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Abstract
Vaccination with Aβ1–42 and treatment with NCX-2216, a novel nitric oxide releasing flurbiprofen
derivative, have each been shown separately to reduce amyloid deposition in transgenic mice and
have been suggested as potential therapies for Alzheimer’s disease. In the current study we treated
doubly transgenic amyloid precursor protein and presenilin-1 (APP+PS1) mice with Aβ1–42
vaccination, NCX-2216 or both drugs simultaneously for 9 months. We found that all treatments
reduced amyloid deposition, both compact and diffuse, to the same extent while only vaccinated
animals, with or without non-steroidal anti-inflammatory drug (NSAID) treatment, showed increased
microglial activation associated with the remaining amyloid deposits. We also found that active
Aβ vaccination resulted in significantly increased cerebral amyloid angiopathy and associated
microhemorrhages, while NCX-2216 did not, in spite of similar reductions in parenchymal amyloid.
Co-administration of NCX-2216 did not attenuate this effect of the vaccine. This is the first report
showing that active immunization can result in increased vascular amyloid and microhemorrhage,
as has been observed with passive immunization. Co-administration of an NSAID agent with Aβ
vaccination does not substantially modify the effects of Aβ immunotherapy. The difference between
these treatments with respect to vascular amyloid development may reflect the clearance-promoting
actions of the vaccine as opposed to the production-modifying effects proposed for flurbiprofen.
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Introduction
Alzheimer’s disease (AD) is a progressive, neurodegenerative disease with no current disease-
modifying treatment. The amyloid hypothesis of AD suggests that amyloid plaques composed
of aggregated amyloid-β (Aβ) peptide are central to the progression of the disease and that
preventing accumulation and/or removing existing deposits will arrest the progression of AD
(Hardy and Selkoe, 2002). One approach to the removal and prevention of amyloid deposits
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is immunotherapy. Immunotherapy in mice was first shown by Schenk and colleagues of Elan
Pharmaceuticals Inc. (Schenk et al, 1999) who showed that active immunization of PDAPP
transgenic mice with Aβ1–42 resulted in the generation of anti-Aβ antibodies and also prevented
amyloid accumulation in young mice and removed existing amyloid deposits in older mice.
Immunization by the same protocol also prevented cognitive deficits in both doubly transgenic
APP+PS1 mice (Morgan et al, 2000) and CRND8 transgenic APP mice (Janus et al, 2000). It
was later shown that passive immunization of transgenic mice using anti-Aβ antibodies resulted
in significant reductions in amyloid deposition (Bard et al, 2000; Wilcock et al, 2004b), but
also increased incidence of microhemorrhage (Pfeifer et al, 2002; Racke et al, 2005) associated
with increased cerebral amyloid angiopathy (CAA) (Wilcock et al, 2004c).

Another potential therapy for AD is the use of non-steroidal anti-inflammatory drugs
(NSAIDs). Epidemiological studies have shown that chronic use of NSAIDs may delay or even
prevent the onset of AD (Szekely et al, 2004; Mackenzie and Munoz, 1998). It has been
suggested that the mechanism for this action is inhibition of the chronic inflammation that
occurs in AD (Akiyama et al, 2000). However, recent data has suggested that some NSAIDs,
especially flurbiprofen, may have a novel mechanism of action in AD which is to shift the γ-
secretase cleavage from the highly amyloidogenic 42 amino acid product to an apparently
innocuous 38 amino acid product (Weggen et al, 2001). We have previously shown that a novel
NSAID, NCX-2216, lowers amyloid levels in doubly transgenic APP+PS1 mice (Jantzen et
al, 2002). This drug consists of a nitroxybutyl ester moiety coupled to flurbiprofen via a
methoxyphenyl (ferulic acid) linker. The goal of this drug is to release nitric oxide in the
stomach to minimize the GI adverse events widely reported with most NSAIDs on the market
(James, 1999).

The purpose of the current experiment was to compare two therapeutic approaches, vaccination
and NCX-2216, which individually produce modest effects on pathology in the high amyloid
producing APP+PS1 transgenic line. Theoretically, the two therapies might synergize in their
amyloid-lowering effects, or alternatively negate each other through opposing influences on
microglia. We administered an NCX-2216 supplemented diet to APP+PS1 mice for 9 months
while also actively vaccinating some of the mice. We wished to determine a) the effects of the
two treatments on amyloid removal, b) the potential for NSAIDs to interfere with the vaccine-
mediated removal of Aβ by blocking microglial activation and phagocytosis of opsonized
amyloid, c) whether the vascular effects of passive immunotherapy were also found with active
immunization, and d) whether NSAIDs might modify these adverse effects.

Experimental Procedures
Experimental design

Doubly transgenic APP+PS1 mice were obtained by crossing Tg2576 APP transgenic mice
(Hsiao et al, 1996) with line 5.1 M146L PS1 transgenic mice (Duff et al, 1996) as previously
described (Holcomb et al, 1998). 10 month old APP+PS1 were assigned to one of four
experimental groups. The first group received Aβ1–42 vaccination as described below along
with a control diet. The second group received an NCX-2216 supplemented diet as described
below with no vaccination. A third group received an NCX-2216 supplemented diet with
Aβ1–42 vaccination. The final group received a control diet with no vaccinations.

Drug treatments
Human Aβ1–42 peptide (Bachem, King of Prussia, PA) was suspended in pyrogen-free Type I
water at 2.2 mg ml−1, 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 complete
adjuvant (Sigma-Aldrich, St Louis, MO) and 100μg of Aβ was injected subcutaneously. For
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the following four vaccinations, the antigen suspension was mixed 1:1 with Freund’s
incomplete adjuvant (Sigma-Aldrich, St Louis, MO). For the remaining vaccinations, the
antigen suspension was mixed 1:1 with mineral oil. The first four vaccinations were
administered biweekly, the next two vaccinations were monthly and the remaining two
vaccinations were administered bi-monthly, for a total of 8 vaccinations over 10 months.

The NCX-2216-supplemented diet and its control diet were prepared by Harlan Teklad
(Madison, WI). The control diet was a specifically designed balanced fixed formula diet for
rodents (Harlan Teklad 22/5 rodent diet, Madison, WI). This diet was initally supplemented
with NCX-2216 at a concentration of 375ppm. Due to attrition in the groups receiving this diet
over the first 6 weeks of treatment (2 NCX-2216 and 5 NCX-2216 plus vaccination), the diet
was reformulated to a concentration of 187 ppm. There were no obvious gross lesions upon
necropsy and no sickness behavior was observed prior to death. Mice started receiving
NCX-2216 (375ppm) 3 weeks after the beginning of the study (following the second
innoculation). Seven weeks later mice receiving NCX-2216 received the lower dose diet of
187 ppm and continued on this diet for a total of 9 months until the end of the study. Final
sample sizes at the end of the study were 12 untreated APP mice, 7 vaccinated mice, 10
NCX-2216 treated mice and 3 mice given both treatments.

Tissue preparation and histology
Mice were sacrificed at 20 months of age, two months following the final vaccination. On the
day of sacrifice, mice were weighed, overdosed with 100mg/kg of Nembutal sodium solution
(Abbott laboratories, North Chicago IL), blood samples were collected, and the mice were
intracardially perfused with 25ml of 0.9% sodium chloride. Brains were rapidly removed and
the left half of the brain was immersion fixed for 24 hours in freshly prepared 4%
paraformaldehyde in 100mM potassium phosphate buffer (pH 7.2) for histopathology. The
hemi-brains were then incubated for 24 hours in 10, 20 and 30% sucrose sequentially to
cyroprotect them. Horizontal sections of 25μm thickness were collected using a sliding
microtome and stored at 4oC in Dulbecco’s phosphate-buffered saline with sodium azide (pH
7.2) to prevent microbial growth. A series of eight equally spaced tissue sections 600μm apart
were randomly selected spanning the entire brain and stained using free-floating
immunohistochemistry for total Aβ (rabbit polyclonal anti-Aβ, raised at USF; 1:10,000
dilution) and CD45 (rat monoclonal anti-CD45, 1:5000 dilution, Serotec, Raleigh, NC) as
previously described (Gordon et al, 2001, Wilcock et al, 2004b). A second series of tissue
sections 600μm apart were stained using 0.2% Congo red solution in NaCl-saturated 80%
ethanol. Another set of sections were also mounted and stained for hemosiderin using 2%
potassium ferrocyanide in 2% hydrochloric acid for 15 minutes followed by a counterstain in
a 1% neutral red solution for 1 minute.

Quantification of Congo red staining, CD45 and Aβ immunohistochemistry was performed
using the Image-Pro Plus (Media Cybernetics, Silver Spring, MD) software to analyze the
percent area occupied by positive stain. Images from one region of the frontal cortex and three
non-overlapping regions of the hippocampus were collected at 100X magnification using
constant bulb temperature and exposure, with all images collected in the same session. Images
representing high and low levels of staining were used to establish red, green and blue values
(RGB) to distinguish positive stain using the Image-Pro Plus software. The same RGB values
were used to collect percent area occupied by positive stain for each image. Average values
for each animal were calculated for the frontal cortex and all regions of the hippocampus were
combined to yield a single value for the hippocampus. The initial analysis of Congo red was
performed to give a total value. A second analysis was performed after manually editing out
all of the parenchymal amyloid deposits to yield a percent area restricted to vascular Congo
red staining. To estimate the parenchymal area of Congo red, we subtracted the vascular
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amyloid values from the total percentage. For the hemosiderin stain, eight equally spaced
sections were examined and the numbers of Prussian blue positive deposits were counted on
all sections and the average number of hemosiderin deposits per section was calculated. To
assess possible treatment-related differences, the values for each treatment group were
analyzed by one-way analysis of variance followed by Fischer’s least square means difference
comparisons using StatView (SAS Institute Inc, NC).

The blood samples were allowed to clot for two hours at 4oC. The samples were then
centrifuged at 3800rpm for 15 minutes after which the serum was collected and stored at
−80oC.

Antibody titer measurements
Antibody titers were measured in serum using a method to dissociate Aβ from the anti-Aβ
antibodies in the serum. This method was previously described (Li et al, 2004), however, in
the current study dissociation was performed at a pH of 3.5 as opposed to pH 2.5 as was
previously reported. Briefly, serum was diluted 1:100 using a dissociation buffer at pH 3.5 and
incubated at room temperature for 20 minutes. The sera were then centrifuged at 8,000 × g for
20 min. at room temperature using a Microcon centrifugal device (YM-10, 10,000MW cut-
off, Millipore, Billerica, MA). The sample reservoir was then placed inverted into a second
tube and centrifuged at 1000 × g for 3 min. The collected solution containing the antibody
dissociated from the Aβ peptide was adjusted to pH 7.0. These samples were then analyzed by
ELISA to determine the antibody titer. 96-well plates were coated with Aβ1–42 peptide
overnight, blocked and then incubated for 1 hour at 37oC with two-fold serial dilutions of serum
samples. Anti-mouse peroxidase (Sigma-Aldrich, St. Louis, MO) was added and the ELISA
was developed using 3, 3′, 5, 5′-tetramethylbenzidine (Sigma-Aldrich, St. Louis, MO).

Results
Anti-Aβ antibody titers were generated in response to the Aβ1–42 vaccination protocol.
Significant antibody titers were observed in APP+PS1 transgenic mice treated with Aβ
vaccination alone or with Aβ vaccination and NCX-2216, with no significant differences
observed between these two groups (Fig. 1). As expected, control treated APP+PS1 mice as
well as mice receiving only NCX-2216 demonstrated no anti-Aβ antibody titers. These titers
(approximately 8 μg/ml) are low compared to results reported by others after inoculations in
active immunization protocols (Seabrook et al, 2004;Das et al, 2003). This may reflect the
advanced age of the mice at sacrifice (20 mo), the variations between laboratories in the ELISA
protocol used to measure the antibody titers or the 2 month interval from the last inoculation.
However, we have previously shown that antibody titers decline only 20% two months after
withdrawal of inoculations (Dickey et al, 2001).

The pathology of APP+PS1 transgenic mice at 10 months of age, the age of the mice at the
beginning of the study, has been described in detail previously (Gordon et al, 2002). In
summary, at 10 months of age, these mice show 25% of the frontal cortex and 8% of the
hippocampus occupied with total Aβ staining while Congo red staining shows 10% of the
frontal cortex and 2% of the hippocampus occupied with positive stain. While not quantified,
vascular amyloid is detectable in 10 month old APP+PS1 transgenic mice. Microglial
activation is low at 10 months of age with only 0.2% of the frontal cortex occupied with positive
stain.

Immunohistochemistry for Aβ showed the predicted staining pattern for the APP+PS1
transgenic mice of this age in the hippocampus (Fig. 2 Panel A). There was a high density of
deposited Aβ in the CA1 region as well as in the dentate gyrus and hilus region of the
hippocampus. There were fewer deposits throughout the remainder of the hippocampus. Other
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brain regions displayed Aβ staining similar to that shown previously for the APP+PS1
transgenic mice (Gordon et al, 2002). Following treatment with either vaccination or
NCX-2216, reductions in Aβ immunohistochemistry were observed throughout the brain. In
the hippocampus, significant reductions were observed throughout, particularly in the CA1
and dentate gyrus regions (Fig. 2 Panels B -vaccination and C – NCX-2216). Interestingly,
despite the efficacy of each treatment alone, no additional reductions in Aβ were observed
when the treatments were administered together (Fig. 2 Panel D). Analysis of the percent area
occupied with positive stain showed that vaccination alone, NCX-2216 alone and vaccination
plus NCX-2216 reduced Aβ deposition in both the frontal cortex and hippocampus (Fig. 3).
Aβ1–42 vaccination alone showed a 35% reduction in Aβ deposition (P<0.01) in the frontal
cortex (Fig. 3 Panel A) and a 25% reduction (P<0.01) in the hippocampus (Fig. 3 Panel B).
NCX-2216 treatment alone showed an 18% reduction (P = 0.06) in the frontal cortex and a
20% reduction (P<0.01) in the hippocampus (Fig. 3 Panel B). Aβ1–42 vaccination administered
together with NCX-2216 showed a 40% reduction (P<0.01) in the frontal cortex (Fig. 3 Panel
A) and a 30% reduction (P<0.05) in the hippocampus (Fig. 3 Panel B). These reductions were
not significantly different comparing the three treatment groups.

Congo red is a histochemical dye that binds compact amyloid deposits in the βpleated sheet
formation. The distribution of Congo red staining in APP+PS1 transgenic mice of this age is
very similar to that observed with Aβ immunohistochemistry. However, as opposed to 30% of
the hippocampus being occupied with Aβ positive stain, only 2% of the hippocampus was
occupied with Congo red positive stain (Fig. 4 Panel A), demonstrating the abundance of
diffuse plaques in the Aβ immunohistochemical measurements. After Aβ vaccination, we
observed reductions in Congophilic amyloid deposits, particularly around the hilus region of
the hippocampus as well as the CA1 and dentate gyrus regions (Fig. 4 Panel B). Similar
reductions in compact amyloid deposits were observed in mice treated with either NCX-2216
(Fig. 4 Panel C) or mice receiving both Aβ1–42 vaccination and NCX-2216 (Fig. 4 Panel D).
Quantification of percent area occupied with Congo red positive stain revealed significant
reductions in total Congo red stain in the frontal cortex and hippocampus for all three treatment
groups compared with control APP+PS1 transgenic mice (Fig. 5 Panel A). These reductions
were 25–35% in the frontal cortex and 30–40% in the hippocampus with no significant
differences between any of the three treatment groups.

Interestingly, when we quantified Congo red staining in the vasculature on the same images
used for total Congo red quantification, we observed increases in mice receiving Aβ vaccination
with or without NCX-2216 treatment but not in mice receiving NCX-2216 alone (Fig. 5 Panel
B). Treatment with Aβ1–42 vaccination alone resulted in a 2-fold increase in vascular amyloid
in the frontal cortex and a 1.75-fold increase in the hippocampus (Fig. 5 Panel B). When
Aβ1–42 vaccination was administered with NCX-2216 we observed a 3-fold increase in the
frontal cortex and a 2.5-fold increase in the hippocampus (Fig. 5 Panel B), and these two
treatment groups were not significantly different.

Vascular Congo red values were subtracted from total Congo red values to calculate
parenchymal amyloid load. This showed that Aβ1–42 vaccination with or without NCX-2216
treatment was slightly more efficacious than NCX-2216 in reducing parenchymal amyloid
deposits in the frontal cortex (P<0.05) and hippocampus (P=0.4).

Prussian blue staining detects hemosiderin, a degradation product of hemoglobin caused by
microglia present where microhemorrhages have occurred. Microhemorrhages were detected
in low numbers in control APP+PS1 mice as well as mice treated with NCX-2216. However,
following vaccination with Aβ1–42 we observed a greater number of microhemorrhages as well
as some larger bleeds as illustrated in Figure 6 (Panel B and D). Quantitatively, we observed
a 4-fold increase in the numbers of microhemorrhages following Aβ1–42 vaccination and this
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increase was the same when mice were administered NCX-2216 with the vaccination (Fig. 6
Panel E). In addition, it is important to note that the microhemorrhages appeared larger
following vaccination.

CD45 immunohistochemistry reveals microglial cells in an activated state. CD45
immunostaining counterstained with Congo red revealed activation of microglial cells around
compact, Congophilic amyloid deposits in the control treated APP+PS1 transgenic mice (Fig.
7 Panel A). Treatment with Aβ1–42 vaccination alone appeared to show more microglial
activation around the remaining compact amyloid deposits and vascular deposits (Fig. 7 Panel
B). NCX-2216 treatment alone showed no change in the microglial activation around the
remaining amyloid deposits. (Fig. 7 Panel C). Interestingly, Aβ1–42 vaccination along with
NCX-2216 treatment showed the same staining pattern as vaccination alone; there appeared
to be more microglial activation around the remaining amyloid deposits both in the parenchyma
and the vasculature (Fig. 7 Panel D). Quantification of percent area occupied with positive
CD45 immunohistochemical stain showed no significant changes in any treatment groups in
the frontal cortex (Fig. 8 Panel A). In the hippocampus significant reductions were observed
in microglial activation following NCX-2216 treatment (Fig. 8 Panel B), however, no reduction
was observed following Aβ1–42 vaccination or when both treatments were administered
together (Fig. 8 Panel B). However, these measurements reflect not only the amount of
microglial activation per deposit, but also the number of deposits present. Due to the
observation that compact amyloid deposits were significantly reduced with all treatments, we
calculated the ratio of CD45 immunohistochemistry to total Congo red area to estimate
microglial activation per amyloid deposit. We found that Aβ1–42 vaccination with or without
NCX-2216 treatment increased the ratio of CD45: Congo red suggesting increased microglial
activation associated with the remaining amyloid deposits in both the frontal cortex (Fig. 8
Panel C) and hippocampus (Fig. 8 Panel D). No change in the ratio was observed following
treatment with NCX-2216 in either the frontal cortex (Fig. 8 Panel C) or hippocampus (Fig. 8
Panel D).

Discussion
We have shown here that two Aβ-reducing therapies, Aβ1–42 vaccination and NCX-2216, were
equally effective in reducing Aβ deposition both in the compact and diffuse states. However,
administration of the two therapies together did not increase amyloid removal. Active
immunization with Aβ increased levels of CAA and microhemorrhage, an effect not observed
with NCX-2216 treatment. NCX-2216 did not attenuate this potentially adverse effect of Aβ
vaccination.

NCX-2216 has been shown previously to reduce amyloid deposition in APP+PS1 transgenic
mice. Jantzen et al (2002) showed that 5 months of administration of NCX-2216 in the diet of
APP+PS1 transgenic mice significantly reduced amyloid load. In the current study we show
that nine months of treatment with NCX-2216 significantly reduced amyloid load as detected
by Aβ immunohistochemistry, in which the majority of stained deposits are diffuse, and Congo
red, detecting compact amyloid deposits. These reductions were similar in the percent
reductions to that observed previously (Jantzen et al, 2002). The mechanism by which
NCX-2216 reduces amyloid deposition remains unclear. It has been shown in vitro that some
NSAIDs can reduce Aβ production via a γ-secretase inhibition unrelated to cyclooxygenase
inhibition (Weggen et al, 2001). It has also been shown that NCX-2216 activates peroxisome
proliferator-activated receptor-γ (PPAR-γ much more effectively than the parent NSAID,
flurbiprofen (Bernado et al, 2006), suggesting another mechanism for Aβ reductions since
pioglitazone, a PPAR-γ agonist, has also been shown to reduce Aβ in vivo in a transgenic
mouse model (Heneka et al, 2005), possibly by down-regulating β-secretase RNA expression
(Sastre et al, 2006).
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Aβ1–42 active vaccination has previously been shown to produce anti-Aβ antibody titers and
reduce amyloid deposition in transgenic mice (Schenk et al, 1999). It has also been shown to
attenuate memory loss in APP+PS1 transgenic mice (Morgan et al, 2000) and in singly
transgenic APP mice (Janus et al, 2000). We have also shown that there appears to be a
dependence on microglial activation for the removal of compact, Congophilic amyloid deposits
following active vaccination (Wilcock et al, 2001) and following direct intracranial injection
of anti-Aβ antibodies (Wilcock et al, 2003). In the current study we show that Aβ vaccination
results in generation of significant anti-Aβ antibody titers, reduced amyloid deposition and
increased microglial activation associated with the remaining compact amyloid deposits. It has
been suggested that Aβ immunotherapy may either prevent further amyloid accumulation or
remove existing deposits. The current study is inconclusive with regard to this issue. While
the amyloid loads in the Aβ1–42 vaccinated mice are greater than we have previously observed
in 10 month old mice (the age of the mice at the start of the current study) (Gordon et al,
2002) it is unclear whether results primarily reflect a partial prevention of amyloid deposition
or whether removal and turnover of some deposits is occurring.

Interestingly, we also show that there is an apparent increase in CAA and CAA-associated
microhemorrhage following vaccination. We have previously shown that this phenomenon is
occurring following passive immunization with Aβ antibodies (Wilcock et al, 2004c). Other
groups have also shown that treatment of aged APP transgenic mice with anti-Aβ antibodies
results in an increased incidence of vascular microhemorrhage (Pfeifer et al, 2002; Racke et
al, 2005). However, to date, this vascular adverse event has not been reported following active
immunization. Some studies examining anti-Aβ immunotherapy using transgenic mice have
examined the brains for microhemorrhage and have not detected such events. One such study
used a different transgenic mouse model (J20 APP transgenic mouse) and only examined them
at 10 months of age, following 6 months of vaccination (Seabrook et al, 2006). It would appear
that age is a significant factor in the development of immunotherapy-associated
microhemorrhage as Jucker and colleagues (2002) showed following passive immunotherapy
in old and young APP transgenic mice. Only the old mice with significant CAA developed the
microhemorrhages while 6 month old mice receiving the same passive immunization protocol
failed to show any microhemorrhage. A study by Racke and colleagues (2005) also
demonstrated that the occurrence of microhemorrhage is dependent on the antibody being used.
22-month-old PDAPP transgenic mice were passively immunized for 6 weeks with either 266
(mid-domain antibody; does not bind plaques) or 3D6 (N-terminal antibody; binds plaques)
anti-Aβ antibodies and found that only the 3D6 antibody resulted in an increased incidence of
CAA. The authors suggest that the results indicate plaque binding is necessary for increased
microhemorrhage to occur. We have previously shown that the anti-Aβ antibodies produced
following the active vaccination protocol used here are primarily N-terminal antibodies with
Aβ reactivity being competed by soluble Aβ1–40, Aβ1–42 and Aβ1–16 (Dickey et al, 2001),
but not by Aβ 10–20, 20–29 or 29–40. We also showed that active vaccination with this regimen
produces antibodies primarily of the IgG1 and IgG2b isotypes, along with low levels of IgG2a
(Dickey et al, 2001).

Active Aβ vaccination advanced to phase 2 clinical trials where dosing was terminated due to
6% of the patients developing meningoencephalitis (Orgogozo et al, 2003). Despite the trial
being halted, the patients continued to be observed and some continued to produce anti-Aβ
antibodies. Two autopsy reports from patients in the trial showed that those who developed
meningoencephalitis had T-cell infiltration in the brain (Nicoll et al, 2003; Ferrer et al, 2004).
Of the three autopsy reports published to date, all suggest that the severity of CAA is greater
in vaccinated patients than the average for AD patients of the same stage (Nicoll et al, 2003;
Ferrer et al, 2004; Masliah et al, 2005). One of these reports also notes the presence of “multiple
cortical hemorrhages” in the brain (Ferrer et al, 2004) while a second indicates the CAA is
"severe” (score of 3) typically indicating hemorrhage is present (Masliah et al, 2005).
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While one might hypothesize that a lower dose of antibody may prevent the occurrence of
vascular adverse events due to immunotherapy, it appears that even relatively low levels of
anti-Aβ antibodies over time are sufficient to produce CAA associated microhemorrhage.
Moreover, the NCX-2216 treatment alone reduced amyloid deposits to a similar degree as the
vaccine, yet did not produce the increase in vascular deposits. Given the presence of increased
vascular staining with both active and passive immunization, it would appear that something
associated with the antibody -mediated clearance is responsible for the increase in CAA, rather
than amyloid reduction per se.

Based on approximate calculations, the titers (8 μg in 1ml serum) achieved in the current active
vaccination study appears to equate to a 3mg/kg dose of anti-Aβ antibodies when translating
to a passive immunization protocol. This is 30% of the dose we have previously shown (using
passive immunization) to result in microhemorrhage and exacerbation of CAA following three
months of anti-Aβ antibody treatment (Wilcock et al, 2004c). Using a similar active vaccination
regimen to the one reported here, we have previously shown that antibody titers reach their
maximum levels following 7 immunizations. Following inoculation cessation, antibody titers
declined only 20% after two months, with detectable titers still present 14 months after the last
immunization (Dickey et al, 2001). Therefore, we would not predict that the antibody titers
were substantially greater earlier in the study, although it is plausible that serum antibody titers
were slightly higher immediately following the final immunization. Together with our previous
studies (Wilcock et al, 2004c), the data presented here suggest that the levels of anti-Aβ
antibody may not be as significant as duration of treatment and mouse age when increasing
vascular amyloid with immunotherapy.

Furthermore, treatment with an NSAID along with the active Aβ vaccination did not attenuate
the vascular consequences of vaccination, nor did it impair clearance. In our earlier work with
intracranially applied anti-Aβ antibodies, we found that NCX-2216 partially attenuated both
the activation of microglia and the clearance of compact amyloid deposits caused by the
antibody (Wilcock et al, 2004a). In contrast, dexamethasone completely suppressed both
effects, implying that the NCX-2216 does not maximally suppress microglia in vivo.

Administration of NCX-2216 with Aβ1–42 vaccination did not result in greater amyloid
removal than either treatment alone. It is plausible that there is a limit to the extent of amyloid
removal and a dynamic equilibrium exists between Aβ removal and production. We have
observed what appears to be an equilibrium effect previously following intracranial LPS
administration, where amyloid was removed within seven days, but returned to control levels
by four weeks. In essence, the mouse accumulated the same amount of amyloid in three weeks
that originally accumulated over 16 months (Herber et al, 2004). There are three proposed
mechanisms for antibody-mediated Aβ removal. These are Fc-receptor mediated microglial
phagocytosis (Bard et al, 2003), efflux of Aβ from the brain into the plasma (DeMattos et al,
2001), possibly via the FcRn receptor (Deane et al, 2005) and a direct, catalytic disaggregation
of amyloid deposits by the antibody (Solomon et al, 1997). The proposed mechanisms of
NSAID-mediated reductions in Aβ (vide supra) do not in any way overlap with the mechanisms
of antibody-mediated reductions. It is possible that antibody-mediated microglial activation
results in a phenotypic switch to an activated microglial cell state where NSAIDs no longer
have an effect. We have previously suggested that microglia may exist in distinct activation
states, one of which may actually be beneficial in AD (Morgan et al, 2005).

In summary, we have shown here that two amyloid-lowering therapies administered together
do not show additive or synergistic effects in their amyloid-lowering abilities. However,
importantly, we show that active immunization with Aβ1–42 increases levels of CAA and
microhemorrhage. This effect is not attenuated by an NSAID such as NCX-2216. While it is
unclear what impact microhemorrhages have clinically in AD, it has been shown that CAA is
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associated with intracerebral hemorrhages as well as ischemic infarcts (Attems, 2005). While
we have previously shown that microhemorrhage as a result of immunotherapy does not impact
mice cognitively (Wilcock et al, 2004c) the data presented here should increase concern with
respect to ongoing clinical trials that even low levels of circulating anti-Aβ antibodies may
result in vascular complications with long durations of treatment.
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Figure 1.
Aβ1–42 vaccination, with or without NCX-2216 treatment, produces detectable anti-Aβ
antibody titers. The graph shows antibody titers for mice receiving either no treatment (Cont),
Aβ1–42 vaccination (vacc), NCX-2216 diet (NCX) or both Aβ1–42 vaccination with NCX-2216
diet (vacc+NCX). Titers are shown as μg IgG per ml serum after dissociation from circulating
Aβ. ** indicates P<0.01.
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Figure 2.
Aβ immunohistochemistry is reduced in all three treatment groups. Aβ immunohistochemistry
is shown in the hippocampus for APP+PS1 transgenic mice receiving no treatment (Panel A),
Aβ1–42 vaccination (Panel B), NCX-2216 diet (Panel C) or both Aβ1–42 vaccination with
NCX-2216 diet (Panel D). In Panel A, CA1: cornu ammonis 1, CA3: cornu ammonis 3, DG:
dentate gyrus. Scale bar in Panel A = 120μm.
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Figure 3.
Quantification of Aβ immunohistochemistry reveals reductions in all three treatment groups
compared with control treated APP+PS1 transgenic mice. The graphs show percent area
occupied with positive stain for mice receiving either no treatment (cont), Aβ1–42 vaccination
(vacc), NCX-2216 diet (NCX) or both Aβ1–42 vaccination with NCX-2216 diet (vacc+NCX).
Panel A shows quantification in the frontal cortex while panel B shows quantification in the
hippocampus. * indicates P<0.05, ** indicates P<0.01 compared to untreated mice.
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Figure 4.
Congo red staining is reduced in all three treatment groups. Congo red staining is shown in the
hippocampus for APP+PS1 transgenic mice receiving no treatment (Panel A), Aβ1–42
vaccination (Panel B), NCX-2216 diet (Panel C) or both Aβ1–42 vaccination with NCX-2216
diet (Panel D). In Panel A CA1: cornu ammonis 1, CA3: cornu ammonis 3, DG: dentate gyrus.
Scale bar in Panel A = 120μm.
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Figure 5.
Quantification of Congo red staining reveals reductions in total Congo red in all three treatment
groups, but increased vascular Congo red following Aβ1–42 vaccination. The graphs show
percent area occupied with positive stain for mice receiving either no treatment (cont),
Aβ1–42 vaccination (vacc), NCX-2216 diet (NCX) or both Aβ1–42 vaccination with NCX-2216
diet (vacc+NCX). Solid bars indicate values for the frontal cortex while open bars indicate
values for the hippocampus. Panel A shows quantification of total Congo red, panel B shows
quantification of vascular Congo red and panel C shows calculation of parenchymal Congo
red. ** indicates P<0.01 compared to control and as shown in panel B.
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Figure 6.
CAA- associated microhemorrhage is increased following Aβ1–42 vaccination. Sections are
stained for hemosiderin (extravenous iron) with Prussian blue and cells are counterstained with
Texas red. Panels A and C show the hippocampus of a control treated APP+PS1 transgenic
mouse while panels B and D show the hippocampus of an Aβ1–42 vaccinated APP+PS1
transgenic mouse. For Panels A and B, the scale bar in panel A represents 120μm. Panels C
and D are a higher magnification of the area shown in the box of panels A and B, and the scale
bar in panel C = 50μm. In Panel A, CA1: cornu ammonis 1, CA3: cornu ammonis 3, DG:
dentate gyrus. Panel E shows quantification of Prussian blue staining and is shown as the
number of positive profiles per section for mice receiving either no treatment (cont), Aβ1–42
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vaccination (vacc), NCX-2216 diet (NCX) or both Aβ1–42 vaccination with NCX-2216 diet
(vacc+NCX). ** indicates P<0.01 compared to the control group.
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Figure 7.
CD45 immunohistochemistry is increased around remaining plaques in mice administered
Aβ1–42 vaccination. CD45 immunohistochemistry counterstained with Congo red is shown in
the hippocampus for APP+PS1 transgenic mice receiving no treatment (Panel A), Aβ1–42
vaccination (Panel B), NCX-2216 diet (Panel C) or both Aβ1–42 vaccination with NCX-2216
diet (Panel D). In Panel A CA1: cornu ammonis 1, CA3: cornu ammonis 3, DG: dentate gyrus.
Scale bar in Panel A = 120μm.
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Figure 8.
Quantification of CD45 immunohistochemistry reveals increases around remaining deposits
following Aβ1–42 vaccination. The graphs show percent area occupied with positive stain for
mice receiving either no treatment (cont), Aβ1–42 vaccination (vacc), NCX-2216 diet (NCX)
or both Aβ1–42 vaccination with NCX-2216 diet (vacc+NCX). Panels A and B show
quantification of total percent area occupied with positive stain for CD45 while panels C and
D show calculated ratios of CD45 staining to Congo red. Panels A and C show quantification
in the frontal cortex while panels B and D show quantification in the hippocampus. * indicates
P<0.05 compared to control APP+PS1 mice.
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