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Parkinson’s disease (PD) is the second most common
neurodegenerative disease and is characterized by do-
paminergic (DA) neuronal cell loss in the substantia
nigra. Although the entire pathogenesis of PD is still
unclear, both environmental and genetic factors con-
tribute to neurodegeneration. Epidemiologic studies
show that prevalence of PD is lower in smokers than in
nonsmokers,. Nicotine, a releaser of dopamine from DA
neurons, is one of the candidates of antiparkinson
agents in tobacco. To assess the protective effect of
nicotine against rotenone-induced DA neuronal cell
toxicity, we examined the neuroprotective effects of
nicotine in rotenone-induced PD models in vivo and
in vitro. We observed that simultaneous subcutaneous
administration of nicotine inhibited both motor deficits
and DA neuronal cell loss in the substantia nigra of
rotenone-treated mice. Next, we analyzed the molecu-
lar mechanisms of DA neuroprotective effect of nico-
tine against rotenone-induced toxicity with primary DA
neuronal culture. We found that DA neuroprotective
effects of nicotine were inhibited by dihydro-B-erythro-
idine (DHBE), w«-bungarotoxin {(«BuTx), and/or PI3K-
Akt/PKB (protein serine/threonine kinase B) inhibitors,
demonstrating that rotenone-toxicity on DA neurons
are inhibited via activation of a4B2 or «7 nAChRs-
PI3K-Akt/PKB pathway or pathways. These resuits
suggest that the rotenone mouse model may be useful
for assessing candidate antiparkinson agents, and that
nAChR (nicotinic acetyicholine receptor) stimulation
can protect DA neurons against degeneration. © 2008
Wiley-Liss, Inc.
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Parkinson’s disease (PD) is the second most
common progressive neurodegenerative disorder. It is
characterized by relatively selective degeneration of do-
paminergic neurons in the substantia nigra and loss of
dopamine in the striatum resulting in resting tremor, ri-
gidity, bradykinesia and postural instability (Dunnett and
Bjorklund, 1999; Shimohama et al., 2003). Although the
pathogenesis of PI) is still unclear, it is thought that both
environmental and genetic factors cause neurodegenera-
tion. Rural residency, pesticides and intrinsic toxic
agents were reported as environmental risk factors for
sporadic PD. Recent studies revealed several mutations
in familial PD genes such as a-synuclein, parkin,
PINK1, LRRK2 (leucine-rich repeat kinase 2), DJ-1,
and UCH-L1 (ubiquitin C-terminal hydrolase-L1)
(Schapira, 2006). Epidemiological studies suggest that the
use of pesticides increases the risk of PD, possibly via
reduced activity of complex [ in the mitochondrial respi-
ratory chain in the substantia nigra and result in the
pathogenesis of PD (Parker et al, 1989; Mann et al,
1992; Mizuno et al., 1998). 6-hydroxydopamine (6-
OHDA), a HpO: pro-oxidant and 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP), a mitochondrial
complex I inhibitor, have been widely used to produce
toxin models of sporadic PD. Chronic exposure to rote-
none, a nature-derived pesticide, could be a more
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appropriate animal PD model because rotenone-treated
animals show slowly progressive DA neuronal loss, and
Lewy body-like particles, which are primarily aggregations
of a-synuclein (Betarbet et al., 2000, Inden et al., 2607).

On the other hand, current drug therapy is limited
to supplementing dopamine (DA) or enhancing dopami-
nergic effect. Some may have neuroprotective effects,
but their effects remain controversial (Quik, 2004; Du
et al., 2005; Iravani et al., 2006). It has also been
reported that smokers have a lower risk for PD (De
Reuck et al, 2005; Wirdefeldt et al., 2005),
nAChRs (nicotinic acetylcholine receptor) were
decreased in the brains of PD patients (Fujita et al.,
2006) and PD model animals (Quik et al., 2006).
Nicotine may up-regulate DA release at striatum from
nigral dopaminergic neurons (Morens et al., 1995), fol-
lowed by stimulation of a4B2 nAChRs (Champtiaux
et al., 2003). Furthermore, nicotine could protect mito-
chondria and had protective effect from oxidative stress
{Cormier et al., 2003; Xie et al.,, 2005). In studies made
in vivo, stimulation of nAChRs resulted in neuroprotec-
tion in cerebral ischemia and PD model animals (Shimo-
hama et al,, 1998; Kagitani et al., 2000; Parain et al.,
2003). In vitro, we have demonstrated that nicotine pro-
tected rat cortical neurons against glutamate toxicity and
lower motor neurons against -amyloid toxicity respec-
tively, and that nicotine was antiapoptotic (Akaike et al,,
1994; Kihara et al., 1997, 2001; Nakamlzo et al. 200:;)
Also nicotine prote(ted rat mgml dopammergxc neurons
against 1-methyl-4-phenylpyridinium (MPP™) cytotoxic-
ity by non-a7 nAChR stimulation (Jeyarasasingam et al.,
2002). So nicotinic receptor stimulation may be a good
target for DA neuroprotective therapy toward PD.
However, the further protective mechanisms for dopa-
minergic neurons have not been elucidated.

In this study, we investigated the neuroprotective
effect of nicotine against nigral DA neuronal death
induced by rotenone with a chronic rotenone-treated
PD mouse model, and analyzed molecular mechanisms
of the protection in dissociated cultures of the fetal rat
ventral mesencephalon.

MATERIALS AND METHODS

Materials

Rotenone, (—)-nicotine hydrogen bitartrate, mecamyl-
arnine (Mec), aBuTx, DHBE, and triciribine, an Akt/PKR
inhibitor, were purchased from Sigma (St. Louis, MQO).
LY294002, a PI3K {phosphatidylinositol 3-kinase) inhibitor
was from Calbiochem (Darmstadt, Germany). Carboxylmethyl
cellulose (CMC) was obtained from Nacalai Tesque (Kyoto,
Japan). Mouse monoclonal antibodies against microtubule-
associated protein 2 (MAP2), tyrosine hydroxylase (TH) and
B-actin were purchased from Sigma. Rabbit polyclonal anti-
body against TH was from Chemicon (Temecula, CA).

Mouse Model and Drug Administration
Eight-week-old male C57BL/6] mice {(20-25 g) were

purchased from Japan SLC Inc. (Hamamatsu, Japan). The ani-
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nals were acclimated and maintained at 23°C under a 12-hr
light/dark cycle (lights on 09.00-21.00 hr). Mice were housed
in standard laboratory cages and had free access to food and
water throughout the study period. All animal experiments
were carried out in accordance with the National Insticutes of
Health (NIH) Guide for the Care and Use of Laboratory Ani-
mals, and the protocols were approved by the Committee for
Animal Research at Kyoto University. Rotenone was admin-
istrated orally once daily by gavage with a catheter at a dose
of 30 mg/kg for 28 days. Rotenone was suspended in 0.5%
CMC and administrated orally once daily ar a concentration
of 12 mL/kg body weight. The 0.5% CMC was administrated
orally as vehicle to control mice (Inden et al., 2007). For in vivo
experiments, nicotine {{—}-nicotine hydrogen bitartrate dis-
solved in saline) at a dose of 0.21 or 0.42 mg/kg (free base) was
daily injected subcutaneously at 30 min before each oral adminis-
tration of rotenone. Saline was injected in parallel as the corre-
sponding vehicle control. Each group contained 612 mice.

Behavior Analysis

The behavior of each mouse was assessed by the rotarod
treadmill test. The rotarod treadmill (accelerating model 7750,
Ugo Basile, Varese, Italy) consists of a plastic rod, 6 cm in di-
ameter and 36 c¢m long, with a nonslippery surface 20 cm
above the base {trip platej. This rod is divided into four equal
sections by five discs (25 cm in diameter), which epables four
mice to walk on the rod at the same time. In the present
study, the accelerating rotor mode was used (10-grade speeds
from 3.5 to 35 r.p.m. for 5 min). Time was recorded while
mice were running on the rod {from when they were put on
the rod to when they fell off).

Immunohistochemistry

Mice were perfused with 10 mM phosphate-buifered
saline (PBS) and then 4% paraformaldehyde in 100 mM phos-
phate buffer (PB) under deep anesthesia with pentobarbital
(100 mg/kg, intraperitoncal injection). After perfusion, the
brain was quickly removed and postfixed for 2 days and then
transferred to 15% sucrose solution in 100 mM PB at 4°C at
least for 4 days. After cryoprotection, the brain was rapidly
frozen by heat exchange from vaporized COs gas (—70°C)
and then sections (60 pum) were cut with a cryostat and col-
lected in 100 mM PBS containing 0.3% Triton X-100 (PBS-
T). After several washes, the sections were stored until use in
a free-floating state at 4°C for immunohistochemical analysis.

Brain sections were incubated with primary rabbit poly-
clonal antibody to TH (1:10,000), for 3 days at 4°C, and next
with biotinylated antbody to rabbit IgG (1:2000) for 2 hr at
room temperature. Then the sections were incubated with
avidin peroxidase (1:4000) with the ABC kit for 1 hr at room
temperature. All sections were rinsed several times with PBS-
T between incubations. Labeling was revealed by DAB (3-3'-
diaminobenzidine tetrahydrochloride) with nickel ammonium,
which yielded a dark blue color.

Stereological Analysis

The total number of dopaminergic neurons in both
hemispheres of the substantia nigra pars compacta (SNC) was
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estimated by means of a fractionator-sampling design {Gun-
dersen et al., 1988; West et al, 1991) and a former report
(Baquet et al., 2005). Briefly, staining with the anti-TH anti-
body delineated the mediodorsal boundary of the SNC in
each 60 pm cryostat section. We used every third coronal sec-
tion to perform an analysis starting with the first appearance
of TH-positive neurons and extending to the most caudal
parts of the SNC and including both hemispheres. Cell counts
were made at automatically determined intervals by the Ster-
eolnvestigator, a morphometry and stereology software pack-
age (versaon 5.0; MicroBrightField, Colchester, VT), within
an unbiased counting ffame of known area (100 X 100 um“)
superimposed on the image. Sections were viewed under 40X
magnification on an Olympus (Tokyo, Japan) BA51 photomi-
croscope, the Stercolnvestigator, thereby creating a systematic
random sample of the arca, randomly positioned the counting
frame within the SNC. We defined 16 um as the z-dimension
of the counting brick with a 2-pm guard on each side.
Stained cells were counted within the outlines defined by TH
expression, and total estimates were obtained.

Immunoblotting

After repeated rotenonc administration for 28 days, the
striatum {(mixture of both right and left tissues) in treated mice
were rapidly removed and homogenized with eight volumes
of 50 mM Trs-buffered saline (pH 7.4) containing protease
inhibitor cocktail {Roche Diagnostics, Mannheim, Germany).
After centrifugation at 50,000g for 30 min, the supernatant
was used as cytosolic fraction. Aliquots of cytosolic fractions
containing 10 pg of protein were subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
then immunoblotted with mouse monoclonal antibody against
TH (1:5000) and reblotted with anti-B-actin antibody
(1:10,000). For semiquantitative avalysis, bands of TH on ra-
diographic films were scanned with a CCD color scanner
(ARCUS 11, AGFA, Leverkusen, Germany). Densitometric
analysis was performed by the public domain program NIH
Image 1.56 (by Wayne Rasband at the U.S. National Insti-
tutes of Health).

Primary Neuronal Cultures of the
Ventral Mesencephalon

Cultures of rat mesencephalic cells were established
according to methods described previously (Sawada et al,
2004). Briefly, the ventral two-thirds of the mesencephalon
were dissected from rat embryos on the 16th day of gestaton.
The dissected regions included dopaminergic neurons from
the substantia nigra and the ventral tegmental area but not
noradrenergic neurons from the locus ceruleus. Neurons were
dissociated mechanically and plated out onto 0.1% polw.thyle
nimine-coated plastic coverslips at a density of 1.3 X 10°
cells/cm®. The culture medium consisted of Eagle’s minimum
essential medium containing 10% fetal calf serum for the first
1-4 days in culture and homse serum from the 5th day
onward. Cultures were maintained at 37°C in a humidified
atmosphere of 5% COz. Only mature cultures (8 days in
vitro) were used for experiments. The animals were treated in

accordance with guidelines published in the NIH Guide for
the Care and Use of Laboratory Animals.

Treatinent of Cultures

All experiments were carried out in Fagle’s minimum
essential medium with 10% home serum at 37°C. First of all,
cultured neurons were exposed to rotenone for 48 hr, except
for pretreatment of LY294002 for 10 min to cause PI3K inhi-
bition. After that, to show the time course, cultured neurons
were administrated rotenone and/or nicotine for 12, 24, and
48 hr. Nicotine and nAChR antagonists (Mec, aBuTx,
DHBE) were added to the medium simultaneously with rote-
none. The concentration of each antagonist was the rnaximal
dosage that did not show cytotoxicity or interference among
nAChHRs. Ki values of aBuTx were 2.16 (1.56-3.01) nM for
&7 nAChR and >10,000 nM for 04B2nAChHR, and those of
DHBE were 7700 (4510-13,100) nM for a7 nAChR and
24.6 (16.9-35.8) nM for a4B2 nAChR (Grinevich et al,
2005). To confirm PI3K inhibition, LY294002 was adminis-
trated 10 min before the additional treatment of rotenone and
nicotine. Triciribine was used simultaneously with rotenone
and nicotine to inhibit Akt/PKB.

Immunocytochemistry and Evaluation of
Neurotoxicity in Neuronal Cultures

Immunostaining was used to evaluate the number of do-
paminergic neurons. Cultured cells were incubated with poly-
clonal rabbit anti-TH antibody (1:400) overnight at 4°C, then
with biotinylated secondary antibody (1:200), and conjugated
to avidin peroxidase (1:200) by the ABC kit (Vector Labora-
tories, Burlingame, CA) at room temperature for 1 hr. After
that, they were labeled with a DAB staining kit (Nacalai,
Kyoto, Japan). Neurotoxicity in each experiment was defined
as a reduction in the survival rate, which was expressed as per-
centage survival relative to the survival observed in control
cultures. For primary cultures, at least 200 dopaminergic neu-
rons were counted in 30 randomly selected fields at 100X
{total magnification) in control cultures to determine the total
number of neurons. The total number of neurons was assessed
by the method, described above, but using the anti-MAP2
antibody.

RNA Preparation From Rat Mesencephalic Cells

Total cell RNA was extracted with the Isogen RNA
Isoladon Kit (Nippon Gene, Japan) as originally described
elsewhere (Chomczynski and Sacchi, 1987). The concentra-
tion of the isolated total RINA was determined spectrophoto-
metrically at 260 nm. The first strand ¢cDINA was synthesized
with a reverse transcriptase—polymerase chain reaction (RT-
PCR) kit purchased from GE Healthcare Bioscience {Giles,
UK). Briefly, reverse transcription (RT) was carried out in a
15-pL reaction mixture containing 5 ug total RNA, 5 ul
Bulk first-strand reaction mix, 1 pL DTT solution, and 1 uL
pd(N)¢ primer, by incubation at 42°C for 20 min followed by
denaturation at 99°C for 5 min and then quick-chilled on ice.
The second strand ¢cDNA synthesis/PCR. amplification was
performed in a mixture of 2 ML RT product, 2.5 pl 10X
PCR. buffer, 200 nM dNTP, 1.5 mM MgCly, 0.05 U/pL Ex
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TABLE 1. Paired Primers Used for RT-PCR Detection of nAChR Sabunits*

Subunit Primer Nucleotide sequence Size (bp) Tm ("C)

ad Forward CTGGGTGCGTAGAGTCITCC 239 62
Reverse TAGGCTGGGTCTCGACTGCT

o7 Forward TTTCTGCGCATGAAGAGGCCCGGAGAT 295 60
Reverse ACCTCCTCCAGGATCTT

B2 Forward AAGGTGGTCITCCTGGAGAAGC 287 60
Reverse GCGTACGCCATCCACIGCT

GAPDH Forward CGTCTTCACCACCATGGAGA 300 60
Reverse CGGCCATCACGCCACAGCTT

*Tm, annealing temperature; Forward, sense primer; Reverse, antisense primer. GAPDH (glyceraldehyde-3-
phosphate dehydrogenase) was used as the internal control for RINA detection.

Tag DNA polymerase, and 500 nM sense and antisense
primers (Table I). The amplification protocol was as follows:
initial denaturation at 94°C for 5 min; 30 cycles at 94°C for
30 sec, annealing at the respective temperature (Table I) for
30 sec, and 72°C for 1.5 min; a final extension at 72°C for
7 min with a GeneAmp 9700 thermal cycler (Perkin Elmer,
Applied Biosystem, Forster City, CA). PCR products were
electrophoresed on 2% agarose gels and stained with ethidium
bromide (0.5 mg/mL). Then, the PCR products were visualized
with an ultraviolet transilluminator coupled to a CCD camera.

Statistical Evaluation

Data was expressed as the ratio of surviving dopa-
minergic neurons relative to the number of neurons in vehi-
cle-treated or in control group. Also, the density of TH by
immunoblotting was assessed in the same manner. They are
represented as the mean * SEM. Statistical significance was
determined by analysis of variance (ANOVA) followed by
Bonferroni’s multiple comparison test.

RESULTS

Nicotine Treatment Improved Behavior Impaired
by Rotenone

In our in vivo studies, we first checked the motor
behavior of rotenone-treated model mice because it was
umportant that the animals showed a close PD pheno-
type. The simultaneous daily administration of oral rote-
none and subcutaneous nicotine prevented the motor
impairment elicited by rotenone (Fig. 1). Nicotine alone
showed no significant difference compared with the ve-
hicle group. This animal model could be useful for
assessing the bradykinesia/akinesia, one of the symptoms
of PD.

Nicotine Treatment Improved Histological
Findings in the Substantia Nigra

In the substantia nigra, oral treatment of rotenone
decreased the number of dopaminergic neurons. On the
other hand, the simultaneous daily administration of oral
rotenone and subcutaneous nicotine prevented the
decrease (Fig. 2A). Stereological assessment of the num-
ber of TH-positive cells in the bilateral SNC confirmed
the histological findings with the statistical significance
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Fig. 1. Behavior analysis by rotarod treadmiil test of chronically rote-
none-treated mice. Nicotine administration improved impaired
behavior induced by rotenone. One-way ANOVA was used for sta-
tistical analysis, followed by Benferroni’s multiple comparison test.
Each value is the mean & SEM, n = 8-12, %0kP < 0.001, "' P <
0.001 vs. vehicle.

(Fig. 2B). That 15, simultaneous administration of nico-
tine significantly protected dopaminergic cells in the
midbrain  of rotenone-treated mice from rotenone-
induced neurotoxicity.

Nicotine Attenuated Rotenone-induced Axonal/
Nerve Terminal Damage in the Striatum

The striatum was immunostained with the same
antibody as the substantia nigra. About histological find-
ings, the density of TH-positive neurons in the striatum
of rotenone-treated mice seemed to be diminished com-
pared with the vehicle group. Rotenone and nicotine
treatment seemed to prevent the depsity from being
decreased (Fig. 3A). Densitometric analysis of immuno-
blotting performed using the striatal lysate of each group
showed that nicotine treatment remarkably improved the
expression of TH from rotenone toxicity (Fig. 3B). In
other words, these results confirmed that nicotine pro-
tected nigrostriatal dopaminergic neurons from the cell
death by rotenone toxicity. a-Synuclein-positive aggre-
gations were detected in the cell bodies of dopaminergic
neurons of rotenone-treated mice, but the number was
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Fig. 2. Immunohistological analysis of nigral dopamine neurons. Nicotine improved the viability of
dopaminergic cells against rotenone toxicity. Nic, Nicotine. A: Representative findings of cach
group. Scale bar = 500 um. B: Stereological analysis of the number of the TH-positive neurons in the
substantia nigra. One-way ANQVA was used for statistical analysis, followed by Bonferroni’s multiple
comparison test. Each value is the mean & SEM, n= 4, *P <0.05, ** P <0.01vs. vehidle.
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Fig. 3. Immunoclogical analysis of striatal dopamine neurons. Nicotine iviproved the viability of do-
paminergic cells against rotenone toxicity. A: Representative immunohistological findings of each
group. Nic, Nicotine. Scale bar = 4 mm. B: Densitometric analysis of TH in striatal lysate. TH
density was expressed as TH/B-actin ratic and relative density standardized by the results of vehicle
group. One-way ANOVA was used for statistical analysis, followed by Bonferroni’s multiple com-
parison test. Each value is the mean £ SEM, n = 4, ¥**P < 0.001, TP < 0.05 vs. vehidle.

Joumal of Neuroscience Research



e

Winkity 36}

50
Rotenone-inhl)

Fig. 4. Statistical analysis of rotenone-induced neuronat cell death in
cultures of rat mesencephalic cells (day 8), standardized by the num-
ber of sham operations. [t was suggested that dopaminergic neuron
was more vulnerable against rotenone toxicity than other types of
neurons. MAP2, microtubule-associated protein 2, a marker of cen-
tral nervous system neurons; TH, tyrosine hydroxylase, a marker of
dopaminergic neurons. Two-way factorial ANOVA was used for sta-
tistical analysis, followed by Bonferroni’s multiple (:omgarison test.
Each value is the mean = SEM, # = 8, ¥**P < 0.001, * P < 0.01
vs. control (MAP2 positive), “**P < 0.001 vs. control (TH posi-
tive).

too small to perform statistical assessment (data not
shown).

Neuroprotective Effect of Nicotine Against
Rotenone-induced Neurotoxicity in Cultures
of Mesencephalic Neurons

Forty-cight-hour exposure to rotenone caused
dose-dependent neurotoxicity, more remarkable in TH-
positive neurons than m MAP2-positive cells, which
represented the total neuronal cells (Fig. 4). This result
showed that dopaminergic neurons were more vulnera-
ble to rotenone-induced neurotoxicity. Time course
experiment revealed that both rotenone toxicity and
nicotinic neuroprotection were shown remarkably after
24 hr (Fig. 5). Immunostaining of TH showed that the
viability of TH-positive cells was decreased by rotenone
treatment and improved by addition of nicotine. Treat-
ment with nicotine alone did not remarkably change the
viability of TH-positive cells statistically (Fig. 5, Fig.
6A-D). Simultaneous administration of nicotine resulted
in a dose-dependent increase of the viability of TH-posi-
tive cells (Fig. 6E). So nicotine treatment protected do-
paminergic neurons against rotenone-induced neuronal
death in a dose-dependent manner. This neuroprotective
effect was inhibited by 100 pM Mec, a broad-spectrum
nAChR. antagonist (Fig. 7A), 100 nM aBuTx, an a7
nAChR. antagonist (Fig. 7B), and 1 pM DHBE, an
«482 antagonist (Fig. 7C). Treatment with the same
concentrations of these antagonists or nicotine alone did
not affect neurotoxicity. Nicotine-induced neuroprotec-
tion was therefore shown to occur via nAChRSs, at least
through a7 and o482 receptors. Also, RT-PCR (Fig.
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Fig. 5. Time course analysis of rotenone toxicity and nicotinic neu-
roprotection for TH-positive neurons, standardized by the number of
control O hr. Both effects were shown after 24 hr since compounds
were administrated. Rotenone, rotenone 100 nM; Nicotine, nicotine
100 pM; Rot+Nic, simulraneous administration of rotenone 100 nM
and nicotine 100 M. Two-way facterial ANOVA was used for sta-
tistical analysis, followed by Bonferroni’s multiple comparison test.
Each value is the mean &= SEM, n = 8, P < 0.001 vs. control
0 hr, TP < 0.001 vs. rotenone 24 hr, ¥%%P < 0.001 vs. rotenonc
48 hr.

7D) showed that mRINA of nAChRs subunits was
expressed in rat mesencephalic cells. These results are
relevant to the previous report that a7 and «4f2
nAChRs had biological activity in dopaminergic nearons
in the midbrain {Champtiaux et al., 2003).

Nicotine-induced PI3SK~Akt/PKB
Pathway-activated Survival Activity of
Dopaminergic Neurons

1Y294002, a PI3K inhibitor inhibited nicotinic
neuroprotection (Fig. 8A). Also triciribine, an Akt/PKB
inhibitor, had the same effect (Fig. 8B). It is therefore
likely that nicotine could activate the PI3K-Akt/PKB
pathway or pathways and increased survival of mesence-

phalic dopaminergic cells against rotenone-induced cell
death.

DISCUSSION

Rotenone works as a mitochondrial complex I in-
hibitor. Acute lethal doses of rotenone eliminate the mi-
tochondrial respiratory system of the cell, resulting in an
anoxic status that immediately causes cell death. At sub-
lethal doses, it causes partial inhibition of mitochondrial
complex I, and in this situation mitochondrial dysfunc-
tion leads to increased oxidative stress, decreased ATP
production, increased aggregation of unfolded proteins,
and then activated apoptotic pathway or pathways that
result in cell death (Betarbet et al., 2000), resembling
DA neurodegeneration in PD. Our data in vivo suggest
that nicotine attenuated dopaminergic neuronal death of
orally rotenone-treated PI) model mice. It was relevant
to the reports about the forebrain of rat models
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Fig. 6. Effect of nicotine on TH-positive neurons. Nicotine showed dose-dependent neuroprotec-
tion for dopaminergic neurons. A-I: Representative findings of each group of depaminergic neu-
rons. A: Control. B: Rotenone 100 nM. C: Nicotine 100 pM. D: Rotenone and nicotine added
simultaneously for 48 hr. Scale bar = 200 pn1. E: Statistical analysis of the viability of TH-positive
cells, standardized by the number of control. Each value is the mean &= SEM, n = 8, ¥*pP <

0.001 vs. rotenone 100 nM, ~ P < 0.001.

(Cormier et al., 2003), as well as about 6-OHDA mod-
els (Visanji et al, 2006). Our orally rotenone-treated
mouse model showed motor deficits, dopaminergic cell
death in the substantia nigra, nerve terminal/axonal loss
in the striatum. These findings are relevant to some pre-
vious reports about rotenone PD models (Schmidt and
Alam, 2006; Ravenstijn et al, 2008). However, some
failed to make animal PD models by rotenone (Lapointe
et al, 2004; Hoglinger et al, 2006). Although the
mechanism is unclear, these inconsistencies may arise
from the differences in animal species or mode of com-
pound delivery (Quik et al,, 2007b). Our data suggest
that nicotinic protection might be more remarkable in
cell bodies than in axon or nerve terminals. That was
relevant to the previous reports about paraquat-induced
(Khwaja et al,, 2007) or MPTP-induced (Parain et al,
2003) mouse models, both mitochondrial complex I
inhibirors, and rotarod treadmill test was reported to be
useful for evaluating motor deficits in MPTP-treated
mouse models of parkinsonism (Rozas et al., 1998).

The present data showed nicotinic neuroprotection
was via nAChRs, and RT-PCR suggested that both a7
and a4PB2 nAChRs expressed on rat mesencephalic cells,
whether they were on neurons or not. A previous report
about the protective effect of nicotine against neurotox-
icity suggested that a non-a7 receptor was involved
(Jevarasasingam et al., 2002). Our data showed that both
a7 and a4f32 receptors had relationships with neuropro-
tection. We have previously shown that neuronal o7
nAChR stimulation appeared to activate the PI3K-Akt/

PKB pathway or pathways, leading to induced expres-
sion of antiapoptotic B cell lymphoma protein—-mediating
neuronal survival in AB-potentiated glutamate-induced
neurotoxicity (Kihara et al.,, 2001). On the other hand,
neuronal ®4B2 nAChR stimulaton causes DA release
(Champtiaux et al, 2003), and our data showed the
neuroprotective effect also occurred via a432 nAChRs,
so the mechanism of neuroprotection could vary for dif-
ferent receptor subclasses. In addition, we have also
shown the protective effect of dopamine D2 receptor
agonists in cortical neurons via the PI3K cascade (Kihara
et al, 2002). Alko other nAChR subclasses were
reported to be protective (Visanji et al, 2006), and
pAChR  agonists were protective. Previously it was
reported that 42 nAChR stimulation might improve
behavior of PD models {(O’Neill et al., 2002), and epibati-
dine protected bovine chromaffin cells against rotenone-
induced toxicity (Egea et al., 2007). We could not examine
the effect of a632 nAChR stimulation, but it was reported
to be neuroprotective {Quik and McIntosh, 2006). Further
studies should be needed to assess other nAChRs by using
other nAChR. agonists or nicotinic components.

Qur primary cultures contained not only neuronal
cells but also glial cells, so glial cells may also be partly
responsible for nicotinic neuroprotection. Microghial cells
have o7 nAChRs whose stimulation reduced the release
of cytotoxic cytokines such as TNFo (Suzuki et al,
2006) and then decreased the activity of neuronal NF-
¥B (Lin et al, 2007). Chronically nicotine-treated rats
might have NGF up-regulation in astrocytes of the
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stained gel. bp, number of base pairs; GAPIDH, glyceraldehyde-3-phos-
phate dehydrogenase, which served as the internal control; —, negative
control. Expression of mRNA for each 04,07 and B2 subunit was re-
markable. Paired primers used were indicated in Table 1. The same
results were obtained three times.
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PI3K. B: Tri, tricirbine 1 pM, an inhibitor of Akt/PKB. Each value is the mean = SEM, # = 8§,

FEP < 0.001.
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frontoparietal cortex (Martinez-Rodriguez et al,, 2003).
Nicotine decreased the number of activated microglial
cells and TNF« and then protected dopaminergic neu-
rons of MPTP-treated mice (Park et al., 2007). So glial
cells may also play a role for the mechanism of the neu-
roprotection we have seen in the present study. We
should also analyze glial neuroprotection by nicotine.

As mentioned above, other compounds that stimu-
late nAChRs show functional improvement in nonhu-
man primates {Quik et al., 2006, 20072) and have neu-
roprotective effects are now on clinical trial, but the
results were controversial. For example, SIB-1508Y, an
a4f2 nAChR agonist, failed to improve symptoms of
PD (Parkinson Study Group, 2006). Some cholinesterase
inhibitors, for example, galantamine is an allosteric
potentiating ligand (Santos et al., 2002) and stimulates
cholinergic neurons in the nucleus basalis of Meynert,
were rteported to be effective for cognitive dysfunction
of PD with dementia and Lewy body disease, a parkin-
sonism with hallucination and fluctuating dementia
{Burn et al., 2006; Mentis et al., 2006, Miyasaki et al,
2006), but there may be deterioration of motor dysfunc-
tion due to simultaneous muscarinic acetylcholine recep-
tor stimulation in the striatum. Thus, further analysis of
glial neuroprotective effect by nicotine may be needed.

In conclusion, by stimulating nAChRs, the PI3K-
Akt/PKB pathway or pathways could be activated to
suppress dopaminergic cell death induced by rotenone.
Additionally, chronic oral administration of rotenone
induced motor deficits and nigrostriatal dopaminergic
neurodegeneration in C57/BL6 mice, and nicotine atte-
nuated both of them. These results suggest that deriva-
tives of nicotine or agents that stimulate nAChRs may
be useful for neuroprotective therapies targeting PD. In
addition, rotenone-treated mice may be useful for
understanding the mechanisms of dopaminergic cell
death and may serve as a model of environmental factors
involved in PD pathogenesis.
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N-cadherin-based adhesion enhances AP release and decreases
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Amyloid B (AP) peptides are the major components of senile
plaques, a pathological hallmark of Alzheimer’s disease
{AD), and are generated by the intramembranous cleavage of
the amyloid precursor protein (APP) C-terminal fragment by
Presenilinl (PS1)/y-secretase (De Strooper et al. 1998). PS1
i$ a multitransmembrane protein with a 30-kDa N-terminal
fragment (NT), a 20-kDa C-terminal fragment (CT) and a
large cytoplasmic loop domain (Thinakaran et al. 1996).
Most of the PS1 mutations associated with familial AD
(FAD) are known to increase the ratio of ABa2—ABao (APs2o
ratio), thereby increasing the more aggregation-prone A,
relative to ABap (Citron et al. 1997), which is considered at
present to be an important molecular background of FAD
pathogenesis. Using fluorescence lifetime imaging micros-
copy (FLIM), we have previously demonstrated that FAD-
linked mutations in PS1 change the spatial relationship
between PS1 NT and CT, increasing proximity of the two
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epitopes (Berezovska et ¢l. 2005). This effect was contrary
to that observed after the treatment with APy,-lowering non-
steroidal anti-inflanunatory drugs (NSAIDs) which leads to
the opposite conformational effect with PS1 NT and CT
farther apart (Lleo et al. 2004). These findings suggested that
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School of Health Sciences, Graduate School of Medicine, Kyoto Uni-
versity, 53 Shogoimcaw'almmwho, Sakyo-ku, Kyoto 6068507, Japan.
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Abbreviations used: AD, Alzheimer's disease; APP, amyloid precursor
protein; APPSw, APP Swedish mutant; AB, amyleid §; CHO, Chinese
hamster ovary; CT, C-terminal fragment; FAD, familial AD; FLIM,
fluorescence lifetime imaging technique; FRET, fluorescence resonance
energy transfer; NSAIDS, nonsteroidal anii-inflammatory drugs; NT,
N-terminal fragment; PS1, presenilin 1.
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conformational change in PS1 because of mutations or to

allosteric influences provides a possible structural basis for
altered Af);;zmo atio.

In neurons, PS1 binds to B-catenin and N-cadherin at the
synapse {Georgakopoulos ef al. 1999). N-cadberin is essential
for forming synaptic contact as well as for specific neuronal
function such as synaptic plasticity (Bozdagi et o/ 2000;
Togashi et al. 2002). Accumulating evidence suggests that Ap
release may be regulated by synaptic activity (Kamenetz et al.
2003; Cirrito ef al. 2005; Lesne et al. 2005). However. it
remains largely unknown how PS1/y-secretase-mediated APP
cleavage is regulated by synaptic activity. We have recently
demonstrated that N-cadherin promotes the cell-surface
expression of PS1/y-secretase via direct interaction with PS1
loop domain (Uemura et al. 2007). This result indicated that
N-cadherin may recruit PS1/y-secretase to synaptic sites.
Thus, we hypothesize that N-cadherin-based synaptic adhe-
sion may influence A production.

Here, we demonstrate that stable expression of N-cadherin
in cadhenin-deficient Chinese hamster ovary (CHO) cells
expressing human APP Swedish mutant (APPSw) enhances
the AP levels in the medium, possibly by increasing the
accessibility of APP to PS1/y-secretase. Moreover, N-cadherin
expression induces a structural change in PS1, similar to that
previously observed to accompany NSAID-induced decrease
in Af4zu0 1atio. These results indicate that N-cadherin-PS1
interactions may modulate AP production at the synapse,
providing novel insight into AD pathophysiology.

Materials and methods

Plasmid construcis

The construction of the expression vector encoding human N-
cadherin tagged with HA at its C-terminus was described previously
Uemura of al. 2006b). The construction of the plasmid, expressing
wiPS1 and the production of deletion mmiant of PS1 (A340-
350PS1), which is unable to interact with N-cadherin was described
previously (Uemura et al. 2007). Precise cloning of all reading
frame was verified by sequencing. The expression vector of APP-
GFP was described elsewhere (Kinoshita ef al. 2002). The original
PSI-GFP (in the loop) construct was a generons gift from
Dr. Kaether (Ludwig-Maximilians University, Germany) and was
created by introducing a Notl-GFP-Notl between codon 351 and
352 of the cytoplasmic loop of human PSI. The RFP fragment with
Notl restriction sites at 5" and 3’ ends was generated by PCR and
GFP was replaced by RFP.

Celf cutture and transfection

Chinese hamster ovary cells were maintained in Dulbecco’s
modified Eagle’s medinmy/F12 (Invitrogen, Carlsbad, CA, USA)
supplemented with 10% fetal bovine serum. Transient transfection
of wiPS1, PS1 mutant (A340-350PS1) and N-cadherin into cells
were achieved by lipofection method, using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions. CHO
cells, stably expressing Swedish (K670/M671->N/L) mutant human
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APP695 (APPSw-CHO cells) and CHO cells stably expressing both
Swedish mutant APP and human N-cadherin (APPSw/Ncad-CHO
cells) were obiained as described elsewhere (Uemura et al. 2007).
Primary cultured nevrons were obtained from the hippocampus of
fetal rats (17-19 days gestation) as described previously (Uemura
et al. 2006a). Cultures were incubated in FEagle’s Minimum
Essential Medium supplemented with 10% fetal calf serum or
10% horse serum.

Antibodies and chemical reagents

Mouse monoclonal anti-N-cadherin C-terminus and anti-f-catenin
antibodies are obiained from Transduction Laboratories. Mouse
monoclonal anti-B-actin antibody, mouse monoclonal anti-N-cach-
erin N-terminus antibody (N-cadherin neutralizing antibody, GC-4),
rabbit polyclonal anti-nicastrin antibody, rabbit polycional anti-APP
C-teiminus antibody and control normal mouse IgG are from Sigma
(8t Louis, MO, USA). Rabbit polyclonal anti-PS! N-terminal
fragment and control normal rabbit IgG were from Santa Cruz,
Santa Cruz, CA, USA. Rabbit polyclonal anti-BACE!] antibody was
from Calbiochem, San Diego, CA, USA. Rat monoclonal anti-PS1
N-terminal fragment antibody was from Chemicon, Temecula, CA,
USA. Alexa Fluor 546 goat anti-mouse IgG, Alexa Fluor 546-
phalloidin, and Alexa Fluor 488 goat anti-rabbit IgG, and Cy3-anti-
rabbit IgG were obtained from Molecalar Probes, Engene, OR, USA.
Anti-mouse and rabbit horseradish peroxidase-conjugated secondary
antibodies are from Amersham Biosciences, Piscataway, NJ, USA.

Celt treatment by reagenis

For the inhibition of N-cadherin-mediated celicell contact, ceils
were treated with 80 pg/ml. of N-cadherin-neutralizing antibody
(GC-4) in OPTI-MEM for indicated period of time. Control cells
were treated with an equal amount of normal mouse IgG.

Western blot and immunoprecipitation

Preparation of protein samples, the western blot and immunopre-
cipitation analysis were carried out as described elsewhere (Ueinura
et al. 2007).

fnmunosiaining

The samples for immunostaining were prepared as described
elsewhere (Uemura ef @l 2007). After fixation, samples were
examined using a laser scanning confocal microscopy, LSM 510
META (Zeiss, Jena, Germany) or BZ-9000 fluorescent microscopy
(KEYENCE).

Measurement of BACET activity

B-secretase activity was measured by using B-secretase activity kit
(R&D systems). Briefly, 2.5 x 10° cells of APPSw-CHO cells or
APPSw/Ncad-CHO cells were plated in 3.5 cm dish and cultured
overnight. Cells were collected and lysed by adding 500 uL of Ix
cell extraction buffer. Protein concentration of each cell lysate was
determined by the Bradford method (Uemuira ez al. 2003) and equal
amount of protein was subjecied to the B-secretase activity assay,
according to the manufacturer’s instruction.

Fluerescence fifetime imaging microscopy assay
To analyze the PS1 conformation and/or PS1-APP interactions in
intact cells expressing or nof expressing N-cadherin, the APPSw-
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CHO or APPSw/Ncad-CHO cells were fixed and double-immuno-
stained with corresponding antibodies labeled with Cy3 and Alexa
488 for the FLIM analysis. To monitor PS1 conformation, we used
goat anti-PS1 NT and rabbit anti-PS1 CT antibodies from Sigma.
For the analysis of PS1-APP interactions we used mouse anti-PS1
antibody raised against amino acids 267-378 in the major TM6-7
loop demain (Chemicon) and an antibody fo APP CT (Sigma). The
fluorescence lifetime of a donor fluorophore (Alexa 488) was
measured as described previously (Berezovska ef ¢l 2005). In order
to confirm the N-cadherin-mediated cell adhesion effect on AP
production, we also examined the proximity between APP and PS1
in the presence of N-cadherin-nentralizing antibody (GC-4). For this
blocking experiment, we modified the protocol for the FLIM assay
since GC-4 is 2 mouse monoclonal antibody, which might cross-
react the immunohistochemical results described above. We did two
complementary FLIM experiments: (i} CHO cells stably expressing
APPSw and N-cadherin were treated for 6 h with 80 pg/ml. of
either anti-N-cadherin blocking antibody (GC-4} or normal [gG as a
conirol. The cells were fixed and immunostained with antibodies
against APP (rabbit anti-APP CT, Sigma) and PS1 (goat anti-PS1
NT, Sigma) for the FLIM analysis. (if) The cells were transfected
with C-terminally labeled APP-GFP and PS1-RFP (tagged in the
TM6-7 loop region), treated with CG4 or IgG and the FLIM analysis
was performed on the living cells.

Measurement of extracathular AR

AP peptides produced by rat hippocampus primary aeuions were
measured by using Mouse/Rat Amyloid § (1-40) (N) Assay Kit
(IBL, Gumma, Japan). Primary neurons, culfured in 3.5 cm dish
were washed once with OPTI-MEM and then incubated in OPTI-
MEM for indicated periods of time. After incubation, the culture
medium was collected, centrifugated at 600 g for 5 min, and the
100 plL of the aliquot was used for the extracellular sample. Aaso
and APy, peptides produced by APPSw-CHO cells or APPSw/
Ncad-CHO cells were measured by using Human 8 Amyloid (1-40)
and (1-42) BLIZA Kit (WAKOQO, Osaka, Japan), respectively.
6 X 10° of APPSw-CHO cells or APPSw/Ncad-CHO cells cuitured
in 3.5 cm dish were washed once with OPTI-MEM and then
incubated in OPTI-MEM for indicated period of time. Afler
incubation, the culture medium was collected, centrifugated 600 g,
5 min, and the 100 pL of the aliquot was used for measurement of
extracellular AR.

Statistical analysis

All values are given in means = SE Comparisons were performed
using a paired Student’s #test. For comparison of multiparametric
analysis, one-way factorial anova, followed by the post hoc analysis
by Fisher’s PLSD was used. p < 0.05 was considered to indicate a
significant difference. n = 4 indicates four independent experiments.

Resuits

N-cadherin expression enhances Af secretion and reduces
ABjajan ratio

The purpose of our study is to define the effect of a synaptic
adhesion molecule, N-cadherin, on A production by using
biochemical (western blot and ELISA) and fluorescence

© 2608 The Authors

resonance energy transfer (FRET)-based FLIM assay. First,
we determined whether siable expression of N-cadherin
could enhance the production of AB. To test this, CHO cells
stably expressing Swedish (K670N/M671L) mutant human
APP69S (APPSw-CHO cells) and CHO cells stably express-
ing both APPSw and human N-cadherin (APPSw/Ncad-
CHO cells) were established. The expression levels of
BACE1 and y-secretase components were similar between
APPSw-CHO and APPSw/Ncad-CHO cells (Fig. la).
BACE1 activity was not significantly different between
these cell lines (Figure 1b). Immunocytochemical analysis
using anti-N-cadherin and anti-PS1 antibodies revealed co-
localization of these proteins at the sites of cell-cell contact
and at the cell surface {Fig. lc—f, see also Uemura er al
{2007)], indicating that PS1/y-secreiase was recruited to the
cell-surface upon formation of N-cadherin-hased cell-cell
contact.

Next, we compared the levels of APy and A4, in the
medium between APPSw-CHO and APPSw/Ncad-CHO cells.
Both A B4 (Fig. 2a) and A B4z (Fig. 2b) levels were increased
by stable expression of N-cadherin. Interestingly, the ABszu40
ratio was significantly reduced in N-cadherin expressing cells
(Fig. 2¢). We established four independent clones of APPSw/
Ncad-CHO cells, all of which produced significantly higher
amounts of extracellular APy, compared with the original
APPSw-CHO cells (Fig. 2d). Moreover, in order to confirm
that enhanced AP secretion in APPSw/Ncad-CHO cells is
specifically caused by the expression of N-cadherin, we used
well-characterized N-cadherin-neutralizing antibody (GC-4)
{De Wever et al. 2004) to inhibit N-cadherin-mediated con-
tacts. The N-cadherin-neutralizing antibody inhibited the
release of AB4o from APPSw/Ncad-CHO cells (Fig. 2e, white
colummns), whereas it had no effect on APPSw-CHO cells
(Fig. 2e, black columns). The level of AByo secreted from
APPSw/Ncad-CHO cells after N-cadherin-neutralizing anti-
body treatment was similar to that of'the original APPSw-CHO
cells, indicating that the enhanced extracellular release of A
from these cells was specifically caused by the N-cadherin
expression. Next, to confirm the effect of N-cadherin expres-
sion on the metabolism of wild-type APP, we established CHO
cell line, which expresses wild-type APP with (APPW1/Ncad-
CHO cells) or without (APPWt-CHO cells) N-cadherin
(Supporting informationFig. Sla). Both stable and transient
expression. of N-cadherin reduced APazio ratio in the back-
ground of wild-type APP expression. Thus, these results
strongly suggest that N-cadherin influences wild-type as well
as mutant APP metabolism (Supporting information Figure
Sib-e).

N-cadherin expression increases the accessibility

of PS1/y-secretase to its substrate APP

We have previously demonstrated by the FLIM assay that
close association of PS1 and APP preferentially occurs in the

Journal Compilation © 2008 International Society for Neurochemistry, J. Newrochem. (2009) 108, 350-360
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Fig. 1 Characterization of APPSw/Ncad-CHO cells. (2) APPSwW-CHO
cells and APPSw/Ncad-CHO cells were analyzed by western blot. N-
cadhetin was expressed only in APPSw/Ncad-CHO celis. The
expression levels of APP, BACE1, nicastrin, PS1 NT were similar in
both cell lines. The bottorn lane indicates the B-actin level, which was
used as a loading control. (b) APPSw-CHO cells and APPSw/Ncad-
CHO cells were lysed and B-secretase activity in the lysate was
measured. No significant difference was found between these cell

distal subcellular compartments (Berezovska et al. 2003). In
addition, we have shown that N-cadherin/PS1 interaction
changes subcellular distribution of the PS1/y-secretase,
thereby enhancing its expression at the cell-surface (Uemura
et al. 2007). Thus, we postulated that enhanced secretion of
Ap in N-cadherin expressing cells may be attributed to better
accessibility of APP to PS1/y-secretase. To test this hypoth-
esis we used an established FLIM assay to monitor APP-PS1

© 2008 The Authors

lines (p=0.15, n = 4). (c-f) APPSw/Ncad-CHO cells were immuno-
stained with with rabbit polyclonal anti-PS1 NT (c) and mouse
monocional anti-N-cadherin antibodies (d). Merged image is shown in
(e). Merged image with nuclear DAPI staining is shown in (f). The fixed
samples were analyzed by BZ-9C00 fluorescent microscopy
(KEYENCE). N-cadherin (d) and PS1 (¢) immuncreactivities are
co-localized at the cell-cell contact sites (arrowheads). Scale bar:
20 um.

interactions (Berezovska ef al. 2003). PS1 was immuno-
stained with an anti-PS1 loop region antibody labeled with
Alexa 488 (FRET donor) and the APP CT was immimo-
stained with a Cy3-labeled antibody (FRET acceptor). The
fluorescence lifetime of the Alexa488 donor fluorophore
shortens in close vicinity (< 10 nm) of a FRET acceptor
fluorophore. The degree of the lifetime shortening is a
quantitative measure of proximity. The donor fluorophore

Jouwmal Compilation © 2008 International Society for Newrochemistry, J. Newrochem. (2009) 108, 350-360
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Fig. 2 N-cadherin expression enhances extraceliular A levels and
reduces ABszug ratio. (a) APPSw-CHO cells or APPSw/Ncad-CHO
cells were incubated in OFTI-MEM for 12 h. The amount of extra-
cellular Ay was significantly elevated in APPSw/Nead-CHO cells,
compared with APPSw-CHO cells {(n = 8, *p = 0.001). (b) APPSw-
CHO cells or APPSw/Ncad-CHO cells were incubated in OPTI-MEM
for 12 h. After incubation, culture medium was collected and the
amount of extraceliular AB., was measured. Extracellular APy, was
significantly elevated in APPSw/Ncad-CHO cells, compared with
APPSwW-CHO cells {n =8, "p=0.005). (¢} The Afaano ratio in the
medium was significantly decreased in APPSw/Ncad-CHO cells,
compared with APPSw-CHO cells (n =8, *p = 0.015). (d) APPSw-
CHO (Sw) cells or four independent stable cell lines of APPSw/Ncad-

© 2008 The Authors

L]

. APPSwiNcad-CHG

CHO cells (SwNcad1-4) were incubated in OPTI-MEM for 24 h. After
incubation, the amount of extracellular ABso was measured. Secreted
extraceliular ABso was significantly elevated in every APPSw/Ncad-
CHO stable cell line (SwNcadi-4), compared with that in APPSw-
CHO cells (Sw) (n=4, "p=0.004, **p=0.003, #p=0.003,
#Hp = 0.011). (e) APPSwW-CHO cells or APPSw/Ncad-CHO cells
were incubated In fresh OPTI-MEM contalning either control IgG or
N-cadherin-neutralizing antibody for 6 h. After incubation, the amount
of extracellular Afiso Was measured. N-cadherin-neutralizing antibody
significantly reduced the extracellular ABso release into the medium
in APPSw/Ncad-CHO cells (*p = 0.006, n= 4). Conversely, N-cadh-
erin-neutralizing antibody had nc effect on the extracellular APqo
release into the medium in APPSw ~CHO cells (#p = 0.0053, n = 4).
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Table 1 FRET between PS1 loop and APP CT in CHOSw compared with NcadCHOSw cells

FRET donor Alexa 488 lifetime p value (compared with
Cell fine {Alexa 488) FRET acceptor {Cy3) in ps (mean + SE) CHOSw PS1 loop APP CT)
APPSW-CHO {n = 10) PS1 loop None (negative controf) 1932+ 7 p < 0.0001
APPSwW-CHO (n = 10) PS1 loop APP CT 1790 + 22
APPSwW/Ncad-CHO (n = 12) PS1 loop APP CT 1644 + 25 p < 0.0001

lifetime can be color-coded and displayed on a pixel-by-pixel
basis through the entire image of the cell: if APP and PS1
molecules are closer together, the donor fluorescence lifetime
will be shorter, and the color will be closer to red. The FLIM
analysis showed that Alexa 488 lifetime was significantly
shortened in APPSw/Ncad-CHO cells, compared with that in
APPSw-CHO cells, indicating that PS1 and APP came into
closer proximity (or increased perceniage of molecules are in
close proximity to one another) in the presence of N-cadherin
(Table 1). Pseudocolor FLIM image showed more red pixels
per cell (i.e., more interacting molecules per cell) in APPSw/
Nead-CHO cells (Fig. 3b), compared with that in APPSw-
CHO cells (Fig. 3a). This indicates that N-cadherin expres-
sion may increase the accessibility of PS1/y-secretase to its
substrate APP. In order to examine the effect of N-cadherin-
mediated cell adhesion on APP/PS] interaction, we also
examined the proximity of APP and PS1 in the presence of
N-cadherin-neutralizing antibody (GC-4). We performed two
complementary FLIM experiments; one with immunohisto-
chemistry using goat anti-PS-NT antibody and rabbit anti-
APP-CT antibody (Table 2) and the other using live cells
expressing APP-GFP and PS1-RFP (Table 3), in the pres-
ence of either GC-4 or normal mouse IgG as a control. In
both blocking experiments, we observed significantly longer
donor fluorophore lifetime in GC4 treated cells, comparing
with that in IgG- treated cells, indicating that N-cadherin-
based cell-cell adhesion specifically modulates the accessi-
bility of APP to PS1/y-secretase. To confinn these results
biochemically, we transfected N-cadherin into HEK293 cells
and analyzed whether N-cadherin expression enhances the
APP-PS1 interaction by immunoprecipitation. As expected,
APP-PS1 interaction was increased in N-cadherin expressing
cells (Supporting information Fig. S2), indicating that N-
cadherin. expression brings APP and PSl/y-secretase in
closer proximity.

N-cadherin expression induces the conformational

change of PS1

Whereas total Af was increased in N-cadherin expressing
cells, the AP0 ratio was reduced (Fig. 2¢). We and
others have demonstrated previously that APssue ratio
correlates with PS1 conformation in intact cells: familial
Alzheimer’s disease mutations in PS1 that elevate ARsau0
ratio decreased (Berezovska efal 2005), while APsa-
lowering NSAIDs (Lleo ez al. 2004) or structural changes

© 2008 The Authors

APPSH-CHO APFBwNcad-CHO

APPSw-CHO

Fig. 3 N-cadherin expression in CHO cells increases PS1-APP
interactions and induces conformationai change of PS1/y-secretase.
(a and b) For the FLIM assay, PS1 is stained at its loop region with
Alexa 488 (FRET donor) and APP is stained at its CT with Cy3(FRET
acceptor). The flucrescence fifetime of Alexa 488 is displayed as a
pseudocolor image: if PS1 and APP molecules are closer together, the
donor fluorescence lifetime will be shorter, and the color will be closer
to red. Alexa488 iifetime was significantly shortened in APPSw/Ncad-
CHO cells (b), compared with that in APPSw-CHO celis (a), indicating
that PS1 and APP came into closer proximity in the presence of N-
cadherin. Scale bar: 10 pm. (¢ and d) APPSwW-CHO (c) or APPSw/
Necad-CHO (d) cells were immunostained with antibodies against
PS1 NT (Alexa 488) and CT (Cy3). The proximity between PS1 NT
and CT was evaluated by measuring lifetime of the Alexa 488 donor
fluorophare (PS1 NT Alexa 488) in the FLIM assay. The fluorescence
lifetime of Alexa 488 is displayed as a pseudocolor image. Red pixels
indicate close proximity between PS1 N- and C-termini. Alexa 488
lifetime in APPSw/Ncad-CHO (d) cells was significantly increased,
compared with that in APPSw-CHO cells (c), indicating that N-cadh-
erin ‘opened’ PS1 conformation with NT and CT further apart. Scale
bar: 10 pm.

in y-secretase component, Pen2 (Isco efal 2007)
increased, PS1 NT-CT proximity. Therefore, we investi-
gated whether change in ARy ratio observed in cells

Joumnal Compilation © 2008 International Society for Neurochemistry, J. Neurochem. (2009) 108, 350360
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Table 2 FRET between PS1 N-terminus and APP CT in NcadCHOSw

cells treated with N-cadherin neutralizing GC-4 antibody or IgG as a control

FRET donor FRET acceptor Alexa 488 lifetime p value {compared
Cell fine (Alexa 488) (Cy3) in ps (mean x SE) with control 1gG)
NcadCHOSw (Negative Control) PS1TNT None 1903 + 28 p<0.01
NcadCHOSw with control IgG (n = 21} PS1 NT APP CT 1677 + 22
NcadCHOSw with GC-4 (n = 17) PS1NT APP CT 1789 = 100

Table 3 FRET between PS1 loop and APP CT in living NcadCHOSw cells treated with GC-4 or igG

FRET Alexa 488 fifetime p value (compared
Cell fine donor FRET acceptor in ps (mean + SE) with control 1gG)
NcadCHOSw (Negative Control) APP-GFP None 2076 + 62 p<0.01
NcadCHOSw with control IgG (n = 21) APP-GFP PS1-RFP(loop) 1646 + 223
NcadCHOSw with GC-4 (n = 17) APP-GFP PS1-RFP(ioop) 1859 + 74

with tighter cell-cell adhesion mediated by N-cadherin is
due to a conformational change in PSl1/y-secretase. The
proximity between PS1 NT and CT in fixed and detergent
permeabilized cells was evaluated by measuring lifetime of
the Alexa 488 donor fluorophore (PS1 NT Alexa 488) in
the absence (negative control) and presence of the Cy3
acceptor on the PS1 CT. As expected, the Alexa 488
donor fluorophore lifetime shortened when the PS1 CT
was labeled with the Cy3 acceptor (Table 4), consistent
with the close proximity between the PS1 NT and CT in
APPSw-CHO cells. In contrast, Alexa 488 lifetime in
APPSw/Ncad-CHO  cells was  significantly  longer
(1821 + —14 ps), compared with that in APPSw-CHO
cells, indicating that N-cadherin ‘opened’ the PS1 confor-
mation with NT and CT being further apart (Tables 2 and
3, Fig. 3¢ and d). Thus, these results are in agreement with
the previous findings that more ‘open’ PS1 conformation
comrelates with generation of the shorter AP species (Lleo
et al. 2004), and therefore decreased Afspmo rtatio in
APPSw/Ncad-CHO cells may be attributed to the change
in conformation of the PS1/y-secretase due to N-cadherin
over-expression.

PS1/N-cadherin interaction affects both AP production
and Al ratio

Since N-cadherin interacts with the cytoplasmic loop of
PS1 CTF (Georgakopoulos ef al. 1999), we next deter-

mined whether the PS1/N-cadherin interaction affects Af
production and/or AP4zue ratio. To test this, either wtPS1
or a PS1 mutant lacking the N-cadherin interaction domain
[A340-350PS1, Uemura ef al. 2007) was transfected into
APPSw/Ncad-CHO cells. Since PS1/y-secretase acts in a
complex including PS1, Nicastrin, Pen-2 and Aph-1
(Takasugi ef ¢l 2003), A340-350PS1 competes with
endogenous wild-type PS1 to occupy other components
of y-secretase and act in a dominant-negative fashion
(Thinakaran e al. 1997). As expected, immunoprecipita-
tion assay revealed that A340-350PS1 does not interact
with N-cadherin (Fig. 4a). We found that the extracellular
levels of both Afss (Fig. 4b) and AP, (Fig. 4c) were
decreased after the transient expression of A340-350PS1,
compared with wtPS1. In addition, Afaza4o ratio in the
medium was increased in the A340-350PS1 transfectants,
compared with that in wiPS1 (Fig. 4d), indicating that the
PS1/N-cadherin interaction affects both A production and
ABazao ratio.

Biscussion

In this report, we demonstrate that intreducing N-cadherin
into cadherin-deficient CHO cells increased secreted Afgo
and Afsz levels (Fig. 2). The expression of N-cadherin in
CHO cells elevates cell-surface levels of PS1/y-secretase
[Uemura ef al. 2007}, see also Fig. 1. Thus, the effect of

Table 4 FRET between PS1 NT and CT in CHOSw compared with NcadCHOSw cells

FRET donor Alexa 488 lifetime p value (compared
Cell line (Alexa 488) FRET acceptor (Cy3) in ps (mean x SE) with NcadCHOSw}
APPSW-CHO (n = 11) PS1NT None (negative control) 1897 + 7 p < 0.0001
APPSW-CHO (n = 14) PS1 NT PS1CT 1524 + 46 p = 0.0002
APPSw/Ncad-CHO (n = 14) PS1TNT PS1CT 1821 + 14

© 2008 The Authors
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Fig. 4 Loss of PS1/N-cadherin interaction reduces exiracellular Af
levels and enhances AR4puo ratio. (a) APPSw/Ncad-CHO celis were
transfected with either wiPS1 or PS1 mutant lacking PS1/N-cadherin
interaction domain (A340-350PS31). 24 h after transfection, cell lysates
were immunoprecipitated with rabbit polycional anti-PS1 NT antibody
or normal rabbit IgG as a control, followed by the western blot. N-
cadherin and f-catenin were efficiently co-immunoprecipitated with
wild type PS1.However, very poor N-cadherin and $-catenin signal
was detected in the co-immunoprecipitates from APPSw/Ncad-CHO
cells transfected with A340-350PS1, indicating the lack of PS1/N-
cadherin/p-catenin interaction. The expression levels of PS1, N-
cadherin and B-catenin In the cell lysates (Lys) were similar between
these cell lines. The botiom lane indicates the B-actin level, used as a
loading controf. (b) 6 x 10% of APPSw/Ncad-CHO cells cultured in

the cadherin expression on A secretion might be
mediated by the change in the subcellular distribution of
PS1/y-secretase. In addition, our FLIM analysis revealed

© 2008 The Authors
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3.5 cm dish were transfected with either wtPS1 or PS1 mutant lacking
PS1/N-cadherin interacticn domain {A340-350PS1). 24 h after trans-
fection, cells were washed once with OPTI-MEM and incubated in
fresh OPTI-MEM for 12 h. After incubation, the cuiture medium was
collected and the amount cf extracellular ABso was measured by
ELISA. Extraceflular ARao was significantly reduced in the background
of A340-350PS1 transfection, compared with that in wtPS1 transfected
cells (*p = 0.003, n=4). (c) The amount of extracellular Afis in the
same condition as in (h) was measured by ELISA. Extracellular Afs,
was significantly reduced in the background of A340-350PS1 trans-
fection, compared with that in wiPS1 transfected cells ("p = 0.02,
n = 4). {d) The Afsaao ratio in the conditions (b) and {(c} was signifi-
cantly reduced in in the background of A340-350PS1 transfection
(*p = 0.008, n = 4).

that the N-cadherin expression allowed more PS1 and APP
to interact near the cell surface, resulting in a greater
amount of fluorophore-labeled epitopes coming into close
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proximity (Table | and see more red pixels in Fig 3b
compared with 3a). The FLIM results were confirmed
by co-IP experiment (Supporting information Fig. S2),
indicating better accessibility of APP to PS1/y-secretase in
the presence of N-cadherin. These data suggest that
subcellular redistribution and better accessibility of PS1/
y-secretase to APP substrate may be the cause of the net
increase i total AP production in the presence of
N-cadherin. The cellular compartment in which APP/PSI
interactions are promoted by N-cadherin was not clanfied
in the present study. However, since N-cadherin is an
important cell adhesion molecule and we have previously
demonstrated that N-cadherin promotes cell-surface expres-
sion of PS1/y-secretase ((Uemura er al. 2007), see also
Fig. 1), the interactions are likely to occur near to the cell
surface.

Interestingly, N-cadherin expression not only enbanced
AP release, but also decreased ABasauo ratio, the latter
effect is similar to NSAIDs treatment (Lleo ef al. 2004)
and opposite to that caused by the FAD-linked PSI
nmutations (Berezovska et al. 2005). This effect was
associated with the ‘open’ PS1 conformation, driving NT
and CT further apart, in N-cadherin expressing cells as
revealed by the FLIM assay (Tables 2 and 3 and Fig. 3¢
and d). Preventing N-cadherin-PS1 interaction either by
absence of N-cadherin (Fig. 1) or by introducing a PS1
mutant that does not interact with N-cadherin (Fig. 4)
both have increased Afspuo ratio. In the absence of
N-cadherin (APPSw-CHO cells), the Afaguo ratio was
around 0.095 + —0.006, whereas it was reduced to
0.072 + —0.006 in the presence of N-cadherin (APPSw/
Ncad-CHO cells) (Fig. 2¢). The APspuo ratio under the
expression of A340-350PS1 was 0.083 + —0.009, whereas
ABazao rtatio under the expression of wt PS1 was
0.056 + ~0.004 (Fig. 4d). These results indicate that
A340-350 mutant prevented the decrease in APsamo ratio
induced by N-cadherin expression and restored to baseline
AByoq0 tatio. Since N-cadherin binds to the cytoplasmic
loop of PS1 CT (Georgakopoulos et al. 1999), it is possible
that this physical contact causes an allosterical change in
PS! conformation by moving PS1 NT and CT further
apart. On the contrary to the N-cadherin expression, the
expression of wt PS1 has no effect on AP production.
Other reports have also demonstrated that single expression
of wt PS1 has limited effect on AP production in vivo
{Citron ef al. 1997). We speculate that this apparent
contradiction is caused by the lack of other y-secretase
components, when PS1 is expressed alone. y-secretase is
composed of PS1, nicastrin, pen-2 and aph-l1 and can
remain stable only when these components are available. It
was also reported that expression of pen-2 is required for
conferring the y-secretase activity and endoproteolysis of
PS1 (Takasugi ef al. 2003). Thus, expression of PS1 alone
might not have impact on A metabolism significantly.

© 2008 The Authors

Thus, expression of N-cadherin modulates AP produc-
tion in two ways: the total amount of AP and the APsoume
ratio. These are independent readouts of y-secretase
function. According to our experimental data, these
changes can be interpreted as reflecting access of N-
terminally cleaved APP to functionally active y-secretase
(total amount of AP) compared with the exact molecular
interaction between PS-1 and the APP substrate (ABs2u40
ratio). The presence of N-cadherin impacts each of these
features, by directing the localization of y-secretase closer
to cell surface membrane as well as a direct allosteric
effect on PS-1/ y-secretase conformation. Accumulating
evidence suggests that partial loss of function in PS1/y-
secretase may lead to increased ABsps0 ratio as well as to
neurodegeneration (Shen and Kelleher 2007; Wolfe 2007).
In addition, a recent report suggests that Afso may inhibit
amyloid deposition and thus may be physiologically
neuroprotective (Kim efal 2007). In this respect,
tight cell-cell contact may enhance the function of PS1/
y-secretase to produce more Afse by inducing its distri-
butional and conformational change.

It has recently been shown that newronal activity
modulates the production and secretion of AP peptides
(Kamenetz et al. 2003; Lesne et al. 2005). In addition, it
was demonstrated in vivo that AR levels in the brain
interstitial fluid are dynamically influenced by synaptic
activity (Cimrito et al. 2005). Taken together, AP secre-
tion seems to be physiologically regulated in neurons and
AP itself may have its own physiological function
{(Pearson and Peers 2006). On the confrary, converging
lines of evidence suggests that natural soluble A oligo-
mers frigger synaptic loss (Spires ef al. 2005; Shankar
et al. 2007). Therefore, it is plausible that synaptic
dissociation caused by Af oligomers changes PS1 confor-
mation to produce more APy, thus starting the vicious
cycle of APs; generation by modifying the ABa>ug ratio.
Our present study presents solid evidence that AP
production and the Ay tatio can be modulated by
the degree of PS1-N-cadherin interaction, and thus
potentially by cell-cell adhesion status. Our current
findings, thus, provide a potential link between synaptic
contacts and physiological AP release, with cadherins
being the key player. However, these experiments are
carried out by CHO cell lines exogenously expressed
with APP or its mutant, which does not allow to
conclude about the relevance of the presented mechanism
in neurons and remain to be proved in neuron and in vive
settings.

With its potential role in the rearrangement of existing
cell-cell contacts (Okamoto et al. 2001; Marambaud ef al.
2002; Haas ef al 2005) PSl/y-secretase may influence
synaptic plasticity, which might be affected in AD. Future
study in this field could lead to a better understanding of AD
synaptic pathophysiology.
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