ORIGINAL ARTICLE

Apomorphine Treatment in Alzheimer
Mice Promoting Amyloid- Degradation

Eri Himeno, MD, PhD," Yasumasa Ohyagi, MD, PhD," Linging Ma, MD, PhD,"
Norimichi Nakamura, MD," Katsue Miyoshi, MD, PhD," Nobutaka Sakae, MD, PhD,’
Kyoko Motomura, PhD," Naoko Soejima, MD,’ Ryo Yamasaki, MD, PhD,’
Tetsuya Hashimoto, MD," Takeshi Tabira, MD, PhD,?

Frank M. LaFerla, PhD,® and Jun-ichi Kira, MD, PhD'

Objective: Intracellular amyloid B-protein (AB) contributes to neurodegeneration in Alzheimer disease (AD).
Apomorphine (APO) is a dopamine receptor agonist for Parkinson disease and also protects against oxidative stress.
Efficacy of APO for an AD mouse model and effects of APO on cell cultures are studied.
Methods: The triple transgenic AD mouse model (3xTg-AD) has 2 familial AD-related gene mutations (APPiwms70/671nL/
PS1pm146v) and a tau gene mutation (Taupzoqy). Six-month-old 3xTg-AD mice were treated with subcutaneous injections
of APO once a week for 1 month. Memory function was evaluated by Morris water maze before and after the treatment.
Brain tissues were examined by immunohistochemical staining and Western blotting. Effects of APO on intracellular
AB degradation, activity of AB-degrading enzymes, and protection against oxidative stress were studied in cultured
SH-SY5Y cells.
Results: After APO treatment, short-term memory function was dramatically improved. Significant decreases in the
levels of intraneuronal AB, hyper-phosphorylated tau (p-tau), p53, and heme oxygenase-1 proteins were observed.
Moreover, APO promoted degradation of intracellular AB, increased activity of proteasome and insulin-degrading
enzyme, protected against H,O, toxicity, and decreased p53 protein levels in the cultured cells.
Interpretation: 3xTg-AD mice show intraneuronal AB accumulation and memory disturbances before extracellular
AB deposition. Our data demonstrating improvement of memory function of 3xTg-AD mice with decreases
in intraneuronal AB and p-tau levels by APO treatment strongly suggest that intraneuronal AP is an important
therapeutic target and APO will be a novel drug for AD.
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Izheimer disease (AD) is a devastating disease char-

acterized by disturbances of memory and other cog-
nitive functions in elderly people. There are 2 major hall-
marks of AD, neurofibrillary tangles (NFTs) and senile
plaques (SPs). NFTs consist of hyperphosphorylated tau
protein (p-tau), whereas SPs consist of the 4kD amyloid
B-protein (AP). AP aggregation may be an early patho-
genic event in AD, and AP ending at residue 42 (AB42)
is a highly aggregative species that deposits in SPs (amy-
loid cascade theory)." Increases in the levels of AP
oligomers and synaptic impairment are thought to play a
pivotal role in AD pathogenesis.” Recent clinical trials of

Ginkgo biloba, nonsteroidal anti-inflammatory drugs,
phenserine, statins, tarenflurbil, tramiprosate, and xali-
proden in AD patients have not demonstrated clear effi-
cacy in phase 3 trials, although many other compounds
are still under study in phase 2.> Also, long-term clinical
efficacy of AP immunization has not been observed de-
spite certain improvements in pathology.* Many of these
therapies target extracellular AP fibrils, and new thera-
peutic strategies for AD are still under development.
Some previous reports have shown that, in AD patients
and mouse models, AB42 accumulation in neurons pre-
cedes extracellular AB deposition.”™® Thus, intraneuronal
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AB42 accumulation may represent an important thera-
peutic target for the treatment of AD.’

Apomorphine (APO) is a nonspecific dopamine
agonist for Parkinson disease (PD),'° and is also used for
erectile dysfunction (ED).'" Some previous reports sug-
gest that APO may protect neurons from oxidative stress
in PD mouse models and from brain infarction in a ger-
bil stroke model."*'® The antioxidative stress mechanism
of APO may be mediated by the NF-E2-related factor-
2/antioxidant response element pathway.'” Oxidative
stress is a major pathogenic factor in AD, and antioxida-
tive stress drugs may be beneficial for AD patients.'® In
addition, APO inhibits fibril formation by AP40 in
vitro.'” Thus, we tested the efficacy of APO in an AD
mouse model. The triple transgenic AD (3xTg-AD)
mouse is a familial AD (FAD) mouse model that has 2
FAD-related gene mutations (APPxass7ois7180/PS1pi146v)
and a fu gene mutation (Tanpspr).*° In homozygous
3xTg-AD mice, AB42 accumulation in neurons and cog-
nitive impairment begin at around 4 months of age, and
decreases in the levels of intraneuronal AB42 improve
memory function.?' Thus, 3xTg-AD mice represent an
appropriate model with intraneuronal AP pathology in
which to test the efficacy of various candidate drugs for
AD.**™ We observed a dramatic improvement in mem-
ory function and decreases in AR and p-tau pathology in
3xTg-AD mice treated with APO injections.

Materials and Methods

Mice and APO Injection

We used hemizygous and homozygous 3xTg-AD mice,
and nontransgenic (non-Tg) mice that had the same
genetic background as 3xTg-AD mice.”! All mice were
kept on a 12-hour light and 12-hour dark schedule. All
experiments were approved by the ethical committee of
Kyushu University. Apomorphine hydrochloride (Sigma,
St. Louis, MO) was dissolved in saline, and was subcutane-
ously injected once a week, 5%, at concentrations of 5 or
10mg/kg, according to previous reports of APO injection
into PD model mice.''* Injection with saline only was
used as a control.

Morris Water Maze Analysis

At 6 months of age, before APO treatment, the learning
and short-term memory functions were analyzed in a
Morris water maze (MWM) using a DV-Track Video
Tracking System (Muromachi Kikai, Tokyo, Japan). On
the day after the last injection, a second evaluation of
MWM test was performed. The MWM analysis was simi-
lar to those described in a previous report.”’ A circular
tank (90cm diameter) was filled with water at 24°C. Mice
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were trained to swim to a 10cm-diameter circular clear
platform that was submerged 1.5cm beneath the surface.
The platform location was selected randomly for each
mouse, but was kept constant throughout training. In
each trial, the mouse was placed into the tank at 1 of 4
designated start points. If a mouse failed to find the plat-
form within 60 seconds, it was manually guided to the
platform and remained there for 10 seconds. An overhead
camera recorded the swimming paths. Mice underwent
4 trials a day for as many days as were required to satisfy
1 of the following criteria: <20-second mean escape latency
for homozygote 3xTg-AD mice; <10-second mean escape
latency for hemizygous 3xTg-AD and non-Tg mice. To eval-
uate the retention of spatial memory, a probe trial of a 60-sec-
ond swim starting on the opposite side of the pool (without
the platform) was performed 24 hours (homozygous 3xTg-
AD) or 48 hours (hemizygous 3xTg-AD and non-Tg) after
cach criterion was satisfied. The parameters measured by the
probe trial were inidal latency to cross the platform location
(seconds), number of platform location crosses (n), and time
spent in the quadrant containing the platform location (%).

Immunohistochemistry

After the last MWM analysis, mice were fixed by perfusion
with 4% paraformaldehyde (PFA) in phosphate-buffered
saline (PBS). Brain tissues were immersed in 4% PFA in
PBS at 4°C over 24 hours, followed by freezing and prepa-
ration of 16um-thick sections. Anti-AP17-24 (1:1,000,
4G8; Millipore, Bedford, MA), anti-p-tau (1:200, ATS,
AT180; Pierce, Rockford, IL), anti-p53 (1:100; Santa
Cruz Biotechnology, Santa Cruz, CA), and anti-heme
oxygenase-1 (HO-1) (1:500; Stressgen Biotechnologies,
Victoria, Canada) antibodies were used. Autoclave pre-
treatment was employed for intracellular AB.”® Antigens
were detected using the Mouse to Mouse HRP (DAB)
Staining System (ScyTek Laboratories, Logan, UT). Cul-
tured cells on coverslips were fixed with 4% formalde-
hyde and were incubated with 4G8 (1:1,000) or anti—f-
tubulin antibody (1:500, Sigma), followed by detection
using the DAB substrate kit (Vector Laboratories, Burlin-
game, CA) or secondary antibody conjugated with green
fluorescence (Invitrogen, Camarillo, CA).

Immunoprecipitation and Western

Blotting Analysis

AP was first immunoprecipitated with anti-AB42
(BC-05) or anti-AB40 (BA-27).2%%" Fifteen micrograms
of protein from brain tissues was dissolved in radioim-
munoprecipitation assay buffer (10mM Tris, pH 8.0,
150mM NaCl, 1% NP-40, 0.5% sodium deoxycholate,
0.1% sodium dodecyl sulfate [SDS], 5SmM ethylenedia-
minetetraacetic acid) containing the protease inhibitor
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mixture Complete Mini (Roche Applied Science, Tokyo,
Japan), and mixed with 2ug of BC-05 and 25l of Pro-
tein G-coupled Dynabeads (Invitrogen) in a 1.5ml tube.
After rotation at 4°C overnight, AP was eluted and
analyzed by Western blotting (WB) with anti-AB1-16,
6E10 (1:1,000; Covance/Signet, Berkeley, CA). %8 A similar
method was used for analysis of the conditioned medium
and PBS extract. For other WB analysis, brain tissues
and cultured cells were lysed in 2% SDS.*® After blot-
ting, the polyvinylidene difluoride membrane (Millipore)
was blocked with 5% skim milk in TBST (25mM Tris-
HCI, pH 7.6, 150mM NaCl, 0.1% Tween-20) for 1 hour,
and was incubated with AT8 (1:3,000), AT180 (1:3,000),
anti-APP C-terminal (1:1,000, Invitrogen), anti—cleaved
Notchl (1:1,000, Val1744; Cell Signaling Technology,
Danvers, MA), anti-p53 (1:500), anti-HO-1 (1:1,000), or
anti—f-actin (1:4,000, Sigma) antibodies. We used appro-
priate secondary antibodies conjugated to horseradish per-
oxidase (Pierce) or Can Get Signal (Toyobo, Osaka,
Japan), and the ECL Western Blotting System (Amersham
Bioscience, Piscataway, NJ) or Supersignal West Dura
Extended Duration Substrate (Pierce). The band density
was measured using the ChemiDoc XRS system (Bio-Rad,
Hercules, CA) and corrected by the B-actin band.

Intracellular Accumulation of A} Peptides
Synthetic AP40 or AP42 peptide (Bachem, Budendor, Swit-
zerland) was accumulated in the cytosol using the Influx Pino-
cytic Cell-loading Reagent (Invitrogen). Cells were exposed to
hypertonic medium containing AP peptides, which were
carried into the cells via pinocytic vesicles. Replacement of
medium with hypotonic medium induced release of AP pep-
tides into the cytosol. Cells were treated with APO and a pro-
teasome inhibitor, MG132 (Enzo Life Sciences, Plymouth
Meeting, PA) 2 hours before loading of AP.

Activity Assay of 20S Proteasome,
Insulin-Degrading Enzyme (IDE) and Neprilysin
Activity of intracellular proteasome and insulin-degrading
enzyme (IDE) was measured using the 20S Proteasome
Assay Kit (Cayman Chemical, Ann Arbor, MI) and the
InnoZyme Insulysin/IDE Immunocapture Activity Assay
Kit (Calbiochem, San Diego, CA), respectively. Activity of
neprilysin in the membrane was measured according to a
previous report.”” Fluorescence of the specific substrates
was measured at 360nm (ex)/480nm (em) (proteasome), at
320nm/405nm (IDE) and at 390nm/460nm (neprilysin).

Cell Cultures and Cell Viability Assay

A human neuroblastoma cell line SH-SY5Y was used.
Details of the APP-transfected cells have been described
previously.”® Primary neuronal cultures were prepared

250

from embryonic day 15 mouse brains and maintained in
serum-free Dulbecco modified Eagle medium containing
Neurobasal-A+B27 (Gibco BRL, Rockville, MD) for 3
to 5 days.9’27 Cultured cells were treated with H,O, and
APO for 24 hours. Cell viability was assessed using a
CellTiter-Blue Fluorometric Viability Assay kit (Promega,
Madison, W1) as described in our previous report.”’

Statistical Analysis

All data obtained from MWM and WB, activity of
enzymes, and cell viability were expressed as means *
standard error of the mean, and were analyzed by Stat-
View Software version 5.0 (SAS Institute, San Francisco,
CA). Differences between 2 groups were analyzed using
an unpaired 2-tailed Student 7 test (MWM, activity of
enzymes, cell viability), and differences among three
groups (WB) were analyzed by the Kruskal-Wallis test
followed by the Mann-Whitney U test. Values of p <
0.05 are considered statistically significant.

Results

We first evaluated the short-term memory function in
the same 3xTg-AD mice by MWM analysis before and
after treatment. In hemizygous 3xTg-AD mice, the
latency to the platform after 3 days of training was
decreased significantly (p < 0.05) on the first day after 1
month of APO treatment compared with pretreatment
values (Fig 1). In hemizygous 3xTg-AD mice, probe trials
revealed a significant decrease in latency (p < 0.05), a sig-
nificant increase in crossing counts (p < 0.05), and a sig-
nificant increase in the percentage of time spent in the
quadrant containing the platform (p < 0.05) after 5mg/kg
APO treatment. In homozygous 3xTg-AD mice, the
latency to the platform on the first day of training was
longer than that in hemizygous 3xTg-AD mice before
treatment. After 1 month of APO treatment, a significant
decrease in latency to the platform was observed relative
to the pretreatment values. In homozygous 3xTg-AD
mice, probe trials revealed a significant decrease in la-
tency (p < 0.05), a significant increase in crossing counts
(p < 0.01), and a significant increase in percentage of
time spent in the quadrant of the platform location (p <
0.01) after APO treatments. Interestingly, APO efficacy
appeared to be more significant in the 5mg/kg APO
treatment group than in 10mg/kg APO treatment group.
Figure 2 shows representative swimming tracks from the
60-second probe trials of 5 homozygous 3xTg-AD mice
that responded well to APO treatment. Untreated 3xTg-
AD mice and 3xTg-AD mice injected with pramipexole
(lmg/kg)32 in the same manner showed no significant

improvement in memory function (n = 8, data not
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FIGURE 1: Effects of apomorphine (APO) on memory func-
tion in 3xTg-AD mice in Morris water maze tests. Latency to
reach the platform during 3 days of training of hemizygous
(A) and homozygous (E) mice was significantly improved by
APO treatment. In 48-hour or 24-hour probe tests of hemi-
zygous (B-D) and homozygous (F, G) mice, latency to the
platform location (B, F), crossing counts of the platform
location (C, G), and percentage of time spent in the quad-
rant of the platform location (D, H) were significantly
improved by APO treatment. Pre = pre-treatment; Post =
post-treatment; n = 4 (A-D) and 8 (E-H); *p < 0.05, **p <
0.01, ***p < 0.001.

Pre Post Pre Post
APO 0 5 mg/kg APO 0 5

shown). Six-month-old non-Tg mice showed better
memory functions than 3xTg-AD mice, and showed no
significant alteration in memory function after 5mg/kg
APO treatment (n = 8, data not shown).
Immunostaining demonstrated almost complete
disappearance of intraneuronal AP immunoreactivity in
hemizygous 3xTg-AD mice and marked decrease of intra-
neuronal AP immunoreactivity in homozygote 3xTg-AD
mice after treatment with APO compared with untreated
mice (Fig 3). No apparent difference in the numbers of
neurons in the same cortical areas was observed between
treated mice and untreated mice (data not shown). Immu-
noprecipitation/WB detected AP42 in brain tissues of
untreated mice but not in those of treated mice. We then
checked the PBS extract of brain tissues. Levels of soluble
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AB40 were not altered by APO treatment, and APB42 was
not detected (data not shown). Next, immunostaining
with AT8 and AT180 revealed decreases in p-tau levels in
treated mice compared with untreated mice (Fig 4). The
axons of neurons in the hippocampus were stained
intensely by AT180. WB analysis with AT8 and AT180
showed decreases in p-tau levels in brain tissues of treated
mice, and these were statistically significant (p < 0.01).
To investigate the mechanism by which APO
decreases intracellular AP levels, we examined the effects
of APO on APP expression and AP generation in cul-
tured cells. Using APP-transfected SH-SY5Y cells,?®3° we
found no apparent alteration in levels of APP or secreted
AB40/42 24 hours after 10uM APO treatment (Fig 5).
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FIGURE 2: Representative tracks of homozygous 3xTg-AD
mice treated with apomorphine (APO) in the probe test. (A)
Treatment with 5mg/kg APO. (B) Treatment with 10mg/kg
APO. A probe trial of a 60-second swim started on the op-
posite side (arrows) 24 hours after 3 days of training on the
day before APO treatment (Pre) and on the day after the
last injection (Post). All mice demonstrated apparent
improvements in latency, crossing counts, and percentage
of time spent in the quadrant containing the platform (PF-1/
4) after APO treatment (Post) compared to pretreatment
(Pre). Those values are shown in the right tables. Circles
indicate location of platforms during 3-day training.
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increased by APO treatment (p < 0.05), and marked inhi-
bition of proteasome activity by MG132 was partially coun-
teracted by APO (p < 0.01). Interestingly, IDE activity was
increased by APO treatment (p < 0.01), especially with
MG132 treatment (p < 0.01). Neprilysin activity was not
significantly altered by MG132 and APO treatment.

We have previously reported that intracellular AB42
accumulation promotes H,O,-induced p53-related apo-
ptosis,”**® and APO might thus attenuate p53-related
apoptosis. A significantly protective effect of APO against
H,0, toxicity was observed, and a concentration of 10uM
was found to be the most effective treatment (Fig 6).
Although H,0, at concentrations <0.5mM did not
decrease cell viability of SH-SY5Y, p53 protein levels
were elevated by treatment with H,O, at concentrations
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FIGURE 3: Effects of apomorphine (APO) treatment on Ap
in brain tissues evaluated by immunostaining and immuno-
precipitation (IP)-Western blot (WB) analysis in 3xTg-AD
mice. (A) Immunostaining of brain tissues of hemizygous
3xTg-AD mice with 4G8. (B) Immunostaining of brain tissues
(upper) and hippocampal CA1 regions (lower) of homo-
zygote 3xTg-AD mice with 4G8. Bars = 100um. (C) WB
analysis with 6E10 following IP with BC-05 from the radio-
immunoprecipitation assay (RIPA) extract (upper) and WB
analysis with 6E10 following IP with BA-27 from the phos-
phate-buffered saline (PBS) extract of brain tissues of homo-
zygous 3xTg-AD mice (lower).

— T

Also, Val1744 antibody against Notchl cleaved by the
y-secreatase”” revealed no alteration, indicating that APO
has no effect on y-secretase activity. Next, we established
a system to assay intracellular AP degradation using a
cytosolic AP peptide accumulation method. A tme-
dependent decrease in intracellular AB40 levels in SH-SY5Y
cells was seen by immunostaining. WB analysis revealed
an apparent accumulation of AP40/42 after the influx
and gradual decrease in AP40/42 levels. It takes longer
for AP42 to be degraded than AB40, indicating that
AB42 may be more resistant to degradation than AB40.
Thus, we checked effects of MG132 and APO at 30
minutes (AP40) and 120 minutes (AP42). Degradation of
both AP40 and AP42 was inhibited by treatment with
2uM MG132, and this inhibition was counteracted by
treatment with 10uM APO. Such APO effects were signifi-
cant (p < 0.001). We next investigated the APO effects on
activity of cytosolic AB-degrading enzymes, for example,

protealsome34 and IDE* 20S proteasome activity was
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FIGURE 4: Effects of apomorphine (APO) treatment on
p-tau in brain tissues evaluated by immunostaining and
Western blot (WB) analysis in homozygous 3xTg-AD mice.
(A) Immunostaining of brain tissues (upper) and hippocam-
pal CA1 regions (lower) with AT8. (B) Immunostaining of
brain tissues (upper) and hippocampal CA1 regions (lower)
with AT180. Bars = 100um. (C) WB analysis of the brain tis-
sues with AT8, AT180, and anti-f-actin antibody (upper),
and the relative intensities of the specific bands for p-tau
(lower, n = 5). **p < 0.01.
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FIGURE 5: Effects of apomorphine (APO) treatment on in-
tracellular Ap degradation. (A) Western blot (WB) analysis of
APP holoprotein and g-actin in APP-transfected (APP-Tf) and
control (vector only) SH-SY5Y cells (left). WB analysis with
6E10 following immunoprecipitation (IP) with BA-27 (Ap40)
or BC-05 (Ap42) from medium conditioned with APP-Tf
SH-SY5Y cells (right upper). WB analysis of cleaved form of
Notch1 with Val1744 antibody in SH-SY5Y cells (right
lower). APO treatment did not alter the levels of APP,
secreted AB40/42, and cleaved form of Notch1. (B) Immuno-
staining analysis of Ap at 0, 30, and 60 minutes after the
artificial accumulation of AB40 peptide in SH-SY5Y cells, dem-
onstrating time-dependent degradation of cytosolic Ap40.
Bars = 20um. (C) WB analysis of intracellular Ag preinflux (Pre),
postinflux (Post), and 0, 15, 30, and 60 minutes after the artifi-
cial accumulation of AB40 peptide (left upper), and 0 and 30
minutes after the accumulation (left lower). Relative intensity of
WB bands of the left lower panel (right, n = 5). (D) WB analysis
of intracellular A preinflux (Pre), postinflux (Post), and O, 15,
30, 60, 90, and 120 minutes after the artificial accumulation of
AB42 peptide (left upper), and 0 and 120 minutes after the
accumulation (left lower). Relative intensity of WB bands of the
left lower panel (right, n = 5). 0 min = 10 minutes after the time
point of “Post.” The cells were treated with 2uM MG132 and
10uM APO 2 hours before A accumulation. APO treatment
enhances intracellular AB40 and Ap42 degradation, counteract-
ing the inhibitory effect of MG132 on Ap degradation. (E) Rela-
tive activity of proteasome (left panel), insulin-degrading
enzyme (IDE; middle panel), and neprilysin (NEP; right panel) in
SH-SY5Y cells 2 hours after treatment with MG132 and APO (n
= 6). *p < 0.05, **p < 0.01, ***p < 0.001.
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of 0.3 and 0.5mM, and this elevation was attenuated by
APO treatment. Similarly, in primary cultured neurons,
APO treatment at 10uM was the most protective treat-
ment in terms of cell viability and morphology. To exam-
ine the possibility that APO attenuates p53 upregulation
and oxidative stress in 3xTg-AD mice, we studied p53
and HO-1, an oxidative stress marker.*® Immunostaining
(Fig 7A) and WB analysis (see Fig 7B) demonstrate that
both p53 and HO-1 are significantly decreased in the
3xTg-AD mice treated with APO (p < 0.05).

Discussion

Here we have shown that APO accelerates intracellular
AP degradation and protects neurons from oxidative
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FIGURE 6: Effects of apomorphine (APO) treatment on cul-
tured cells damaged by oxidative stress. (A) Cell viability of
SH-SY5Y cells 24 hours after treatment with H,O, and APO
(n = 6). APO protects the cells from H,O, toxicity signifi-
cantly. (B) Western blot analysis for p53 in SH-SY5Y cells
24 hours after treatment with H,O, and APO. APO attenu-
ates an increase in p53 protein levels by H,O, treatment.
(C) Cell viability of primary cultured neurons 24 hours after
treatment with 0.3mM H,O, and APO (n = 6). APO protects
the neurons, as well as SH-SY5Y cells, from H,O, toxicity
significantly. (D) Immunostaining of p-tubulin in primary cul-
tured neurons 24 hours after treatment with 0.3mM H,O,
and APO. Bars = 20um. ***p < 0.001, ****p < 0.0001.
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FIGURE 7: Effects of apomorphine (APO) treatment on p53
and HO-1 in brain tissues evaluated by immunostaining
and Western blot (WB) analysis in homozygous 3xTg-AD mice.
(A) Immunostaining of brain tissues with anti-p53 (upper) and
anti-HO-1 (lower) antibodies. Bars = 100um. (B) WB analysis
of the brain tissues with anti-p53, anti-HO-1, and anti-g-actin
antibodies (upper), and the relative intensity of the specific
bands for p53 and HO-1 (lower, n = 5). *p < 0.05.

stress, and that APO restores memory dysfunction and
improves the major pathological hallmarks in 3xTg-AD
mice. Memory dysfunction of 3xTg-AD mice is associated
with intraneuronal AP accumulation®’ and soluble tau
accumulation.”” We found APO treatment to decrease both
intraneuronal AP and p-tau levels. However, APO injection
at 15 and 20mg/kg was less effective on memory function
compared with APO injection at 5mg/kg, despite apparent
decreases in intraneuronal AP and p-tau immunoreactivities
(data not shown). Thus, the improvement in cognitive
function induced by APO treatment may not only be due
to decreases in the levels of AP and p-tau; alternatively, the
overuse of APO may be toxic rather than protective. In
support, treatment with APO at concentrations >10uM
was less effective than treatment with 10uM APO. Also,
treatment with 1 to 10uM APO was shown to protect rat
PC12 cells from oxidative stress in a previous report.'?
Oxidative stress may increase AP generation,”® may
enhance tau phosphorylation,*** and may be accelerated
in AD mouse models.>®*' Here, we have found decreases
in HO-1 protein levels in the 3xTg-AD mice treated
with APO, indicating that the efficacy of APO may be
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due to an antioxidative stress mechanism. However,
H,0, treatment causes AP42 accumulation and p53 up-

9272842 and enhancement of intracellular AP

regulation,
degradation may thus be an alternative protective mecha-
nism of APO. Moreover, intracellular AB42 may be a
source of AP oligomers, which are linked to tau pathology
in 3xTg-AD mice.®™ Intrasynaptic AR oligomerization
was observed in cultured neurons, other AD mouse mod-
els, and AD patients.*® Because extracellular and intracel-
lular AP pools may be dynamically associated with each
other in 3xTg-AD mice, 48

AP levels inside neurons reduces the levels of AP oligom-

it is possible that reducing

ers outside neurons. Thus, APO may decrease the levels of
intracellular AR and possibly extracellular AP oligomers,
leading to a decrease in p-tau protein levels.

Intracellular AP may be degraded by the protea-
some system>* and by some AB-degrading enzymes.*® In
our study, APO treatment attenuated the effect of
MGI132 treatment, increasing activity of proteasome and
IDE. Neprilysin activity was not altered, because neprily-
sin may degrade extracellular AP preferably. Increases in
IDE activity were remarkable when treated with MG132,
indicating that APO may partially restore an abnormal
condition. Proteasome function, which is involved in
AD,* may be affected by both intracellular AB*® and
extracellular AP oligomers.50 Because p53 and p-tau are
also degraded by proteasome, AP degradation promoted
by APO treatment may enhance the degradation of these
pathogenic proteins. Intracellular AP affects multiple

AD-related pathogenic factors
(mutations of PS1/2 or APP gene, oxidative stress, etc.)

/

Extracellular AB42t __,  Intracellular AB42%
AB oligomers — AB oligomers
Synaptic damage TG)

P-tau, Apoptosis l_ Apomorphine

Senile plaques

FIGURE 8: Scheme of Ap pathogenesis inside and outside
neurons and effects of apomorphine (APO). Genetic and
environmental pathogenic factors, for example, mutations
of PS1/2 or APP gene, ischemia, and oxidative stress,
increase AB42 levels in both extracellular and intracellular
space. Many recent therapeutic strategies target extracellu-
lar AB oligomers, which are reported to cause synaptic dam-
age and cognitive impairment. In addition to inhibition of
oxidative stress, APO promotes degradation of intracellular
AB42 and Ap oligomers, and might also decrease extracellu-
lar AB42 and Ap oligomers. Also, APO treatment decreases
p-tau and attenuates p53-related apoptosis indirectly or
possibly directly.
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organelles,” and starting APO therapy in the early stage
may be more beneficial than starting it in the late stage of
AD. We empbhasize that major advantages of APO are its
safety, relatively low cost, and high feasibility. APO injec-
tions and oral tablets are currently used in PD and ED
patients, respectively. Because APO may play a unique role
in AD therapeutics (Fig 8), appropriate combination of
APO therapy with other antiextracellular AP therapies may
be safer and more effective than monotherapies alone.

Stimulation of the dopamine D4 receptor may be
protective,”’ but dopamine signaling may exacerbate tau
phosphorylation® and modulate AP release via signaling
by protein kinase C.°>** We did not find positive immu-
noreactivity of the dopamine D1-D4 receptors on neu-
rons in the cortices and hippocampi of 3xTg-AD mice
(data not shown) and found no improvement of memory
function after the injection of pramipexole, another
dopamine agonist. Thus, the effects of APO may be medi-
ated, at least in part, by some dopamine-independent
pathways. Identification of novel pathways or receptors
that mediate the therapeutic effects of APO may contrib-
ute to the development of a novel drug for AD.
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