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Abstract
[18F]-FDDNP was synthesized and characterized as a positron-emitting probe to identify Alzheimer’s disease (AD) in transgenic mouse models (Tg2576 and dE9) expressing the AD pathology.
We observed in in vitro, in vivo, and ex vivo studies that [18F]-FDDNP accumulated specifically in
the Aβ-overexpressing brain regions and that this accumulation was significantly reduced by
co-incubation with non-radioactive FDDNP. In ex vivo and in vivo studies of brain sections, the retention of radioactivity was more specific in Tg2576 mice than in dE9 mice. Using in vitro, ex vivo,
in vivo, and ELISA analyses, we characterized the utility of [18F]-FDDNP in mapping β-amyloid in
the Tg2576 mouse brain, to assess its potential application in imaging strategies.
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1. Introduction
Alzheimer’s disease (AD) is the most common neurodegenerative brain disease, and it is characterized by memory impairment and a broad spectrum of cognitive deficits, including progressive memory loss and declining
cognitive functions [1] [2].
The clinical diagnosis of AD has severe limitations and, importantly, the disease is already advanced by the
time it is definitively diagnosed [3] [4]. Highly quantitative imaging methods with high resolution, high selectivity, and high definition of detailed biological required for neurodegenerative and psychiatric disease research
[5] [6].
2-(1-{6-[(2-[18F]-Fluoroethyl)(methyl)amino]-2-naphthyl}ethylidene)malononitrile ([18F]-FDDNP), developed at the University of California, Los Angeles (UCLA), has previously been used to label neuropathology
materials (senile plaques and neurofibrillary tangles, hallmark lesions of the AD brain) in the living brains of
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AD patients for PET analysis [1] [2].
Laboratory animals with a marker of the disease are very useful in determining the pathogenesis of AD and
identifying promising treatments [7]. Numerous models have successfully replicated amyloid plaque deposition
and the inclusion of a mutant presenilin (PSEN1) allele can accelerate the deposition rate and exacerbate the pathological severity of the disease [1] [8].
To further characterize the binding properties of [18F]-FDDNP in transgenic rodents, we extended APP transgenic mouse (Tg2576) and the PS/APP double-transgenic mouse (dE9), which express AD. The results of our
studies of [18F]-FDDNP used in vitro and ex vivo and with microPET imaging to predict the pathogenic
processes of AD and provide a standard diagnostic method for this disease.

2. Materials and Methods
2.1. Chemicals
The precursor of FDDNP was purchased from ABX (Radeberg, Germany). Acetic anhydride, 30% hydrogen
peroxide, potassium iodide, dimethyl sulfoxide, potassium carbonate, ethylene glycol, anhydrous acetonitrile
were purchased from Merck & Co., Inc. (Whitehouse Station, NJ, USA).

2.2. Animal Models
14 - 16-month-old transgenic Tg2576 and dE9 mice expressing mutated human APP and APP/PS1 proteins, respectively. All animal procedures and experimental protocols were approved by the Ethical Animal Use Committee of the Institute of Nuclear Energy Research (INER), Taiwan.

2.3. Synthesis of [18F]-FDDNP
FDDNP was prepared according to the procedure published in 2007 [9].

2.4. In Vitro and ex Vivo Autoradiography
Tg2576, dE9, and control mice aged 14 - 16 months were anaesthetized with isoflurane gas (1 mL per minute)
and injected with 185 MBq/200 µL [18F]-FDDNP through their lateral tail veins. Each group were killed by decapitation 30 min after injection. Their brains were immediately removed and frozen in powered dry ice. Sagittal
sections of 20 µm cut and exposed to Kodak XAR film for 72 h.

2.5. MicroPET Imaging and Data Analysis
Mice were injected with about 18.5 MBq of [18F]-FDDNP via the lateral tail vein. After distributed for 30 min,
placed inside the microPET-R4® system (Concorde Microsystems, Knoxville, TN, USA) for tomographic imaging (10 min). AsiPro software (Concorde Microsystems) was used for the statistical analysis; a region of interest (ROI) was defined in each brain region.

2.6. Human Amyloid β(1 - 40) Enzyme-Linked Immunosorbent Assay (ELISA)
Mice were killed with carbon dioxide. Distinguishable regions (olfactory bulb, cortex, striatum, thalamus, hypothalamus, midbrain, cerebellum, Pons, and medulla) were transferred to polypropylene tubes and each sonicated sample was clarified for human amyloid β(1 - 40) ELISA Kit IBL code no. 27,713 (Immuno-Biological
Laboratories Co., Ltd, Fujioka, Japan), according to the manufacturer’s protocols.

3. Results and Discussion
[18F]-FDDNP was developed in 2001 in Dr Barrio’s laboratory at UCLA [10]. It has shown excellent results
with AD in transgenic rats and patients in vivo and in vitro analyses [10] [11]. The lipophilic characteristic of
[18F]-FDDNP (1.93 ± 0.10) which was indicated high lipophilicity and suggested could penetrate the BBB.
The results of in vitro autoradiography and a competition assay (Figure 1 and Table 1) demonstrate the high
binding capacity and specificity of FDDNP in the Tg2576 transgenic mouse. In the Aβ-rich brain regions (hippocampus and frontal cortex), the dE9 mice also displayed significantly higher binding than the normal mice
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Figure 1. Brain autoradiography of transgenic mice ((a) Tg2576; (b) dE9) and normal mice (c) after incubation with [18F]FDDNP.
Table 1. The binding of [18F]-FDDNP, in different brain regions, derived from the brain autoradiograms shown in Figure 1, for the
Tg2576 and dE9 transgenic mice and the competition assay groups treated with 20 or 200 µg of FDDNP carrier (n = 3, means ± SD).
Tg2576 mice
Brain region

Cortex

200 µg
FDDNP
carrier

20 µg
FDDNP
carrier

n.c.a.a
[ F]FDDNP
18

+

Pons
Medulla
Cerebellum

20 µg
FDDNP
carrier

200 µg
FDDNP
carrier

23.31 ± 9.30

20 µg
FDDNP
carrier

200 µg
FDDNP
carrier

7.19 ± 1.81

5.63 ± 0.73

2.44 ± 0.57

4.05 ± 1.04

4.74 ± 1.54

2.14 ± 1.08

8.71 ± 4.02

2.00 ± 1.08

1.65 ± 0.76

9.73 ± 1.89

1.37 ± 0.39

*

2.65 ± 1.02

*

9.54 ± 1.98 4.52 ± 1.57 10.33 ± 3.00

*

1.26 ± 0.78

*

5.87 ± 1.20

17.75 ± 8.78

32.31 ± 8.02

19.44 ± 8.19

*

8.25 ± 0.76

1.20 ± 0.84

39.39 ± 13.99+ 28.51 ± 10.68

20.54 ± 0.76

6.72 ± 3.61

0.90 ± 0.34

3.82 ± 1.91

1.26 ± 1.14 8.36 ± 1.65* 2.43 ± 1.51

6.00 ± 2.04

1.87 ± 0.91* 0.02 ± 0.01*

5.43 ± 1.99 10.17 ± 4.98 3.50 ± 1.42

73.07 ± 16.73 28.94 ± 14.06
+

38.28 ± 15.53
38.61 ± 13.67

+

*

n.c.a.
[ F]FDDNP
18

*

Hypothalamus 44.14 ± 15.02
Midbrain

n.c.a.
[ F]FDDNP
18

Normal mice

109.79 ± 25.33 87.52 ± 22.48 33.92 ± 11.98* 27.41 ± 4.47○ 6.63 ± 1.87* 4.77 ± 2.04*

Hippocampus 49.15 ± 13.50+ 34.16 ± 11.40
Thalamus

dE9 mice

24.97 ± 7.24 20.08 ± 11.06*
28.57 ± 8.97

23.43 ± 13.96

8.33 ± 1.70

1.63 ± 1.01

*

3.23 ± 1.20

*

*

9.55 ± 2.83

4.35 ± 1.93

4.06 ± 1.27

1.49 ± 0.74 0.17 ± 0.10*

115.50 ± 33.25 110.78 ± 27.45 48.93 ± 16.63 22.01 ± 13.54 12.36 ± 6.59 11.44 ± 4.24 22.70 ± 6.34 3.49 ± 1.59*

21.89 ±
12.11

a
n.c.a: not-carrier-added. *P < 0.05, student’s t test, for comparison within brain region and tracer, between carrier addition. +P < 0.05, for comparison within
Tg2576 mice brain region between dE9 and normal mice. ○P < 0.05, for comparison with brain region between dE9 and normal mice.

(p < 0.01). Immunohistochemical staining of the Tg2576 mouse brains also identified high levels of Aβ protein
in the hippocampus and frontal cortex (data not shown). We noted that in the Tg2576 mice, [18F]-FDDNP accumulated strongly in the cerebellum, may be inferred that the overexpression of APP protein and the accumulation of Aβ plaques in the cerebellum [1] [4].
In the competition study, [18F]-FDDNP binding was inhibited by co-incubation with the carrier (Table 1).
More [18F]-FDDNP accumulated in the Tg2576 brain than in the dE9 and normal mouse brains, and was not
comprehensive among the brain regions.
Ex vivo autoradiography was also used to compare the binding of [18F]-FDDNP to the Aβ-rich regions in the
transgenic and normal mice (Figure 2 and Table 2). The Tg2576 mice showed significant differences from the
dE9 mice in the binding of [18F]-FDDNP in the thalamus, midbrain, and medulla, and significant differences
from the normal mice in the thalamus, midbrain, medulla, and cerebellum [3]. Although the data presented show
only a few significant differences in the brain regions of the transgenic mice, our results are similar to those
published by Kung et al. [12]. MicroPET imaging was performed 30 min after the injection of [18F]-FDDNP
(18.5 MBq). The signal quantified in the ROIs in these transverse sections compare with the reference baseline
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indicated ratios of 0.84 - 1.00 relative to muscle in the Tg2576 mice (Table 3). When the radioactive signal of
[18F]-FDDNP was calculated relative to the same reference (muscle) in the dE9 transgenic mice, the ratios for
different brain regions were 0.10 - 0.32 (Table 3). The specific binding ratios in whole brain regions showed
greater accumulation of [18F]-FDDNP in the Tg2576 mice than in the dE9 or normal mice (Figure 3). The immunoreactivity of human amyloid β(1 - 40) was quantified in the olfactory bulb, cortex, striatum, thalamus, hypothalamus, midbrain, cerebellum, pons, and medulla. A standard curve was constructed for human Aβ protein,
ranging from 500 pg/mL to 7.813 pg/mL, and the linear standard curve equation was derived for continuous
analysis (R2 = 0.995 - 0.998). In the Tg2576 mice, the amount of human β-amyloid in the whole brain (0.257 1.992 ng/mL) was significantly different from the amounts in the dE9 (0.085–0.567 ng/mL) and normal mouse
brains (0.031 - 0.098 ng/mL) (Table 4). The present study suggests that [18F]-FDDNP has excellent potential

(a)

(b)

(c)

Figure 2. Ex vivo brain autoradiography of transgenic mice ((a) Tg2576; (b) dE9) and normal mice (c) 30 min after injection
with 185 MBq/200 µL [18F]-FDDNP.
Table 2. The binding densities of [18F]-FDDNP in different brain regions of the Tg2576 and dE9 transgenic mice and normal
mice, derived from ex vivo brain autoradiograms (n = 3, mean ± SD).
Tg2576

dE9

Cortex

48.21 ± 28.09

29.72 ± 15.83

Normal mice
10.93 ± 8.07

Hippocampus

48.48 ± 24.58

35.54 ± 16.64

13.97 ± 7.11

Thalamus

51.53 ± 19.16*

36.80 ± 17.91

12.54 ± 6.76○

Hypothalamus

41.36 ± 19.90

31.79 ± 13.82

10.94 ± 3.79

Midbrain

54.40 ± 16.05*

44.61 ± 15.06+

16.52 ± 8.16○

Pons

61.50 ± 25.09

35.74 ± 17.47

15.15 ± 6.48

Medulla

74.67 ± 24.26*

31.90 ± 9.31+

13.81 ± 6.55○

Cerebellum

54.28 ± 18.15

33.77 ± 7.06+

14.29 ± 6.87○

*
P < 0.05, student’s t test, for comparison within brain region and tracer, between Tg2576 and dE9 mice. +P < 0.05, for comparison within dE9 and
normal mice. ○P < 0.05, for comparison with Tg2576 and normal mice.

Table 3. Specific binding ratios for different brain regions (olfactory bulb, cortex, striatum, thalamus, and cerebellum) of the
Tg2576 and dE9 transgenic mice and normal mice relative to that in muscle from the head region, derived from in vivo microPET images (n = 3, mean ± SD).
Specific binding ratio

Olfactory bulb
*

Cortex
0.91 ± 0.28

Striatum
○

Tg2576

0.90 ± 0.33

dE9

0.31 ± 0.17

0.22 ± 0.11

0.12 ± 0.07

Normal mice

0.20 ± 0.14

0.19 ± 0.09

0.08 ± 0.02

*

1.00 ± 0.34

Thalamus
*○

1.00 ± 0.27

*○

Cerebellum
0.84 ± 0.14*○

0.10 ± 0.05

0.32 ± 0.11+

0.07 ± 0.01

0.06 ± 0.02

+

P < 0.05, student’s t test, for comparison within brain region and tracer, between Tg2576 and dE9 mice. P < 0.05, for comparison within dE9 and
normal mice. ○P < 0.05, for comparison with Tg2576 and normal mice.
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Figure 3. In vivo microPET imaging of the accumulation of [18F]-FDDNP in brain sections 30 min post-injection into
Tg2576 (a); dE9 (b); and normal mice (c).
Table 4. Levels of immunoreactivity for human amyloid β(1 - 40) in supernatants derived from different brain sections (olfactory bulb, cortex, striatum, thalamus, hypothalamus, midbrain, cerebellum, pons, and medulla) were quantified by ELISA
using a human Aβ assay kit (n = 3, mean ± SD).
ng/ml

Tg2576

dE9

Normal mice

1.992 ± 0.015

*○

0.171 ± 0.046

+

0.031 ± 0.003

1.984 ± 0.026

*○

0.567 ± 0.016

0.098 ± 0.005

Striatum

1.931 ± 0.007

*○

0.378 ± 0.086

0.031 ± 0.002

Thalamus

0.257 ± 0.017○

0.311 ± 0.018+

0.031 ± 0.001

0.386 ± 0.004

*○

0.293 ± 0.029

+

0.030 ± 0.002

0.068 ± 0.003

*○

0.098 ± 0.008

+

0.036 ± 0.001

1.232 ± 0.018

*○

0.142 ± 0.067

+

0.038 ± 0.001

Olfactory bulb
Cortex

Hypothalamus
Midbrain
Cerebellum
Pons and medulla

0.078 ± 0.008○

0.085 ± 0.011+

*

0.039 ± 0.001
+

P < 0.05, student’s t test, for comparison within brain region and tracer, between Tg2576 and dE9 mice. P < 0.05, for comparison within dE9 and
normal mice. ○P < 0.05, for comparison with Tg2576 and normal mice.

utility in Tg2576 mice, but not in dE9 mice, and that this correlates with the amounts of Aβ protein in their
brains.
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