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Abstract
Senile plaques are a major pathological hallmark of Alzheimer’s Disease (AD). Compelling
evidence suggests that senile plaques lead to structural alterations of neuronal processes and that
local toxicity may be mediated by increased oxidative stress. Anti-oxidant therapy can alleviate
the neuronal abnormalities in APP mice, but the time-course of this beneficial effect is unknown.
We used multiphoton microscopy to assess in vivo the characteristics of antioxidant treatment on
senile plaques and neurites in AD model mice (APPswe/PS1dE9). We observed that α-phenyl-N-
tert-butyl nitrone (PBN), Ginkgo biloba extract (EGb 761) and Trolox had no effect on the size of
existing senile plaques. However, all anti-oxidants had a straightening effect on curved neurites.
This effect was detected as soon as 4 days after commencing the treatment, and was maintained
after 1 month of daily treatment, with no further increase in the effect. The straightening of
neurites persisted 15 days after stopping the treatment. These data indicate that neuronal plasticity
is fast and still active in adult animals, and suggest that amelioration of the neuritic distortions
associated with senile plaques with antioxidants is both rapid and long lasting.
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1. INTRODUCTION
Alzheimer’s disease (AD) is the most common cause of dementia among elderly people,
characterized by memory loss, cognitive impairment and behavioral deterioration. Although
the ultimate neurotoxic mechanisms have not been completely elucidated, strong evidence
suggests that senile plaques and amyloid-β (Aβ), a major component of senile plaques, play
an important role in the process (Hyman and Gomez-Isla, 1997; Selkoe, 1994; Walsh and
Selkoe, 2004). In this sense, previous studies have shown that senile plaques are a source of
focal neurotoxicity in AD and in transgenic mice (Bolmont et al., 2007; Meyer-Luehmann et
al., 2008; Urbanc et al., 2002). Senile plaques have been associated with abnormal curvature
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of nearby neurites (D'Amore et al., 2003; Garcia-Alloza et al., 2006a; Spires et al., 2005),
synaptic loss (Masliah et al., 1989; Scheff et al., 1990; Spires-Jones et al., 2007) and neuritic
dystrophies (Brendza et al., 2005; Lombardo et al., 2003), and these alterations have been
shown to be at least partially responsible for the disruption of cortical synaptic integration
(Stern et al., 2004).

Although the direct effect of senile plaques in their immediate environment is not
completely understood, extensive evidence suggests that oxidative stress may underlie some
of the observed alterations (El Khoury et al., 1998; Garcia-Alloza et al., 2006a; McLellan et
al., 2003; Moreira et al., 2008) and it seems that the altered microenvironment around
plaques is responsible to some extent for the pathological neurites present in AD brains (for
review see Hashimoto and Masliah (Hashimoto and Masliah, 2003)). Taking these
considerations into account, new efforts have been directed towards combating oxidative
stress damage. We tested the idea that antioxidant therapy would improve the
neuropathological alterations associated with AD.

α-phenyl-N-tert-butyl nitrone (PBN) is a well characterized spin trap both in vitro and in
vivo with potent pharmacological activity (for review see Floyd et al. (Floyd et al., 2002).
PBN increases cell survival in cortical cultured neurons (Massieu et al., 2004) and reduces
oxidative stress associated with senile plaques (McLellan et al., 2003). Following this idea,
natural antioxidants are particularly attractive and numerous studies have shown positive
effects of vitamins and bioflavonoids (Garcia-Alloza et al., 2007b; Joseph et al., 2003;
Kanowski and Hoerr, 2003; Sung et al., 2004). Of particular interest are Ginkgo biloba
extract (EGb 761) and vitamin E. EGb 761 is a natural extract rich in bioflavonoids with
well-characterized antioxidant and free radical scavenging properties (Colciaghi et al., 2004;
Ramassamy et al., 2007; Wu et al., 2006). It has also been shown that Ginkgo biloba has a
positive effect in demented patients (Napryeyenko and Borzenko, 2007). Vitamin E is
commonly administered to AD patients (Kontush and Schekatolina, 2004; Zandi et al.,
2004) and it has been shown that patients with lower levels of intake of vitamins, including
vitamin E, had a greater acceleration of cognitive decline (Wengreen et al., 2007). Similarly,
it has been described in animal models that oxidative stress-mediated neurotoxicity can be
reduced by vitamin E (Dias-Santagata et al., 2007). It has been shown previously that both
Ginkgo biloba extract and Trolox, a water soluble version of vitamin E, led to a reduced
abnormal neuritic curvature in transgenic mice after short term treatment, supporting a
neuroprotective role for antioxidant treatments (Garcia-Alloza et al., 2006a). Although PBN,
Ginkgo biloba extract, and vitamin E are structurally unrelated, the 3 compounds seem to
have similar neuroprotective effects (Garcia-Alloza et al., 2006a; McLellan et al., 2003).
However, the time-course of plastic changes in neurites associated with senile plaques when
treated with antioxidants is not known. How quickly can anti-oxidants result in beneficial
effects? Do long-term treatments lead to increased improvement of neuritic alterations? How
persistent is the effect? In order to develop more effective antioxidant strategies, it will be
important to understand the time-course of reactive oxygen species (ROS) inhibition in the
mouse models and the kinetics of plastic changes to altered neuritic processes.

In the present work we used in vivo multiphoton microscopy to assess the effect of the
antioxidants PBN, Ginkgo biloba extract and vitamin E on neuronal abnormalities, plaque
size and Aβ levels in APPswe/PS1dE9 mice. We observed that antioxidant treatment led to a
significant reduction of neuritic curvature after only 4 days of commencing the treatment.
When we assessed long-term treatments we observed a significant improvement in neuritic
curvature after one month of treatment that persisted even after stopping the treatment for 15
days. These data suggest that the antioxidant effect is rapid and long-lasting. Moreover these
data support previous studies suggesting that neuronal plasticity is still dynamic in adult
animals.
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2. MATERIAL AND METHODS
2.1. Animals

APPswe/PS1dE9 or APPswe/PS1dE9xYFP mice aged 7–8 months were obtained from
Jackson Laboratories (Bar Harbor, Maine). All studies were conducted with approved
protocol from the Massachusetts General Hospital Animal Care and Use Committee and in
compliance with NIH guidelines for the use of experimental animals.

2.2. Reagents
Reagents were obtained from the following sources: Texas Red dextran 70,000 D molecular
weight (Molecular probes, Eugene, OR), methoxy-XO4 (gift from Dr. Klunk, U.
Pittsburgh), ELISA Aβ40–42 kit (Takeda, Deerfield, IL), Ginkgo biloba extract (EGb 761)
(Beaufour Ipsen, Paris, France), cremophor EL, Trolox, PBN, thioflavin S and common
chemical reagents w ere obtained from Sigma (St. Louis, MO).

2.3. Ex vivo assessment of natural antioxidants
We assessed the capacity of the compounds under study: PBN, Ginkgo biloba and Trolox to
reduce Amplex Red (AR) oxidation associated with senile plaques as previously described
(D'Amore et al., 2003; Garcia-Alloza et al., 2006a; McLellan et al., 2003).
Paraformaldehyde fixed brain sections were treated for 45 minutes with the antioxidants;
EGb 761 (0.01 and 1 mg/ml), Trolox (10nM and 100 mM) and PBN (10nM and 100 mM).
Sections were washed and incubated for 45 minutes with 200 µM AR (in the presence of
0.5mg/ml peroxidase) with the antioxidants, whereas Control tissue was incubated in AR
and peroxidase only. The tissue was covered to minimize light and air exposure. Sections
were washed in PBS to rinse excess reagent, aqueously coverslipped, and imaged with
multiphoton microscopy. Afterwards, the tissue was washed in PBS and incubated for 20
minutes in thioflavin S (0.01%). After washing, the sections were covered and imaged again.
Images were analyzed with Image-J software (NIH, freeware) and the intensity of the
immediate surroundings of the dense-core plaques was subtracted from the dense core
fluorescence for AR and thioflavin S to correct for background levels. A ratio between AR
intensity and thioflavin S intensity was calculated to obtain an AR oxidation index for each
plaque to normalize across images and mice. This ratio provides a quantitative,
dimensionless index of plaque-associated AR oxidation. Results are expressed as a
percentage of Control values.

2.4. In vivo treatment and surgical preparation
APPswe/PS1dE9 received bilateral intracortical injections of adeno-associated virus (AAV)
containing the gene for enhanced GFP (titer, 4.2×1012 viral genomes/ml) as previously
described (Spires et al., 2005). The construct rAAV-DBA-EGFP-WPRE was prepared and
purified as described before (Spires et al., 2005). Imaging was initiated 3 weeks after
injection of the virus. Alternatively, some animals were crosses of APPswe/PS1dE9 with the
YFP expressing mice (thy-1:YFP line H+/− Tg mice (Brendza et al., 2003)).

For the short term experiments, APPswe/PS1dE9xYFP or APPswe/PS1dE9-GFP received
PBN i.p. (100 mg/Kg) once a day for 7 consecutive days, starting the treatment at the end of
the first imaging session (day 0). For the long term treatments, APPswe/PS1dE9-YFP
received gavage administrations once a day for 30 days of EGb 761 (100 mg/Kg in water) or
Trolox (210 mg/Kg 25% cremophor in distilled water). Control animals followed similar
procedures but received water instead of antioxidant treatment.

Surgery was performed as previously described (Skoch et al., 2004) with minor
modifications. Fluorescent angiograms were performed with ~12.5 mg/ml i.v. injection of
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Texas Red dextran (70KD) and served as a guide to find the same sites in the brain between
longitudinal imaging sessions. Animals received methoxy-XO4 i.p. (~3 mg/Kg in 3%
DMSO, 6% cremophor and 91% PBS), a fluorescent Congo Red derivative that crosses the
blood-brain barrier and binds fibrillar Aβ (Klunk et al., 2002) 24 hours before each imaging
session. A wax ring was placed around the coverslip of the cortical window and filled with
distilled water to create a well.

2.5. Multiphoton imaging and processing
As previously described (Spires et al., 2005) two-photon fluorescence was generated with
800 nm excitation from a mode-locked Ti:Sapphire laser (MaiTai, Spectra-Physics,
Mountain View, CA mounted on a multiphoton imaging system (Bio-Rad 1024ES, Bio-Rad,
Hercules, CA). A custom-built external detector containing three photomultiplier tubes
(Hamamatsu Photonics, Bridgewater, NJ) collected emitted light in the range 380–480, 500–
540 and 560– 650 nm. 3-color images were acquired for plaques, neurites, and angiography
simultaneously using a 20X objective (NA=0.95, Olympus). In vivo images at low resolution
(615×615µm; z-step, 5µm, depth, 200 µm approximately) were acquired to provide a map of
the area, using the angiogram as a 3-D fiducial. Higher resolution images were captured to
identify single neurites and plaques (125×125 µm; z-step, 0.8 µm, depth, 20 µm
approximately). To exclude motion artifacts induced by heartbeat and breathing, image
stacks were aligned using AutoDeblur software (AutoQuant). Images from the green
channel (YFP or GFP neurites) were further processed with the blind 3D deconvolution
function in AutoDeblur to remove background noise. 2D projections of stacks from the three
channels were combined in Adobe Photoshop 7 (Adobe Systems). Stacks were used to
measure neurite curvature, neurite diameter, spine density, neuritic dystrophy size and
plaque size. Observations and measurements of plaques and neurites were made by taking
images of the same plaques and neurites in subsequent imaging sessions (Meyer-Luehmann
et al., 2008; Spires et al., 2005). Neurite curvature ratio was calculated by dividing the end-
to-end distance of a neurite segment by the total length between the two segment ends. We
measured as many neurites as we could confidently follow for at least 20 µm (D'Amore et
al., 2003; Knowles et al., 1999; Lombardo et al., 2003). Since the imaging was limited to
cortical layers 1 and 2, most of the measured segments, from both APPswe/PS1dE9xYFP or
APPswe/PS1dE9-GFP mice, were probably dendrites, however, we cannot exclude that a
minor amount of axons were included in the measurements. Therefore, we refered to the
measured segments as neurites, as previously described in other studies (Garcia-Alloza et
al., 2006a; Meyer-Luehmann et al., 2008). We used 2D maximum intensity projections of
the imaged volumes (20µm depths) instead of 3D determinations of neurite curvature for
simplicity, and it is possible that we have underestimated the absolute value of the curvature
of individual neurites. However, the approach was used systematically in treated and
untreated animals so that appropriate comparisons could be made, similar to previous studies
(D'Amore et al., 2003; Garcia-Alloza et al., 2006a; Lombardo et al., 2003; Meyer-Luehmann
et al., 2008; Spires et al., 2005). Neurite shaft diameters were measured at each end and the
midpoint of each segment to provide an average diameter. To determine the effect of
proximity to plaques, the average distance between the nearest methoxy-XO4 stained
amyloid plaque and each neuritic segment was calculated using the average of the distance
from the plaque edge to each end and the midpoint of the neuritic segment on the three-
channel images. Only neurites located in the proximity of senile plaques (up to 50 µm from
plaque border) were included in the study. Spine density analysis was performed in a
selected population of dendrites that had identificable spine protrusions. Dendritic spines
were counted in maximum intensity projections of the green channel, and dendritic spine
density was calculated as spines/µm along the dendritic shaft (Spires et al., 2005).
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Neuritic dystrophies, defined as the areas of swelling in the immediate surrounding of the
senile plaques (up to 15 µm from plaques border) (Brendza et al., 2005; Tsai et al., 2004),
were measured from maximum intensity projections from the green channel by thresholding,
segmenting, and measuring using Image-J software. Senile plaque size was measured by
thresholding, segmenting, and measuring using the blue fluorescence channel and Image J
software. We measured the background intensity and threshold the image at a value 2
standard deviation above the mean of the background. This approach also allowed
delineation of the plaque borders for measurements of size and proximity.

PBN treated animals were imaged before the commencement of the treatment (day 0) and
reimaged on a daily basis for the next 4 consecutive days (day 1–4), as well as one last time
7 days after the commencement of the treatment (day 7). EGb 761 and Trolox treated
animals were imaged for the first time 30 days after the beginning of the treatment and once
more 15 days after the treatment was over. Control treated animals followed similar imaging
schedules.

2.6. Aβ ELISA measurements
At the end of the experiments, the mice were killed, and the brains hemisected. Soluble and
insoluble Aβ40 and Aβ42 were quantified in animals treated with Ginkgo biloba and trolox
for 30 days. Colorimetric ELISA kits were used as previously described (Kawarabayashi et
al., 2001) with minor modifications. Hemibrains were homogenized for 45s at speed 20
(BioSpec Tissue-Teminaror™) in extraction buffer (10uL/mg brain mass) with protease
inhibitor (Complete Protease Cocktail, Roche Diagnostics GmbH, Mannheim, Germany).
Extraction buffer consisted of deionized water with 50mM Tris HCl, 2mM EDTA 2Na,
0.01% Merthiorate Na, 400mM NaCl, and 1%BSA. One milliliter of each homogenized
brain was centrifuged at 15,000 RPM for 5 minutes at 4° C. The supernatant was removed
(soluble Aβ, 1:10 final dilution), and the pellet was diluted 1:8 and homogenized in 70%
formic acid (FA) (800µL FA for a 100mg pellet) and centrifuged at 15,000 RPM for 5
minutes at 4° C. Supernatant removed again (insoluble Aβ), neutralized and diluted 1:25 in
Tris buffer with pH=11 (1M Tris with 70% FA). Final dilution of insoluble Aβ was 1:200.
All samples were analyzed in duplicate. Standard curves were made using human Aβ40 and
Aβ42 standards provided in the ELISA kit diluted in Triton-X extraction buffer (for soluble
Aβ) or Tris-neutralized FA (for insoluble Aβ). Absorbance was measured by Wallac Victor
2 1420 Multilabel Counter (PerkinElmer Life & Analytical Sciences, Shelton, CT) and data
expressed as pmol/g wet tissue.

3. RESULTS
3.1 Ex vivo activity of natural antioxidants

We used AR, a fluorogenic reporter of oxidation to measure the effectiveness of the
antioxidants PBN, Ginkgo biloba, and Trolox at inhibiting the plaque derived AR oxidation
activity, as previously described (Garcia-Alloza et al., 2006a; McLellan et al., 2003). An AR
oxidation index was calculated from the signal obtained from AR divided by the signal
obtained after thioflavin S staining from the same identified senile plaques within a tissue
section. This ratio normalizes for plaque morphology and allows quantitative measurements
of plaque derived AR oxidation. All three of the antioxidants were capable of significantly
reducing the AR oxidation associated with senile plaques (Garcia-Alloza et al., 2006a;
McLellan et al., 2003) (table 1) suggesting that the antioxidant activity observed may
account for the effects observed on neurites in vivo.
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3.2. In vivo effect of antioxidants on neuronal abnormalities and senile plaques
APPswe/PS1dE9xYFP and APPswe/PS1dE9-GFP mice were injected with methoxy-XO4 to
allow simultaneous multiphoton imaging of neuronal processes and Aβ deposits. We have
previously shown in APPswe/PS1dE9xYFP mice that the toxic effect of senile plaques on
neurites leads to a significant increase in neurite curvature when compared to YFP alone
mice, and therefore this is a useful model to study neuritic abnormalities. However, this
effect can be at least partially reversed by short term treatment (2 weeks) with antioxidants
(Garcia-Alloza et al., 2006a). In the present study we assessed how early the straightening
effect can be detected and whether longer term treatments leads to more effective
straightening.

In order to assess how early the straightening process begins we used our most effective and
bioavailable antioxidant, PBN, and imaged the animals using multiphoton microscopy. Mice
were imaged before starting the treatment (day 0) and for the next 4 consecutive days (days
1–4), as well as one last time 7 days after the commencement of the treatment (day 7). Since
we used APPswe/PS1dE9xYFP and APPswe/PS1dE9-GFP injected mice in this study we
compared the neuritic populations in both models. We detected no differences in plaque
size, neurite distance to the border of the closest senile plaque, or dystrophy size between
APPswe/PS1dE9xYFP and APPswe/PS1dE9-GFP injected mice (data not shown), and
therefore both populations were analyzed as one group. Plaque size or dystrophy size were
not affected by PBN treatment (table 2). Similarly shaft diameter was not affected by
antioxidant treatment (table 2). When we assessed spine density we did not detect a
significant PBN effect after 7 days of treatment (table 3), ruling out the possibility of a
compensatory mechanism at this level.

We examined the curvature of the neurites located in close proximity to senile plaques
(within 50 µm) for each daily imaging session. PBN showed an early effect on curvature
ratio that could be detected as soon as 4 days after commencing PBN treatment. Although
we did not detect a treatmentXsession effect, when sessions were individually compared we
detected a significant positive effect of the antioxidant treatment (figure 1, and illustrative
example in figure 2). Moreover, the differences detected between treated and Control groups
were maintained for the duration of the treatment (up to 7 days).

We also assessed the effect of long-term treatment with antioxidants. For this we used
Ginkgo biloba extract EGb761 and Trolox. A similar profile to that observed for PBN
treated mice was observed: there was no significant effect on plaque size or dystrophy size
after 30 days of treatment (table 2) and neurite shaft diameter was not affected at the end of
the treatment (table 2). Spine density was not affected by long term antioxidant treatment
with Ginkgo biloba extract or Trolox (table 3) as previously shown with PBN.

spine density, senile plaque size or dystrophy size after 30 days of treatment when compared
to untreated mice (tables 2 and 3).The treatment was stopped and the animals were re-
imaged 15 days later. There was also no effect on plaque size, dystrophy size or neurite
diameter (table 2) when we analyzed the same animals after 15 days of concluding the
treatment.

When neurite morphology was examined, a restorative effect on curvature ratio for Ginkgo
biloba and Trolox was found (figure 3 and figure 4 for illustrative example). This
straightening effect was similar in magnitude to previous work treating animals with the
compounds for 15 days (Garcia-Alloza et al., 2006b). We also assessed the effect of long-
term antioxidant treatment on neurites 15 days after concluding the treatments. Both Ginkgo
biloba and Trolox maintained the straightening profile observed after 30 days of treatment
(figure 3 and figure 4 for illustrative example).
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3.3. Effect of antioxidants on Aβ40 and 42 levels
Hemisected brains were flash frozen, homogenized, and used for measurements of Aβ.
ELISA determinations showed that neither Ginkgo biloba extract nor trolox affected soluble
or insoluble levels of Aβ40 and 42 when compared to control values (table 2) and data are in
the range previously described for this transgenic AD model (Garcia-Alloza et al.,
2006b;Jankowsky et al., 2003)

DISCUSSION
AD has a dramatic effect in an aging population that leads to exorbitant health care costs as
well as societal and personal burdens. Moreover, the currently available therapeutic
treatments are based on manipulation of neurotransmitter systems, including
acetylcholinesterase inhibitors or N-methyl-D-aspartate receptor (NMDAR) antagonist
memantine (Alexopoulos et al., 2005), and there is no compelling evidence to suggest that
these can interfere with the underlying pathogenic process (Siemers et al., 2006). Due to the
limited success of these available treatments, new efforts are being directed towards the
study of antioxidants as an alternative approach to delay or slow the illness (for reviews see
(Frank and Gupta, 2005; Ramassamy, 2006). Supporting this approach, substantial evidence
suggests that the microenvironment surrounding plaques is a local source of oxidative stress
in AD (Behl and Moosmann, 2002). In vitro studies have shown that oxidative stress may
play an important role in Aβ induced toxicity (Heinitz et al., 2006; Matsumoto et al., 2006;
Tamagno et al., 2006). Moreover, in vivo studies in transgenic mice suggest that senile
plaques are a source of oxidative stress and that the use of antioxidants can ameliorate
oxidative stress associated with the plaques (Garcia-Alloza et al., 2007a; Garcia-Alloza et
al., 2006a; McLellan et al., 2003).

In this study we have included 3 well characterized antioxidants: PBN, Ginkgo biloba
extract and trolox. PBN is a spin-trap compound with neuroprotective properties both in
vitro (Massieu et al., 2004) and in vivo (McLellan et al., 2003) (for review see. (Floyd et al.,
2000). On the other hand, Ginkgo biloba extract can alleviate Aβ-induced pathological
behaviors and memory deficits in AD models including Tg2576 mice (Stackman et al.,
2003) and Caenorhabditis elegans (Wu et al., 2006). Moreover, clinical trials have shown
some promising effects of Ginkgo biloba, supporting its use in the treatment of AD (Birks et
al., 2002; Le Bars et al., 2002; Mazza et al., 2006). Vitamin E has also been shown to reduce
Aβ levels and amyloid deposition in young transgenic mice (Sung et al., 2004) and in one
clinical trial vitamin E appeared to slow the progression of the disease (Sano et al., 1997).
We have used PBN, Ginkgo biloba extract and trolox administration in combination with
direct, in vivo imaging to assess the possible effects on senile plaques and the locally
disrupted neurite morphology in the proximity of senile plaques.

We did not detect any significant effect on senile plaque size after treatment with PBN,
Ginkgo biloba or trolox, and the natural antioxidants did not show any effect on Aβ levels
measured postmortem by ELISA. Previous studies have shown that Ginkgo biloba can
reduce amyloid precursor protein (Yao et al., 2004) and inhibit Aβ aggregation in vitro (Luo
et al., 2002). However, supporting our results, Stackman et al (Stackman et al., 2003) have
shown that Tg2576 mice treated with Ginkgo biloba showed cognitive improvement without
any effect on Aβ levels or senile plaque burden. Similarly, vitamin E seems to have an effect
on Aβ levels or senile plaques only when administered prior to the appearance of the
pathology (Sung et al., 2004) whereas our animals, at 7–8 months of age already present
significant AD pathology.

We assessed the effect of PBN, Ginkgo biloba extract and trolox on the neuritic dystrophies
associated with senile plaques. These plaque associated swellings resemble those found in
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human tissue and have been previously described both in APPswe/PS1dE9 and in other AD
transgenic mouse models (Garcia-Alloza et al., 2006a; Spires et al., 2005). Brendza et al.
(Brendza et al., 2005) have shown that anti-Aβ antibody treatment can reduce or eliminate
neuronal dystrophies associated with senile plaques. In our hands, none of the antioxidants
studied altered the total amount of dystrophies located in the immediate surround of senile
plaques suggesting a completely different mechanism of action of the antioxidants.

We also assessed the possible neuroprotective effect of PBN, Ginkgo biloba and trolox by
measuring dendritic spine density in close proximity to senile plaques. Spine density was not
affected after antioxidant treatment suggesting that the positive effect observed on neuritic
curvature does not translate in a compensatory mechanisms and increased amount of
synapses. However, we observed a significant reduction of neuritic curvature after
antioxidant treatment. It has been previously shown that transgenic mouse models of AD
exhibit abnormal dendritic curvature associated with senile plaques, similar to that found in
AD tissue (Garcia-Alloza et al., 2006a; Spires et al., 2005). It has also been suggested that
abnormal neuronal geometry in the immediate vicinity of the senile plaques may account for
the failure of neurons to successfully integrate and propagate information (Stern et al.,
2004). Although the negative impact of Aβ on neuritic architecture and functionality seems
well established, whether this effect is direct or indirect is unknown. We cannot establish an
irrefutable cause-effect relationship between oxidative stress and abnormal neuritic
curvature in AD, however our ex vivo data show the capacity of PBN, Ginkgo biloba and
Trolox to reduce the oxidation associated with senile plaques, supporting previous studies
and suggesting that the neuroprotective effects of antioxidants in AD may be mediated by a
reduction of ROS production. These data are also in accordance with previous studies
showing that neurites up to 50 µm from the plaque border have a compromised architecture
(D'Amore et al., 2003). This large "halo" of neuropil alterations suggests that observed
alterations extend beyond the discrete border of senile plaques (D'Amore et al., 2003) and
supports the idea of a diffusible agent that mediates the neuronal changes. The presence of
secondary changes due to local oxidative damage can not be excluded. It also needs to be
considered that ROS may have multiple sources, including microglia (Colton et al., 2000),
Aβ itself (De Felice et al., 2007), or any of the myriad molecules that compose senile
plaques (Armstrong, 2006).

A previous study supports the idea that oxidative stress associated with senile plaques may
contribute to local alterations in neurite trajectories since short term treatment with
antioxidants had a straightening effect on neuritic curvature (Garcia-Alloza et al., 2006a).
However, it remains unclear how early the neuroprotective changes appear once the
antioxidant treatment starts or for how long the positive effect can be detected once the
treatment is concluded. In order to address the first point, PBN was administered i.p. and in
vivo multiphoton imaging was performed on a daily basis. The same identified neurites,
located within 50 µm from a plaque, were imaged daily. After the first administration, a
straightening effect was observed and this effect reached statistical significance as soon as
four days after commencing the treatment. The effect was maintained for as long as the
treatment was administered (up to 7 days) but reached a plateau and did not continue to
improve. These data suggest that the neuroprotective effect observed after antioxidant
treatment occurs rapidly and is maintained for as long as the treatment is continued.
Moreover, these data support a great degree of plasticity in the adult nervous system, as
previously described in other transgenic mouse models (Lombardo et al., 2003).

We also assessed the effect of long-term antioxidant treatment on neurite curvature. Mice
were treated for one month with 2 well characterized antioxidants, Gingko biloba extract
and trolox. In our hands both compounds showed a neuroprotective effect that led to a
significant straightening of the distorted neurites within 50 µm from the plaque border, in a
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similar pattern to that observed after short-term PBN treatment. It seems that PBN can more
effectively reduce AR oxidation associated with senile plaques (Garcia-Alloza et al., 2006a;
McLellan et al., 2003). However due to the fact that Ginkgo biloba and Trolox are naturally
derived antioxidants, widely used and with very limited toxic effects, we performed long-
term treatments using these 2 compounds. Moreover, previous studies demonstrated that
both Ginkgo biloba and Trolox also had an early (2 weeks) positive straightening effect on
neurite curvature (Garcia-Alloza et al., 2006a). This effect suggests a common pathway for
all antioxidants under study, as previously described in other paradigms (Garcia-Alloza et
al., 2006a; McLellan et al., 2003). The straightening effect observed after long-term
treatment was in the range observed after PBN treatment and after shorter antioxidant
treatments previously described (Garcia-Alloza et al., 2006a).

The positive straightening effect was still present 15 days after stopping the treatment with
both Ginkgo biloba and Trolox, suggesting that the effects were long lasting. These data ,
together with the limited toxic effects associated with vitamin E and Ginkgo biloba support
the long-term chronic treatments with antioxidants. It has been demonstrated that long-term
treatment with Ginkgo biloba can improve performance of Tg2576 mice in the Morris water
maze (Stackman et al., 2003). Similarly, vitamin E depletion seems to exacerbate memory
impairment (Nishida et al., 2006) and improve behavioral performance in association with
preservation of the dendritic structure, supporting the implication of oxidative stress in
neuronal degeneration in AD (Veinbergs et al., 2000), although other mechanisms including
toxic oligomeric species of Aβ or secondary inflammatory responses cannot be excluded.
All together, it would appear that antioxidant treatment can not only reduce oxidative stress
and improve abnormal neurite curvature in transgenic mice, but that these effects could
translate into more meaningful functional consequences. Taking these considerations into
account, our data support a neuroprotective effect of antioxidants that is not only fast but
sustained in time, supporting further studies to asses a possible role for antioxidant therapy
in the treatment of AD patients.
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Figure 1.
Effect of PBN treatment on neuritic curvature when neurites up to 50 µm from plaque
border were examined. Data shown are the means±SD of all measured neurites per condition
(15–176 neurites from 3–6 animals). Animals were imaged on a daily basis before
commencing the treatment (day 0) and for the next 4 consecutive days (days 1–4) as well as
one last time 7 days after beginning the treatment (day 7). Individual, identified neurites
were analyzed at each serial imaging session. The curvature ratio approaches 1.0 for straight
neurites, and is less than 1 for “curvy” neurites. Significant differences were determined by
Student T test. Statistically significant differences were observed between Control and PBN
treated animals as soon as 4 days after commencing the treatment and differences were
maintained until the end of the treatment (day7) (*p<0.05 vs. Control group).
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Figure 2.
Representative example of PBN treatment on neuritic curvature. In vivo images with
multiphoton microscopy were taken before, as well as 4 and 7 days after commencing the
treatment (A, Control day 0; B, Control day 4; C, Control day 7; D, PBN day 0; E, PBN day
4; F, PBN day 7). Neurons expressing YFP or GFP are green, blood vessels (red) contain
Texas Red dextran and dense-core Aβ plaques are histochemically labeled by methoxy-XO4
(blue). Single neurites were identified and measured for curvature at each time point. Scale
bar: 50 µm
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Figure 3.
Effect of long term treatment with Ginkgo biloba extract (EGb 761) (100mg/Kg/day p.o.)
and Trolox (210 mg/Kg/day p.o.) on neuritic curvature when neurites up to 50 µm from
plaque border were examined. Data shown are the means±SD of all measured neurites per
condition (4–73 from 3–5 animals). Ratio of curvature for each group was analyzed by one
way ANOVA followed by Tuckey B test, with distance to senile plaque as independent
variable. There was no significant effect, of distance to the closest plaque, on the curvature
ratio between groups {F4,241=0.877, p=0.571}. Statistically significant differences were
observed between animals treated with Ginkgo biloba (100 mg/Kg) and Trolox (210 mg/Kg)
for 30 days or after 15 days of washing out and Control mice ({F4,273=3.890, *p=0.004} vs.
Control group).
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Figure 4.
Representative example of long term treatments with Ginkgo biloba extract (EGb 761) and
Trolox on neuritic curvature. In vivo images with multiphoton microscopy were taken 30
days after commencing the treatment (A, Control; B, Ginkgo biloba extract; C, Trolox).
Neurons are green, blood vessels (red) contain Texas Red dextran and dense-core Aβ
plaques are histochemically labeled by methoxy-XO4 (blue). Scale bar: 25 µm
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Table 1

Quantitative inhibition of Amplex Red oxidation from senile plaques in tissue sections from mouse brain.

Treatment Amplex Red
oxidation index (%

Control)

Control 100.2±4.3

Ginkgo biloba (1mg/ml) 53.4±4.2*

Ginkgo biloba (0.01 mg/ml) 82.2±3.9

Trolox (100 µM) 47.0±5.0*

Trolox (10 nM) 82.5±4.0

PBN (100 µM) 44.8±1.6*

PBN (10 nM) 86.1±5.0

Amplex Red oxidation index derived from Amplex Red-Thioflavin S intensity ratio, resulting from plaque mediated oxidation is expressed as
percentage of Control values. Data are representative of 20–98 plaques from 3 animals. Significant differences were determined by one-way
ANOVA followed by Tamhane test. ({F6,306=42.086; *p<0.001} vs. Control Group, Ginkgo biloba (0.01 mg/ml), Trolox (10 nM) and PBN
(10nM)).
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Table 2

Effect of Ginkgo biloba extract (EGb 761), Trolox and α-phenyl-N-tert-butyl nitrone (PBN), on plaque size,
dystrophy size and neurite diameter in APPswe/PS1dE9 mice

Treatment Plaque size
(µm2)

Dystrophy size
(µm2)

Shaft diameter
(µm)

Control day 30 286±39 8±1 1±0.1

EGb 761 day 30 331±24 7±1 1±0.1

Trolox day 30 362±37 9±1 1±0.1

Control day 30+15 days 285±53 9±1 1±0.1

EGb 761 day 30+15 days 362±37 9±1 1±0.1

Trolox day 30+15 days 384±46 8±1 1±0.1

Control day 0 313±27 8±1 1±0.1

PBN day 0 310±26 9±1 1±0.1

Control day 7 241±6 12±5 1±0.1

PBN day 7 313±4 8±1 1±0.1

Ginkgo biloba and Trolox had no effect on senile plaque size, dystrophy size or neuritic diameter. Ginkgo biloba extract (EGb 761) (100mg/Kg/day
p.o.) or Trolox (210 mg/Kg/day p.o.) had no significant effect on plaque size after 30 days of treatment (30 days: n=20–31 plaques, {F2,73=1.602;
p=0.209}, 30 days+15 days washing out: n=8–17 plaques {F2,44=0.872; p=0.425}). No effect was observed on dystrophy size (30 days: n=93–126
dystrophies, {F2,340=1.093; p=0.336}, 30 days+15 days washing out: n=54–159 distrophies{F2,1296=0.290; p=0.749}), or on neurite diameter
(30 days: n=36–74 neurites, {F2,171=1.200; p=0.304}, 30 days+15 days washing out: n=16–464 neurites {F2,105=2.303; p=0.105}). Data are
mean ± standard deviation from 3–5 animals and differences were assessed by one way ANOVA.
Similarly PBN treatment had no effect on senile plaque size, dystrophy size or neuritic diameter. No differences were detected between PBN
(100mg/Kg/day i.p) and Control treated animals before the commencement of the treatment (day 0) or after 7 days of treatment (day 7) on senile
plaque size (n=21–58 plaques; p=0.918, p=0.279 respectively). No effect was observed on dystrophy size (n=16–21 dystrophies; p=0.566, p=0.410
respectively) or neurite diameter (n=55–185 neurites; p=0.627, p=0.824 respectively). Data are mean ± standard deviation from 3–6 animals and
differences were assessed by Student T test
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Table 3

Ginkgo biloba extract (EGb 761), Trolox and α-phenyl-N-tert-butyl nitrone (PBN), on spine density in
APPswe/PS1dE9 mice

Treatment Spine density
(number/µm)

Control day 30 0.43±0.04

EGb 761 day 30 0.44±0.02

Trolox day 30 0.48±0.04

Control day 0 0.40±0.08

PBN day 0 0.37±0.03

Control day 4 0.31±0.05

PBN day 4 0.40±0.04

Control day 7 0.30±0.06

PBN day 7 0.39±0.04

Ginkgo biloba (EGb 761) (100mg/Kg/day p.o.) and Trolox (210 mg/Kg/day p.o.) had no significant effect on spine density from dendrites located
up to 50 µm from senile plaques after 30 days of treatment (30 days: n=13–21 dendrites, {F2,51=0.513; p=0.602}). Data are mean ± standard
deviation from 3–5 animals and differences were assessed by one way ANOVA. Similarly no differences were detected between PBN (100mg/Kg/
day i.p) and Control treated animals on spine density before the commencement of the treatment (day 0), after 4 (day 4) or after 7 days of treatment
(day 7) (n=4–54, dendrites; p=0.9782, p=0.249, p=0.317 respectively). Data are mean ± standard deviation from 3–6 animals and differences were
assessed by Student T test
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Table 4

Effect of Ginkgo biloba extract (EGb 761) and Trolox on soluble and insoluble amyloid-beta 40 and 42 in
APPswe/PS1dE9 mice

Treatment Soluble Aβ40 Soluble Aβ42 Insoluble Aβ40 Insoluble Aβ42

Control 3.7±0.7 4.3±0.9 581.3±7.6 1002.1±22.2

EGb 761 30 days 3.1±0.2 3.8±0.5 590.3±64.3 1009.6±11.0

Trolox 30 days 3.6±0.8 3.6±0.6 510.0±55.8 1052.7±1.9

Levels of both tris-extracted (soluble) and formic acid-extracted (insoluble) amyloid-β 40 and 42 in APPswe/PS1dE9, expressed as pmol/g of wet
tissue were not affected by Ginkgo biloba extract (EGb 761) or Trolox after 30 days of treatment. Soluble Aβ40 {F4,9=0.513; p=0.615}, soluble
Aβ42 {F4,9=0.255; p=0.781}, insoluble Aβ40 {F4,9=1.075; p=0.386}, insoluble Aβ42 {F4,7=1.853; p=0.212}. Data are mean ± standard
deviation from 3–6 animals and differences were assessed by one way ANOVA.
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