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IN VITRO DETECTION OF (S)-NAPROXEN AND IBUPROFEN BINDING
TO PLAQUES IN THE ALZHEIMER’S BRAIN USING THE POSITRON
EMISSION TOMOGRAPHY MOLECULAR IMAGING PROBE 2-(1-{6-[(2[18F]FLUOROETHYL)(METHYL)AMINO]-2-NAPHTHYL}ETHYLIDENE)
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molecular imaging probe [18F]FDDNP. Our understanding of
the molecular requirements of FDDNP binding may help in
the optimization of the A␤ anti-aggregation potency of experimental drugs. [18F]FDDNP has been used to image plaques
in vivo with positron emission tomography (PET), and investigations into the influence of A␤ anti-aggregation on the
risk-reduction effects of NSAIDs on AD could utilize
[18F]FDDNP and PET in determining the occupancy rate of
NSAIDs and experimental drugs in plaques in the living brain
of AD patients. © 2003 IBRO. Published by Elsevier Science
Ltd. All rights reserved.
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Epidemiological studies have implicated the chronic use of
non-steroidal anti-inflammatory drugs (NSAIDs) in reducing the relative risk (Breitner et al., 1995; Stewart et al.,
1997; in t’ Veld et al., 2001) or delaying the onset of
Alzheimer’s disease (AD) (Rogers et al., 1993; Breitner et
al., 1995). It is believed that chronic inflammatory response
in AD contributes to neurodegeneration (McGeer and McGeer, 1995; Halliday et al., 2000), but it is not clear if the
possible neuroprotective effect of NSAIDs in AD is solely
due to the suppression of chronic inflammatory response
of microglia and astrocytes and reduced neuronal expression of cyclo-oxygenase enzymes (Halliday et al., 2000), or
is due to mitigation of other pathological mechanisms in
AD (McGeer and McGeer, 1995). Recently, NSAIDs have
been suggested to exert an anti-aggregation effect on
␤-amyloid (A␤) peptide (Thomas et al., 2001). Aggregates,
or fibrils, of A␤(1– 40/42) peptides are major constituents of
one of the hallmark lesions in AD, A␤ senile plaques (SPs).
These lesions are considered central in the pathogenesis
of AD (Selkoe, 1994; Teplow, 1998), suggesting the therapeutic paradigm involving the use of small-molecule
drugs to inhibit pathological fibrillogenesis of A␤ peptides
(Findeis, 2000). We report herein the previously unrealized
in vitro NSAID binding to SPs and A␤ fibrils using 2-(1-{6[(2-[18F]fluoroethyl)(methyl)amino]-2-naphthyl}ethylidene)malononitrile ([18F]FDDNP; 1, Scheme I). [18F]FDDNP is a
molecular imaging probe developed in our laboratories and
previously used in the in vivo detection of SPs and neurofibrillary tangles in the living brain of AD patients using
positron emission tomography (PET) (Shoghi-Jadid et al.,
2002).

Abstract—Epidemiological studies have suggested that the
chronic use of non-steroidal anti-inflammatory drugs
(NSAIDs) reduces the relative risk of Alzheimer’s disease
(AD). The possible neuroprotection by NSAIDs in AD is generally attributed to anti-inflammatory activity. An additional
mode of drug action may involve anti-aggregation of ␤-amyloid (A␤) peptides by commonly used NSAIDs. We utilized in
vitro competition assays, autoradiography, and fluorescence
microscopy with AD brain specimens to demonstrate concentration-dependent decreases in the binding of the in vivo
molecular imaging probe, 2-(1-{6-[(2-[18F]fluoroethyl)(methyl)
amino]-2-naphthyl}ethylidene)malononitrile
([18F]FDDNP),
against (S)-naproxen and (R)- and (S)-ibuprofen (but not diclofenac) to A␤ fibrils and ex vivo A␤ senile plaques. Conversely, in vitro amyloid dyes Congo Red and Thioflavine T
were demonstrated in the same experiments not to bind to
the FDDNP binding site. FDDNP and the NSAIDs that share
the same binding site also exhibit anti-aggregation effects on
A␤ peptides, suggesting that the shared binding site on A␤
fibrils and plaques may be a site of anti-aggregation drug
action.
Our results indicate for the first time the binding of select
NSAIDs to plaques, specifically to the binding site of the
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In vitro competition assays with [18F]FDDNP against
NSAIDs and charged amyloid dyes

Scheme I. Chemical structures of [18F]FDDNP (1), (S)-naproxen (2),
(R)-ibuprofen (3a), (S)-ibuprofen (3b), diclofenac (4), CR (5) and TT
(6).

EXPERIMENTAL PROCEDURES
Synthesis of [18F]FDDNP
Non-radioactive FDDNP was prepared by a modified method
developed for the synthesis of DDNP (Jacobson et al., 1996). The
Bucherer reaction of 1-(6-hydroxy-2-naphthyl)-1-ethanone with
2-(methylamino)ethanol yielded 1-{6-[(2-hydroxyethyl)(methyl)
amino]-2-naphthyl}-1-ethanone. The Knoevenagel reaction of the
Bucherer product with malononitrile yielded 2-1-{6-[(2-hydroxyethyl)(methyl)amino]-2-naphthyl}ethylidene malononitrile which upon
reaction with p-toluenesulfonyl chloride resulted in the tosylated
precursor. Reaction of the precursor with KF/Kryptofix 222 (Sigma, St. Louis, MO, USA) in acetonitrile yielded FDDNP. This
product and its intermediates described above were fully characterized by ultraviolet, nuclear magnetic resonance (1H, 19F and
13
C), mass, and fluorescence spectroscopy. [18F]FDDNP (1) was
similarly prepared by reaction of the tosylate group with no-carrieradded [18F]KF/Kryptofix 222. After purification by semipreparative
high-performance liquid chromatography (Whatman Partisil 10
silica column, Whatman, Clifton, NJ, USA; 50⫻1 cm; 7:3 dichloromethane:hexane; flow rate: 5.0 ml/min), radiochemically and
chemically pure 1 was prepared in approximately 11% radiochemical yield (end-of-synthesis) in a synthesis time of 90 min.

A␤(1– 40) fibril formation
A␤(1– 40) (Biosource, Camarillo, CA, USA) fibrils were prepared
according to published methods (Klunk et al., 1999). Briefly, 0.5
mg of A␤(1– 40) was dissolved in 1 ml phosphate-buffered saline
(PBS), pH 7.4, and mixed with a magnetic stir bar for 3 days at
37 °C resulting in a visibly cloudy solution. Fibrils were used
immediately after their production was confirmed. The production
of A␤ fibrils was confirmed by imaging with a Jeol 100CX transmission electron microscope (Jeol, Peabody, MA, USA). A 5-l
drop from a fibril solution was allowed to settle for 30 s on a treated
copper grid before being washed away with a drop of 2% uranyl
acetate solution. Finally, an additional drop of 2% uranyl acetate
was added to the grid to negatively stain the fibrils. Fibrils were
used immediately after their production was confirmed. Additional
tests for fibril formation using Congo Red (CR, 5, Sigma) (Klunk et
al., 1999) and Thioflavine T (TT, 6, Sigma) (LeVine, 1993) were
performed, as well. The absence of fibrils in the filtrate in the in
vitro competition assays described below was determined by the
same tests using CR.

Solutions of nonradioactive (S)-naproxen (2, Sigma), (R)-ibuprofen (3a; BIOMOL, Plymouth Meeting, PA, USA), (S)-ibuprofen
(3b, Sigma), diclofenac (4, Sigma), CR (5) and TT (6) were
prepared fresh for each radioactive competition assay. APFF
glass fiber filters (0.7-m particle retention; Millipore, Bedford,
MA, USA) were used in a 1225 sampling manifold (Millipore) that
was modified with stainless steel support screens (Millipore) and
glass sample chambers. Vacuum filtration involved 0.865 g/ml of
in vitro fibrils of synthetic A␤(1– 40) and 37 kBq/ml of [18F]FDDNP
incubated for 1 h in PBS, pH 7.4 (1% ethanol) with various
concentrations of nonradioactive 1– 6 with the range of 0.1 pM to
83 M. Each filter was then washed twice with 3 ml of PBS, pH
7.4. The radioactivity retained by the filters was measured and
decay-corrected to a common reference time with a Packard
Cobra II Auto-Gamma gamma counter (Packard, Meriden, CT,
USA). The binding of radiolabeled 1 to A␤ fibrils without competitor determined 100% specific binding. One hundred percent competition against radioactive 1 occurred with 40 M of nonradioactive 1. All competition assays were performed in triplicate. Competition results were analyzed and then Ki values calculated using
the Ligand Binding Module for SigmaPlot 2001 (SPSS, Chicago,
IL, USA). The comparison of one- and two-site models for binding
involved calculating the F statistic with a significance level of
P⬍0.05.

Preparation of brain tissue
Brain specimens from a 79-year-old female postmortem-diagnosed definite AD patient were obtained from the Department of
Pathology and Laboratory Medicine, UCLA School of Medicine,
and treated as previously described (Agdeppa et al., 2001a).
Briefly, formalin-treated, cryoprotected brain specimens were sectioned 70 m thick coronally, mounted on gelatin-coated glass
slides, allowed to dry, and were defatted for 40 min in xylene
(Loopuijt et al., 1987) prior to rinsing of the tissue with ethanol.
Finally, lipofuscin autofluorescence in some brain specimens was
quenched prior to staining using 10-mM CuCl2 in 50-mM ammonium acetate buffer, pH 5 (Schnell et al., 1999). The quenching
determined the origin of lipofuscin fluorescence in brain specimens.

Digital autoradiography
Adjacent postmortem-diagnosed definite AD brain specimens
(70 m thick) were pretreated with either 100 nM of fresh
batches of nonradioactive 1 and 2 or 40 M 3–6 in 10% ethanol
in PBS, pH 7.4, for 60 min and then the liquid decanted prior to
digital autoradiography with [18F]FDDNP. Pretreated and cryosections with no competitor were incubated for 25 min at room
temperature with 3.7 MBq of [18F]FDDNP dissolved in 10 ml of 1%
ethanol in 0.9% saline (w/v) per cryosection. Following incubation,
the sections were optimally washed with water (30 s); 60%
2-methyl-2-butanol (3 min; Sigma) agitated at 40 r.p.m. on a
Junior Orbit Shaker (Laboratory-Line Instruments, Melrose Park,
IL, USA) for differentiation (Bancroft and Stevens, 1990); and then
water (30 s). The sections were dried on a warm hot plate with a
steady stream of warm air, exposed to ␤⫹-sensitive phosphor
plates for 40 min (Fuji Film Medical Systems USA, Stamford, CT,
USA), and scanned with a FUJI BAS 5000 Phosphorimager (Fuji
Film Medical Systems USA) at a resolution of 25 m, as described
previously (Agdeppa et al., 2001a). Radioactivity in tissue scrapings from the imaged specimens were subsequently measured in
a Packard Cobra II Auto-Gamma (Packard), decayed to common
reference time, and used as radioactive standards to quantify the
amount of specific binding of [18F]FDDNP (radioactivity/area, Bq/

E. D. Agdeppa et al. / Neuroscience 117 (2003) 723–730

725

mm2; Fig. 2Q) in the autoradiograms. Autoradiography was carried out at least in triplicate for each competitor. Statistical
analysis of the autoradiograms involved one-way analysis of
variance (ANOVA) with Dunnett’s post test with a significance
level of P⬍0.05 using Prism 3.02 (GraphPad, San Diego, CA,
USA) to compare the differences in the ratio of gray-matter to
white-matter (Fig. 2Q) radioactivity of [18F]FDDNP in autoradiograms pretreated with nonradioactive 1–6 and without pretreatment. Unpaired t-tests with a significance level P⬍0.05 were
performed to compare the difference of measured [18F]FDDNP
radioactivity per area of tissue (Bq/mm2) in the gray and white
matter of each autoradiogram.

Fluorescence microscopy
The same brain specimens used for autoradiography were examined using fluorescence microscopy. Tissues were mounted with
Vectashield (Vector, Burlingame, CA, USA) and observed with a
Nikon Labophot fluorescence microscope (Nikon USA, Melville,
NY, USA) with a FITC filter set.
Fluorescence microscopy of tissue previously used for autoradiography with [18F]FDDNP is possible due to the fluorescent
properties of FDDNP (Jacobson et al., 1996) and the labeling of
SPs by residual nonradioactive FDDNP. The specific activity (activity per unit mass) of non-carrier-added [18F]FDDNP at the end
of synthesis was 74 –222 GBq/mol (2000 – 6000 Ci/mmol), about
103 times lower than the maximum theoretical specific activity for
18
F (Sorenson and Phelps, 1987). Thus, after 18F decay the
residual nonradioactive FDDNP bound to SPs in AD brain specimens may be imaged with fluorescence microscopy.

Anti-aggregation of A␤(1– 40) using NSAIDs and
FDDNP
Inhibition of A␤ fibril formation was performed using a modified
method previously reported (Thomas et al., 2001). Briefly, inhibition of A␤ fibril aggregation involved ⬎170 M of A␤(1– 40)
peptide (Biosource) and 0 (as a control), 100, 200, or 300 M
of nonradioactive 1–4 co-incubated in PBS, pH 7.4, at 37 °C for
3 days with gentle agitation. After incubation, a 37.5-l aliquot
from the A␤-inhibitor solution and 40-l of a 1 mg/ml CR
solution (10% ethanol (v/v) in water) were added to 2.96 ml of
PBS, pH 7.4. The resulting solution was briefly vortexed, equilibrated for 30 min at room temperature, then CR absorption at
540 nm was measured with a DU640 spectrophotometer (Beckman, Fullerton, CA, USA) to determine the extent of A␤ fibril
formation. The CR absorption values at 540 nm for the A␤inhibitor solutions were corrected for absorption by inhibitor,
free CR, PBS, A␤ fibrils and ethanol. Anti-aggregation experiments were performed in triplicate. The inhibition results were
represented as a percentage of the corrected control absorption of CR and A␤ fibrils with no inhibitor. Statistical analysis of
the extent of inhibition of A␤ fibril formation involved one-way
ANOVA with Dunnett’s post test with a significance level of
P⬍0.05 using Prism 3.02 (GraphPad) to compare the differences in absorption of A␤-inhibitor solutions with absorption of
CR and A␤ with no inhibitor.
Reversal of A␤(1– 40) aggregation experiments were performed in the same manner as described above. Briefly, the A␤
fibrils were formed in the absence of nonradioactive competitors in PBS, pH 7.4, at 37 °C for 3 days with gentle agitation.
Afterward, nonradioactive 1–4 (at the concentrations described
above) were co-incubated with the A␤ fibrils for additional 3
days under the same conditions. After the final incubation, the
CR absorption values were determined and analyzed as described above.

Fig. 1. Competition curves of 2-(1-{6-[(2-[18F]fluoroethyl)(methyl)
amino]-2-naphthyl}ethylidene)malononitrile ([18F]FDDNP) (1, Scheme
I) against non-steroidal anti-inflammatory drugs (NSAIDs) and in vitro
charged amyloid dyes for ␤-amyloid (A␤)(1– 40) fibrils. Various concentrations (0.1 pM to 83 M) nonradioactive (S)-naproxen (2, black
squares), (R)-ibuprofen (3a, white triangles), (S)-ibuprofen (3b, black
triangles), diclofenac (4, white circles), Congo Red (5, CR, black
diamonds, inset), and Thioflavine T (6, TT, white diamonds, inset)
were incubated with 0.865 g/ml of in vitro fibrils of synthetic A␤(1– 40)
and 37 kBq/ml of [18F]FDDNP (specific activity ⬎74 GBq/mol at
end-of-synthesis) for 1 h in phosphate-buffered saline, pH 7.4 (1%
ethanol). The binding of radiolabeled 1 to A␤ fibrils without competitor
determined 100% specific binding. Radioactivity measured by all competition assays were performed in triplicate. (S)-naproxen had a
Ki⫽5.70⫾1.31 nM (⫾S.D.), (R)-ibuprofen Ki⫽44.4⫾17.4 M (⫾S.D.),
and (S)-ibuprofen Ki⫽11.3⫾5.20 M (⫾S.D.). Diclofenac, CR, and TT
did not exhibit a dose-dependent decrease in the specific binding of
[18F]FDDNP.

RESULTS
Naproxen and ibuprofen share the same binding
sites of [18F]FDDNP on A␤ fibrils
In vitro radioactive competition curves carried out using
various concentrations of NSAIDs and charged amyloid
dyes (2– 6) co-incubated with [18F]FDDNP and synthetic
A␤(1– 40) fibrils revealed one site-binding competition for
(S)-naproxen, (R)-ibuprofen, and (S)-ibuprofen (P⬍0.05;
Fig. 1). The concentration-dependent decrease in the binding of [18F]FDDNP versus (S)-naproxen, (R)-ibuprofen,
and (S)-ibuprofen yielded Ki values of 5.70⫾1.31 nM
(⫾S.D.), 44.4⫾17.4 M (⫾S.D.), and 11.3⫾5.20 M
(⫾S.D.), respectively, indicating that (S)-naproxen binds
more tightly to A␤ fibrils (Fig. 1). Diclofenac, CR, and TT
did not exhibit a dose-dependent decrease in the specific
binding of [18F]FDDNP (Fig. 1).
Autoradiography with naproxen and ibuprofen
demonstrate complete blockade of [18F]FDDNP
binding sites on ex vivo SPs
The gross pattern of radioactivity in the adjacent coronal
AD brain specimens with no competitor revealed the
specific binding of [18F]FDDNP to areas containing SPs
(Fig. 2A). Specific binding of [18F]FDDNP to regions of
gray matter with SPs was significantly reduced in AD spec-
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Fig. 2. 2-(1-{6-[(2-[18F]fluoroethyl)(methyl)amino]-2-naphthyl}ethylidene)malononitrile ([18F]FDDNP) digital autoradiography and fluorescence microscopy of Alzheimer’s disease (AD) brain specimens treated with non-steroidal anti-inflammatory drugs (NSAIDs) and in vitro charged amyloid dyes. AD
brain specimens were pretreated with either 100 nM of nonradioactive FDDNP (1, B, J) and (S)-naproxen (2, C, K), or 40 M of (R)-ibuprofen (3a,
D, L), (S)-ibuprofen (3b, E, M), diclofenac (4, F, N), Congo Red (CR; 5, G, O) and Thioflavine T (TT; 6, H, P) for 60 min prior to [18F]FDDNP
autoradiography and, after radioactive decay, subsequent fluorescence microscopy. Autoradiography (A) and fluorescence microscopy (I) without
pretreatment were also performed. Radioactivity in tissue scrapings from the autoradiography specimens was subsequently measured and used as
radioactive standards to quantify the amount of specific binding of [18F]FDDNP (radioactivity/area, R/A, Bq/mm2, Q) in the senile plaques (SPs)-laden
gray-matter areas (gray bars, Q) and white matter (white bars, Q) void of SPs of the autoradiograms. Competition of nonradioactive FDDNP,
(S)-naproxen, (R)-ibuprofen and (S)-ibuprofen against [18F]FDDNP exhibited reduced specific binding of [18F]FDDNP to areas with SPs in the
autoradiograms (B–E) which was confirmed with fluorescence microscopy (J–M). With these competitors the gray-matter to white-matter (GM/WM)
ratios (black bars, Q) of radioactivity in the autoradiograms were significantly lower (*P⬍0.05) in comparison to the ratio for the [18F]FDDNP
autoradiograms with no competitor, indicating blockage of specific binding of [18F]FDDNP down to background levels of radioactivity found in the white
matter (Q). Diclofenac, CR and TT had minimal effect on specific binding of [18F]FDDNP to SPs as determined by autoradiography (F–H) and
fluorescence microscopy (N–P) of the same tissue specimens, and confirmed by quantitative analysis of the significant difference (*P⬍0.05) between
gray- and white-matter radioactivity for the autoradiograms pretreated with diclofenac, CR, and TT. A comparison of the ratios of gray-matter to
white-matter radioactivity of diclofenac-, CR-, and TT-treated autoradiograms with the ratio in [18F]FDDNP autoradiograms with no competitor indicates
the preservation of specific binding of [18F]FDDNP to SPs (Q). Autoradiography was carried out at least in triplicate for each competitor. Scale bar for
autoradiograms (A–H)⫽1 cm. Scale bar for fluorescence micrographs (I–P)⫽50 m.

imens pretreated with nonradioactive FDDNP, (S)naproxen, (R)-ibuprofen, and (S)-ibuprofen (Fig. 2B–E)
compared with autoradiography in the absence of those
competitors (Fig. 2A). With these competitors the difference in the radioactivity (radioactivity/area, Bq/mm2; Fig.
2Q) between SP-laden gray-matter areas and white matter
void of SPs was not significant (P⬎0.05) and was consistent with the significantly lower (P⬍0.05) gray-matter to
white-matter ratio (Fig. 2Q) of radioactivity in comparison
to the ratio for the [18F]FDDNP autoradiograms with no
competitor. These results indicate blockage of specific
binding of [18F]FDDNP down to background levels of radioactivity found in the white matter. All these results were
confirmed by fluorescence microscopy with the same brain
specimens (Fig. 2I–M). Diclofenac, CR and TT had minimal effect on specific binding of [18F]FDDNP to SPs as

determined by autoradiography (Fig. 2F–H) and fluorescence microscopy (Fig. 2N–P) of the same tissue specimens. The difference between gray- and white-matter radioactivity was significant (P⬍0.05) for diclofenac, CR, and
TT, as was the case for [18F]FDDNP autoradiography with
no competitor (Fig. 2Q). The comparison of the ratios of
gray-matter to white-matter radioactivity between diclofenac, CR, and TT with [18F]FDDNP with no competitor
indicate the preservation of specific binding of [18F]FDDNP
to SPs (Fig. 2Q).
Anti-aggregation of A␤ peptide is demonstrated by
FDDNP, naproxen, and ibuprofen
The extent of A␤(1– 40) aggregation in the A␤ solutions
co-incubated with increasing concentrations of each nonradioactive compound 1–4 was measured using the CR
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Table 1. Anti-aggregation effect of FDDNP and select NSAIDs on A␤(1– 40) peptidea
[Inhibitor]
(M)

Percentage of absorption of control at 540 nm
FDDNP

(S)-naproxen

(R)-ibuprofen

(S)-ibuprofen

Diclofenac

100
200
300

80.7⫾18.3
69.1⫾0.6
43.3⫾7.1***

87.8⫾1.5
69.7⫾6.9
63.9⫾16.0*

78.4⫾10.2
72.6⫾3.4
64.8⫾3.5*

101.4⫾6.1
92.7⫾2.3
79.6⫾10.3

100.2⫾1.4
97.1⫾0.7
95.1⫾1.1

a

Anti-aggregation results were represented as a percentage of the control absorption measurements of CR and A␤ fibrils with no inhibitor. Data
expressed as mean⫾S.E.M.
* P⬍0.05, *** P⬍0.001, significantly different from absorption measurements with no inhibitor.
FDDNP indicates 2-(1)-{6-[(2-18F]fluoroethyl)(methyl)amino]-2-naphthyl}ethylidene)malononitrile; NSAIDs, non-steroidal anti-inflammatory drugs; and
A␤, ␤-amyloid.

absorption maximum at 540 nm which is characteristic of
CR bound to aggregated A␤ (Klunk et al., 1999; Thomas et
al., 2001). Reduced absorption was observed as the concentration of 1–3 co-incubated with A␤(1– 40) peptide increased from 100 to 300 M (Table 1). Substantial differences between control and A␤-inhibitor absorption readings were obtained with 300 M of FDDNP (P⬍0.001),
(S)-naproxen (P⬍0.05), (R)-ibuprofen (P⬍0.05), and (S)ibuprofen (P⬎0.05) (Table 1). Minimal inhibition of A␤
aggregation with diclofenac was observed (Table 1). Reversal or dissolution of aggregated A␤(1– 40) fibrils also
was observed with 300 M of the following nonradioactive
compounds: FDDNP produced 58.7⫾0.6% (⫾S.E.M.) absorption relative to CR-fibrils alone, (S)-naproxen
65.7⫾8.0%, (R)-ibuprofen 75.5⫾4.1%, and (S)-ibuprofen
57.6⫾7.6%.

DISCUSSION
In this work we report concentration-dependent decreases
in the in vitro binding of [18F]FDDNP to A␤ fibrils and SPs
in competition against commonly prescribed NSAIDs, including (S)-naproxen, (R)-ibuprofen, and (S)-ibuprofen
(Breitner et al., 1995; Stewart et al., 1997; in t’ Veld et al.,
2001). Conversely, another epidemiologically examined
NSAID, diclofenac (in t’ Veld et al., 2001), and commonly
used in vitro amyloid dyes, Congo Red and Thioflavine T,
showed minimal effect on the specific binding of
[18F]FDDNP to A␤ aggregates (Fig. 1) and failed to reduce
[18F]FDDNP labeling of SPs in AD brain specimens (Fig.
2). The compounds sharing the same binding site on fibrils
and SPs, namely FDDNP, (S)-naproxen, (R)-ibuprofen,
and (S)-ibuprofen, were also potent inhibitors of A␤ aggregation (Table 1). The in vitro binding determinations provide evidence of NSAIDs binding to SPs and may identify
a site of anti-aggregation action on A␤ fibrils (Thomas et
al., 2001).
The lack of competitive binding of diclofenac to A␤(1–
40) fibrils may suggest other binding sites; however, its
minimal anti-aggregation effects on A␤(1– 40) may be consistent with its postulated mode of action of mitigating the
neurotoxic inflammatory response in AD (Halliday et al.,
2000). Alternatively, a subset of NSAIDs is reported to
lower A␤(1– 42) production (Weggen et al., 2001), but it
does not include (S)-naproxen and other NSAIDs that
appear equally protective (Breitner et al., 1995; Anthony et

al., 2000). However, the clinical effectiveness of (S)naproxen in AD patients has recently been questioned
(Breteler et al., 2002). If other therapeutic mechanisms
(e.g. anti-aggregation) may be involved in vivo,
[18F]FDDNP-PET could be useful to evaluate in vivo the
efficacy of select NSAIDs as anti-aggregation agents.
The specific binding of [18F]FDDNP in the absence of
competitor (Fig. 2A, I) is entirely consistent with previous
reports of in vitro [18F]FDDNP binding in AD brain tissue
(Agdeppa et al., 2001a). These results correlated with in
vivo binding of [18F]FDDNP in the brain of AD patients
using PET (Agdeppa et al., 2001b). Therefore, the in vitro
competition results with tissue pretreated with nonradioactive FDDNP, (S)-naproxen, (R)-ibuprofen, and (S)-ibuprofen point to the exciting possibility of using [18F]FDDNP
with PET (Shoghi-Jadid et al., 2002) in the in vivo determination of occupancy rates of SP sites by NSAIDs, and
other therapeutic candidates, in the living brain of AD or
at-risk AD patients who are medicated. This can be correlated to the drug-mediated anti-aggregation effects on A␤
fibrils in SPs. In turn, [18F]FDDNP-PET may provide an in
vivo tool to help separate the apparent risk-reduction effects of different NSAIDs on AD in terms of anti-aggregation and anti-inflammatory effects, which may provide explanations for the apparent efficacy of NSAIDs for prevention (Stewart et al., 1997; in t’ Veld et al., 2001; Zandi et al.,
2002) but not for treatment (Scharf et al., 1999; Aisen et
al., 2000; Van Gool et al., 2001). Although we focused our
investigation on commonly used NSAIDs that show possible neuroprotective effects in prospective studies, we recently found that (R)-naproxen, which lacks the anti-inflammatory activity of (S)-naproxen (Adams et al., 1976), competes with [18F]FDDNP for the same binding site on A␤(1–
40) fibrils (Ki value⫽2.76⫾0.95 nM (⫾S.D.) perhaps
providing an example of using [18F]FDDNP-PET to separate the anti-aggregation and anti-inflammation effects.
Many factors need to be considered for these future in vivo
investigations, including the effect of the unidirectional
chiral inversion of R-aryl propionic acid NSAIDs to Sisomers in the body (Caldwell et al., 1988; Mayer, 1990).
Thus, longitudinal determinations in treated patients would
provide direct evidence of the therapeutic efficacy and
mode of action of these drugs.
The promise of extending the in vitro results to in vivo
molecular imaging depends on the bioavailability of these
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NSAIDs to the brain. An extrapolation of dose and plasma
or brain concentrations of (S)-naproxen and racemic ibuprofen in rats to humans suggests the possibility of the in
vivo competition of [18F]FDDNP at clinically relevant doses
of the drugs. Many patients in epidemiological studies, who
showed reduced risk of AD, were consuming NSAIDs for
treatment of arthritis (Breitner et al., 1995; Halliday et al.,
2000). For rheumatoid arthritis and osteoarthritis, the recommended dose of (S)-naproxen would produce brain
concentrations of (S)-naproxen well above those needed
(⬍0.1 M) for complete blockade of [18F]FDDNP binding
(Fig. 1). Specifically, plasma concentrations of 130 –390
M of (S)-naproxen are achieved by recommended (S)naproxen doses of 250 –500 mg twice daily for 2 weeks
(McEvoy, 2002). By comparison, a single dose of (S)naproxen (143 mg/kg) produces approximately 29 – 42 M
of the drug in the rat brain at 0.5 h after dosing (Micheli et
al., 1993). This brain concentration is approximately 103
times higher than the one needed (⬍0.1 M) for complete
blockade of SP sites in the AD brain. Thus, it appears likely
that this concentration in the AD brain would be easily
achieved with the recommended clinical doses of (S)naproxen (McEvoy, 2002).
Recommended anti-inflammatory doses of racemic
ibuprofen, and possibly chronic lower doses, are also expected to produce blockade of SP sites. A racemic ibuprofen dose of 40 mg/kg/day to rats produced approximately 4
M of the drug in plasma and approximately 2 M in the
brain (Adams et al., 1969), whereas a clinical dose of 2400
mg/day (34 mg/kg/day) to humans results in approximately
54 M of ibuprofen in plasma (Bradley et al., 1992; McEvoy, 2002). Chronic use of racemic ibuprofen, even at
lower doses (Broe et al., 2000), may reach higher than
expected brain concentrations considering the cerebrospinal fluid half-life of ibuprofen is approximately two times
longer than the plasma half-life (Bannwarth et al., 1995).
Overall, extrapolation of interspecies pharmacokinetics
would be favorable for humans (Barrio et al., 1989) because of faster drug metabolism and elimination in rats
[(S)-naproxen plasma t1/2⫽5.1 h; racemic ibuprofen
plasma t1/2⫽2.13 h] than in humans [(S)-naproxen plasma
t1/2⫽13.9 h; racemic ibuprofen plasma t1/2⫽2– 4 h] (Runkel
et al., 1972; Parrott and Christensen, 1984; McEvoy,
2002). Ultimately, future [18F]FDDNP-PET studies of AD
patients who chronically use NSAIDs are necessary to test
these assumptions. Until then, care should be taken to
note the medication, including NSAIDs, taken by AD research subjects scanned with [18F]FDDNP and other potential amyloid probes (Klunk et al., 2001; Kung et al.,
2001; Engler et al., 2002).
The identification and characterization of a site of antiaggregation action on A␤ fibrils is suggested by the observations that the same set of compounds [i.e. FDDNP,
(S)-naproxen, (R)-ibuprofen, and (S)-ibuprofen] not only
share a common binding site on A␤(1– 40) aggregates and
SPs but also are anti-aggregation agents. It is tempting to
speculate that SP binding sites of anti-aggregation
NSAIDs are A␤ amino acid sequences critical for ␤-sheet
formation in fibrils (Thomas et al., 2001), but supportive

high-resolution atomic X-ray crystallographic data for A␤
fibrils are lacking. Tertiary and quaternary structures of A␤
fibrils have not been successfully determined due to the
inability of insoluble A␤ fibrils to form single crystals, despite repeated attempts by conventional X-ray crystallography (Lansbury, 1996). In the absence of detailed atomic
structural requirements for A␤ fibril binding, the nature of
the binding site can be inferred from a congeneric series of
molecules (Dean, 1987). The family of probes based on
FDDNP (Agdeppa et al., 2000, 2001a, 2002) is well suited
for this purpose considering FDDNP requires the macromolecular conformation of the insoluble fibrils for binding
(Agdeppa et al., 2001a). Further characterization of the
binding site also may involve the drugs that are structurally
related to and compete with [18F]FDDNP [e.g. (S)naproxen and (R)- and (S)-ibuprofen]. Compounds that do
not compete with [18F]FDDNP, such as diclofenac, Thioflavine T, and Congo Red, still may provide exclusion
criteria for binding (e.g. size of the binding site). Although
binding constants for FDDNP and its analogs as well as a
general description of the local environment of their binding sites have been reported elsewhere (Agdeppa et al.,
2001a), the development of an inferred topographical map
of particular intermolecular forces for the binding site of
FDDNP, its congeners, and competing drugs would allow
for further optimization of the binding of molecular imaging
probes for SPs. Most importantly, it would contribute to the
characterization of the site of anti-aggregation action in
SPs, and provide a tool for the design and evaluation of the
therapeutic efficacy of experimental AD drugs.
The results presented herein reveal a previously unrecognized binding of NSAIDs in SPs in AD, may identify
the binding site of anti-aggregation agents, may support
the rationale of using NSAIDs as anti-aggregation agents
on A␤ peptide, and suggest the added value of in vivo PET
molecular imaging probes as useful tools in the determination of the therapeutic effects of experimental A␤-antiaggregation drugs beyond their use as in vivo diagnostic
probes.
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