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Gg/11 protein-coupled muscarinic receptors are known to regulate
the release of soluble amyloid precursor protein (sAPPa) produced by
a-secretase processing; however, their signaling mechanisms remain
to be elucidated. It has been reported that a muscarinic agonist acti-
vates nuclear factor (NF)-kB, a transcription factor that has been
shown to play an important role in the Alzheimer disease brain, and
that NF-kB activation is regulated by intracellular Ca®* level. In the
present study, we investigated whether NF-«B activation plays a role in
muscarinic receptor-mediated sAPP« release enhancement and con-
tributes to a changed capacitative Ca>* entry (CCE), which was sug-
gested to be involved in the muscarinic receptor-mediated stimulation
of sAPPa« release. Muscarinic receptor-mediated NF-kB activation
was confirmed by observing the translocation of the active subunit
(p65) of NF-kB to the nucleus by the muscarinic agonist, oxotremorine
M (oxoM), in SH-SY5Y neuroblastoma cells expressing muscarinic
receptors that are predominantly of the M3 subtype. NF-kB activation
and sAPPa release enhancement induced by oxoM were inhibited by
NF-kB inhibitors, such as an NF-«B peptide inhibitor (SN50), an IkBa
kinase inhibitor (BAY11-7085), a proteasome inhibitor (MG132), the
inhibitor of proteasome activity and IkB phosphorylation, pyrrolidine
dithiocarbamate, the novel NF-kB activation inhibitor (6-amino-4-(4-
phenoxyphenylethylamino) quinazoline), and by an intracellular Ca®*
chelator (TMB-8). Furthermore, both oxoM-induced NF-kB activa-
tion and sAPPa release were antagonized by CCE inhibitors (gadolin-
ium or SKF96365) but not by voltage-gated Ca>*-channel blockers. On
the other hand, treatment of cells with NF-«kB inhibitors (SN50,
BAY11-7085, MG132, or pyrrolidine dithiocarbamate) did not inhibit
muscarinic receptor-mediated CCE. These findings provide evidence
for the involvement of NF-kB regulated by CCE in muscarinic recep-
tor-mediated sAPPa release enhancement.

The amyloid precursor protein (APP)* is a transmembrane protein
that produces 8 amyloid (A3) by proteolytic cleavage in brains of indi-
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viduals with Alzheimer disease. APP normally undergoes proteolytic
cleavage within the A8 sequence liberating the a-secretase-cleaved APP
(sAPPa). Although evidence indicates that sSAPP« plays important roles
in regulating neuronal survival and plasticity, the mechanisms that
mediate these biological activities and the regulation of SAPPa secretion
have not been established. The transcriptional nuclear factor-«B (NF-
kB) responds to a large number of environmental cues, and in the nerv-
ous system, it is modulated under physiological and pathological con-
ditions, which include developmental cell death and acute of chronic
neurodegenerative disorders (1, 2). It was proposed that NF-«B or other
kB-binding proteins may be involved in a neuroprotective change in
gene expression evoked by various cytokines and by secreted APP in
neuronal cells, and therefore, may have a positive effect on Alzheimer
disease (3—6).

The NF-«kB/Rel family of dimeric transcriptional factors is involved in
the immediate early transcription of a large array of genes induced by
mitogenic and antiapoptotic pathogen-associated stimuli (7, 8). The
eukaryotic NF-«B/Rel family of eukaryotic transcription factors, which
includes p50, p65, c-Rel, RelB, and p52, bind DNA with high specificity
and affinity as homo- or heterodimers to mediate a diverse range of
biological processes (9—11). The most common form of NF-«B consists
of a heterodimer of p50 (NF-«B1) and p65 (Rel A) (12—15). In most
resting cells, NF-«B is retained in the cytoplasm by its association with
inhibitor molecules of the IkB family (16). The formation of NF-«B-IkB
complex masks the nuclear localization signal sequence in NF-«B and
thus prevents its nuclear translocation. In response to various stimuli,
NE-«B dimers are released from cytoplasmic I«B proteins by a process
involving site-specific phosphorylation of IkB by IkB kinase, ubiquiti-
nation, and subsequent proteolytic degradation via the 26 S proteasome
pathway (6, 17, 18).

The induction of NF-«B activity is known to be regulated by the
intracellular Ca*" level following various stimuli, and Ca*>* oscillations
increase the efficiency and specificity of the expression of various genes
(19, 20). Lilienbaum et al. (21) demonstrated a rise of intracellular Ca®*
through the opening of voltage-sensitive L-type Ca®>" channels in the
plasma membrane and through the indirect opening of inositol 1,4,5-
triphosphate receptors associated with intracellular Ca®>" stores and
that this is responsible for basal and inducible NF-«B activity via cyto-
kines or glutamate. Capacitative calcium entry (CCE), which is medi-
ated by Ca”"-permeable channels termed store-operated Ca>* chan-
nels (SOCs), was reported to require the sustained activation of a
nuclear factor of activated T cells, an NF-kB-like molecule on T cells
(22, 23). Immunoreceptors and receptor tyrosine kinases activate phos-

methyl ester; DAPI, 4’, 6-diamino-2-phenylindole dihydrochloride; oxoM, oxotremo-
rine M; FITC, fluorescein-5-isothiocyanate; PDTC, pyrrolidine dithiocarbamate; TMB-8,
8-diethylaminooctyl 3,4,5-trimethoxybenzoate; EMSA, electrophoretic mobility shift
assay.
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phatidylinositol-specific phospholipase C., whereas G-protein-coupled
receptor activates phospholipase Cg followed by CCE (24).

Little information on the mechanism of NF-«B regulation by musca-
rinic stimulation is known, especially in neuronal cells. Moreover, in
neuronal cells, the involvement of CCE in muscarinic receptor-medi-
ated NF-«B activation or vice versa is little understood. Our recent data
indicated that CCE is involved in the regulation of muscarinic receptor-
mediated sAPPa release (25), and we postulated that NF-«B might be an
important signaling molecule in the regulation of muscarinic receptor-
mediated sAPP« release. Therefore, in the present study, we examined
how NF-kB and CCE are involved in muscarinic receptor-mediated
sAPPa release in SH-SY5Y human neuroblastoma cells.

EXPERIMENTAL PROCEDURES

Materials—SN50, BAY11-7085, pyrrolidine dithiocarbamate (PDTC),
MG132, 8-diethylaminooctyl 3,4,5-trimethoxybenzoate (TMB-8),
and 6-amino-4-(4-phenoxyphenylethylamino) quinazoline (QNZ)
were purchased from Biomol (Plymouth Meeting, PA). 1-(2-(5-Car-
boxyoxazol-2-yl)-6-aminobenzofuran-5-oxy)-2-(2'-amino-5'-methyl-
phenoxy)-ethane-N,N,N',N'-tetra-acetic acid penta-acetoxymethyl
ester (fura-2/AM) and 4’, 6-diamino-2-phenylindole dihydrochloride
(DAPI) were purchased from Molecular Probes (Eugene, OR), and
oxotremorine M (oxoM) was from Research Biochemicals International
(Natick, MA). Dulbecco’s modified Eagle’s medium and fetal bovine
serum were obtained from Invitrogen. Desalting columns (PD-10) and
reagents for enhanced chemiluminescence (ECL) were purchased from
Amersham Biosciences. Anti-AB monoclonal antibodies to sAPP«
(clone 6E10), recognizing the amino acid residues 1-17 of APP, were
purchased from Chemicon International (Temecula, CA), and anti-pre
A4 monoclonal antibodies to sAPP (clone 22C11), which recognize the
amino terminus of APP, were purchased from Roche Applied Science. A
fluorescein-5-isothiocyanate (FITC)-conjugated anti-human NF-«kB
monoclonal anti-p65 antibody (sc8008) recognizing an epitope map-
ping to the amino terminus of human NF-«B P65 was obtained from
Santa Cruz Biotechnology (Santa Cruz, CA). Horseradish peroxidase-
conjugated goat anti-mouse antibody and goat anti-rabbit antibody
used in Western blot analysis were purchased from Sigma. The other
reagents used from Sigma or Fisher Scientific.

Mammalian Cell Cultures—SH-SY5Y human neuroblastoma cells
(ATCC CRL-2266) were cultured in Dulbecco’s modified Eagle’s
medium containing 10% fetal bovine serum, 100 units/ml penicillin, and
100 pg/ml streptomycin. All cells were maintained at 37 °C in humidi-
fied conditions under 5% CO,. Media were changed twice weekly, and
cultures were split in the ratio of 1:5 weekly. For experiments, SH-SY5Y
cells were plated in 6- or 12-well plates for 24 h. The medium was then
removed and replaced with fresh medium without serum, and the cells
were maintained for the time periods indicated.

Measurement of SAPPo Release—sAPPa release was measured as
described by Nitsch et al. (26) with some modification. Briefly, cells were
cultured to confluency in multiwell dishes (6-well format). Prior to drug
addition, cells were washed with serum-free media and pretreated with
various agents in serum-free media for 30 min following which they
were treated with oxoM in serum-free media for 1 h. Conditioned media
from wells were centrifuged to remove debris, desalted, dried, and
reconstituted in SDS loading buffer. Total cell protein per dish was
measured using the bicinchoninic acid assay (Pierce). Reconstituted
culture media protein extracts containing the same amounts of total
protein were separated by SDS-polyacrylamide gel electrophoresis on
10% gels and transferred to polyvinylidene fluoride membranes. The
membranes were immunoblotted using antibodies 22C11 (1:125) or
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6E10 (1:200), and bands were visualized by chemiluminescence. Data
collection and processing were performed using a luminescent image
analyzer LAS-1000 and IMAGE GAUSE software.

Measurement of Changes in [Ca” " ] —[Ca®"], levels were determined
in suspensions of fura-2/AM-loaded cells. Briefly, confluent cells were
harvested, washed with a buffer containing 140 mm NacCl, 2.0 mm KC],
2.5 mm CaCl,, 1 mm MgCl,, 10 mm HEPES, 10 mm glucose, 40 mMm
sucrose, and 0.05% bovine serum albumin (pH 7.3), and resuspended in
4.0 ml of the same buffer. Cells were then placed in a quartz microcu-
vette in a thermostat-controlled cell holder. Fura-2/AM was added to a
final concentration of 5 uM, and the cells were then incubated with
continuous gentle stirring for 30 min at 37 °C in the dark. Supernatants
containing extracellular fura-2/AM were removed following gentle cen-
trifugation of 0.5-ml aliquots, and cells were washed three times. They
were then resuspended in 1 ml of buffer and incubated at 37 °C for 10
min prior to further centrifugation and resuspension in 4.5 ml of buffer
at 37 °C. Experiments were performed at 37 °C. For Ca**-free experi-
ments, the same buffer was used, but CaCl, was omitted. Fluorescence
was monitored using fura 2-loaded cells in a Shimadzu RF-5301 spec-
trofluorometer (Shimadzu Scientific Instruments, Columbia, MD)
using the dual wavelength method of Grynkiewicz et al. (27) (excitation
at 340 and 380 nm and emission at 510 nm every 0.5 s). Data are
expressed as ratios of fura-2 fluorescence at 340 versus 380 nm
(Fs40/F3g0)-

Preparation of Cytosolic and Nuclear Extracts—Cells were washed
twice in ice-cold phosphate-buffered saline and suspended in ice-cold
lysis buffer (10 mm HEPES, pH 7.9, 1.5 mm MgCl,, 10 mm KCl, 0.5 mm
dithiothreitol, 0.1% Nonidet P-40, 1 mM phenylmethylsulfonyl fluoride,
and 1 pg/ml each of pepstatin A, leupeptin, and aprotinin) and incu-
bated on ice for 30 min. Lysed cells were centrifuged at 8,000 rpm for 5
min at 4°C, and supernatants were collected as cytosolic protein
extracts. To prepare nuclear extracts, the pellets were resuspended in a
buffer containing 20 mm HEPES, pH 7.9, 25% glycerol, 0.42 m KCI, 1.5
mm MgCl,, 0.2 mm EDTA, 0.5 mMm dithiothreitol, 0.1 mm B-glycero-
phosphate, 0.05 mMm vanadate, and the protease inhibitor mixture. After
extraction on ice for 30 min, samples were centrifuged at 14,000 rpm for
30 min at 4 °C. Supernatant, containing nuclear proteins, was trans-
ferred to a microcentrifuge tube, an aliquot was removed for protein
determination, and samples were stored at —20 °C.

Electrophoretic Mobility Shift Assay (EMSA)—EMSAs were per-
formed using a double-stranded 15-bp oligonucleotide (5'-AGT TGA
GGG GACTTT CCC AGG C-3’) containing the NF-«B binding motif,
which was radiolabeled as described previously (28). For the binding
reaction, nuclear protein extract (10 pg) was incubated in a total volume
of 20 ul in binding buffer containing 10 mm HEPES, pH 7.5, 5% glycerol,
50 mMm KCl, 1 mwm dithiothreitol, 1 ug of poly(dI-dC), and radiolabeled
(about 10,000 cpm) DNA for 30 min at room temperature. DNA-pro-
tein complexes were resolved in a pre-electrophoresed 6% nondenatur-
ing polyacrylamide gel at 4 °C. Subsequently, the gel was dried under
vacuum and exposed to film.

Immunolocalization of P65 Proteins—SH-SY5Y cells on coverslips
were fixed with 3.7% paraformaldehyde in phosphate-buffered saline
(pH 7.4) for 20 min at room temperature, permeabilized with 0.3% Tri-
ton X-100/phosphate-buffered saline for 5 min, and blocked with 10%
bovine serum albumin in phosphate-buffered saline. Translocation of
p65 to the nucleus was assessed after fixing stimulated (with 1 mmM oxoM
for 1 h) and unstimulated cells by overnight incubation with an FITC-
conjugated anti-human NF-«B monoclonal anti-p65 antibody (sc-8008,
1:50) at 4 °C followed by a 3-min incubation with DAPI for nuclear
staining. Fluorescence images were acquired with a confocal laser scan-
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FIGURE 1. NF-kB activation by muscarinic receptor stimulation. SH-SY5Y cells were
treated with vehicle (a), 100 um carbachol (b and d), 1 mm carbachol (c), 100 um oxoM (e
and g), or T mm oxoM (f) for 1 h. EMSA was carried out in nuclear extracts incubated with
32p-end labeled oligonucleotide, as described under “Experimental Procedures.” In d
and g, reaction mixtures contained a 100-fold excess of unlabeled NF-«B oligonucleo-
tides (oligo).

ning microscope (LSM510; Carl Zeiss Co., Oberkochen, Germany)
using a 505 nm long path filter for emission and an argon ion laser for
excitation (488 nm).

Statistical Analysis—Data are expressed as means = S.E. Compari-
sons between controls and treated groups were performed using the
Student’s ¢ test. p < 0.05 was considered statistically significant.

RESULTS

Muscarinic Receptor-mediated NF-kB Activation in SH-SYSY Cells—
NEF-«B is activated by physical and chemical stresses, viruses, bacteria,
and pro-inflammatory cytokines such as tumor necrosis factor (29), and
it is also activated by a novel mechanism through the stimulation of
G-protein-coupled receptors as was shown in isolated canine gastric
parietal cells (30). Initially, we examined whether muscarinic receptor
stimulation can lead to the activation of NF-«B in SH-SY5Y cells by
measuring NF-«B binding activities using EMSA. NF-«B was detected
as two major bands, which increased after treating the cells with the
muscarinic receptor agonists, carbachol or oxoM, as reported previ-
ously in SH-SY5Y cells (31). Moreover, muscarinic agonist-induced
NE-kB activation was abolished by excess unlabeled NF-kB oligomer
(Fig. 1). This result shows that muscarinic receptor stimulation induces
the activation of NF-«B in SH-SY5Y cells.

NE-«B is activated by the posttranslational modification of an inac-
tive cytosolic complex that contains p50, p65, and one of several inhib-
itory subunits that is generally designated as I«B (32). Upon appropriate
cell stimulation, the inhibitory subunit of NF-«B, IkBe, is rapidly phos-
phorylated and undergoes proteolytic breakdown by proteasomes,
thereby permitting NF-«B to translocate from the cytoplasm to the
nucleus (33). The presence and function of NF-«B in cells of the nervous
system are poorly documented, for example, as compared with lympho-
cytes. To obtain information on the mechanism of NF-«B activation
mediated by muscarinic receptors in SH-SY5Y neuroblastoma cells, we
carried out immunocytochemistry for the p65 subunit of NF-«B in cells
pretreated with muscarinic receptor agonist and/or antagonist. The
FITC-labeled p65 subunit, which was located in the cytosol, was trans-
located to the nucleus after treatment with the muscarinic agonist
0xoM. Moreover, pretreatment with atropine, a muscarinic antagonist,
reversed the oxoM-induced translocation of p65. To confirm that the
muscarinic receptor-mediated translocation of p65 into the nucleus
represents NF-«kB activation, we used several NF-kB inhibitors, which
differently block intracellular NF-«B activation pathways. SN50 is a
cell-permeable peptide, which inhibits NF-«kB by blocking its transloca-
tion to the nucleus (34). BAY11-7085 is an IkBa kinase inhibitor, and
PDTC is known as a copper binding compound that inhibits protea-
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FIGURE 2. Muscarinic receptor-mediated subcellular localization of NF-«B. A,
SH-SY5Y cells were treated with vehicle or 1 mm oxoM in serum-free media for 1 h with or
without pretreatment of muscarinic antagonist atropine (10 uwm) for 30 min. B, SH-SY5Y
cells were pretreated with NF-«B inhibitors, SN50 (20 pg/ml), Bay11-7085 (20 um), PDTC
(10 um), TMB-8 (100 um), or a novel NF-«B activation inhibitor (QNZ, 20 nm) for 30 min and
then treated with 1 mm oxoM in serum-free media for 1 h. DAPI nuclear staining and FITC
immunofluorescence are shown in panels a and b, respectively, and a combined image is
presented in panels c. Results are representative of 3-5 independent experiments.

some activity and IkB phosphorylation (35, 36). TMB-8 is known to
inhibit NF-kB activation by blocking intracellular Ca>* mobilization
and chelating intracellular Ca®>" (37-39), and the novel NF-«B activa-
tion inhibitor (QNZ, IC,, = 15 nMm) was found to inhibit the activation of
NEF-«B by an unknown mechanism (40). As is shown in Fig. 2B, musca-
rinic receptor-mediated NF-«B activation was inhibited by all NF-«B
activation inhibitors tested.

Involvement of NF-kB Activation in the Regulation of Muscarinic
Receptor-mediated sAPPa Release—It was reported that the activation
of muscarinic receptors (M1 and M3) increases sAPP« release (26, 41).
We also confirmed muscarinic receptor-mediated sAPP« release in
SH-SY5Y cells. The secretion of sSAPP« to culture medium was signifi-
cantly increased by treating oxoM in a time-dependent manner, and this
oxoM-induced sAPPa release was blocked by pretreating with 10 um
atropine, a muscarinic receptor antagonist (Fig. 34).

Several studies have shown that sSAPP« can stimulate the activation of
the transcription factor NF-«B (3, 4), and sAPP« induced neurotrophic
and excitoprotective actions mediated by phosphatidylinositol 3-kinase,
Akt kinase, and p42/p44 mitogen-activated protein kinases (42). How-
ever, it has not been reported whether NF-«kB activity can regulate
sAPPa release. Therefore, to examine the involvement of NF-«B in the
regulation of muscarinic receptor-mediated sAPPa release in SH-SY5Y
cells, we tested whether the suppression of NF-«B activation could
antagonize sAPPa release enhancement by muscarinic receptor activa-
tion. The oxoM-induced increase of sAPP« release was found to be
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FIGURE 3. Effects of NF-«B inhibitors on musca-
rinic receptor-stimulated sAPPa release.
SH-SY5Y cells were pretreated with vehicle or 10 E
M atropine and then stimulated with T mm oxoM
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concentration-dependently inhibited by all of the NF-«B inhibitors test-
ed: SN50, BAY11-7085, QNZ, TMB-8, PDTC, or MG132 (Fig. 3).
MG132 is an inhibitor of proteasome activity (43).

Regulation of Muscarinic Receptor-mediated NF-kB Activation by
Extracellular Ca®* Influx through CCE—Cells respond to various types
of stimulation with a remarkable diversity of [Ca®"], signals. Ca®" is a
highly pleiotropic second messenger that plays an important role in a
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wide variety of cellular events. One of the important functions of Ca®* is
to activate signaling pathways that lead to the expressions of genes (44,
45). Although it is known that Ca®* is involved in the induction of
NE-«B activity following various stimuli in diverse types of cells, it is not
known whether muscarinic receptor-mediated NF-«B activation can be
regulated by CCE through SOCs in SH-SY5Y cells. Therefore, we exam-
ined whether CCE is involved in muscarinic receptor-mediated NF-«B
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FIGURE 4. Effects of CCE inhibitors on the muscarinic receptor-mediated subcellular
localization of NF-kB. SH-SY5Y cells were pretreated with voltage-sensitive Ca?* chan-
nelsinhibitors, Cd>* (10 um), or nifedipine (NFD, 10 um) and CCE inhibitors, Gd>* (50 um),
or SKF96365 (50 um) for 30 min and then stimulated with 1 mm oxoM in serum-free
medium for 1 h. DAPI nuclear staining and FITC immunofluorescence are shown in pan-
els a and b, respectively, and a combined image is presented in panels c. Results are
representative of 3 independent experiments.
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translocation to the nucleus. NF-«B translocation to the nucleus by
oxoM was blocked by Gd>" or SKF96365, both of which are known
potent inhibitors of SOC (46 —48), but was not blocked by Cd**, or
nifedipine, both voltage-sensitive Ca>* channel inhibitors (Fig. 4).
These results indicate that CCE plays a key role in NF-«B activation
induced by muscarinic receptor stimulation and that NF-«B is engaged
in muscarinic receptor-mediated sAPP« release.

Relationship between NF-kB Activation and CCE Stimulation Medi-
ated by Muscarinic Receptor Stimulation—Because it was found that
NE-«B activity regulates muscarinic receptor-mediated sAPPa release
and that CCE regulates muscarinic receptor-mediated NF-«B activa-
tion in SH-SY5Y cells, we investigated whether NF-«B activation affects
muscarinic receptor activation-induced Ca>* entry by examining the
effects of the NF-«kB inhibitors, QNZ, TMB-8, SN50, BAY11-7085,
PDTC, and MG132, on the intracellular Ca®" responses evoked by
oxoM. After preincubation in Ca>*-free buffer containing 1 mm oxoM
(to deplete Ca®™" stores), the re-addition of Ca** induced CCE, and this
oxoM-induced CCE stimulation was inhibited by QNZ (a newly synthe-
sized NF-kB inhibitor with an unknown mechanism) (Fig. 54). In the
presence of extracellular Ca>*, pretreatment with QNZ also led to a
significant reduction in the second phase of plateau Ca*>* entry (consid-
ered as CCE) of the oxoM-induced [Ca”*], response, without reducing
transient initial Ca®" release (Fig. 5B). Similar experiments were carried
out using an intracellular Ca* chelator, TMB-8. In Ca®"-free buffer,
TMB-8 abolished all oxoM-induced [Ca®"], responses including Ca®"
release from intracellular stores and the Ca®* entry induced when Ca®™"
was restored to the medium (Fig. 5C). Also, in the presence of extracel-
lular Ca**, both the initial transient Ca®" release phase and the plateau
Ca®" entry phase of [Ca®*], response during oxoM application were
completely abolished by TMB-8 pretreatment (Fig. 5D). On the other
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hand, other NF-«B inhibitors including the proteasome inhibitors,
MG-132 and PDTC, a translocation inhibitor, SN50, and an I«B kinase
inhibitor, BAY11-7085, which inhibited sAPP« release evoked by mus-
carinic receptor activation in SH-SY5Y cells, did not inhibit muscarinic
receptor-mediated Ca*" influx via CCE both in Ca**-free-buffers (Fig.
5E) and in Ca”*-containing buffers (Fig. 5F). Results indicate that CCE
induced by muscarinic receptor activation is not mediated by NF-«B.
Therefore, the NF-kB activation pathway is downstream of CCE
induced by muscarinic receptor activation, leading to enhancement of
sAPPa release.

DISCUSSION

Although large secreted B-APP (sAPP«) is well known to play impor-
tant roles in the regulation of neuronal survival and plasticity, the signal
transduction mechanisms that mediate its release or biological activities
are still not established. Numerous studies have demonstrated that
stimulation of phospholipase C-linked G-protein-coupled receptors,
including muscarinic M1 and M3 receptors, increases the release of the
sAPPa by a-secretase cleavage. The purpose of this research was to
determine whether muscarinic receptor stimulation activates NF-«B in
neuroblastoma SH-SY5Y cells expressing abundant M3 muscarinic
receptors and whether such muscarinic receptor-mediated NF-«B acti-
vation is involved in sAPP« release and contributes to change the CCE,
which our recent data (25) indicate plays an important role in the mus-
carinic receptor-mediated stimulation of SAPPa release.

Although the muscarinic agonist carbachol has previously been
shown to activate NF-«B in isolated canine gastric parietal cells (30) and
the activation of NF-kB appears to be an important event in numerous
intracellular inflammatory processes, there is insufficient evidence
about correlating NF-«B and muscarinic receptor in neuronal cells.
Therefore, we first confirmed that muscarinic receptor stimulation
evoked the activation of NF-«kB in human neuroblastoma SH-SY5Y cells
by observing that muscarinic receptor agonists increased NF-kB bind-
ing activity (Fig. 1) and induced the translocation of p65 a subunit of
NEF-«B (Fig. 2), which is a direct evidence of NF-«B activation.

Given that muscarinic receptor stimulation increases sAPP« release
and NF-«kB activation, it is unclear whether this stimulation induces
sAPPa release and subsequent NF-«B activation or vice versa. We
observed that increased sAPPa release by oxoM was suppressed dose-
dependently by pretreating with various NF-«B inhibitors with different
mechanisms of NF-«B activation (Fig. 3). This result provides evidence
that the NF-«B pathway is involved in the regulation of muscarinic
receptor-mediated sAPPa release and that cross-talk exists between
sAPPa release and NF-«B activation after muscarinic receptor activa-
tion. It was reported that several neuroprotective genes and proteins are
markedly up-regulated in mice overexpressing APP (49). Our results
suggest that NF-«kB, which is known to have a neuroprotective role, is a
signaling molecule responsible for sAPPa release by facilitating the
secretase process. It has been reported that exposure to sSAPPa protects
hippocampal neurons against Ca>*-mediated damage (3) and against
AB-induced apoptosis in PC12 cells expressing mutant presenilin-1 (4)
by inducing activation of the transcription factor NF-«B. It can be
assumed that secreted sAPPa increased by muscarinic agonist-induced
NE-«B activation may then further activate NF-«B in disease state such
as Alzheimer disease.

NE-«B activation is modulated under both physiological and patho-
logical conditions. Moreover, the activation of NF-«B before an exper-
imental insult, such as exposure to glutamate, glucose deprivation,
B-amyloid peptide, or oxidative molecules, has been shown to protect
neurons against apoptosis (1-4, 50). The results of the present study
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FIGURE 5. Effects of NF-«B inhibitors on muscarinic receptor-induced Ca>* entry. Fura-2/AM-loaded SH-SY5Y cells were incubated for 300 s in the presence or absence of
indicated concentrations of QNZ (10, 20 nm) or TMB-8 (100, 200 pm), SN50 (20 wg/ml), BAY11-7085 (20 um), PDTC (10 um), or MG132 (50 um) and then stimulated with 1 mm oxoM in
Ca?"-free buffer (A, C, and E) and Ca? *-containing buffer (B, D, and F). After 200 s, CaCl, (final concentration 2.5 mm) was added to the buffer to initiate Ca®" entry in Ca?*-free buffer.
Elevations in [Ca®"]; were monitored using 340/380 nm absorbance ratios. Traces are representative of 3 independent experiments.

show that muscarinic receptor stimulation in the absence of such apop-
totic or critical conditions in neuronal SH-SY5Y cells induced NF-«B
translocation to the nucleus. Several studies have demonstrated that
various transcription factors are regulated by intracellular Ca** move-
ment (19, 21, 51). We observed that extracellular Ca>* influx (CCE) via
SOC, which is functionally coupled with endoplasmic reticulum Ca**
depletion, plays a key role in muscarinic receptor-mediated sAPP«
release (25). Thus, we attempted to characterize the nature of the Ca®*
influx that participates in muscarinic receptor-mediated NF-«B activa-
tion by administering Ca>* channel blockers. Nonselective and selec-
tive voltage-gated Ca”>" channel blockers had no effect, but SOC block-
ers inhibited muscarinic receptor-mediated NF-«B activation (Fig. 4).
This finding suggests that the CCE induced by muscarinic receptor
stimulation regulates NF-«B activation.

The activation of cell surface receptors coupled to phospholipase C,
including muscarinic (M1 and M3) receptors, leads to the generation of
the second messenger inositol 1,4,5-triphosphate and allows Ca®" tobe
released into the cytosol (52). Numerous studies, including our study,
have shown that the activation of muscarinic receptors with a maximal
concentration of agonist (100 um—1 mm) induced a biphasic [Ca®"],
rise, composed of the release of Ca?* from intracellular stores followed
by Ca*" influx from the extracellular space (i.e. CCE). NF-«B responds
to intracellular Ca>* elevation by stimulating several kinds of ligands
(21, 53). Thus, we were interested to determine whether muscarinic
receptor-mediated CCE is affected by NF-«B inhibitors. Our results
show that CCE response to muscarinic receptor activation is not
blocked by most NF-«kB activation inhibitors except ones acting via
intracellular Ca®"-regulating pathway, such as TMB-8, an intracellular
Ca’* chelator. The newly synthesized NF-«B inhibitor with quinazoline
moiety, QNZ, may inhibit CCE by altering [Ca®*], and then lead to the
inhibition of NF-«B activation.

The results from the present study suggest that CCE induced by
muscarinic receptor activation is upstream of the NF-«B activation

MAY 5, 2006 +VOLUME 281+NUMBER 18

pathway that participates in muscarinic receptor-mediated sAPP«
release. Camandola et al. (54) recently reported that activation of NF-«B
in fibroblasts and neurons leads to decreased levels of the type I inositol
1,4,5-triphosphate receptor and decreased Ca®" release from the endo-
plasmic reticulum. They also observed no change in the magnitude of
CCE analyzed in fibroblast cells lacking NF-«B p65/RelA subunit after
exposure to thapsigargin in Ca®>"-free medium, which correlates well
with our result showing no blockade of muscarinic receptor-mediated
CCE by NF-«B inhibitors in SH-SY5Y cells. In conclusion, NF-«B acti-
vation plays a role in muscarinic receptor-mediated sAPPa release,
muscarinic receptor-mediated NF-«B activation is regulated by CCE,
and the CCE produced by muscarinic receptor stimulation is not influ-
enced by NF-«kB in SH-SY5Y cells. It is assumed that the SAPP« release
enhanced by NF-«B activation via CCE produced by muscarinic recep-
tor stimulation may protect neurons against Ap-induced cell death by
further activation of NF-kB stabilizing Ca>* homeostasis through
down-regulation of endoplasmic reticulum Ca”" release responses.
NE-«B-mediated sAPPa release following muscarinic stimulation can
provide a potential therapeutic mechanism for muscarinic agonists in
Alzheimer disease.
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