-related diseases. It is

degenerative  diseases  including
well-known that the nicotinic acetylcholine receptors
are ion channels. On the other hand, it has been
reported that Akt, which is
survival-promoting kinase, is

nicotine-mediated signaling pathway through the
(30)

known as a
involved in the
nicotinic acetylcholine receptors We consider
that we should focus on the signaling pathway induced
by nicotine in relation with Akt to clarify the
mechanism of survival-promoting effect of nicotine on
Tm-induced ER stress.

Acknowledgements

This work was supported in part by grants-in-aid for
scientific research from MEXT (Ministry of Education,
Culture, Sports, Science and Technology of Japan),
HAITEKU (2002-2006) from MEXT and a research
grant from the Smoking Research Foundation, Japan.

References

(1) Imai, Y., Soda, M., Inoue, H., Hattori, N.,
Mizuno, Y. and Takahashi, R.; An unfolded
putative transmembrane polypeptide, which can
lead to endoplasmic reticulum stress, is a
substrate of Parkin, Cell, 105, 891-902, 2001
(2) Jellinger, K.A.; Recent developments in the
pathology of Parkinson's disease, J Neural
Transm Suppl, 347-76, 2002

(3) Kaufman, R.J.; Orchestrating the unfolded
protein response in health and disease, J Clin
Invest, 110, 1389-98, 2002

(4) Kudo, T., Katayama, T., Imaizumi, K.,
Yasuda, Y., Yatera, M., Okochi, M., Tohyama,
M. and Takeda, M.; The unfolded protein
response is involved in the pathology of
Alzheimer's disease, Ann N Y Acad Sci, 977,
349-55, 2002

(5) Nishitoh, H., Matsuzawa, A., Tobiume, K.,
Saegusa, K., Takeda, K., Inoue, K., Hori, S.,
Kakizuka, A. and Ichijo, H.; ASK1 is essential
for endoplasmic reticulum stress-induced
neuronal cell death triggered by expanded
polyglutamine repeats, Genes Dev, 16, 345-55,
2002

(6) Jakobsen, L.D. and Jensen, P.H.; arkinson's
disease: alpha-synuclein and parkin in protein
aggregation and the reversal of unfolded
protein stress, Methods Mol Biol, 232, 57-66,
2003

(7) Katayama, T., Imaizumi, K., Manabe, T.,
Hitomi, J., Kudo, T. and Tohyama, M.
nduction of neuronal death by ER stress in
Alzheimer's disease, J Chem Neuroanat, 28,
67-78, 2004

(8) Rao, R.V. and Bredesen, D.E.; Misfolded
proteins, endoplasmic reticulum stress and
neurodegeneration, Curr Opin Cell Biol, 16,
653-62, 2004

(9) Shimoke, K., Amano, H., Kishi, S., Uchida,
H., Kudo, M. and lkeuchi, T.; Nerve growth
factor attenuates endoplasmic reticulum
stress-mediated apoptosis via suppression of
caspase-12 activity. J. Biochem 135, 439-446,
2004

(10) Shimoke, K., Kishi, S., Utsumi, T,
Shimamura, Y., Sasaya, H., Oikawa, T., Uesato,
S. and Ikeuchi, T.; NGF-induced
phosphatidylinositol 3-kinase signaling
pathway prevents thapsigargin-triggered ER
stress-mediated apoptosis in PC12 cells.
Neurosci Lett 389, 124-128, 2005

(11) Yoshida, H., Haze, K., Yanagi, H., Yura, T.
and Mori, K.; Identification of the cis-acting

—114—



endoplasmic reticulum stress response element
responsible for transcriptional induction of
mammalian glucose-regulated proteins.
Involvement of basic leucine zipper
transcription factors. J. Biol Chem 273,
33741-33749, 1998

(12) Haze, K., Yoshida, H., Yanagi, H., Yura, T.
and Mori, K.; Mammalian transcription factor
ATF6 is synthesized as a transmembrane
protein and activated by proteolysis in response
to endoplasmic reticulum stress. Mol Biol Cell
10, 3787-3799, 1999

(13) Nakagawa, T., Zhu, H., Morishima, N., Li,
E., Xu, J., Yankner, B.A. and Yuan, J;
Caspase-12 mediates
endoplasmic-reticulum-specific apoptosis and
cytotoxicity by amyloid-beta. Nature 403,
98-103, 2000

(14) Morishima, N., Nakanishi, K., Takenouchi,
H., Shibata, T. and Yasuhiko, Y.; An
endoplasmic reticulum stress-specific caspase
cascade in apoptosis. Cytochrome
c-independent activation of caspase-9 by
caspase-12. J. Biol Chem 277, 34287-34294,
2002

(15) Ikeuchi, T., Shimoke, K., Kubo, T,
Yamada, M. and Hatanaka, H.;
Apoptosis-inducing and -preventing signal
transduction pathways in cultured cerebellar
granule neurons. Hum Cell 11, 125-140, 1998
(16) ONeill, M.J., Murray, T.K., Lakics, V.,
Visanji, N.P. and Duty, S.; The role of neuronal
nicotinic acetylcholine receptors in acute and
chronic neurodegeneration. Curr Drug Targets
CNS Neurol Disord 1, 399-411, 2002

(17) Dajas-Bailador, F. and Wonnacott, S.;
Nicotinic acetylcholine receptors and the
regulation of neuronal signalling. Trends
Pharmacol. Sci. 25, 317-324, 2004

(18) Messi, M.L., Renganathan, M.,
Grigorenko, E. and Delbono, O.; Activation of
alpha7  nicotinic  acetylcholine  receptor
promotes survival of spinal cord motoneurons.
FEBS Lett 411, 32-38, 1997

(19) Kihara, T., Shimohama, S., Urushitani, M.,

Sawada, H., Kimura, J., Kume, T., Maeda, T.
and Akaike, A.; Stimulation of alphadbeta2
nicotinic  acetylcholine receptors inhibits
beta-amyloid toxicity. Brain Res 792, 331-334,
(1998)

(20) Li, Y, King, M.A. and Meyer, EM.;
alpha7 nicotinic receptor-mediated protection
against ethanol-induced oxidative stress and
cytotoxicity in PC12 cells. Brain Res. 861,
165-167, 2000

(21) Kihara, T., Shimohama, S., Sawada, H.,
Honda, K., Nakamizo, T., Shibasaki, H., Kume,
T. and Akaike, A.; alpha 7 nicotinic receptor
transduces signals to phosphatidylinositol
3-kinase to block A beta-amyloid-induced
neurotoxicity. J Biol Chem 276, 13541-13546,
2001

(22) Fucile, S., Renzi, M., Lauro, C., Limatola,
C., Ciotti, T. and Eusebi, F.; Nicotinic
cholinergic stimulation promotes survival and
reduces motility of cultured rat cerebellar
granule cells. Neuroscience 127, 53-61, 2004
(23) Ren, K., Puig, V., Papke, R.L., Itoh, Y,
Hughes, J.A. and Meyer, E.M.; Multiple
calcium channels and kinases mediate alpha7
nicotinic receptor neuroprotection in PC12 cells.
J Neurochem 94, 926-933, 2005

(24) Mai, H., May, W.S., Gao, F., Jin, Z. and
Deng, X.; A functional role for nicotine in Bcl2
phosphorylation and suppression of apoptosis. J
Biol Chem 278, 1886-1891, 2003

(25) Stevens, T.R., Krueger, S.R., Fitzsimonds,
R.M. and Picciotto, M.R.; Neuroprotection by
nicotine in mouse primary cortical cultures
involves activation of calcineurin and L-type
calcium channel inactivation. J Neurosci 23,
10093-10099, 2003

(26) Jin, Z., Gao, F., Flagg, T. and Deng, X.;
Nicotine induces multi-site phosphorylation of
Bad in association with suppression of
apoptosis. J Biol Chem 279, 23837-23844,
2004

(27) Xin, M. and Deng, X. Nicotine
inactivation of the proapoptotic function of Bax
through phosphorylation. J Biol Chem 280,

—115—



10781-10789, 2005

(28) Utsumi, T., Shimoke, K., Kishi, S., Sasaya,
H., Ikeuchi, T. and Nakayama, H.; Protective
effect of nicotine on tunicamycin-induced
apoptosis of PC12h cells. Neurosci Lett 370,
244-247,2004

(29) Kobayashi, T., Tanaka, K., Inoue, K. and
Kakizuka, A.; Functional ATPase activity of
p97/valosin-containing  protein (VCP) is
required for the quality control of endoplasmic
reticulum in  neuronally  differentiated
mammalian PC12 cells. J Biol Chem 277,
47358-47365, 2002

(30) Nakayama, H., Numakawa, T. and Ikeuchi,
T.; Nicotine-induced phosphorylation of Akt
through epidermal growth factor receptor and
Src in PCl12h cells. J  Neurochem 83,
1372-1379, 2002

— 116 —



