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Alzheimer’s disease and Parkinson’s disease are associated with
the cerebral accumulation of B-amyloid and a-synuclein, respec-
tively. Some patients have clinical and pathological features of
both diseases, raising the possibility of overlapping pathogenetic
pathways. We generated transgenic (tg) mice with neuronal ex-
pression of human B-amyloid peptides, a-synuclein, or both. The
functional and morphological alterations in doubly tg mice resem-
bled the Lewy-body variant of Alzheimer’s disease. These mice had
severe deficits in learning and memory, developed motor deficits
before a-synuclein singly tg mice, and showed prominent age-
dependent degeneration of cholinergic neurons and presynaptic
terminals. They also had more a-synuclein-immunoreactive neu-
ronal inclusions than a-synuclein singly tg mice. Ultrastructurally,
some of these inclusions were fibrillar in doubly tg mice, whereas
all inclusions were amorphous in a-synuclein singly tg mice.
B-Amyloid peptides promoted aggregation of a-synuclein in a
cell-free system and intraneuronal accumulation of a-synuclein in
cell culture. B-Amyloid peptides may contribute to the develop-
ment of Lewy-body diseases by promoting the aggregation of
a-synuclein and exacerbating a-synuclein-dependent neuronal pa-
thologies. Therefore, treatments that block the production or
accumulation of B-amyloid peptides could benefit a broader spec-
trum of disorders than previously anticipated.

ging is a major risk factor for neurodegenerative disorders,

such as Alzheimer’s disease (AD) and Parkinson’s disease
(PD), and the number of people with these conditions is
increasing rapidly. In the United States alone, an estimated 4
million people have AD and at least one million have PD. Within
the next 40-50 years, these numbers are projected to increase to
over 8 million for AD and to 4 million for PD. Each neurode-
generative disease appears to have a predilection for specific
brain regions and cell populations. However, human cases with
clinical and neuropathological features of both AD and PD (1-3)
raise the possibility that these diseases involve overlapping
pathways.

Many AD patients develop signs of PD and some PD patients
become demented (3). Both diseases are associated with degen-
eration of neurons and interneuronal synaptic connections,
depletion of specific neurotransmitters, and abnormal accumu-
lation of misfolded proteins, whose precursors participate in
normal central nervous system functions (4-11). The B-amyloid
protein precursor (APP) and a-synuclein (SYN) are expressed
abundantly in synapses, are well conserved across species, and
have been implicated in neural plasticity, learning, and memory
(6, 7, 12). Mutations in human APP (hAPP) that increase
production of hAPP-derived B-amyloid peptides (AB) cause
autosomal dominant forms of familial AD (FAD) (11), and
expression of FAD-mutant hAPPs in neurons of transgenic (tg)
mice results in the age-dependent development of AD-like
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central nervous system alterations (13-17). Mutations in human
SYN (hSYN) that enhance hSYN aggregation have been iden-
tified in autosomal dominant forms of PD (18, 19). Although
most patients with AD and PD have no mutations in hAPP or
hSYN, even the most frequent “sporadic” forms of these dis-
eases are associated with an abnormal accumulation of AB (10,
11) and hSYN (20-22), respectively. AB accumulates in extra-
cellular amyloid plaques and probably also inside neurons, and
hSYN accumulates in intraneuronal inclusions called Lewy
bodies transgenic mice expressing wild-type hSYN in neurons
develop neuronal accumulations of hSYN, loss of dopaminergic
terminals in the basal ganglia, and motor impairments (23), all
of which are hallmarks of PD. Neuronal expression of hSYN in
fruit flies resulted in similar alterations (24). That neuronal
accumulation of hSYN is associated with similar morphological
and functional alterations in species as diverse as flies, mice, and
humans is provocative and suggests that it may contribute to the
development of PD and other Lewy-body diseases.

We hypothesized that hSYN and A have distinct, as well as
convergent, pathogenic effects on the integrity and function of
the brain. hSYN might affect motor function more than cogni-
tive function, whereas the opposite might be true for AB. In
addition, hRSYN and A could interact more directly by engaging
synergistic neurodegenerative pathways. To test these hypothe-
ses, we generated tg mice that express hSYN either alone or in
combination with hAPP/AB.

Methods

Generation and Behavioral Testing of Tg Mice. Heterozygous hSYN
mice from line D (23) were crossed with heterozygous hAPP
mice from line J9 (17). The offspring were genotyped (17, 23)
and analyzed at 4-22 months of age. Before behavioral exper-
iments, mice were singly housed to reduce effects of social stress.
Mice had free access to food and water. Experiments were
carried out during the light cycle. Locomotor activity was
analyzed as described (23). Spatial learning and memory were
assessed in a water maze test. A pool (diameter, 180 cm) was
filled with opaque water (24°C), and mice were first trained to
locate a visible platform (days 1-6) and then a submerged hidden
platform (days 7-12) in three daily trials 2-3 min apart. Mice that
failed to find the hidden platform within 90 s were put on it for
30 s. The same platform location was used for all sessions and all
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mice. The starting point at which each mouse was placed into the
water was changed randomly between two alternative entry
points located at a similar distance from the platform. Time to
reach the platform (latency), path length, and swim speed were
recorded with a Noldus Instruments EthoVision video tracking
system (San Diego Instruments, San Diego) set to analyze two
samples per second. On day 13, the platform was removed for a
30-s probe trial, during which we recorded the percent time the
mouse spent in the quadrant of the pool that previously con-
tained the platform (target quadrant) and in each of the
nontarget quadrants. To control for differences in motivation or
fatigue, the probe trial was followed by a trial with a visible
platform. There were no significant differences in average swim
speeds or path lengths between the different groups of mice
during the latter trial (data not shown).

Quantitation of Transgene Products. hSYN and hAPP mRNA and
protein levels were determined by RNase protection assay and
Western blot analysis as described (23, 25), except the actin
riboprobe was complementary to nucleotides 490-565 of mouse
B-actin cDNA (GenBank accession no. X03672), and an actin
antibody (MAB1501, Chemicon) was used to confirm equal
loading of protein in the Western blot analysis.

For the determination of AB levels by ELISA, samples of
mouse cortex were homogenized in ice-cold PBS containing 5 M
guanidine-HCl and 1X protease inhibitor mixture (pH 8.0)
(Calbiochem). Homogenates were mixed for 3-4 h at room
temperature and centrifuged at 16,000 X g for 20 min at 4°C. The
supernatant was diluted 10-fold in Dulbecco’s PBS (pH 7.4)
containing 5% BSA and 0.03% Tween 20. AB1-40 and AB1-42
levels in the diluted brain homogenates were quantitated with a
sandwich ELISA (BioSource International, Camarillo, CA) ac-
cording to the manufacturer’s instructions.

Neuronal Cell Culture. Cells of the immortalized hypothalamic
neuronal cell line GT1-7 (a gift from P. Mellon, University of
California at San Diego) express neuronal markers, form syn-
apses, produce neurotransmitters (26) and, on transfection with
SYN, show mitochondrial alterations, inclusion body formation,
evidence of oxidative stress, and synaptic dysfunction (27). Cells
were stably transfected with SYN ¢cDNA or control plasmid as
described (27), plated in 24-well plates coated with poly-L-lysine
(5 X 10%/0.5 ml of DMEM with 10% serum and without G418),
and treated with synthetic peptides from Sigma as outlined in
Fig. 6. For quantitation of SYN-immunoreactive inclusions,
coverslips were immunostained (27) and analyzed by light
microscopy and computer-aided image analysis with a Quanti-
met 570C (Leica, Deerfield, IL). For each condition, five
coverslips and an average of 20 cells per coverslip were analyzed.
Results were expressed as percentage of cells with SYN-
immunoreactive inclusions.

Neuropathological Analysis. Mice were euthanized by transcardial
saline perfusion under anesthesia with chloral hydrate. Brains
were removed and divided sagittally. The right hemibrain was
snap-frozen and stored at —70°C for RNA or protein analysis.
The left hemibrain was drop-fixed in phosphate-buffered 4%
paraformaldehyde at 4°C for 48 h and serially sectioned sagittally
at 40 um with a Vibratome 2000 (Leica).
Immunohistochemical analysis was performed on free-
floating Vibratome sections (17, 23) with anti-hSYN (72-10,
1:200) (23), anti-hAPP (clone 8ES5, 1:1000, Elan Pharmaceuti-
cals, San Francisco) (13), anti-AB (3D6, 1:600, Elan Pharma-
ceuticals) (28), anti-choline acetyltransferase (ChAT; AB143,
1:1000, Chemicon), and anti-synaptophysin (SY38, 1:10, Chemi-
con). The specificity of immunostaining results was confirmed by
incubating sections or cells overnight with preimmune serum or
without primary antibody. For double-labeling, sections were
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incubated overnight at 4°C with anti-hSYN (1:1000), followed by
detection with the Tyramide Signal Amplification-Direct (Red)
system (1:100, NEN Life Sciences). Sections were then incubated
overnight with anti-Ap (1:100), followed by incubation with
FITC-conjugated avidin (1:75, Vector Laboratories).

The density of ChAT-positive neurons and of neurons with
hSYN-immunoreactive inclusions was determined morpho-
metrically. Two immunoperoxidase-stained sections were ana-
lyzed per mouse and antigen, and four light microscopic images
(0.1 mm? each) were acquired per section. The threshold was set
to detect only positively stained cells, and objects were counted
automatically with the Quantimet 570C. The results from eight
images per mouse were averaged and expressed as numbers per
mm?, The area occupied by 3D6-immunoreactive AB deposits
was quantitated as described (17). Three immunolabeled sec-
tions were analyzed per mouse, and the average of the individual
measurements was used to calculate group means.

Confocal microscopy was carried out as described (23) with a
Zeiss 63X (numerical aperture 1.4) objective on an Axiovert 35
microscope (Zeiss) mounted on a MRC1024 laser scanning
confocal microscope (Bio-Rad). The average percent area oc-
cupied by synaptophysin-immunoreactive presynaptic terminals
of defined signal intensity (SIPT) was determined as described
(17). Three sections were analyzed per mouse and four confocal
images (7, 282 um? each) of the neocortex and of the caudate/
putamen per section.

Some Vibratome sections were postfixed with 2% glutaralde-
hyde/0.1% osmium tetroxide in 0.1 M sodium cacodylate buffer,
embedded in epoxy, and analyzed with a Zeiss EM10 electron
microscope as described (23). For immunogold cytochemistry
(14), Vibratome sections were fixed in 0.25% glutaraldehyde and
3% paraformaldehyde in 0.1 M cacodylate buffer (pH 7.4). From
each mouse, the temporal cortex was dissected and placed in
gelatin capsules containing a polymerized layer of LR white
(medium grade, Ted Pella, Redding, CA). Blocks were sectioned
with an Ultracut E, and thin sections (60-90 A) were placed on
nickel grids coated with 0.5% Parlodion film. Grids were incu-
bated with anti-AB (3D6) or anti-hSYN (72-10) followed by
rabbit anti-mouse-gold or goat anti-rabbit-gold (5 nm, Zymed),
respectively. Immunogold-labeled grids were examined with a
Zeiss EM10 electron microscope. In control experiments, grids
were incubated with gold-labeled secondary antibodies in the
absence of primary antibody.

Statistics. Mice, sections, and samples were analyzed in a blind-
coded fashion. Statistical analyses were performed with STAT-
VIEW 5.0 (SAS Institute, Cary, NC). Null hypotheses were re-
jected at the 0.05 level.

Results and Discussion

Coexpression of hSYN and hAPP in Vivo. Heterozygous tg hSYN
mice and hAPP mice (Fig. 1 a and b) with high levels of neuronal
hSYN (line D) (23) or AB (line J9) (17) production, respectively,
were crossed to obtain four groups of littermates: hSYN mice
(n = 26), hAPP mice (n = 32), hSYN/hAPP mice (n = 21), and
non-tg controls (n = 31). Levels of transgene-derived mRNAs in
the brain were similar in singly and doubly tg mice (Fig. 1c),
indicating that coexpression of hSYN and hAPP did not alter
transgene expression. At the protein level, expression of hSYN
did not affect hAPP expression in doubly tg mice (Fig. 1d).
Cerebral hSYN levels tended to be higher in hSYN/hAPP mice
than in hSYN mice (Fig. 1d). In addition, the levels of apparent
hSYN oligomers and larger hSYN aggregates were higher in
hSYN/hAPP mice than in hSYN mice (Fig. 1d and data not
shown).

Neurological Deficits in hSYN/hAPP Mice. Motor deficits were as-
sessed with the rotarod test as described (23). At 6 months of age,
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Fig. 1. Expression of hSYN and hAPP in brains of tg mice. (a and b) Neuronal

expression of a hSYN cDNA (a) and an alternatively spliced hAPP minigene (b)
was directed by the human platelet-derived growth factor g-chain promoter
as described (17, 23, 25). Elements are not drawn to scale. hSYN/hAPP doubly
tg mice were obtained from crosses between previously established lines:
hSYN line D (23) and hAPP line J9 (17, 50). Line J9 carries familial Alzheimer’s
disease (FAD)-linked mutations (670/67 1xkm—n. and 717y_, hAPP770 num-
bering) that increase the production of AB1-40 and AB1-42. (c) Cerebral
levels of transgene-derived mRNAs. Total RNA was extracted from hemibrains
of 4-month-old mice and analyzed by RNase protection assay. The leftmost
lane shows signals of undigested radiolabeled riboprobes (U). The lanes to the
right contained the same riboprobes plus brain RNA (10 pg per lane) from
different mice, digested with RNases. Protected mRNA segments are identi-
fied on the right. Signals were quantitated by phosphorimager analysis: singly
and doubly tg mice (n = 3 per genotype) did not differ significantly in
hSYN/actin (0.77 = 0.11 vs. 0.82 =+ 0.25) or hAPP/actin (1.60 = 0.27 vs. 1.33 =
0.21) ratios (mean =+ SD). (d) Cerebral levels of hAPP, hSYN, and mouse actin.
Frontal cortex homogenates of 4-month-old mice (n = 4 per genotype) were
separated into cytosolic (for hSYN) and particulate (for hAPP) fractions (12 ug
per lane), resolved by SDS/10% PAGE, and subjected to Western blot analysis
as described (23). hSYN was detected with 72-10 (1:1000) and hAPP with 8E5
(1:2500). Blots were cropped as indicated by horizontal lines. Anti-actin
(MAB1501, 1:500) labeling of stripped hSYN (not shown) and hAPP (bottom)
blots confirmed equal loading of lanes. Longer exposures of the full-length
hSYN blot revealed apparent hSYN oligomers, as well as higher molecular
weight hSYN aggregates, in hSYN/hAPP mice and, at much lower levels, also
in hSYN singly tg mice (data not shown).

hSYN/hAPP mice already showed significant deficits relative to
non-tg controls (P < 0.03 by repeated measures ANOVA),
whereas hSYN mice did not (Fig. 2a). At 12 months of age, both
hSYN/hAPP and hSYN mice showed deficits in this test com-
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Fig. 2. hAPP/AB accelerates hSYN-dependent motor deficits. Male mice, 6

(a) or 12 (b) months of age (n = 6-8 per age and genotype), were assessed in
the rotarod test as described (23). After an initial adaptation period, fall
latencies were recorded in seven consecutive trials (10-min intertrial intervals).
Compared with age-matched non-tg controls, only hSYN/hAPP mice were
significantly impaired at 6 months whereas both hSYN and hSYN/hAPP mice
were impaired at 12 months.

pared with non-tg controls (P < 0.001 by repeated-measures
ANOVA) (Fig. 2b). hAPP mice had no significant motor deficits
at either age. The severity of motor deficits was similar in
6-month-old hSYN/hAPP and 12-month-old hSYN and hSYN/
hAPP mice, suggesting that hAPP/Ap accelerates the develop-
ment of hSYN-dependent motor deficits.

To determine the effects of hSYN and hAPP/AP on spatial
learning and memory, we assessed the mice in a water maze test
(Fig. 3). All groups of mice were able to locate a visible platform
equally well (Fig. 3a), indicating that the motor deficits of
hSYN/hAPP do not preclude normal performance in this test.
In the hidden platform sessions, mice must use their memory of
visual cues outside of the maze to find the submerged platform.
In these sessions, hSYN/hAPP mice showed the most significant
learning deficits, whereas hSYN mice and non-tg controls per-
formed normally (Fig. 3a). The probe trial, during which the
platform is removed, provides a putative measure of spatial
memory retention. In this trial, hASYN/hAPP mice and hAPP
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Fig.3. hSYN/hAPP mice have severe learning deficits in the water maze test.
(a) Six-month-old male mice (n = 6 per genotype) were first trained for 6 days
to find a visible platform. All groups of mice acquired this task equally well,
demonstrating that the motor deficits observed at thisage in hSYN/hAPP mice
(Fig. 2) did notinterfere with their performance in the water maze test. On day
7 of training, the platform was hidden under the opaque water to test the
ability of the mice to use visual cues outside of the maze to locate the hidden
platform. Non-tg and hSYN mice learned to locate the hidden platform,
whereas hAPP mice were impaired (P = 0.023 vs. non-tg by repeated-measures
ANOVA). hSYN/hAPP mice had even more significant difficulties learning this
task (P = 0.0094 vs. non-tg by repeated-measures ANOVA). (b) After removal
of the platform for a probe trial on day 13, hAPP and hSYN/hAPP mice spent
less time searching in the target quadrant than non-tg controls, consistent
with impaired retention of spatial memory. *, P < 0.05 vs. non-tg mice
(Tukey-Kramer test). #, P < 0.05 vs. non-tg mice (Student Neuman-Keuls test).
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Fig. 4. Loss of cholinergic neurons in hAPP and hSYN/hAPP mice. Brain

sections (n = 2 per mouse) of 20- to 22-month-old mice (n = 3-7 per genotype)
were labeled with an antibody to ChAT, and the nucleus basalis (a) and
caudate/putamen (b) were analyzed by light microscopy and morphometry.
For each mouse, eight images were analyzed, and the results were used to
calculate the average number of immunostained cells per mm2 (mean + SD).
*, P<0.05; **, P<0.01 vs. non-tg controls (Tukey—Kramer test); #, P < 0.05 vs.
non-tg controls (Student Neuman-Keuls test).

mice showed significantly less preference for the target quadrant
than non-tg controls, suggesting impaired memory retention;
hSYN mice were not impaired (Fig. 3b).

These results indicate that the motor deficits of hSYN/hAPP
mice are caused primarily by hSYN, whereas their deficits in spatial
learning and memory are caused primarily by hAPP/Ap. Similar
effects of hNSYN and hAPP/AB may contribute to Lewy-body
diseases, which also combine motor and cognitive deficits.

Age-Dependent Neurodegeneration. Degeneration of cholinergic
neurons in the nucleus basalis of Meynert results in acquisition
deficits in the water maze task in rodents (29). It is also a
potentially important determinant of cognitive decline in AD
and Lewy-body diseases (30, 31). ChAT mediates the synthesis
of acetylcholine and serves as a marker of cholinergic neurons.
We determined the density of ChAT-immunoreactive neurons in
the nucleus basalis of our tg models (n = 13-17 mice/genotype,
age range: 4-22 months). Simple regression analysis revealed a
significant correlation between aging and loss of ChAT-positive
neurons in hSYN mice (r = 0.6, P < 0.03), hAPP mice (r = 0.66,
P < 0.01), and hSYN/hAPP mice (r = 0.86, P < 0.0001), but not
in non-tg controls (r = 0.22, P > (0.4). The greatest loss was
observed in aged hSYN/hAPP mice (Fig. 4a), which had fewer
ChAT-positive neurons than aged hAPP mice (P < 0.03 by
unpaired Student’s ¢ test). These results are consistent with the
observation that cholinergic deficits are more severe in human
patients with the Lewy-body variant of AD than in patients with
pure AD (30). hSYN/hAPP mice and hAPP mice also had a
significant loss of cholinergic neurons in the caudate/putamen
(Fig. 4b), consistent with the decreased ChAT activity in the
caudate of AD patients with or without Lewy bodies (30).
People with AD or the Lewy-body variant of AD typically also
develop a significant loss of synapses in the neocortex, which is
reflected in decreased synaptophysin immunoreactivity (31-33).
We measured SIPT in the neocortex of 4- to 20-month-old mice
(n = 15-19 per genotype). There was a significant negative
correlation between aging and neocortical SIPT levels in hAPP
mice (r = 0.744, P = 0.0006) and hSYN/hAPP mice (r = 0.524,
P =0.021), but not in hSYN mice (» = 0.479, P = 0.071) or non-tg
controls (r = 0.151, P = 0.564). At 20 months of age, SIPT levels
in the neocortex (percent area occupied, mean * SD, n = 3-4
mice/genotype) were highest in non-tg controls (25.6 = 0.9) and
lowest in hSYN/hAPP mice (18.3 = 4.8, P < 0.05 by Tukey-
Kramer test), with values for hAPP mice (20.9 = 1.7) and hSYN
mice (23.0 = 0.9) in between. In contrast, SIPT levels in the
caudate/putamen at 20 months were normal in non-tg mice
(27.1 £ 1.5) and hAPP mice (25.1 = 3.6), but decreased in h(SYN
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Fig. 5. Increased number and fibrillar characteristics of neuronal inclusions
in hSYN/hAPP mice. (a—d) Brain sections were labeled with an antibody
against hSYN (72-10) and analyzed by light microscopy. hSYN/hAPP mice (b
and d) had more hSYN-immunoreactive neuronal inclusions in the temporal
cortex (depicted here) and in the cingulate cortex (not shown) than hSYN mice
(a and ¢). Images are from 12-month-old mice. (Scale bars, 20 um.) (e and f)
Sections of temporal cortex from 12-month-old hSYN (e) or hSYN/hAPP (1)
mice were analyzed by transmission electron microscopy. Images depict in-
traneuronal inclusions. (Scale bar, 1 um.) (g) hSYN-immunoreactive neuronal
inclusions increased with age in both hSYN (r = 0.51, P = 0.006) and hSYN/
hAPP (r = 0.39, P = 0.027) mice. Each dot represents measurements obtained
in the temporal cortex of a different mouse expressed as average number of
hSYN-immunoreactive inclusions per mm2.

mice (21.0 = 0.9) and hRSYN/hAPP mice (20.1 = 1.7) (P < 0.05
vs. non-tg controls by Tukey—Kramer test).

Thus, the age-dependent loss of cholinergic neurons in hNSYN/
hAPP mice depends primarily on hAPP/AB, with hSYN having
some additive effects in the nucleus basalis. The age-dependent
loss of SIPT in the neocortex of these mice is also due primarily
to hAPP/AB with minor contributions from hSYN. Loss of SIPT
in the basal ganglia is due almost entirely to hSYN.

Ap Promotes Accumulation of hSYN. Accumulation of hSYN within
neurons is a hallmark of Lewy-body diseases, including the
Lewy-body variant of AD. An age-dependent accumulation of
hSYN occurs in neurons of hSYN singly tg mice (23). Between
4 and 20 months of age, the number of neuronal inclusions in the
neocortex was on average 1.6-fold higher in hSYN/hAPP mice
than in age-matched hSYN mice (15.3 £ 1.1 vs. 9.5 = 0.9 per
mm?, n = 28-32 mice per genotype, mean = SEM, P = 0.0002
by unpaired two-tailed Student’s ¢ test). This is illustrated for
12-month-old mice in Fig. 5 a—d. The number of inclusions
increased with age in both hSYN and hSYN/hAPP mice (Fig.
5g). These results indicate that hAPP/AB enhances the accu-
mulation of hSYN in neurons.

By ultrastructural analysis, all intraneuronal inclusions in
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Fig. 6. Role of hAPP/AB in the accumulation of hSYN in vivo and in vitro. (a—c) Sections of temporal cortex from 12-month-old hSYN/hAPP (a and c) or hAPP
(b) mice were double-labeled with antibodies against hSYN (red) and hAPP (green) (a and b) or against hSYN (red) and A (green) (c) and analyzed by confocal
microscopy. Note the colabeling for hAPP and hSYN (yellow) of the neuron (arrow) containing a dense hSYN accumulation (a) and the close association of A
deposits (green granules) with intracellular hSYN accumulations (red) (c). All images were obtained at a magnification of X930. The image in ¢ was magnified
electronically to better visualize AB-immunoreactive granules. (d) Recombinant hSYN (10 uM final concentration) was or was not mixed with freshly solubilized
synthetic AB1-40, AB1-42, or control peptide of reverse sequence (Ap42-1) (each at a final concentration of 10 uM) in 20 ul of 100 mM Tris-HCl buffer (pH 7.5).
All samples were incubated at 37°C for 24 h and then subjected to SDS/15% PAGE. After blotting of samples onto nitrocellulose membrane, the membrane was
blocked with Tris-buffered saline (TBS; 20 mM Tris*HCI, pH 7.5/150 mM NacCl) containing 3% BSA, followed by incubation with anti-hSYN (1:1000) in TBS
containing 1% BSA. The membrane was then incubated with '25|-labeled protein A (ICN), followed by autoradiography. (e—j) Neuronal GT1-7 cells stably
transfected with SYN cDNA (e-g) or control plasmid (h—j) as described (27), were left untreated (e and h) or exposed for 48 h to AB1-40 (fand i), AB1-42 (g and

J), or AB42-1 (not shown) at 2 uM final concentration, followed by immunoperoxidase staining with anti-SYN (27).

hSYN mice were amorphous and electrodense (Fig. Se, and ref.
23), whereas ~15% of the intraneuronal inclusions in hSYN/
hAPP were fibrillar (Fig. 5f), increasing their resemblance to
Lewy bodies in the human condition (34, 35). Filamentous
inclusions in the neuronal cytoplasm were labeled when brain
sections of hSYN/hAPP mice were analyzed by immunogold
electron microscopy with anti-hSYN or anti-AB (data not
shown). These results suggest that AB may promote the in vivo
fibrillization of hSYN by direct interaction. Further supporting
this possibility, AB-immunoreactive granular deposits were de-
tected by confocal microscopy in hSYN-positive intraneuronal
inclusions in hSYN/hAPP mice (Fig. 6¢).

To further evaluate whether the alterations observed in
hSYN/hAPP mice could indeed result from direct interactions
between AB and hSYN, we extended our in vivo analysis to two
in vitro models. In a cell-free system, AB1-42 strongly promoted
the formation of presumed hSYN oligomers and high molecular
weight hSYN polymers (Fig. 6d), consistent with previous ob-
servations (36). This effect was observed with both aged (puta-
tively aggregated) and freshly solubilized AB1-42. However,
because APB1-42 aggregates rapidly in aqueous solutions, we
cannot be certain that the effect was independent of the aggre-
gation state of AP1-42. Interestingly, the less fibrillogenic
AB1-40 did not affect hNSYN aggregation in vitro (Fig. 6d).

AB1-42 and AB1-40 also had different effects on the intra-
cellular accumulation of SYN in neuronal cell cultures when
added to the culture medium (Fig. 6 e—j). The percentage of cells
with SYN-immunoreactive inclusions was higher in cultures
treated with AB1-42 (55.4 = 10.3) than in untreated cultures
(21.4 £ 6.4) or cultures treated with AB1-40 (19.9 = 4.8) or
AB42-1 (19.4 £ 5.2) (mean * SD, P < 0.05 by Tukey—-Kramer
test).

Overproduction of AB1-42 within the endoplasmic reticulum
and intermediate compartment (10) may interfere with the
processing of SYN, enhancing its accumulation. However, our
cell culture data demonstrate that extracellular exposure to
AB1-42 is sufficient to induce the intracellular accumulation of
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SYN, whereas exposure to AB1-40 is not. Interestingly, cellular
uptake of extracellular AB1-42, but not AB1-40, disrupted the
integrity of lysosomal membranes (37, 38). Moreover, the asso-
ciation of soluble SYN with planar lipid bilayers results in
extensive bilayer disruption (39). The combined action of
AB1-42 and SYN could cause endosomal-lysosomal membranes
to leak, allowing for direct interactions between AB1-42 and
SYN in the cytosol. As demonstrated by our in vitro findings,
such an interaction could promote the intracellular accumula-
tion of SYN. This effect of AB1-42 on SYN might be mediated
by direct fibrillogenic interactions between these molecules (40)
or by free radicals. Ap may exert oxidative stress (41), and
growing evidence suggests that oxidative crosslinking of SYN
contributes to Lewy-body formation (9, 42). These possibilities
are not mutually exclusive and deserve to be tested further in
future studies.

In contrast to the prominent effects of AB on SYN accumu-
lation, hSYN expression did not significantly alter the extracel-
lular deposition of AB into plaques or the development of
plaque-associated neuritic dystrophy in 8-, 12-, or 20-month-old
hSYN/hAPP mice compared with age-matched hAPP mice (n =
3—-4 mice per genotype and age). Twelve-month-old hAPP mice
and hSYN/hAPP mice had similar cerebral levels of AB1-40
(4.3 £0.88vs4.6 = 0.6) and AB1-42 (248 += 48 vs 275 = 41) as
determined by ELISA (ug/g of hemibrain, mean + SD,n = 4-11
mice per genotype).

Conclusions

hSYN/hAPP mice have cognitive and motor alterations, loss of
cholinergic neurons and SIPT, extensive amyloid plaques, and
hSYN-immunoreactive intraneuronal fibrillar inclusions. All of
these features are also found in the Lewy-body variant of AD (2,
30, 43, 44). Interestingly, ~25% of patients with AD develop
frank parkinsonism (3), and hSYN-immunoreactive Lewy-body-
like inclusions develop in most cases of sporadic AD and FAD,
as well as in Down’s syndrome, which is associated with early
onset AD (45, 46). Moreover, Lewy bodies contain hAPP
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(47-49). Our study demonstrates that hRSYN and hAPP/Ap have
distinct, as well as convergent, pathogenic effects on the integrity
and function of the brain. Although hSYN did not affect the
AB-dependent development of neuritic plaques or the overall
AB content in the brain, it worsened hAPP/AB-dependent
cognitive deficits and neurodegeneration in specific brain re-
gions. These findings indicate that hSYN may enhance the
plaque-independent neurotoxicity of AB (17, 50, 51). They help
explain the clinical observation that the Lewy-body variant of
AD causes a more rapid cognitive decline than pure AD (30).

Overexpression of hAPP/AR, in turn, promoted the intra-
neuronal accumulation of hSYN and accelerated the develop-
ment of motor deficits in tg mice. Although we cannot be certain
whether these effects were mediated by AB or another hAPP
product, our in vitro studies strongly suggest that AB1-42 is the
predominant culprit. It remains to be determined whether the
neuronal deficits in these models and the corresponding human
diseases are dependent on fibrillar or prefibrillar forms of AB
and hSYN (17, 50-52). In either case, the pathogenic interac-
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Note Added in Proof. Since the acceptance of our paper, two reports
have appeared demonstrating that AB1-42 promotes the aggregation of
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the effects of AB1-42 on a-synuclein aggregation we identified in the
current study. Taken together, these findings suggest that AB1-42 might
contribute to diverse conformational diseases.
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