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In Vivo Imaging of Reactive Oxygen Species Specifically
Associated with Thioflavine S-Positive Amyloid Plaques by
Multiphoton Microscopy
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Amyloid-␤, the primary constituent of senile plaques in Alzheimer’s disease, is hypothesized to cause neuronal damage and cognitive
failure, but the mechanisms are unknown. Using multiphoton imaging, we show a direct association between amyloid-␤ deposits and free
radical production in vivo in live, transgenic mouse models of Alzheimer’s disease and in analogous ex vivo experiments in human
Alzheimer tissue. We applied two fluorogenic compounds, which become fluorescent only after oxidation, before imaging with a near
infrared laser. We observed fluorescence associated with dense core plaques, but not diffuse plaques, as determined by subsequent
addition of thioflavine S and immunohistochemistry for amyloid-␤. Systemic administration of N-tert-butyl-␣-phenylnitrone, a free
radical spin trap, greatly reduced oxidation of the probes. These data show directly that a subset of amyloid plaques produces free radicals
in living, Alzheimer’s models and in human Alzheimer tissue. Antioxidant therapy neutralizes these highly reactive molecules and may
therefore be of therapeutic value in Alzheimer’s disease.
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Introduction

Senile plaques containing amyloid-␤ are a prominent histopathological feature of Alzheimer’s disease (AD). Amyloid-␤
deposits can be quite dense with a ␤-pleated sheet conformation,
leading to staining by dyes such as thioflavine S, or be present in
diffuse, nonfibrillar deposits. In vitro studies show that synthetic
amyloid-␤ facilitates the formation of free radicals (Hensley et al.,
1994), causing membrane lipid peroxidation and increased production of reactive oxygen species in cells in culture, resulting in
toxic effects (Behl et al., 1994; Mattson and Goodman, 1995;
Keller et al., 1997). Indirect markers of oxidative damage in postmortem studies of the brains of patients diagnosed with AD or in
animal models of AD include changes in antioxidant enzymes
(Pappolla et al., 1998; Leutner et al., 2000), advanced glycation
end products (Wong et al., 2001), lipid peroxidation (Behl et al.,
1994; Mark et al., 1997; Mattson et al., 1997; Montine et al., 1997;
Sayre et al., 1997), free carbonyls (Hensley et al., 1995; Smith et
al., 1996), and peroxynitration (Good et al., 1996; Smith et al.,
1997). However, the role of plaques in generating free radicals is
not certain, and evidence also supports alternative hypotheses
regarding amyloid-␤ and free radical generation. Some suggest
that oxidative stress precedes amyloid-␤ deposition (Yan et al.,
1995; Nunomura et al., 2000; Pratico et al., 2001) or that
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oxide dismutase-like activity in vitro (Bush et al., 1999). Moreover, the role of amyloid-associated microglia in free radical production and subsequent oxidative damage is also uncertain,
because activated microglia are frequently observed near compact (thioflavine S-positive) senile plaques in AD, and microglia
can generate and release free radicals (Colton et al., 1994; Kiprianova et al., 1997).
In the present study, we examined the free radical-producing
properties of amyloid-␤ in vivo in transgenic PDAPP and Tg2576
mice that develop senile plaques. We used a multiphoton imaging
technique that provides real time imaging of fluorescent reporter
molecules in living brain. 2⬘,7⬘-Dichlorodihydrofluorescein
(H2DCF) forms the green fluorescent 2⬘,7⬘-dichlorofluorescein
(DCF) after oxidation by reactive oxygen species (LeBel et al.,
1992), and Amplex Red reagent (10-acetyl-3,7-dihydroxyphenoxazine) oxidizes to the red fluorescent resorufin in the presence
of hydrogen peroxide (Zhou et al., 1997). We applied both probes
topically to the brains of transgenic mice with significant amyloid
plaque burdens and imaged through cranial windows with a lowenergy, near infrared laser to minimize the risk of light-induced
oxidation. We observed activation of both probes by dense core
(thioflavine S-positive) amyloid plaques, but not diffuse deposits,
suggesting free radical oxidation in the vicinity of a subset of
plaques. We also demonstrated, in an ex vivo system using human
AD brain tissue, that thioflavine S-positive plaques in AD are also
sources of free radicals and that amyloid-associated microglia are
not responsible for the oxidation of the probes in relation to the
plaques. We provide further support that an oxidative process
occurs in association with dense core plaques by inhibiting oxidation of the probes using a free radical spin trap, N-tert-butyl␣-phenylnitrone (PBN). PBN has been shown to be very effective
in reducing A␤ toxicity in cell culture (Behl et al., 1994) and to
improve age-related cognitive deficits in animal models (Carney
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et al., 1991; Socci et al., 1995). Thus, fibrillar A␤ is a potent source
of free radicals in a living system that can be targeted effectively
with free radical scavenging molecules, supporting the use of
antioxidant therapies in treatment of AD.

Materials and Methods
Animals and reagents. In vivo imaging was performed using multiphoton
microscopy, as previously described (Christie et al., 2001), in homozygote PDAPP (Games et al., 1995) or Tg2576 (Hsiao et al., 1996) APPoverexpressing transgenic mice (aged 15–21 months; n ⫽ 4 mice for each
free radical indicator). A stock solution of 2⬘,7⬘-dichlorodihydrofluorescein diacetate (Molecular Probes, Eugene, OR) was prepared in
dimethylsulfoxide (DMSO; 200 mM). Acetyl groups were removed following standard protocol (Molecular Probes), and stock H2DCF was
diluted to 200 M in PBS. Amplex Red reagent (10-acetyl-3,7-dihydroxyphenoxazine; Molecular Probes) stock solution was prepared in DMSO
(20 mM) and diluted in PBS to 200 M. Thioflavine S (Sigma, St. Louis,
MO) was diluted to 0.01% in PBS. PBN (Sigma) was prepared at 100 mM
in 20% DMSO in saline and injected at 300 mg/kg. The anti-amyloid
antibody used was 3D6 (Elan Pharmaceuticals, San Francisco, CA), conjugated to either fluorescein or Cy3 (Molecular Probes) at 20 g/ml for
immunohistochemistry on tissue sections. Avertin (tribromoethanol;
Sigma) was the anesthetic used in all surgical procedures. For fluorescent
angiograms, either Texas Red dextran (70,000 MW; Molecular Probes)
or AK-Fluor 10% injection fluorescein (Akorn, Inc., Decatur, IL) was
injected at 33 mg/kg.
Surgical preparation and application of probes. Mice were anesthetized
with an intraperitoneal injection of Avertin (250 mg/kg), with supplemental doses (40 mg/kg) as needed. Cranial windows were prepared 3– 6
d before an experiment according to the previously described technique
(Mathis et al., 2002). At the beginning of the experiment, the coverslip
was removed from the skull, and the site was rinsed thoroughly with
sterile saline. Either H2DCF or Amplex Red reagent (both 200 M) was
applied to the cortex of the mouse, and the head was covered to protect
from light for ⬃30 min. The site was then washed, and the coverslip was
replaced. The animal was placed on a thermally regulated pad (Harvard
Apparatus, Holliston, MA) until the glue was dry and the animal was
ready to be imaged. In experiments using PBN, the animal was injected
intraperitoneally with PBN (300 mg/kg) the night before imaging and
again 15–20 min before imaging. H2DCF (200 M) was prepared in a 100
mM solution of PBN and applied to the brain just as H2DCF and Amplex
Red were applied in previous experiments. The animal was prepared for
imaging as before.
Multiphoton imaging. Two-photon fluorescence was generated with
750 or 800 nm excitation from a mode-locked Ti:Sapphire laser (Tsunami; Spectra-Physics, Mountain View, CA), mounted on a commercially
available multiphoton imaging system (Bio-Rad 1024ES; Bio-Rad, Hercules, CA). Custom-built external detectors containing three photomultiplier tubes (Hamamatsu Photonics, Bridgewater, NJ) collected emitted
light in the range of 380 – 480 (thioflavine S), 500 –540 (fitc-3D6 and
DCF), and 560 – 650 nm (Cy3–3D6 and Amplex Red). Imaging was performed using the normal scan speed of the scanhead, and multiple
z-series’ were collected at the following time points: before adding reagents to the brain; after adding Amplex Red, H2DCF, or H2DCF/PBN;
and again after adding thioflavine S. The z-series moved from the skull
surface into the brain and used one or all of the following: a 20⫻ water
immersion objective (615 ⫻ 615 m; z-step, 5 m; depth, ⬇200 m); a
60⫻ water immersion objective (205 ⫻ 205 m; z-step, 2 m; depth,
⬇150 m); a 100⫻ water immersion objective (123 ⫻ 123 m; z-step, 1
m; depth, ⬇100 m). A UV arc lamp was used in remote areas of the
brain to ensure that the nonfluorescent dyes were present, distributed
throughout the brain, and responsive to oxidative activity. UV light excitation led to immediate and robust oxidation of both Amplex red and
H2DCF throughout the brain, demonstrating that the dyes were available, and emphasizing the utility of multiphoton imaging, which did not
lead to measurable oxidation of the probes. After image collection, the
animal was placed on the thermal pad until body temperature had returned to normal and the animal was fully conscious.

Figure 1. Free radical indicators are chemically distinct. The structures and properties of the
two fluorogenic indicators of oxidative stress, Amplex Red ( A) and H2DCF ( B), are unique.
Ex vivo assays. Tissue sections of either PDAPP mouse brain (n ⫽ 3) or
of temporal cortex and hippocampus of human AD or control tissue
(n ⫽ 3; courtesy of the Massachusetts Alzheimer Disease Research Center
Brain Bank) (Newell et al., 1999) were used for ex vivo assays. Assays were
performed in both cryostat (lightly fixed in 100% ethanol, 8 min) and
fixed (mouse tissue: paraformaldehyde, 24 hr postmortem; human tissue: periodate-lysine-paraformaldehyde, 48 hr postmortem) tissue sections with similar results. Mounted tissue was dehydrated, encircled with
a hydrophobic PAP pen (Research Products International, Mount Prospect, IL), and rehydrated in PBS. Sections were then treated with Amplex
Red (200 M in PBS), H2DCF (200 M in PBS), or PBS alone for ⬃30
min, covered to minimize light and air exposure. Slides were dipped
quickly in PBS to rinse excess reagent, aqueously coverslipped, and imaged under the same conditions as in vivo imaging. Sections were washed
overnight in PBS and reimaged. Thioflavine S was then added for 15 min,
and fitc-3D6 (on Amplex Red-treated sections; 1:500 in NGS) or Cy3–
3D6 (on H2DCF-treated sections; 1:500 in NGS) for 1 hr. Slides were
reimaged in the same locations as previously.

Results
We have previously developed the techniques to image senile
plaques in the cortex of living animals using multiphoton microscopy and either in vivo histology (with thioflavine S or thiazine
red) or in vivo immunohistochemistry (using fluorescently labeled anti-amyloid-␤ antibodies) (Bacskai et al., 2001, 2002;
Christie et al., 2001). To extend this approach to perform in vivo
histochemistry for in vivo detection of free radicals, we took advantage of the availability of two small molecule, dependable
markers of oxidative stress, both nonfluorescent unless oxidized
by free radicals.
We first examined whether these direct indicators would detect any alterations in the transgenic mice using mulitphoton in
vivo imaging. Multiphoton approaches are especially useful for
these studies because the UV light or blue– green light used to
detect H2DCF in traditional applications, such as confocal microscopy, rapidly oxidizes the probe, whereas the near infrared
light used for multiphoton imaging does not lead to H2DCF or
Amplex Red activation even after prolonged (⬎15 min) exposure. The two fluorescent reporters are chemically distinct (Fig.
1). Amplex Red reagent is a very stable, nonfluorescent molecule
that emits red fluorescence when oxidized specifically by hydrogen peroxide. When added in its reduced, colorless form directly
to the cortex of a live PDAPP mouse, Amplex Red rapidly became
fluorescent specifically and uniquely associated with structures
that resemble senile plaques (Fig. 2 A). We then added thioflavine
S, a fluorescent histochemical marker of dense core senile
plaques, and detected the resulting blue-green fluorescence in a
second optical channel (Fig. 2C). Amplex Red-positive structures
overlapped completely with thioflavine S-stained senile plaques
and, occasionally, with amyloid angiopathy. In addition, these
same plaques appeared to be associated with accumulation of
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Figure 3. PBN can prevent plaque-associated oxidation in vivo. Systemic administration of a
free radical spin trap, PBN, prevents oxidation of H2DCF ( A) by dense core plaques that are
clearly visualized with thioflavine S ( B). Arrows indicate the absence of DCF-labeled plaques ( A)
in the same location that contained thioflavine S-positive plaques ( B). Green fluorescence in A is
caused by autofluorescent lipofuscin. Blood vessels used as a site map for reimaging are shown
in red. Scale bar, 25 m.

Figure 2. A subset of amyloid-␤ plaques oxidizes free radical indicators in vivo. Dense core
amyloid-␤ plaques activate the fluorogenic free radical indicators Amplex Red ( A) and H2DCF
( B) in vivo in live, PDAPP mouse cortex. Histochemical markers of dense core plaques, thioflavine S (C) and thiazine red ( D), respectively, confirm these results. Vessel-associated amyloid
angiopathy occasionally activated the probes ( B), confirmed here with thiazine red ( D).
Autofluorescent lipofuscin was observed near plaques in multiple optical channels (A, orange).
Fluorescein-containing blood vessels used to map sites for reimaging are shown in green in A
and C. Scale bars: A, C, 10 m; B, D, 25 m.

lipofuscin, an autofluorescent, endogenous product associated
with local oxidative stress (Fig. 2 A, orange signal ). We confirmed
these observations in a second strain of transgenic mice (i.e.,
experiments were performed in both Tg2576 and PDAPP
animals) with identical results. Moreover, we confirmed the observations with an alternative reporter of free radicals, H2DCF.
Colorless, nonfluorescent H2DCF converts to bright green fluorescent DCF in the presence of a number of reactive oxygen intermediates. DCF fluorescence (Fig. 2 B) also associated specifically with dense core plaques (visualized by thiazine red; Fig. 2 D)
in transgenic mouse cortex. Thiazine red is comparable to thioflavine S as a histochemical marker of dense core plaques. In some
images, we again observed DCF fluorescence associated with
vessel-related amyloid angiopathy (Fig. 2 B,D).
Neither Amplex Red nor H2DCF crosses cell membranes in
adult brain tissue, suggesting that the observed fluorescence is
caused by an extracellular oxidative or free radical source. We
reasoned that a free radical scavenger might therefore be able to
neutralize free radical production and prevent H2DCF oxidation.
We administered PBN systemically via intraperitoneal injection
20 hr and 15–20 min before imaging with H2DCF and thioflavine
S. After PBN administration, a dramatic decrease in DCF fluorescence was observed that was associated with dense core plaques
that were visualized clearly with thioflavine S (Fig. 3). Arrows in
Figure 3A designate thioflavine S-positive plaques, whereas in
Figure 3B, arrows indicate where DCF-positive plaques are absent because of PBN treatment. We quantified the images by
calculating the percent increase of DCF fluorescence in a plaque
compared with its immediate surroundings. This revealed a
highly statistically significant 40% change in DCF fluorescence

after systemic PBN treatment (287.2 ⫾ 145.6; mean ⫾ SD; n ⫽
144 plaques controls vs 163.5 ⫾ 104.3; n ⫽ 56 plaques in PBNtreated animals; p ⬍ 0.001; Student’s t test). We interpret this
result to support the idea that the DCF fluorescence observed
without PBN treatment is caused by free radical generation and
also to demonstrate that systemic therapy with an antioxidant
can reduce plaque-induced free radical generation. We again observed autofluorescent lipofuscin near plaques throughout the
brain, seen in Figure 3A in green, but these were not DCFpositive, because control images appeared identical.
The observation that dense core plaques led to oxidation of
both probes raised the question of whether this was attributable
to the different physicochemical structures of amyloid-␤ and associated molecules or to the effects of activated microglia that
frequently associate with dense core plaques (Frautschy et al.,
1998). We examined this possibility using an ex vivo, acellular
system in which no active microglia were present. In lightly fixed
tissue sections from human AD brain and PDAPP mouse brain,
both Amplex Red and H2DCF fluorescently labeled dense core
amyloid plaques but did not reveal fluorescence associated with
diffuse amyloid-␤. Figure 4 displays human AD tissue after application of Amplex Red. Dense core plaques activated Amplex
Red (Fig. 4 A), but large areas of diffuse amyloid that did not
contain dense core plaques did not activate the probe (Fig. 4 B), as
assessed by counterstaining with thioflavine S for dense core
plaques (Fig. 4C,D, respectively) and anti-amyloid-␤ immunohistochemistry for diffuse plaques (Fig. 4 E,F ). Interestingly, even
within dense core “mature” plaques, the central region that is
thioflavine S-positive activated the probe, but the surrounding
diffuse amyloid-␤ halo around the dense core did not (Fig.
4 A, C,E). We observed a few examples of small deposits positive
for Amplex red and 3d6 staining, but negative for thioflavine S
(Fig. 4 A, C,E) These may be immature amyloid-␤ deposits capable of oxidative activity, but not yet morphologically recognized
by thioflavine S. Chronic imaging experiments may reveal maturation of these deposits into more classically identified plaques.
We also tested H2DCF in human AD tissue and obtained results
comparable to Amplex Red (data not shown). We performed
analogous ex vivo experiments in PDAPP mouse brain tissue.
Figure 5 demonstrates that both Amplex Red and DCF associated
with dense core plaques (Fig. 5A,B, respectively), shown by thioflavine S labeling (Fig. 5C,D, respectively), but did not associate
with diffuse amyloid, shown by immunohistochemistry with
anti-amyloid-␤ antibody (Fig. 5E,F ). The combined results from
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Figure 4. Dense core plaques produce free radicals ex vivo in human AD tissue. Amplex Red
was tested in human AD brain tissue containing only dense core plaques (A, C, E) or only diffuse
amyloid (B, D, F ). Dense core plaques oxidize Amplex Red ( A), but diffuse amyloid-␤ does not
( B). Thioflavine S staining (C, D, respectively) and anti-amyloid-␤ immunohistochemistry (E, F,
respectively), in the same tissue sections confirm that Amplex Red associates specifically with
thioflavine S- positive dense core plaques, but not larger areas of diffuse amyloid-␤ alone.
Similar results were seen using H2DCF as the free radical indicator (data not shown). Scale bars:
A, C, E, 50 m; B, D, F, 100 m.

ex vivo experiments in human and mouse tissue suggest that
amyloid-␤ itself, and not a cellular-mediated mechanism, is responsible for the oxidative activity associated with dense core
plaques. Furthermore, in human tissue, we observed neurofibrillary tangles that bound thioflavine S, indicative of a ␤-pleated
sheet structure, but did not oxidize the free radical probes (data
not shown). This observation reinforces that the presence of
amyloid-␤, and not simply a ␤-pleated sheet conformation, is
required for the free radical generation.
In addition, we were able to reduce H2DCF oxidation in ex
vivo PDAPP mouse tissue by 65% with pretreatment of the sections with PBN. Sections from 18-month-old mice were incubated with 200 M H2DCF with or without 100 M PBN in PBS
for 1 hr. The slides were rinsed with PBS and then imaged with
multiphoton microscopy. After imaging, the slides were treated
with thioflavine S (0.01% in PBS) for 20 min, rinsed, and then the
same plaque fields were reimaged with multiphoton microscopy.
Oxidation of the fluorescent probes was quantified by normalizing the detectable DCF fluorescence in the tissue to subsequent
thioflavine S fluorescence for each individual plaque. This approach yielded a ratio of 1.7 ⫾ 0.5 for n ⫽ 29 plaques in four
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Figure 5. Dense core plaques produce free radicals ex vivo in PDAPP mouse tissue. Similar to
human AD tissue, dense core plaques also oxidize Amplex Red ( A) and H2DCF ( B) in PDAPP
mouse brain tissue. Thioflavine S labeling (C, D, respectively) and anti-amyloid-␤ immunohistochemistry (E, F, respectively), in the same tissue sections again reveal that dense core plaques,
but not diffuse plaques, oxidize the free radical probes. Scale bars: A, C, E, 50 m; B, D, F, 100 m.

tissue sections in DCF-alone treated tissue versus 0.6 ⫾ 0.2 for
n ⫽ 17 plaques in four tissue sections in the presence of the
antioxidant PBN ( p ⬍ 0.001; Student’s t test).

Discussion
Because of high energy requirements, high oxygen consumption,
and relatively low antioxidant defenses compared with other
bodily systems, the CNS is very vulnerable to oxidative stress
(Floyd, 1999). The extent to which oxidative damage plays a role
in AD has been difficult to assess directly, however. We now
provide a direct observation of amyloid-␤-related oxidative stress
in living, transgenic mice and, in analogous ex vivo experiments,
in human AD brain tissue. Two fluorogenic free radical indicators associate with dense core, but not diffuse, plaques. Probe
oxidation was prevented in the mice using a systemically administered, well characterized free radical spin trap, PBN (Carney et
al., 1991; Socci et al., 1995; Sack et al., 1996; Miyajima and Kotake,
1997). These data show directly that a subset of amyloid-␤containing senile plaques are a source of free radicals in vivo,
rather than relying on indirect measures of oxidative damage,
and the ability to neutralize these highly reactive and damaging
molecules using antioxidant therapy shows promise for therapeutic use in Alzheimer’s disease.
The significance of these results is twofold. First, the ability to
directly monitor amyloid plaques and their association with free
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radical production focuses attention on amyloid-␤-induced oxidative damage in the brains of PDAPP and Tg2576 transgenic
mice and in AD. The toxicity of amyloid-␤ has been clearly
shown in vitro. When placed in physiological solution, amyloid-␤
precipitates into fibrils and generates free radicals (Hensley et al.,
1994). Amyloid-␤ fragments have been shown to induce free
radical production in cell culture (Behl et al., 1994) and have
neurotoxic effects (Le et al., 1995). Recent studies have suggested
that, because free radicals can promote protein cross-linking,
they mediate amyloid fibril formation influenced by the free
radical-producing amyloid peptide itself (Mattson, 1995). Thus,
a vicious cycle may result involving APP and amyloid-␤ processing that is further enhanced by oxidative stress (Yan et al., 1995).
Despite this in vitro data, evidence of amyloid-␤ toxicity in
vivo is conflicting. Some studies of amyloid-␤ in transgenic mice
suggest limited direct toxicity in which global neuronal loss is not
associated with age-dependent amyloid-␤ deposition (Takeuchi
et al., 2000). We have recently found, however, that discrete areas
of neuronal loss can be detected in the local areas corresponding
to thioflavine S-positive amyloid-␤ plaques, although these compact plaques represent only a minority of all the amyloid-␤ deposits (Urbanc et al., 2002). Our current data demonstrate directly, for the first time, the presence of free radicals generated by
amyloid-␤ in vivo, as well as ex vivo, in human AD brain tissue.
This free radical generation corresponds to the same morphological subset of plaques associated with focal neuronal loss, suggesting that the conformation of amyloid-␤ in thioflavine S plaques is
associated both with local neurotoxicity and with local free radical generation. Our data also provide a pathophysiological correlate to the observations that there is diminished density of dendrites and of synaptophysin within thioflavine S-positive, but not
diffuse plaques (Masliah et al., 1990; Knowles et al., 1998;
Knowles et al., 1999). Further support for our findings is the
recent evidence that an antibody detecting oxidized amyloid-␤
labels dense core plaques to a much greater extent than diffuse
amyloid in human AD and Down syndrome tissue sections
(Head et al., 2001), and that protein and lipid oxidative stress
markers are associated with thioflavine S plaques in PS/APP mice
(Matsuoka et al., 2001). Taken together, these data provide compelling evidence that densely aggregated amyloid-␤ is a source of
free radicals in both transgenic models of AD and in AD itself.
Our observation that dense core plaques are robustly and rapidly
detected by oxidized DCF and Amplex Red does not rule out the
possibility that diffuse amyloid deposits, or even oligomeric
forms of amyloid-␤, could be a low-level oxidative source.
Second, our results are significant because of the potential of
our system to test the effectiveness of therapies targeting
amyloid-␤ and its capacity to generate free radicals in the brains
of living AD models and in AD tissue samples. Many in vitro
studies have found that both biological and synthetic antioxidants provide protection against the neurotoxic effects of supraphysiological doses of amyloid-␤. Vitamin E protects cultured
neuroblastoma cells (Behl et al., 1992) and rat hippocampal neurons (Goodman and Mattson, 1994; Keller et al., 1997) from
amyloid-␤ neurotoxicity. Other antioxidants and spin traps that
protect cells in culture from the neurotoxic effects of amyloid-␤
include catalase (Behl et al., 1994), propyl gallate, PBN, nordihydroguariaretic acid, EUK-8, and glutathione (Behl et al., 1994;
Goodman et al., 1994; Mark et al., 1995; Bruce et al., 1996; Zhou
et al., 1996). We now extend these observations to the intact
brain: we were able to reduce the oxidation of H2DCF by plaques
in vivo using the free radical spin trap PBN. Several clinical studies indicate slowed progression of AD dementia in patients taking

antioxidants (Mattson et al., 1997; Sano et al., 1997; Morris et al.,
1998). We speculate that part of their efficacy in slowing the rate
of progression of AD dementia may be by decreasing plaqueinduced free radical damage. In addition, a recent study showing
that transgenic mice treated with the curry spice derivative curcumin, a potent antioxidant, exhibited decreased plaque burdens
and indicators of oxidative stress, supporting this speculation
(Lim et al., 2001). The observations that antioxidants appear to
have a protective effect both in transgenic models and in Alzheimer’s disease support the idea that plaque-mediated free radical
production is important.
Our data highlight the potential to use both an ex vivo and an
in vivo system to develop and screen antioxidant treatments in
models of AD. Moreover, free radical-mediated mechanisms
have been implicated in ischemia, Parkinson’s disease, amyotrophic lateral sclerosis, and head trauma. Our current technology
allows imaging of free radical generation in vivo, in real time.
Thus, multiphoton imaging using agents sensitive to free radicals
provides a sensitive biomarker for the efficacy of antioxidant
therapies for senile plaques as well as for other pathological
conditions.
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