The Journal of Neuroscience, June 24, 2009 - 29(25):7957-7965 + 7957

Neurobiology of Disease

Amyloid Reduction by Amyloid-3 Vaccination Also Reduces
Mouse Tau Pathology and Protects from Neuron Loss in Two
Mouse Models of Alzheimer’s Disease

Donna M. Wilcock,! Nastaran Gharkholonarehe,! William E. Van Nostrand,? Judianne Davis,> Michael P. Vitek,' and
Carol A. Colton'

'Division of Neurology, Department of Medicine, Duke University Medical Center, Durham, North Carolina 27710, and ?Department of Medicine, Stony
Brook University, Stony Brook, New York 11794

Shown to lower amyloid deposits and improve cognition in APP transgenic mouse models, immunotherapy appears to be a promising
approach for the treatment of Alzheimer’s disease (AD). Due to limitations in available animal models, however, it has been unclear
whether targeting amyloid is sufficient to reduce the other pathological hallmarks of AD—namely, accumulation of pathological, non-
mutated tau and neuronal loss. We have now developed two transgenic mouse models (APPSw/NOS2 ~/~ and APPSwDI/NOS2 ~/™) that
more closely model AD. These mice show amyloid pathology, hyperphosphorylated and aggregated normal mouse tau, significant
neuronloss, and cognitive deficits. A3, _,, or KLH vaccinations were started in these animals at 12 months, when disease progression and
cognitive decline are well underway, and continued for 4 months. Vaccinated APPSWDI/NOS2 ~'~ mice, which have predominantly
vascular amyloid pathology, showed a 30% decrease in brain A3 and a 35-45% reduction in hyperphosphorylated tau. Neuron loss and
cognitive deficits were partially reduced. In APPSw/NOS2 ~'~ vaccinated mice, brain A3 was reduced by 65- 85% and hyperphosphory-
lated tau by 50 - 60%. Furthermore, neurons were completely protected, and memory deficits were fully reversed. Microhemorrhage was
observed in all vaccinated APPSw/NOS2 ~'~ mice and remains a significant adverse event associated with immunotherapy. Nevertheless,
by providing evidence that reducing amyloid pathology also reduces nonmutant tau pathology and blocks neuron loss, these data support

the development of amyloid-lowering therapies for disease-modifying treatment of AD.

Introduction

The amyloid hypothesis of Alzheimer’s disease (AD) states that
AP accumulation and aggregation results in tau hyperphospho-
rylation and aggregation, which ultimately leads to neuronal
death and, finally, dementia (Hardy and Selkoe, 2002). The hy-
pothesis has led to the development of potential therapeutics
aimed at either lowering A3 production or accelerating the clear-
ance of AB. One such approach is immunotherapy targeting A3
using active vaccination or passive immunization (Wilcock and
Colton, 2008). Active vaccination uses AB combined with an
immune adjuvant to stimulate the recipients’ immune system to
produce anti-AB antibodies (Schenk et al., 1999). Passive immu-
nization involves delivery of monoclonal antibodies directed to
portions of the AB protein (Bard et al., 2000). Both forms of
immunotherapy have been shown to lower amyloid levels and
improve learning and memory in APP transgenic mice (Janus et
al., 2000; Morgan et al., 2000; Wilcock et al., 2004b) and have
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progressed into clinical trials (Orgogozo et al., 2003; Bayer et al.,
2005).

Transgenic mouse models have been useful tools to study AD,
but many do not fully recapitulate the cascade of amyloid
plaques, neurofibrillary tangles, and neurodegeneration that
characterize the human disease (Schwab et al., 2004). We recently
developed two transgenic AD mouse models that progress from
amyloid deposition to hyperphosphorylated and aggregated na-
tive tau pathology with significant neuronal loss. These mice were
generated by genetic deletion of nitric oxide synthase 2 (NOS2;
iNOS) in the APPSw (Colton et al., 2006) and APPSwDI (Wil-
cock et al., 2008) mouse strains. The rationale for reducing NOS2
in our mouse models has been detailed in a recent review (Colton
etal., 2008) and is based on the immunosuppression of NOS2 in
chronic inflammatory diseases (El-Gayar et al., 2003; Gordon,
2003; Minghetti et al., 2005) and on the striking species-specific
differences in the NOS2 gene between humans and rodents
(Weinberg et al., 1995; Colton et al., 1996; Ganster et al., 2001;
Mestas and Hughes, 2004), At 12-13 months of age, APPSw/
NOS2 '~ mice develop moderate amyloid deposition with mod-
erate vascular involvement, AT8-positive and thioflavin-S-
positive tau pathology, 30% hippocampal neuron loss, and
significant memory deficits as detected by the radial-arm water
maze (Colton et al., 2006). Similarly aged APPSWDI/NOS2 '~
animals develop severe amyloid deposition with a high vascular
involvement, AT8-positive and thioflavin-S-positive tau pathol-
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Table 1. Summarizes the pathologies of the APPSwDI/NOS2 '~ and the APPSw/N0S2 '~ mice aged 12 months, the age at the beginning of this study

Amyloid deposition (% area) ABELISA (pg/mg protein)
Mouse FCX HPC SuB Total soluble Total insoluble Total AB,, Total AB,, AT8-positivetau  Neuron loss (%)
APPSW/NOS2 ™/~ 5806 4903 16*02 291 * 126 2881 * 960 2480 * 800 880 +250  Extensive 30-35
APPSWDI/NOS2™/~ 16719  185+3 18644 1200 = 61 27,544 = 4500 27,000 = 4400 1700 =225  Extensive 35-40

FCX, Frontal cortex; HPC, hippocampus; SUB, subiculum.

ogy, 35% hippocampal neuron loss, and
significant memory deficits as detected by
the radial-arm water maze (Wilcock et al.,
2008).

The impact of amyloid-based thera-
peutics on the other pathological hall-
marks of AD progression has not been ad-
equately examined due to a lack of animal
models that sufficiently resemble AD. We
show here, for the first time, that lowering
amyloid in both APP/NOS2 ™'~ mouse
models also significantly reduces tau pa-
thology, protects from neuron loss, and
improves learning and memory.

Materials and Methods

Animals. The APPSWDI/NOS2 ~/~ mice were
produced by crossing APPSwDI (Swedish
K760N/M671L, Dutch E693Q, and Iowa
D694N) (Davis et al., 2004) transgenic mice
with NOS2™/~ (B6 129P2NOS2 "= !au/y)
(Laubach et al., 1995) mice (The Jackson Labo-
ratory), as described previously (Wilcock et al.,
2008). The APPSw/NOS2 '~ mice were pro-
duced by crossing APPSw (Tg2576, Swedish
K760N/M671L) transgenic mice (Hsiao et al.,
1996) with NOS2 ~/~ (B6 129P2NOS2 ‘*u11au/y)
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control vaccination, and six NOS2 ~/~ mice re-
ceiving A vaccination. All mice were killed and
brain pathology examined at 16 months of age.
The pathologies already present in mice by 12
months of age are summarized in Table 1.

Vaccine preparation and administration. Hu-
man AB,_,, peptide (rPeptide) or KLH (EMD
Biosciences) was suspended in pyrogen-free
type I water at 2.2 mg/ml, then mixed with 10X
PBS to yield 1X PBS, and incubated overnight at 37°C. For the first
vaccination, the antigen suspension was mixed 1:1 with Freund’s com-
plete adjuvant (Sigma-Aldrich), and 100 mg of A8 was injected subcuta-
neously. For the following three vaccinations, the antigen suspension was
mixed 1:1 with Freund’s incomplete adjuvant (Sigma-Aldrich). The first
two vaccinations were administered biweekly, the next two vaccinations
monthly. Four weeks following the final vaccination, at 16 months of age,
mice were tested in the radial-arm water maze and killed.

Two-day radial arm water maze. Mice were initially tested at 12 months
of age using the 2 d radial-arm water maze. The 2 d radial-arm water
maze has been described in detail previously (Alamed et al., 2006; Wil-
cock etal., 2008). Briefly, a six-arm maze is submerged in a pool of water,
and a platform is placed at the end of one arm. The mouse receives 15
trials per day for 2 d. The mouse begins each trial in a different arm while

Figure 1. A deposition is reduced in APPSwDI/NOS2 '~ mice receiving Af3 vaccination. A and B show A3 immunohisto-
chemistry in the hippocampus of APPSWDI/NOS2 ~/~ mice receiving either control vaccination (4) or A3 vaccination (B) for 4
months. DG, Dentate gyrus; CA3, cornu ammonis 3; SUB, subiculum. Magnification, 40<; scale bar, 120 wm. € and D show
quantification of percentage area occupied by positive immunostain in the whole field (C) or restricted to the cerebrovasculature
(D). Eand F show ELISA measurements of A340 (E) or AB42 (F). *p << 0.05, **p < 0.01 compared with NOS2 ~/~ mice.

the arm containing the platform remains the same. The numbers of
errors (incorrect arm entries) are counted over a 1 min period. The errors
are averaged over three trials, resulting in 10 blocks for the 2 d period
(blocks 1-5 are day 1, while blocks 610 are day 2). The task was repeated
as above immediately before the mice were killed at age 16 months.
Tissue processing and histology. After injection with a lethal dose of
ketamine, blood was collected and the mice were perfused intracardially
with 25 ml of normal saline. Brains were rapidly removed and bisected in
the midsagittal plane. One half of the brain was immersion fixed in 4%
paraformaldehyde, while the other was snap-frozen in liquid nitrogen
and stored at —80°C. After being allowed to clot for 2 h at 4°C, the blood
samples were centrifuged at 3800 rpm for 15 min, and the serum was
collected and stored at —80°C. Tissue was processed, and 25 um frozen
sagittal sections were collected as described previously (Wilcock et al.,
2008). Eight 25 um sections equally spaced 600 mm apart were selected
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NeuN-positive neurons in the CA3 was per-
formed as described previously (Wilcock et al.,
2008). The data were exported to an Excel
spreadsheet where statistical analysis was
performed.

AB ELISA. Soluble and insoluble pools of
AB,_,oand AB,_,, were measured by sandwich
ELISA using commercially available kits (Co-
vance) according to manufacturer’s instruc-
tions. Frozen hemibrains were pulverized using
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Figure2. Taupathologyand neuron loss are reduced in APPSWDI/NOS2 /™ mice receiving A3 vaccination. A and B show AT8
immunohistochemistry in the cerebral cortex of APPSWDI/NOS2 '~ mice receiving either control vaccination (A) or A vacci-
nation (B). Magpnification, 200<; scale bar, 25 pm. € shows representative Western blots for AT8, AT180, and tau 5 from
APPSWDI/NOS2 ~/~ mice receiving control (control) or A vaccination (Vacc). D shows mean densitometry data of AT8 and
AT180 Western blots, normalized to total tau levels. N = 7 mice receiving control vaccination and N = 8 receiving A3 vaccination.
E-H show NeuN immunohistochemistry in the hippocampus (E and F, magpnification, 40X ; scale bar, 120 ,m) and CA3 (Gand H,
magnification, 200X scale bar, 25 wm) of APPSwDI/NOS2 '~ mice receiving either control (E, G) or AS3 (F, H) vaccination.
Dashed boxesin E and Findicate the region shown at higher magnification in G and H. /and J show cresyl violet staining of the CA3
of APPSWDI/NOS2 /™ mice receiving either control (/) or AB (/) vaccination. Magnification, 200X ; scale bar, 25 m. K shows
stereological counts of the CA3 region of NOS2 ~/~, APPSwDI/NOS2 ~/~ control, and APPSwDI/NOS2 ~/~ mice receiving A3

vaccination. *p << 0.05, **p < 0.01 compared with NOS2 /™ mice.

for free-floating immunohistochemistry for AB (rabbit polyclonal
anti-AB N terminal, Biosource, 1:3000), NeuN (mouse monoclonal, Mil-
lipore Bioscience Research Reagents, 1:3000) or PHF-tau (AT8, a mouse
monoclonal for PHF-tau recognizing phosphorylated Ser202 in tau,
Thermo Scientific, 1:250). The method for free-floating immunohisto-
chemistry has been described previously (Wilcock et al., 2004a). Addi-
tionally, eight 25 wm sections equally spaced 600 mm apart were selected,
mounted on slides, and stained in a 0.5% cresyl violet solution (Sigma-
Aldrich) for 5 min at room temperature. The sections were then differ-
entiated in 70 and 95% ethanol solutions before being coverslipped.

Antibody titer measurement. Serum antibody titers were measured us-
ing a method described previously (Morgan et al., 2000). Briefly, 96-well
plates were coated with AB,_,, for 1 h at 37°C. After blocking, dilutions
of serum were prepared in PBS at an initial dilution of 1:4 and subsequent
two-fold dilutions were performed in the plate. Using adjacent wells in
the 96-well plate, known concentrations of an anti-Af3 monoclonal an-
tibody (6E10; Covance) were added to generate a standard curve. Anti-
mouse peroxidase (Sigma-Aldrich) was added, and the ELISA was devel-
oped wusing 3,3',5,5'-tetramethylbenzidine (Sigma-Aldrich). The
Softmax program (Molecular Devices) was used to calculate antibody
concentration using the standard curve generated by the monoclonal
antibody.

AP load calculation. Percentage immunoreactive area for A3 total and
vascular A3 was measured using the Image-Pro Plus software as de-
scribed previously (Wilcock et al., 2008). Stereological analysis of the

*

AT180 a mortar and pestle on dry ice. Samples were

homogenized in TBS containing both protease
and phosphatase inhibitor cocktails for the sol-
uble AB pool. This sample was centrifuged at
100,000 X g for 1 h at 4°C. The supernatant was
removed, and the pelleted material was homog-
enized with 70% formic acid for the insoluble
AP pool. Again, this sample was centrifuged at
100,000 X g for 1 h at 4°C and the supernatant
removed. The supernatant was neutralized by a
1:20 dilution into 1 M Tris phosphate buffer, pH
11. Protein concentrations were calculated us-
ing the BCA protein assay kit (Thermo Scien-
tific) according to manufacturer’s instructions.
The Softmax program (Molecular Devices) was
used to calculate AB concentration (in pico-
grams). These values were normalized to pro-
tein concentrations (in picograms per milli-
gram). Total AB,_,, and AB,_,, levels were
obtained by adding the values of the soluble and
insoluble levels.

Western blotting. Protein was extracted from
pulverized brain powder and quantified using
the BCA protein assay kit. Fifteen microgram
protein samples from each lysate were run on a
denaturing 4-20% SDS-PAGE gel. The gel was
transferred onto a nitrocellulose membrane,
and Western blots were performed for AT8
(mouse anti-PHF tau antibody 1:200, Thermo
Scientific) or AT180 (mouse anti-PHF tau an-
tibody 1:500 Thermo Scientific) as described
previously (Wilcock et al., 2008). The blots were
stripped using Restore stripping buffer
(Thermo Scientific) and reprobed using the
above protocol for tau 5 (mouse anti-tau 5,
EMD Biosciences, 1:3000). Densitometry was performed as described
previously (Wilcock et al., 2008).

Statistics. The significance of genotype- and treatment-specific behav-
ioral changes were analyzed by the unpaired Student’s f test or two-way
ANOVA. All immunohistochemical, stereological, ELISA, and Western blot
data were analyzed by one-way ANOVA. The statistical analysis software
JMP (version 7, SAS) was used for all statistical analyses with p < 0.05 judged
as significant. All graphs were made using GraphPad Prism 4.

[INOS2-/-
E=APPSWDI/NOS2-/- control
Il APPSWDI/NOS2-/- vaccinated

Results

All mice receiving A3 vaccination generated significant anti-Af3
antibody titers, with no statistical differences between genotypes.
NOS2 ™/~ mice generated titers of 525 = 170 pg/ml, APPSWDI/
NOS2 ™'~ mice generated titers of 314 = 103 pg/ml, and APPSw/
NOS2 ™/~ mice generated titers of 421 = 94 pg/ml. Also, impor-
tantly, A vaccination did not alter either NOS1 or NOS3 mRNA
expression levels from control KLH-vaccinated levels. Fold
changes in mRNA expression of NOS1 and NOS3 for APPSw/
NOS2 '~ and APPSWDI/NOS2 ™/~ mice are shown in Table 2.
Similar compensatory responses in the expression of NOS1 and
NOS3 have been previously observed in NOS2 ~/~ mice (Colton
et al., 2006; Wilcock et al., 2008).
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APPSWDI/NOS2 '~

APPSW/NOS2 '~

KLH ABVACC KLH ABVACC
NOST mRNA (fold change vs wild type) 0.70 = 0.019 0.69 = 0.021 0.68 = 0.014 0.66 = 0.072
NOS3 mRNA (fold change vs wild type) 139 £ 0.031 1.41 = 0.029 1.34 £ 0.026 1.37 £0.035

Compensatory changes in mRNA expression for NOS1and NOS3 are not affected by vaccination (VACC).

AB-vaccinated APPSWDI/NOS2 ~/~ mice show deceased A3
and tau pathology

APPSWDI/NOS2 '~ mice receiving 4 months of control (KLH)
vaccination showed a typical staining pattern for total AB in the
brain (Wilcock et al., 2008). Abundant AB immunostain was
observed in the hippocampus throughout the dentate gyrus and
CA3 regions as well as extensive cerebrovascular amyloid depo-
sition in the subiculum (Fig. 1A). In AB-vaccinated APPSwDI/
NOS2 /" mice, the extensive, diffuse A B staining throughout the
dentate gyrus and CA3, as well as the overall staining appearance,
was reduced (Fig. 1 B). Immunization with A resulted in a 30%
reduction in total AB in the hippocampus and frontal cortex,
with no significant reduction in the subiculum (Fig. 1C). The
same images used for quantification of total A were also ana-
lyzed for vascular amyloid deposition. No significant changes
were found when comparing APPSwWDI/NOS2 ~'~ mice receiv-
ing control or Af vaccination. We also performed biochemical
measurements of AB using ELISA methods on protein extracted
from the right hemisphere. We found significant, 40% reductions
in both AB40 (Fig. 1 E) and AB42 (Fig. 1 F). No significant differ-
ences were noted when soluble and insoluble A levels were an-
alyzed separately.

Tau hyperphosphorylated at Ser202/Thr205 is associated with
AD-relevant pathology and is detected by the AT8 antibody
(Igbal and Grundke-Igbal, 1997). Immunohistochemistry for
AT8-positive tau in KLH-immunized 16-month-old APPSwDI/
NOS2 '~ mice showed a staining pattern previously observed
(Wilcock et al., 2008), that is, AT8-immunopositive neuronal cell
bodies were found scattered throughout the cortex while strong
staining was observed in the subiculum. The cell bodies of corti-
cal neurons appeared densely stained for AT8 in control-treated
APPSwWDI/NOS2 ™'~ mice (Fig. 2A). This staining was signifi-
cantly reduced in APPSWDI/NOS2 ~/~ mice receiving A vacci-
nation (Fig. 2 B).

Another pathologically relevant phosphorylation site on the
tau protein is Thr231, which is detected by the AT180 antibody
(Igbal and Grundke-Igbal, 1997). Protein extracted from the
right hemisphere was run on an SDS-PAGE gel and probed for
ATS, AT180, and total tau by Western blot. Compared with mice
receiving control vaccination, AB-immunized APPSwDI/
NOS2 ™~ mice had reduced AT8 and AT180 signal (Fig. 2C). To
control for any changes in total tau due to amyloid changes or
vaccination, we performed a Western blot using tau 5, which
detects total tau, and found no significant changes in total tau
levels in any of the mice examined (Fig. 2C). Densitometry anal-
ysis revealed significant reductions in both AT8 (40%) and
AT180 (35%) levels following A3 vaccination (Fig. 2 D).

A immunization partially relieves neuron loss in
APPSwWDI/NOS2 ™/~ mice

Neuron loss has previously been shown in the hippocampus and
subiculum of the APPSWDI/NOS2 ™'~ mice (Wilcock et al.,
2008). The CA3 region appears to be particularly vulnerable and
shows thinning, with 35% loss of neurons at 12 months of age.
We have previously shown that NOS2 ~/~ mice are indistinguish-
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Figure3.  APPSWDI/NOS2 ~/~ mice show partial reversal of memory deficits following A3
vaccination. A and B show radial-arm water maze data for APPSWDI/NOS2 ~/~ mice and
NOS2 /™ mice before treatment (4) and after 4 months of either control orABvaccination (B).
No effect of vaccination was observed in NOS2 '~ mice, so they are shown as a single group in
B. Blocks 1-5 are day 1 and block 610 are day 2. *p << 0.05, **p < 0.01 compared with
NOS2 /™ mice for the given block number.

able from wild-type mice with respect to neuron counts (Wilcock
etal., 2008). In the current study, neurons were stained with Nissl
and NeuN staining, which are closely correlated with respect to
neuron number (Gittins and Harrison, 2004). CA3 thinning was
observed using NeuN immunohistochemistry (Fig. 2 E-H) and
cresyl violet histology (Fig. 21,]) in APPSwDI/NOS2 '~ mice
receiving control vaccination (Fig. 2E,G,I). We also observed
thinning of the CA3 in AB-vaccinated APPSWDI/NOS2 ~/~ mice;
however, this appeared less dramatic (Fig. 2 F, H,]). Since NeuN
has been shown to be more sensitive in the detection of neuronal
lesions than Nissl (Jongen-Rélo and Feldon, 2002) and since
NeuN has the benefit of only labeling neurons with no glial
nuclei staining, we counted NeuN-positive cells by stereology.
Approximately 50% of NeuN-immunopositive neurons were
lost in the CA3 region in KLH-vaccinated APPSwDI/
NOS2 ™/~ mice at 16 months of age compared with NOS2 ™/~
mice, while only 40% of the neurons were lost in APPSwDI/
NOS2 '~ mice immunized with AB. These data suggest that
A vaccination partially protected against neuron loss in this
mouse strain. The decreased loss of neurons in AB-vaccinated
mice compared with KLH-vaccinated mice was significant at
the p < 0.05 level (Fig. 2K).
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brain (Colton et al., 2006). In the hip-
pocampus, the primary regions of A3 dep-
“ osition are the dentate gyrus, the hip-
S pocampal fissure separating the dentate
: gyrus from the CA1, CA2 regions, and the
% subiculum. The APPSw/NOS2 '~ mice
o receiving control vaccination showed this
typical staining pattern (Fig. 4A). In con-
/ \Z‘Tl trast, AB-immunized APPSw/NOS2 '~
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mice had weaker total A immunohisto-
chemical staining, and amyloid deposits
were more sparsely distributed, despite
similar localization (Fig. 4 B). Quantifica-
tion of total AB immunohistochemistry
showed an 85% reduction in the hip-
pocampus and frontal cortex, while a more
subtle 20% reduction was observed in the
subiculum (Fig. 4C). Analyzing the same
images for A staining in the cerebrovas-
culature, we found no significant differ-
ence between APPSw/NOS2 '~ mice re-
ceiving either control or A vaccination
(Fig. 4D). Using ELISA to measure levels
of AB protein extracted from the right
hemisphere, we found a 50% reduction in
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Figure 4. A deposition is reduced in APPSW/NOS2 ~/~ mice receiving A3 vaccination. A and B show A3 immunohisto-
chemistry in the hippocampus of APPSw/NOS2 ~/~ mice receiving either control vaccination (4) or A3 vaccination (B) for 4
months. DG, Dentate gyrus; CA3, comu ammonis 3; SUB, subiculum; F, hippocampal fissure. Magnification, 40 X ; scale bar, 120 pum. Cand
D show quantification of percentage area occupied by positive immunostain in the whole field (€) or restricted to the cerebrovasculature
(D). Eand F show ELISA measurements of A340 (E) or AB42 (F). *p << 0.05, **p << 0.01 compared with NOS2 ~/~ mice.

A immunization rescues learning defects in
APPSWDI/NOS2 ™/~ mice

APPSwWDI/NOS2 '~ mice and NOS2 '~ mice aged 12 months
were tested in the 2 d radial arm water maze immediately before
initiating vaccination treatments. All mice made the same num-
ber of errors at the beginning of the task. By the end of day 2, the
NOS /" mice were making <1 error, indicating full acquisition
of the task. In contrast, the APPSWDI/NOS2 ~/~ mice showed no
significant learning. The same mice were retested after 4 months
of KLH or AB vaccination. The KLH-immunized APPSwDI/
NOS2 '~ animals still made >2 errors by the end of the second
day, and were significantly impaired when compared with
NOS2 '~ mice at the same time point. On the other hand,
APPSwDI/NOS2 ™'~ mice receiving AB vaccination performed
comparably to NOS2 '~ mice and were significantly better than
the APPSWDI/NOS2 ~/~ mice receiving control vaccination at
the end of day 2 (Fig. 3B).

A vaccine markedly reduces amyloid and tau pathology in
APPSw/NOS2 ~/“mice

Compared with the APPSwDI/NOS2 =/~ strain, APPSw/
NOS2 '~ mice have significantly less total AB deposition in the

2006). In the current study, we observe the
same staining pattern in APPSw/
NOS2 ™/~ mice receiving control vaccina-
tion, with numerous cell bodies positive
for hyperphosphorylated tau (Fig. 5A).
Following A vaccination, there are fewer
AT8-positive neurons, and the AT8 signal
appears less intense (Fig. 5B). Protein extracted from the right
hemisphere was run on an SDS-PAGE gel and probed for ATS,
AT180, and total tau by Western blot. Both AT8 and AT180 in
APPSw/NOS2 /™ mice receiving AB vaccination showed signif-
icant reductions in signal compared with KLH-treated control
mice (Fig. 5C). Densitometry analysis showed significant reduc-
tions in both AT8 (60%) and AT180 (50%) levels, when normal-
ized to total tau levels, following A vaccination (Fig. 5D).

AP vaccine reduces neuron loss in APPSw/NOS2 ~/~ mice

Approximately 30% of the neurons in the hippocampus and sub-
iculum were lost at 12 months of age in the APPSW/NOS2 ™/~
mice (Colton et al., 2008). To detect further neuron loss in KLH-
or AB-vaccinated APPSw/NOS2 ~/~ mice at 16 months of age,
NeuN immunohistochemistry (Fig. 5E-H ) and cresyl violet his-
tology (Fig. 51,]) were again used to detect the density of neurons
in the CA3 region. Visible thinning of the CA3 was observed
using both stains in the APPSw/NOS2 '~ mice receiving control
vaccination (Fig. 5E, G,I). While some thinning of the CA3 was
seen in APPSw/NOS2 ~/~ mice receiving Af3 vaccination, the
overall density of neurons appeared greater than control vacci-
nated mice (Fig. 5F,H,J). These data were confirmed using un-
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biased stereology. Stereological counts of
NeuN-positive CA3 neurons revealed a
45% loss of neurons in KLH-immunized
APPSw/NOS2 ™/~ mice compared with
NOS2 ™/~ mice. In contrast, AfB-
vaccinated APPSw/NOS2 ™'~ animals lost
only 30% of their neurons, suggesting that
the vaccine protected against neuron loss
in APPSw/NOS2 ~/~ animals (Fig. 5K).

A immunization reverses cognitive
decline in APPSw/NOS2 ™/~ mice
APPSw/NOS2 ™'~ mice and NOS2~/~
mice (12 months old) were tested in the 2 d
radial arm maze before vaccination.
APPSw/NOS2 ™/~ mice were significantly
impaired in this task compared with the
NOS2 ™/~ mice (Fig. 6A). While the
NOS2 ™'~ mice appeared to fully acquire
the task by the end of the second day, the
APPSW/NOS2 '~ mice demonstrated
slowed learning, making ~3 errors at this
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time point. The same mice were retested
after 4 months of KLH control or AB vac-
cination. The KLH-immunized APPSw/
NOS2 /™ mice made >3 errors by the end
of the second day, and were significantly
impaired when compared with NOS2 ~/~

mice. In contrast, APPSw/NOS2 '~ mice
receiving AP vaccination were indistin-
guishable from NOS2 ™/~ mice, making
<1 error at the end of the second day (Fig.
6B). This suggests that deficits that were
present before treatment were no longer
detectable following A vaccination.

Figure 5.  Tau pathology and neuron loss are reduced in APPSw/NOS2 ~/~ mice receiving A3 vaccination. A and B show AT8
immunohistochemistry in the cerebral cortex of APPSW/NOS2 /™ mice receiving either control vaccination () or A3 vaccination
(B). Magnification, 100X; scale bar, 50 m. € shows representative Western blots for AT8, AT180, and tau 5 from APPSw/
NOS2 ~/~ mice receiving control (control) or AB vaccination (Vacc). D shows mean densitometry data of AT8 and AT180 Western
blots, normalized to total tau levels. N = 5 mice receiving control vaccination and N = 5 receiving A3 vaccination. E-=H show
NeuN immunohistochemistry in the hippocampus (E and F, magnification, 40 X; scale bar, 120 m) and CA3 (G and H, magni-
fication, 200X; scale bar, 25 p.m) of APPSWDI/NOS2 '~ mice receiving either control (E, G) or A (F, H) vaccination. Dashed

boxes in E and F indicate the region shown at higher magnification in G and H. I and J show cresyl violet staining of the CA3 of

Microhemorrhage in A-vaccinated
APPSwW/NOS2 ™'~ but not APPSwDI/
NOS2 ™/~ mice

We used the Prussian blue histological
stain to label hemosiderin, a ferric oxide
material produced in the breakdown of hemoglobin. Extrave-
nous blood in the brain leads to microglial phagocytosis of the
erythrocytes and breakdown of the hemoglobin within them.
Hence, ferric oxide-containing microglia serve as markers of past
hemorrhage (Koeppen, 1995). Microhemorrhages are typically
seen in very small numbers in APPSw mice (Wilcock et al.,
2004a), and this was also the case in the APPSw/NOS2 ~/~ mice,
where we observed microhemorrhages in 3 of 6 mice. In these 3
mice, the microhemorrhages were small and only detectable on
1-2 sections. In contrast, APPSW/NOS2 ~/~ mice receiving A3
vaccination all showed microhemorrhages, with bleeds ranging
in size from large, diffuse areas (Fig. 7A) to small, single-cell-sized
blue profiles (Fig. 7B). The location of these bleeds was not pre-
dictable. They appeared in leptomeningeal vessels (Fig. 7C) and
in intraparenchymal vessels (Fig. 7D) of the cerebral cortex, thal-
amus, hippocampus, and striatum. Quantification of microhem-
orrhages was performed by counting the number of microhem-
orrhage profiles per brain section as shown previously (Wilcock
et al., 2004a). The average was 3 and showed an almost 10-fold
increase over mice receiving control vaccination (Fig. 7E). Im-
portantly, no microhemorrhages were detected in the APPSwDI/
NOS2 ™/~ mice (data not shown).

APPSW/NOS2 ~/~ mice receiving either control (/) or A3 (J) vaccination. Magnification, 200; scale bar, 25 wm. K shows
stereological counts of the CA3 region of NOS2 ~/~, APPSW/NOS2 /™ control, and APPSw/NOS2 ~/~ mice receiving A3 vac-
cination. *p << 0.05, **p < 0.01 compared with NOS2 ~/~ mice.

Discussion

Amyloid-lowering therapies, such as AB immunotherapy, repre-
sent one of the most promising approaches for the treatment of
AD. Though a number of studies have documented benefits in
neuronal function (Klyubin et al.,, 2005) and in learning and
memory (Morgan et al., 2000; Dodart et al., 2002), the impact of
amyloid lowering on normal, nonmutant tau pathology and neu-
ron loss has not yet been described. By using two mouse models
that develop amyloid deposits, native mouse tau hyperphospho-
rylation and neuron loss, we show here, for the first time, that
lowering amyloid levels by active A vaccination in fact reduces
native mouse tau pathology and protects from neuron loss. The
APPSwWDI/NOS2 ™'~ mouse showed moderate amyloid reduc-
tions associated with significant reductions in tau pathology, par-
tial protection from neuron loss, and partial reversal of memory
deficits. The APPSw/NOS2 ~'~ mouse showed >85% reduction
in amyloid deposition, significantly reduced tau pathology, com-
plete protection from neuron loss, and complete reversal of
memory deficits. A previous study by Vasilevko et al. (2007)
found no significant reductions in A levels in the APPSwDI
transgenic mouse following A3 immunotherapy. There are sev-
eral distinct differences between the current study and that of
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Figure6.  APPSW/NOS2 /™ mice show complete reversal of memory deficits following A3
vaccination. A and B show radial-arm water maze data for APPSw/NOS2 '~ mice and
NOS2 ~/~ mice before treatment (4) and after 4months of either control or AB vaccination (B).
No effect of vaccination was observed in NOS2 ~/~ mice, so they are shown as a single group in
B. Blocks 1-5 are day 1 and block 610 are day 2. *p << 0.05, **p << 0.01 compared with
NOS2 ~/~ mice for the given block number.

Vasilevko et al. (2007). First, the model used in the current study
includes deletion of the NOS2 gene, which may modify the re-
sponse to AB immunotherapy. Vasilevko et al. (2007) showed
that centrally administered antibodies did, indeed, clear AB de-
posits. Therefore, it is possible that more antibodies entered the
CNS in our current study. Second, we used Freund’s adjuvant for
our vaccine formulations, while Vasilevko et al. (2007) used
Quil-A. Adjuvants can significantly modify the response to the
AB immunization, as has been previously shown (Cribbs et al.,
2003).

Our data show that native mouse tau hyperphosphorylation is
significantly reduced following removal of amyloid by vaccina-
tion. In APPSWDI/NOS2 '~ mice, where A levels were reduced
by 40%, AT8-positive tau levels were significantly lower (~40%)
than in KLH-immunized control littermates, In APPSw/
NOS2 ™/~ mice, where AB levels were reduced by 50—65%, ATS-
positive tau was reduced by 60% compared with KLH-vaccinated
control mice. AT180 levels showed reductions similar to ATS,
with a 35% reduction in the APPSWDI/NOS2 '~ mice and a 50%
reduction in the APPSw/NOS2 '~ mice. While both APP/
NOS2 ™/~ transgenic mice were the same age at the start of treat-
ment, the APPSWDI/NOS2 '~ mice have significantly greater
AP levels compared with the APPSw/NOS2 ~/~ mice (Table 1).

Both AT8 and AT180 detect specific phosphorylation sites in
the tau protein, and are associated with pathological changes in
AD (Igbal et al., 1994). AT8 detects phosphorylation at residues
Ser202 and Thr205 (Goedert et al., 1995) and has been shown to
correlate well with the staging of AD (Braak et al., 2006). It has
been suggested that tau phosphorylation at Thr231, detected by
AT180, is a necessary step for the conversion of normal tau to
pathological tau in human AD (Wang et al., 2007). Reduction in
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Figure7.  Microhemorrhages are significantly increased in APPSw/NOS2 ~/ receiving A3

vaccination. A-D show examples of the microhemorrhages observed in AB-vaccinated APPSw/
NOS2 ~/~ mice. The images show Prussian blue-positive microhemorrhages (blue) counter-
stained with neutral red (red) to provide background. Magnification, 200X ;Y scale bar, 25 pm.
Eshows quantification of microhemorrhagesin APPSW/NOS2 ~/~ mice receiving either control
or AB vaccination andis expressed as mean number of Prussian blue profiles per section. **p <
0.01 compared with control vaccination.

both AT8 and AT180 by A vaccination suggests that removal of
ApBsignificantly affects disease-relevant tau pathology. A study by
Oddo et al. (2004), using their triple transgenic mouse model
(Oddo et al., 2003b), did not find reductions in AT8 or AT180
following administration of anti-Af antibodies intracranially,
though they did observe significant reductions in early, nonphos-
phorylation dependent, tau. It is possible that the mutated hu-
man tau overexpressed in this triple transgenic mouse model is
more resistant to modification following removal of amyloid.
Importantly, since this mouse carries the P301L human tau trans-
gene, which is associated with frontotemporal dementia (Lewis et
al., 2000), this mouse would develop tau pathology in the absence
of amyloid, despite the fact that amyloid influences the rate of tau
pathology in this mouse (Oddo et al., 2003a).

In human AD, tau pathology and neuron loss are closely re-
lated (Fukutani et al.,, 1995). The 12-month-old APPSwDI/
NOS2 '~ mice demonstrate visible thinning of the CA3 region of
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the hippocampus and stereological counting of neurons shows a
35% loss in the CA3 (Wilcock et al., 2008). At 16 months of age,
following 4 months of vaccination, KLH-immunized APPSwDI/
NOS2 ™/~ mice show a 50% loss of CA3 neurons, while those
receiving Af vaccination showed only a 40% loss of CA3 neu-
rons. While both lost significantly more neurons than seen in
12-month-old mice before immunization, the mice receiving A3
vaccination did show less severe degeneration. This indicates that
AP vaccination partially protected the APPSWDI/NOS2 ~/~ mice
from further neuron loss. AP vaccination provided complete
protection from neuron loss in the APPSw/NOS2 ~/~ mice. At 12
months of age, APPSW/NOS2 '~ mice show a 30% loss of neu-
rons in the CA3 region (Colton et al., 2008). After 4 months of
KLH control vaccinations, APPSw/NOS2 '~ mice showed a
45% loss of neurons in the CA3 region. AB-immunized APPSw/
NOS2 ™/~ mice, however, showed only a 30% loss of CA3 neu-
rons, indicating that little to no further neuron loss occurred after
the initiation of AB vaccination. This is the first report suggesting
that AB immunotherapy provides protection from neuron loss.

In the radial-arm water maze task, AB vaccination resulted in
partial reversal of learning deficits in APPSWDI/NOS2 '~ mice
and complete reversal of these losses in APPSW/NOS2 ~/~ mice.
The behavior data itself is not necessarily surprising since A3
immunotherapy has been shown in multiple studies to improve
learning and memory in APP transgenic mouse models where
memory deficits are observed in the absence of significant neuron
loss (Janus et al., 2000; Morgan et al., 2000; Wilcock et al., 2004a).
In the current study, we were able to show that the mice were
originally impaired immediately before the initiation of vaccina-
tion, an age where we have shown significant neuron loss. Despite
the protection from neuron loss, be it partial or complete, the
neuron loss that is present at 12 months remains. Despite this, we
observe significant improvements in learning and memory, to
the extent that the AB-vaccinated APPSw/NOS2 ~/~ mice are
indistinguishable from normal NOS2 '~ mice. These data sug-
gest that the pathways of learning and memory tested in the
radial-arm water maze (and likely other similar tasks) are more
sensitive to levels of amyloid, and possibly to levels of abnormal
tau protein, than they are to the actual number of neurons. This is
not necessarily unexpected, as it has previously been shown that
pilocarpine-induced hippocampal lesions result in normal spa-
tial memory (Mohajeri et al., 2003).

One adverse effect of A immunotherapy is the increased
occurrence of microhemorrhages. This has been reported to oc-
cur in aged APP transgenic mice following passive immunization
(Pfeifer et al., 2002; Wilcock et al., 2004a; Racke et al., 2005),
active AP vaccination (Wilcock et al., 2007), and passive immu-
nization in younger APP transgenic mice (Schroeter et al., 2008).
Sometimes this increased incidence is associated with increased
cerebral amyloid angiopathy (CAA) levels (Wilcock et al., 2004a,
2007), while at other times it is not (Pfeifer et al., 2002; Schroeter
et al., 2008). Most importantly, increased incidence of microhe-
morrhage was observed in the AN1792 active Af3 vaccination
clinical trial (Boche et al., 2008). In the current study, we found
significantly increased incidence of microhemorrhage in APPSw/
NOS2 /™ mice despite the absence of significant CAA changes.
The microhemorrhages were frequent, occurring multiple times
in every mouse receiving A vaccination. The location of the
microhemorrhages varied; however, the bleeds were always lo-
cated in brain regions with other pathologies, including CAA.
While endothelial NOS (NOS3) is increased in NOS2 ~/~ mice,
NOS3 mRNA levels were not changed following vaccination;
however, we do not rule out this increased eNOS expression
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changing the susceptibility of the mice to microhemorrhage fol-
lowing A vaccination. It is possible that the high antibody titers
observed in our study contribute to the high incidence of
microhemorrhage.

No microhemorrhages were observed in APPSWDI/NOS2 '~
mice with or without AB vaccination. This mouse model devel-
ops extensive vascular amyloid pathology, most of which is local-
ized to the microvasculature (Davis et al., 2004). It is likely that
these vessels become occluded before the development of vascu-
lar leakage. Though microhemorrhages did not appear to signif-
icantly affect learning and memory as measured by the radial-
arm water maze, it is unlikely the microhemorrhages have no
functional effect. In humans, the clinical effect of the microhem-
orrhages depends on the localization in the brain. Thalamic
microhemorrhages cause a decline in memory performance
(Vermeer et al., 2003), while microhemorrhages in the mammil-
lothalamic tract have been shown to impair episodic memory and
executive function (Kramer et al., 2002). High variability in the
location of microhemorrhages following immunotherapy likely
makes it difficult to detect a distinct functional outcome. For
these reasons, we believe that microhemorrhage remains a signif-
icant obstacle for the long-term success of this approach.

Together, these data support amyloid as a therapeutic target
for the disease-modifying treatment. In two novel mouse models
of AD demonstrating amyloid, tau pathology, and neuron loss,
we show that lowering amyloid by immunotherapy reduces tau
pathology, protects neurons from degeneration, and reverses
memory deficits. One major issue with this particular therapeutic
approach remains, which is increased incidence of microhemor-
rhage. This effect must be addressed for the long-term success of
ApB-targeted immunotherapy.
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