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Amyotrophic lateral sclerosis (ALS) is a devastating neurodegen-
erative disorder characterized by progressive and relatively selective
degeneration of upper and lower motor neurons, Patients suffer from
atrophy and paralysis of systemic voluntary muscles including
respiratory muscles, leading to respiratory failure and subsequent
death 3-5 years after the disease onset. Effective therapy for ALS that
ameliorates its clinical course is still not known (Mitchell and Borasio,
2007).

Although ALS usually develops sporadically, 5 to 10% of cases are
familial and hereditary. Twenty percent of familial ALS (FALS) are
caused by mutations in the copper and zinc-dependent superoxide
dismutase (SOD1) gene, which was st reported in 1993 (Rosen etal.,
1993). Mutant SOD1 brought a breakthrough to this eld, since
mutant SOD1 transgenic mice recapitulate the clinical symptoms and
pathological ndings of human FALS (Gurney et al, 1994). Mutant
SOD1 transgenic mouse models provided invaluable tools for testing
effective drugs which extend their lifespan. Up to now, more than 20
drugs have been claimed to be effective in the therapy of mouse ALS.

A big problem, however, is arising: none of these drugs have yet to
be shown to be effective as well in human sporadic ALS (SALS)
patients (Benatar, 2007). Why? A couple of explanations are
conceivable, First, mutant SOD1 transgenic mice may not be a good
model for human sporadic ALS cases despite their apparent
similarities. Indeed, mutant SOD1 associated FALS and SALS exhibit
different microscopic neuropathology. The former is characterized by
Lewy body-like inclusion containing mutant SOD1, whereas for the
latter skein-like or round inclusions containing TDP-43. Since TDP-43
is implicated in the pathogenesis of SALS as well as in a subgroup of
FALS, developing a new ALS mouse model based on TDP-43 could
solve these problems in the future (Neumann at al., 2007). A second
possible explanation is that the most therapies in mouse models are
initiated prior to disease onset, which is impossible in human patients
unti! presymptomatic diagnosis for ALS becomes available, Thirdly,
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whether drug dosage and bioavailablity comparable to mouse
experiments are replicated in human trials remains unclear.

An alternative explanation is the difference in the design of mouse
experimental therapies and human clinical trials. Randomized
controlled trials, which are designed to eliminate numerous con-
founding factors including observation biases, are standard in human
clinical trials. In contrast, mouse experiments are generally not
performed as rigorously as human trials, increasing risks of producing
“false positive” results (Benatar, 2007).

Edaravone (3-methyl-1-phenyl-2-pyrazolin-5-one) is a free radi-
cal scavenger that has been approved in Japan since 2001 as a
therapeutic agent to reduce neuronal damage caused by acute
ischemic stroke (Yoshida et al., 2006). Edaravone eliminates lipid
peroxide and hydroxyl radicals by transferring an electron to the
radical, thereby ameliorating the ischemic neuronal damage. Oxida-
tive stress is implicated as one of the pathogenetic mechanisms for
ALS (Barber et al, 2008). Moreover, a small-sized open trial of
edaravone suggested that edaravone is safe and may delay the
progression of functional motor disturbances in ALS patients (Yoshino
and Kimura, 2006). Thus. edaravone is a promising therapeutic agent
for human motor neuron diseases including ALS,

In a previous issue, Ito et al. reported an experimental therapy of a
mutant SOD1 mouse model using edaravone (Ito et al, 2008). Taking the
probtems associated with the therapeutic experimental design in mouse
experiments, they carefully optimized the dosage of edaravone so that
the pharmacokinetic pro le after intraperitoneal injection became
comparable to thatin human patients. Moreover, they started treatment
only after the disease onset, similar to human ALS treatment.
Furthermore, they used only female mice for analysis considering the .
gender difference in lifespan and randomized blind analyses were
adopted for all the behavioral as well as pathological observations. This
methodological rigorousness has never been considered seriously in
previous experimental therapies of mutant SOD1 ALS mouse models,
most of which have failed to be replicated in human patients.

Edaravone signi cantly slowed the motor function decline as
assessed by multiple behavioral tests such as rotarod tests, However,
the lifespan of edaravone-treated mice were not signi cantly higher
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than those of control mice, suggesting that edaravone may improve
the motor function of the ALS mice without apparent lifespan
expanding effects (Ito et al,, 2008). This uncoupling in the mechan-
isms underlying motor function and lifespan further implies that
pathways causing motor function decline are not necessarily the ones
causing eventual death, usually by respiratory muscle failure. That
said, it would be possible to identify drugs that can improve the
quality of life in ALS patients without affecting lifespan, which seems
to be an easier goal compared with identifying lifespan-extending
drugs for ALS. Moreover, it was clinically important that edaravone
was effective even when administered after the disease onset. On the
other hand, it would be intriguing to administer edaravone to ALS
mice at their presymptomatic stage to understand how the point at
which edaravone is used during the course of disease affects its
outcome.

It is noted that high-dose edaravone treatment leads to a decrease
of mutant SOD1 accumulation in the spinal cord. Since administration
of edaravone resulted in a marked decrease of 3-nitrotyrosine/
tyrosine ratio, a marker of oxidative stress, suppression of oxidative
stress is likely to be upstream of the inhibition of aggregate formation
(Kabashi and Durham, 2006; Valentine and Hart, 2003). It has long
been debated how oxidative stress is induced by SOD1 mutations
(Barhber et al, 2006). Reduced enzymatic activity of SOD1 and
generation of peroxynitrite due to aberrant copper chemistry have
been proposed as plausible mechanism explaining “gain of toxic
function” of mutant SOD1 (Beckman et al, 1993; Deng et al,, 1993;
Rabberecht et al, 1994). However, the fact that a subgroup of SOD1
mutants retains full enzymatic activity and that H46R and H48Q
mutants which completely lose binding sites for copper still cause ALS
suggests that mechanisms unrelated to SOD1 activity may also be
involved {Borchelt et al, 1994; Valentine et al, 2005; Wang et al,
2003). It has been shown that mutant SOD1 overexpression in a
neuronal cell line leads to transcriptional repression of antioxidant
proteins by reducing the level of transcriptional factor NRF2 (Kirby et
al,, 2005). it would be intriguing to investigate whether edaravone
affects the level of NRF2 when administered to ALS mice.

Another interesting unresolved question is which cells are the
targets of edaravone, Recently, it has been shown that motor neuron
death in mutant SOD1 ALS mouse models is non-cell autonomous
(Boillee et al, 2006; Yamanaka et al,, 2008). In other words, mutant
SOD1-expressing astroglial or miroglial cells promote motor neuron
death. In this context, edarovone may decrease the aggregates in non-
neuronal glial cells, resulting in amelioration of neurodegeneration.
These questions should be addressed in further analysis in the future,

A recent systematic review of randomized controlled trials of
antioxidant therapies against ALS including vitamin E and
acetylcysteine has shown that there is no substantial evidence
to support their clinical use (Orrell et al, 2008). However, the
evidence for the bene cial effects of edaravone on human ALS
patients awaits the publication of the results of a phase If clinical
trial of ALS, currently ongoing in Japan (hitp://www.als.net/
research/studies/tdfAnimalStudylist.asp).
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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 neurcnal 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), a-bungarotoxin (aBuTx}, and/or PI3K-
Akt/PKB (protein serine/threonine kinase B) inhibitors,
demonstrating that rotenone-toxicity on DA neurons
are inhibited via activation of 042 or o7 nAChRs-
PI3K-Akt/PKB pathway or pathways. These results
suggest that the rotenone mouse model may be useful
for assessing candidate antiparkinson agents, and that
nAChR (nicotinic acetylcholine receptor) stimulation
can protect DA neurons against degeneration. © 2008
Wiley-Liss, Inc.

Key words: Parkinson's disease; rotenone; nicotine;

dopaminergic neuron; neuroprotection

© 2008 Wiley-Liss, Inc.

Parkinson’s disease (PD) is the sccond 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
Bijsrklund, 1999; Shimohama et al,, 2003). Although the
pathogenesis of PD 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-1.1)
(Schapira, 2006). Epidemiological studies suggest that the
use of pesticides increases the risk of PD, possibly via
reduced activity of complex I in the mitochondrial respi-
ratory chain in the substantia nigra and result in the
pathogenesis of PD (Parker et al., 1989; Manmn et al,
1992; Mizuno et al, 1998). 6-hydroxydopamine (6-
OHDA), a HO, 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 PID. 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., 2007).

On the other hand, current drug therapy is limited
to supplementing dopamine (IDA) or enhancing dopami-
nergic cffect. Some may have neuroprotective effects,
but their effects remain controvessial (Quik, 2004; Du
et al., 2005; Iravani et al, 2006). It has also been
reported that smokers have a lower sk for PD (De
Reuck et al, 2005; Wirdefeldt et al, 2005), and
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 a4B82 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 nAChRSs resulted in neuroprotec-
tion in cerebral ischemia and PID 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 B-amyloid toxicity respec-
tively, and that nicotine was antiapoptotic (Akaike et al.,
1994; Kihara et al.,, 1997, 2001; Nakamizo et al., 2005).
Also nicotine protected rat nigral dopaminergic 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-
amine (Mec), aBuTx, DHBE, and triciribine, an Akt/PKB
inhibitor, were purchased from Sigma (St. Louis, MO).
1Y294002, a PI3K (phosphatidylinositol 3-kinase} inhibitor
was from Calbiochem (Darmstadt, Germany). Carboxylmethyl
cellutose (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 (Temeculs, CA).

Mouse Model and Drug Administration
Eight-week-old male C57BL/6] mice (20-25 g) were
purchased from Japan SLC Inc. (Hamamatsa, Japan). The ani-
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mals 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 Institutes of
Health (INIH) 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 at 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 subcutancously 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 cach 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 cm long, with a nonslippery surface 20 cm
above the base (trip plate). This rod is divided into four equal
sections by five discs (25 cm in diameter), which enables 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 ell off).

Immunohistochemistry

Mice were perfused with 10 mM phosphate-buffered
saline (PBS) and then 4% paraformaldehyde in 100 mM phos-
phate bufler (PB) under deep anesthesia with pentobarbital
(100 mg/kg, intraperitoneal 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 ) 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 antibody 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 tmes 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 fust 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 (version 5.0; MicroBrightField, Colchester, VT), within
an unbiased counting frame of known area (100 X 100 un®) %)
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 area, randomly positioned the counting
frame within the SNC. We defined 16 jumn 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 rotenone 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 Tris-buffered saline {(pH 7.4) containing protease
inhibitor cocktail (Roche Diagnostics, Mannheim, Germany).
After centrifugation at 50,000¢ for 30 min, the supernatant
was used as cytosolic fraction. Aliquots of cytosolic fractions
containing 10 ug 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 analysis, bands of TH on ra-
diographic films were scanned with a CCD color scanner
(ARCUS 1I, AGFA, Leverkusen, Genmany). 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 gestation.
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 mech'lmmlly and plated out onto 0.1% polycthvlc—
mmme—coatcd 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 cultare and horse serumn from the 5th day
onward. Cultures were maintained at 37°C in a humidified
atmosphere of 5% CO,. Only mature cultures (8 days in
vitro) were vsed for experiments. The animals were treated in

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

Treatment of Cultures

All experiments were carried out in Eagle’s minimum
essential medium with 10% horse serum at 37°C. Fisst of all,
cultured neurons were exposed to rotenone for 48 hr, except
for pretreatment of 1Y294002 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, oBuTx,
DHBE) were added to the medium simultaneously with rote-
none. The concentration of each antagonist was the maximal
dasage that did not show cytotoxicity or interference among
nAChRs. Ki values of aBuTx were 2.16 (1.56-3.01) aM for
o7 nAChR. and >10,000 nM for a4PB2nAChR, and those of
DHBE were 7700 (4510-13,100) nM for o7 nAChR. and
24.6 (16.9-35.8) nM for w4P2 nAChR (Grinevich et al,
2005). To confirrn PI3K inhibition, LY294002 was adminis-
trated 10 min before the additional treatment of rotenone and
nicotine. Triciribine was used simultancoudy with rotenone
and nicotine to inhibit Ake/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 nen-
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 RINA was extracted with the Isogen RNA
Isolation Kit (Nippon Gene, Japan) as originally described
elsewhere (Chomczynski and Sacchi, 1987). The concentra-
tion of the isolated total RNA was determined spectrephoto-
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 pg total RNA, 5 ubL
Bulk first-strand reaction mix, 1 gl DTT solution, and 1 ul
pd(N)s 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 cDINA synthesds/PCR. amplification was
performed in a mixture of 2 yL RT product, 2.5 pul 10X
PCR buffer, 200 nM dNTP, 1.5 mM MgCl,, 0.05 U/ul Bx
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TABLE 1. Paired Primers Used for RT-PCR Detection of nAChR Subunits*

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

o Forward CTGGGTGCGTAGAGTCTTCC 239 62
Reverse TAGGCTGGGTCICGACTGCT

Y Forward TITTCTGCGCATGAAGAGGCCCGGAGAT 295 60
Revene ACCTCCTCCAGGATCTT

B2 Forward AAGGTGGTCTTCCTGGAGAAGC 287 60
Bevere GCGTACGCCATCCACTGCT

GAPDH Forward CGTCTTCACCACCATGGAGA 300 60
Reverse CGGCCATCACGCCACAGCTIT

*T'm, annealing temperature; Forward, sense primer; Reverse, antisense primer. GAPDH (glyceraldehyde-3-
phosphate dehydrogenase) was used as the internal control for RNA detection.

Taq DNA polymerase, and 500 nM sensc 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 1) 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 Biosystemn, Forster City, CA). PCR products were
clectrophoresed on 2% agarose gels and stained with ethidinm
bromide (0.5 mg/mlL). 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. Seatistical 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
important that the animals showed a close PD) pheno-
type. The simultancous 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 simultancous 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 treadmill 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 Bonferroni’s multiple comparison test.
Each value is the mean % SEM, n = §-12, %P < 0,001, " *¥p <
0.001 vs. vehicle.

(Fig. 2B). That is, 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 density 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. Immunohistelogical analysis of nigral dopamine nearons. Nicotine improved the viability of
dopaminergic cells against rotenone toxicity. MNic, Nicotine. A: Representative findings of each
group. Scale bar = 500 pm. B: Stereological analysis of the number of the TH-positive neurons in the
substantia nigra. One~way ANOVA w'u: used for statistical qmlym, followcd by Bonferroni's multiple
comparison test, Bach value is the mean & SEM, # == 4, *P <0.05, *p < 0.01 vs. vehicle.
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Fig. 3. Immunological analysis of striatal dopamine neurons. Nicotine improved 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 ratio and relative density standardized by the results of vehicle
group. One-way ANOVA was used for statistical analysis, followed bv Bonferroni's multiple com-
parison test. Bach value is the mean & SEM, n = 4, *%*¥P < 0.001, P < 0.05 vs. vehicle.
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Fig. 4. Statistical analysis of rotenone-induced neuronal cell death in
cultares of rat mesencephalic cells (day 8), standardized by the num-
ber of sham operations. [t was suggested that dopaminergic nearon
was more vulnerable against rotenone toxicity than other types of
nearons. MAP2, microtubule-associated protein 2, a marker of cen-
iral 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 comgarison fest.
Each value is the mean = SEM, n = 8, ***D < (0.001, *p <001
vs. control (MAP2 positive), D < 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 in 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. 74A), 100 nM aBuTx, an o7
nAChR. antagonist (Fig. 7B), and 1 pM DHE, an
«4f2 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 nAChRs, at least
through a7 and a4B2 receptors. Also, RT-PCR (Fig.
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Fig. 5. Time counse analysis of rotenone toxicity and vicotinic neu-
roprotection for TH-positive nearons, standardized by the namber of
control O hr. Both effects were shown after 24 hr since compounds
were administrated. Rotenone, rotenone 100 nM; Nicotine, nicotine
100 UM; Rot+Nic, simulianeous administration of rotenons 100 nM
and nicotine 100 pM. Two-way factorial ANOVA was used for sta-
tistical analysis, followed by Bonferroni’s 'rtx’m’hiplc: comparison  test.
Each value is the mean & SBEM, # = §, """P < 0.001 vs. control
0 hr, TP < 0.001 vs. rotenone 24 hr, ***P < 0.001 vs. rotenone
48 hr.

7D) showed that mRNA of nAChRs subunits was
expressed in rat mesencephalic cells. These results are
relevant to the previous report that «7 and w42
nAChRs had biological activity in dopaminergic neurons
in the midbrain (Champtiaux et al., 2003).

Nicotine-induced PI3K-Akt/PKB
Pathway-activated Survival Activity of
Dopaminergic Neurons

LY294002, 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 PISK-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 PD model mice. It was relevant
to the reports about the forebrain of rat models



‘Takeuchi et al.

582

Gontiol Honting

e

Fig. 6. Effect of nicotine on TH-positive neurons. Nicotine showed dose-dependent neuroprotec-
tion for dopaminergic neurons. A-D: Representative findings of each group of dopaminergic neu-
rons. A: Control. B: Rotenone 100 nM. C: Nicotine 160 uM. D: Rotenone and nicotine added
simultaneously for 48 hr. Scale bar = 200 jun. E: Statistical analysis of the viability of TH-positive
cells, standardized by the number of control. Bach value is the mean & SEM, n = 8, *¥*pP <

EAEN

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 repotts about paraquat-induced
(Khwaja et al,, 2007) or MPTP-induced (Parain et al,
2003) mouse models, both mitochondrial complex I
inhibitors, 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 a4p2 nAChRSs 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
(Jeyarasasingam et al., 2002). Qur data showed that both
a7 and a4f32 receptors had relationships with neuropro-
tection. We have previously shown that neuromal o7
nACHR stimulation appeared to activate the PI3K-Ake/

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 a4f2 nAChR stimulation causes DA release
{Champtiaux et al, 2003), and our data showed the
neuroprotective effect also occurred via 0482 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). Ako other nAChR subclasses were
reported to be protective (Visanji et al., 2006), and
nAChR. agonists were protective. Previously it was
reported that a4P2 nAChR. stimulation might improve
behavior of PI 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 682 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. Microglial cells
have o7 nAChRs whose stimulation reduced the release
of cytotoxic cytokines such as TNFa (Suzuki et al,
2006) and then decreased the activity of neuronal NF-
kB (Liu et al, 2007). Chronically nicotine-treated rats
might have NGF up-regulation in astrocytes of the
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Fig. 7. A-C: Simultaveous administration of nicotinic acetylcholine
recepior (nAChR) antagonists. BEach antagonist blocked nicotinic
neuroprotection, so it was suggested receptor-mediated. A: Mec,
mecamylamine 100 pM, a broad-spectrum antagonist of nAChRs. B:
o«Bu'Tx, a-bungarotoxin 100 nM, an o7 nAChR antagonist. C: DHBE,
dihydro-B-crythroidine 1 pM, an «4f2 nAChR antagonist. Each value
is the mean £ SEM, # = 8, ¥*P (.01, ***P < (.001. D: Representa-
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tive expression of mRINA for subunits of nAChR s in cultures of rat mes-
encephalic cells {day 8), RT-PCR products on an ethidinm-bromide-
siained gel. bp, number of base pairs; GAPDH, glyceraldehyde-3-phos-
phate dehydrogenase, which served as the internal control; —, negative
control. Expression of mRNA for each 4,7 and 82 subunit was re-
markable. Paired primers used were indicated in Table I. The same
resalts were obtained three times.
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Fig. 8. Effects of the inhibitors of the PI3K-Akt/PKB pattiovay. Inhibition of either PI3K or Akt/
PKB suppressed neuroprotective effect of nicotine. A: LY, LY294002 10 pM, an inhibitor of
PI3K. B: Tu, tricivibine 1 pM, an inhibitor of Akt/PKB. Bach wvalue is the mean & SEM, n = 8&,

xRk < 0.001.
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fronteparictal cortex (Martinez-Rodriguez et al., 2003).
Nicotine decreased the number of activated microglial
cells and TNFa 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, 2007a) and have neu-
roprotective effects are now on clinical trial, but the
results were controversial. For example, SIB-1508Y, an
a4B2 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 reported to be effective for cognitive dysfunction
of PD with dementia and Lewy body discase, 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 striatam. 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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Amyloid B (AB) 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 ef al. 1998). PS1
is 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 ef al. 1996).
Most of the PS1 mutations associated with familial AD
(FAD) are known to increase the ratio of ABsx—ABag (ABazo
ratio), thereby increasing the more aggregation-prone Ay,
relative to AB4o (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 ef al. 2005). This effect was contrary-
to that observed after the treatment with AP4,-lowering non-
steroidal anti-inflammatory drugs (NSAIDs) which leads to
the opposite conformational effect with PS1 NT and CT
further apart (Lleo ez al. 2004). These findings suggested that
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conformational change in PS1 because of mutations or to
allosteric influences provides a possible structural basis for
altered Af4p40 ratio.

In neurons, PS1 binds to B-catenin and N-cadherin at the
synapse {Georgakopoulos ef al. 1999). N-cadherin is essential
for forming synaptic contact as well as for specific neuronal
function such as synaptic plasticity (Bozdagi ef al. 2000,
Togashi et al. 2002). Accumulating evidence suggests that A
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 ef 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 AP production.

Here, we demonstrate that stable expression of N-cadherin
in cadherin-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. Moréover, N-cadherin
expression induces a structural change in PS1, similar to that
previously observed to accompany NSAID-induced decrease
in AP4puo ratio. 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 constructs

The construction of ‘the expression vector encoding human N-
cadherin tagged with HA at its C-terminus was described previously
(Uemura et al. 2006b). The construction of the plasmid, expressing
wtPS1 and the production of deletion mutant of PS1 (A340-
350PS1), which is unable to interact with N-cadherin was described
previously (Uemura ef al. 2007). Precise cloning of all reading
frame was verified by sequencing. The expression vector of APP-
GFP was described elsewhere (Kinoshita et al. 2002). The original
PSI-GFP (in the loop) construct was a generous gift from
Dr. Kaether (Ludwig-Maximilians University, Germany) and was
created by introducing a Notl-GFP-Not1 between codon 351 and
352 of the cytoplasmic loop of human PS1. The RFP fragment with
Notl restriction sites at 5” and 3’ ends was generated by PCR and
GFP was replaced by RFP.

Cell culture and transfection

Chinese hamster ovary cells were maintained in Dulbecco’s
modified Eagle’s medium/F12 (Invitrogen, Carlsbad, CA, USA)
supplemented with 10% fetal bovine serum. Transient transfection
of wtPS1, PS1 mutant (A340-350PS1) and N-cadherin into celis
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

© 2008 The Authors
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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 obtained as described elsewhere (Uemura ef al. 2007).
Primary cultured neurons were obtained from the hippocampus of
fetal rats (17-19 days gestation) as described previously (Uemura
et al. 2006a). Cultures were incubated in Eagle’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 obtained from Transduction Laboratories. Mouse
monoclonal anti-B-actin antibody, mouse monoclonal anti-N-cadh-
erin N-terminus antibody (N-cadherin neutralizing antibody, GC-4),
rabbit polyclonal anti-nicastrin antibody, rabbit polyclonal anti-APP
C-terminus antibody and control normal mouse IgG are from Sigma
(St Louis, MO, USA). Rabbit polyclonal anti-PS1 N-terminal
fragment and control normal rabbit IgG were from Santa Cruz,
Santa Cruz, CA, USA. Rabbit polyclonal anti-BACE1 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 Molecular Probes, Eugene, OR, USA.
Anti-mouse and rabbit horseradish peroxidase-conjugated secondary
antibodies are from Amersham Biosciences, Piscataway, NJ, USA.

Cell treatment by reagents

For the inhibition of N-cadherin-mediated cellcell contact, cells
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 biot and immunoprecipitation

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

Immunostaining

The samples for immunostaining were prepared as described
elsewhere (Uemura ef al. 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 BACE1 activity

B-secretase activity was measured by using P-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 pL of 1x
cell extraction buffer. Protein concentration of each cell lysate was
determined by the Bradford method (Uemura ef al. 2003) and equal
amount of protein was subjected to the B-secretase activity assay,
according to the manufacturer’s instruction,

Fluorescence lifetime imaging microscopy assay
To analyze the PS1 conformation and/or PS1-APP interactions in
intact cells expressing or not 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 domain (Chemicon) and an antibody to APP CT (Sigma). The
fluorescence lifetime of a donor fluorophore (Alexa 488) was
measured as described previously (Berezovska et al. 2005). In order
to confirm the N-cadherin-mediated cell adhesion effect on AB
production, we also examined the proximity between APP and PS1
in the presence of N-cadherin-neutralizing antibody (GC-4). For this
blocking experiment, we modified the protocol for the FLIM assay
since GC-4 is a 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 IgG as a
control. 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. (ii) 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 extracellular Ap

AP peptides produced by rat hippocampus primary neurons were
measured by using Mouse/Rat Amyloid B (1-40) (N) Assay Kit
(IBL, Gumma, Japan). Primary neurons, cultured 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 pL of the aliquot was used for the extracellular sample. ABgo
and A4, peptides produced by APPSw-CHO cells or APPSw/
Ncad-CHO cells were measured by using Human § Amyloid (1-40)
and (1-42) ELIZA Kit (WAKO, Osaka, Japan), respectively.
6 x 10° of APPSw-CHO cells or APPSw/Ncad-CHO cells cultured
in 3.5 cm dish were washed once with OPTI-MEM and then
incubated in OPTI-MEM for indicated period of time. After
incubation, the culture medium was collected, centrifugated 600 g,
5 min, and the 100 pL of the aliquot was used for measurement of
extracellular AP.

Statistical analysis

All values are given in means + SE Comparisons were performed
using a paired Student’s t~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.

Results

N-cadherin expression enhances AP secretion and reduces
ABapyag ratio

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

© 2008 The Authors

resonance energy transfer (FRET)-based FLIM assay. First,
we determined whether stable expression of N-cadherin
could enhance the production of AB. To test this, CHO cells
stably expressing Swedish (K670N/M671L) mutant human
APP695 (APPSw-CHO cells) and CHO celis stably express-
ing both APPSw and human N-cadherin (APPSw/Ncad-
CHO cells) were established. The expression levels of
BACE]1 and y-secretase components were similar between
APPSw-CHO and APPSw/Ncad-CHO cells (Fig. la).
BACEI1 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 et al.
(2007)], indicating that PS1/y-secretase was recruited to the
cell-surface upon formation of N-cadherin-based cell-cell
contact.

Next, we compared the levels of APy and A, in the
medium between APPSw-CHO and APPSw/Ncad-CHO cells.
Both AP, (Fig. 2a) and A4, (Fig. 2b) levels were increased
by stable expression of N-cadherin. Interestingly, the ABuzsuo
ratio was significantly reduced in N-cadherin expressing cells
(Fig. 2c). We established four independent clones of APPSw/
Ncad-CHO cells, all of which produced significantly higher
amounts of extracellular APg4o, 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 AB4g from APPSw/Ncad-CHO cells (Fig. 2e, white
columns), whereas it had no effect on APPSw-CHO cells
(Fig. 2e, black columns). The level of AP, 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 AB
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 (APPWt/Ncad-
CHO cells) or without (APPWt-CHO cells) N-cadherin
(Supporting informationFig. Sla). Both stable and transient
expression of N-cadherin reduced APyy40 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
Slb—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
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Fig. 1 Characterization of APPSw/Ncad-CHO cells. (a) APPSw-CHO
celis and APPSw/Ncad-CHO cells were analyzed by western blot. N-
cadherin was expressed only in APPSw/Ncad-CHO cells. The
expression levels of APP, BACE1, nicastrin, PS1 NT were similar in
both cell lines. The bottom 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/PS] 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 (¢) and mouse
monoclonal 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-9000 fluorescent microscopy
(KEYENCE). N-cadherin (d) and PS1 (c) immunoreactivities are
co-localized at the cell-cell contact sites (arrowheads). Scale bar:
20 pm.

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 immuno-
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
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Fig. 2 N-cadherin expression enhances extracellular A levels and
reduces AP0 Tatio. (a) APPSw-CHO cells or APPSw/Ncad-CHO
cells were incubated in OPTI-MEM for 12 h. The amount of extra-
cellular ABso was significantly elevated in APPSw/Ncad-CHO celis,
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 extracellular ABse was measured. Extracellular ABs, was
significantly elevated in APPSw/Ncad-CHO cells, compared with
APPSw-CHO cells (n=8, *p = 0.005). (c) The ABaouo 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-
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CHO cells (SwNcadi-4) were incubated in OPTI-MEM for 24 h. After
incubation, the amount of extracellular AB4, was measured. Secreted
extracellular AB4o was significantly elevated in every APPSw/Ncad-
CHO stable cell line (SwNcad1-4), compared with that in APPSw-
CHO cells (Sw) (n=4, *p=0004, **p=0.003, 4#p=0.003
##p=0.011). (e) APPSw-CHO cells or APPSw/Ncad-CHO cells
were incubated in fresh OPTI-MEM containing either control IgG or
N-cadherin-neutralizing antibody for 6 h. After incubation, the amount
of extracellular AB4o was measured. N-cadherin-neutralizing antibody
significantly reduced the extracellular AByo release into the medium
in APPSw/Ncad-CHO cells (*p = 0.006, n = 4). Conversely, N-cadh-
erin-neutralizing antibody had no effect on the extraceliular ABso
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 line (Alexa 488) FRET acceptor (Cy3) in ps (mean = SE) CHOSw PS1 loop APP CT)
APPSw-CHO (n = 10) PS1 loop None (negative control) 1932 £ 7 p < 0.0001
APPSw-CHO (n = 10) PS1 loop APP CT 1790 = 22
APPSw/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 percentage 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/
Ncad-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/PS1 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 immunchisto-
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 confirm 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-PS] interaction was increased in N-cadherin expressing
cells (Supporting information Fig. S$2), indicating that N-
cadherin expression brings APP and PS1/y-secretase in
closer proximity.

N-cadherin expression induces the conformational
change of PS1

Whereas total AP was increased in N-cadherin expressing
cells, the APapuo ratio was reduced (Fig. 2¢). We and
others have demonstrated previously that AR ratio
correlates with PS1 conformation in intact cells: familial
Alzheimer’s disease mutations in PS1 that elevate APBgpa0
ratio decreased (Berezovska efal 2005), while APao-
lowering NSAIDs (Lleo et al. 2004) or structural changes

© 2008 The Authors

APPSw/Ncad-CHO

APPSw-CHO

APPSW-CHO APPSw/MNcad-CHO

Fig. 3 N-cadherin expression in CHO cells increases PS1-APP
interactions and induces conformational 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 fluorescence lifetime 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 lifetime was significantly shortened in APPSw/Ncad-
CHO cells (b), compared with that in APPSw-CHO cells (), indicating
that PS1 and APP came into closer proximity in the presence of N-
cadherin. Scale bar: 10 um. (c and d) APPSw-CHO (c) or APPSw/
Ncad-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
fluorophore (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 fy-secretase component,. Pen2 (Isooc efal 2007)
increased, PS1 NT-CT proximity. Therefore, we investi-
gated whether change in AP4yuo ratio observed in cells
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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 accepior Alexa 488 lifetime p vaiue {(compared
Celi line (Alexa 488) (Cy3) in ps (mean + SE) with control IgG)
NcadCHOSw (Negative Control) PS1 NT None 1903 + 28 p < 0.01
NcadCHOSw with control IgG (n = 21) PS1NT APP CT 1677 + 22
NcadCHOSw with GC-4 (n = 17) PS1 NT APP CT 1789 + 100

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

FRET acceptor

Alexa 488 lifetime
in ps (mean = SE)

p value {compared
with control IgG)

FRET
Cell line donor
NcadCHOSw (Negative Control) APP-GFP
NcadCHOSw with control IgG (n = 21) APP-GFP
NcadCHOSw with GC-4 (n = 17) APP-GFP

None
PS1-RFP(loop)
PS1-RFP(loop)

2076 = 62
1646 + 223
1859 = 74

p<0.01

with tighter cell-cell adhesion mediated by N-cadherin is
due to a conformational change in PSl/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. 3c and d). Thus, these results are in agreement with
the previous findings that more ‘open’ PS1 conformation
correlates with generation of the shorter AP species (Lleo
et al. 2004), and therefore decreased APspue ratio 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 A§ production
and Afagao ratio

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

mined whether the PS1/N-cadherin interaction affects AP
production and/or APaae 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 efal. 2003), A340-350PS1 competes with
endogenous wild-type PS1 to occupy other components
of y-secretase and act in a dominant-negative fashion
(Thinakaran et 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 AP4 (Fig. 4b) and AP, (Fig. 4c) were
decreased after the transient expression of A340-350PSl1,
compared with wiPS1. In addition, APsuo ratio in the
medium was increased in the A340-350PS1 transfectants,
compared with that in wtPS1 (Fig. 4d), indicating that the
PS1/N-cadherin interaction affects both Af production and
AB42/40 ratio.

Discussion

In this report, we demonstrate that introducing N-cadherin
into cadherin-deficient CHO cells increased secreted AP,
and AP, levels (Fig. 2). The expression of N-cadherin in
CHO cells elevates cell-surface levels of PS1/y-secretase
[Uemura et 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 = SE) with NcadCHOSw)
APPSw-CHO (n= 11) PS1 NT None (negative control) 1897 £ 7 p < 0.0001
APPSw-CHO (n = 14) PS1 NT PS1 CT 1524 + 46 p = 0.0002
APPSw/Ncad-CHO (n = 14) PS1NT PS1CT 1821 + 14
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