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Alzheimer's disease (AD) is highly prevalent in dementia, with no specifically effective treatment having yet been 

discovered. Amyloid plaques are one of the key hallmarks of AD. Transgenic mouse models exhibiting Alzheimer's 

disease-like pathology have been widely used to study the pathophysiology of Alzheimer's disease. In this study, we 

showed an age-dependent correlation between cognitive function, pathological findings, and [F-18] Florbetaben (FBB) 

PET images. Nineteen transgenic mice (12 with AD, 7 with controls) were used for this study. We observed an increase in 

β-Amyloid deposition (Aβ) in brain tissue and [F-18] FBB amyloid PET imaging in the AD group. The [F-18] FBB data 

showed a mildly negative trend with cognitive function. Pathological findings were negatively correlated with cognitive 

functions. These finding suggests that amyloid beta deposition can be well-monitored with [F-18] FBB PET and a decline 

in cognitive function is related to the increase in amyloid plaque burden. 
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INTRODUCTION 
 

Alzheimer's disease (AD) is an age-dependent (Villemagne 

et al., 2008) slow progressive neurodegenerative disease 

(Tijms et al., 2018), and is the most dominant cause of de- 

mentia, contributing up to 60~70% of cases. The incidence 

of AD increases with age, and approximately 500,000 peo- 

ple are diagnosed with this disease each year (Klunk et al., 

2003). The cerebral cortex and hippocampus area are densely 

affected by AD (Zhang et al., 2018). AD weakens cognitive 

function (Ameen-Ali et al., 2017), affects memory, leads to 

physical impairment, and reduces the ability to maintain a 

normal lifestyle (Drzezga, 2010). β-Amyloid (Aβ) plaques 

and neurofibrillary tangles are the two most common hall- 

marks of Alzheimer's disease (Drzezga, 2010; Holtzman et 

al., 2011), and the deposition of these Aβ plaques may be the 

foremost pathology of AD, even before the onset of cognitive 
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decline (Klunk et al., 2003). One third of cognitively normal 

adults aged 65 years and above has Aβ plaque deposition 

similar to AD patients (Rowe et al., 2013; Molinuevo et al., 

2018). Autopsy studies also show the prevalence of Aβ 

plaque in older adults with normal cognition (Aizenstein et 

al., 2008). Although some quantities of Aβ plaques can be 

found in cognitively normal elderly people (Aizenstein et 

al., 2008), AD diagnosis is made with the presence of both 

plaques and cognitive impairment (Khachaturian, 1985; Hsiao 

et al., 1996). The need for research studies in AD are of great 

importance due to the current lack of effective treatment and 

proper prognosis of this disease (Elder et al., 2010). 

The transgenic mouse model has been used extensively 

in AD research. In the current study, we investigated the 

correlation between age-dependent depositions of Aβ pla- 

ques and cognitive decline in varying age groups of Tg2576 

mouse model of Alzheimer's disease. The Tg2576 mouse 

model starts to develop Aβ plaque depositions from 9 to 12 

months of age (Kawarabayashi et al., 2001) and is associated 

with cognitive impairment (Hsiao et al., 1996); thus it is an 

ideal model to study AD. Human PET imaging using molec- 

ular tracers are used for in vivo assessment of Aβ plaques, and 

innovative advancements in science have also made PET 

imaging possible in small animals (Chatziioannou, 2002; 

Manook et al., 2012). For example, [11C] PIB, [F-18] Florbe- 

taben, and [F-18] Flutemetamol are some of the molecular 

imaging tracers used in PET imaging (Drzezga, 2010; Son 

et al., 2018). Previous studies on Tg2576 mice show that 

[11C] PIB tracer binding is very low (Klunk et al., 2005) or 

not observed at any age (Snellman et al., 2013). In our study, 

we used [F-18] Florbetaben (FBB) for Aβ plaque quantifi- 

cation in transgenic mice. 

 

MATERIALS AND METHODS 

Animals 

In total, 19 transgenic mice (Tg2576) were used the study. 

Mice were classified into two groups: Alzheimer's disease 

(AD) group and normal control group. The Alzheimer's 

group (n = 12) were Tg2576 mice with C57BL/6 genetic 

strains expressing a human gene called APP containing the 

Swedish double mutation (K670N/M671L). The control 

group (n = 7) had similar genetic background but without 

any mutation. The mice model used for this study is from 

the same line used previously in Kang's study (Son et al., 

2018). The control group and AD group both consisted of 

mice from age groups of 5, 8~9, and 12 months. All mice 

were sacrificed for pathology tests after PET imaging. The 

mice were sacrificed on the same day as imaging for cor- 

relation analysis between pathological findings and PET 

images. Animal studies were conducted in accordance with 

the policies of the institutional animal committee (Dong-A 

university, Busan, South Korea, IRB number: LML 16-970). 

The mice were kept under 12-hour light-dark cycle with 

continuous access to food and water. The room where mice 

were kept was always maintained at a temperature of 21 ± 

2℃ and a relative humidity of 50% respectively. 

Behavioral test 

The Y-maze was used to test spontaneous alteration in 

mice. The apparatus was a black cardboard material with 3 

arms which resembled the letter Y (32 cm × 610 cm × 

26 cm). The arms were at an angle of 120° from each other. 

The control AD and control groups were subjected to the 

maze test. All behavior tests were performed in the same 

room at a similar time to minimize variations in result and 

maintain consistency of the study. 

Prior to starting the test, the arms were randomly des- 

ignated as A, B, and C. The mice were carefully placed on 

the center of the Y-maze and could freely explore all three 

arms of the maze for 5 minutes. The arm entries throughout 

5 minutes were recorded in a sequence manually by the 

researcher. In a condition where the mouse only entered half 

way through an arm, the entry was considered invalid and 

was hence omitted. The spontaneous alteration was measured 

in percentage using the following formula (Miedel et al., 

2017). 

Spontaneous alteration% = (total No. of alterations)/ 

(total No. of arm entry-2) × 100 

A spontaneous alteration was defined as three consecutive 

entries to three different arms (example: ABC, ACB, BCA, 

and so on). 
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Immunohistochemistry staining 

The mice were sacrificed by transcardial perfusion with 

0.5% sodium nitrate and heparin (10 U/mL) solution. The 

brain was extracted from the skull and post-fixed in 4% para- 

formaldehyde. The samples were stored overnight in 30% 

sucrose solution until it sank at 4℃. Prior to staining, brain 

samples were cryosectioned into 30-μM-thick coronal sec- 

tions on a sliding microtome. Immunohistochemical staining 

was performed on the cryosectioned tissue of mouse brain 

with methods previously described in Choi's study (Choi et al., 

2018). The tissue sections were then washed with phosphate-

buffered saline solution and incubated with primary antibody 

against Aβ (1:100; Abcam, Cambridge, MA, USA) over- 

night at room temperature. On the following day, sections 

were washed with phosphate-buffered saline which contained 

0.5% bovine serum albumin and then incubated with bio- 

tinylated secondary antibody. An avidin-biotin complex kit 

(Vectastain ABC kit; Vector Laboratories, Burlingame, CA, 

USA) was used to process the sections. The processed sec- 

tions were incubated with 0.5% diaminobenzidine-HCl and 

0.003% hydrogen peroxide in 0.1 M phosphate buffer to view 

bound anti-serum. The sections were then washed with 0.1 M 

phosphate buffer to stop the reaction by diaminobenzidine-

HCl. The tissue sections were subsequently mounted on 

slides containing gelatin coats, and Aβ plaques were observed 

under bright-field microscope (Nikon, Tokyo, Japan) at 40×, 

100×, and 200× magnification. Aβ positive cells in cortex 

tissue were counted using light microscope (Nikon) under 

400× objective of 250 μM. 

PET/CT imaging 

Analysis of PET images was conducted using fusion 

toolbox in PMOD software version 3.6.0 (PMOD Technol- 

ogies, Zurich, Switzerland). The standard uptake value ratio 

(SUVR) was calculated by the volume of interest (VOI) 

based method. The reference region was the cerebellar 

cortex. The SUVR was calculated by dividing the mean 

SUV value of the cerebellum and the values in the cortex 

region of each mouse brain. 

Siemens Inveon PET scanner (Siemens Medical Solutions, 

Malvern, PA, USA) was used for micro-PET imaging of all 

mice. The mice were fasted for 12 hours prior to imaging 

to increase [F-18] Fluorodeoxyglucose (FDG) uptake and 

image contrast (Fueger et al., 2006). Body temperature was 

maintained at 37℃ with the help of heating pad embedded 

with a temperature control function. Contrast injection of 

200 μCi of 0.1 mL [F-18] FDG was injected into the tail vein. 

The mice rested for at least 30 mins before PET imaging to 

allow adequate time for tracer uptake. After the resting time, 

PET acquisition was performed for 30 mins (350~650 keV). 

The acquired data were arranged into 3D sinograms and 

reassembled using OSEM3D method. The mice were kept 

under constant anesthesia (2% isoflurane in 100% oxygen) 

during the time of injection and PET scan. 

[F-18]-FBB imaging was performed in all mice within a 

few days of time interval. Contrast injection of 200 μCi of 

0.1 mL was injected intravenously through the tail. The lights 

were turned off during the [F-18]-FBB injection time since 

[F-18]-FBB tracer is sensitive to light. The PET acquisition 

protocol was identical to the [F-18] FDG imaging. 

Statistical analysis 

All statistical analyses were performed using MedCalc 

18.9.1 (company, location). A P-value of less than 0.05 was 

considered to be statistically significant. 

 

RESULTS 

Cognitive function of normal vs. Alzheimer mouse 

In the normal control group, the Y-maze test score was 

90.0%, 95.0%, and 92.5% at 5, 8~9, and 12 months re- 

spectively. These results indicate no significant changes in 

cognitive function with respect to ageing. In contrast, the 

test scores in the AD group were 85.3%, 47.8%, and 55.64% 

at 5, 8~9, and 12 months, respectively. The results showed 

a striking decline in cognition at 8~9 and 12 months com- 

pared to normal control mice (Fig. 1). 

Amyloid plaque deposition in relation to age 

The pathological analysis (Fig. 2) revealed that normal 

control mice did not show manifestation of amyloid plaque 

deposition examined microscopically on 40×, 100×, and 

200× magnifications until the age of 12 months. In the AD 
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group, plaque deposition was substantially high especially at 

the age of 8~9 and 12 months. However, there was little to 

no amyloid plaque deposition in the AD group at the age of 

5 months. The ratio of the total area of the amyloid protein 

in the normal control group was 0.03, 0.06, and 0.04 at 5, 

8~9, and 12 months respectively. In the AD group, the ratio 

of the total area of amyloid protein was found to be 0.04, 0.10, 

and 0.14, at 5, 8~9, and 12 months respectively (Fig. 3). The 

proportion of amyloid protein was statistically significant 

(P < 0.0001) in the AD group than control group. 

Analysis of PET images 

[F-18] FBB PET imaging was used for quantitative analysis 

of Aβ-plaque deposition. The SUVR values for mice of 5, 

8~9, and 12 months were 0.84, 0.88, and 0.82, respectively 

in normal control mice group. There was no significant 

difference observed in SUVR with regard to age of mice. 

In the AD group, the SUVR values were 0.86, 0.87, and 

0.99 for 5, 8~9, and 12-month old mice respectively. There 

was a statistically significant difference in SUVR values 

Fig. 1. Cognitive function test using behavioral test in normal control group and AD group (*P < 0.0001). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Amyloid plaque deposition on brain 
tissue in relation to age. The AD mice aged 
9 and 12 months have large quantities of 
amyloid plaque deposition in the cortex com- 
pared to 5 month old mice in the same group. 
The control mice showed no sign of plaque 
deposition at 12 months. 
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with respect to the age of mice (P = 0.0007) in comparison 

to normal control group (Fig. 4). 

[F-18] FDG PET imaging was used to detect glucose 

hypometabolism in Aβ-plaques affected areas. In the normal 

control group, SUVR values were 0.96, 0.97, and 1.09 at 5, 

8~9, and 12 months, respectively. There were no drastic dif- 

ferences in SUVR in control with age. In the AD group, the 

SUVR values were 0.90, 0.98, and 0.98 at the same months 

and were not different from control (P = 0.09) (Fig. 5). 

Correlation analysis 

In the AD group, we analyzed the correlation between 

two age groups (8~9, and 12 months), pathologic findings, 

cognitive function tests, ad amyloid PET findings. Amyloid 

PET images were strongly correlated pathological findings 

(r = 0.7861, P = 0.0024) (Fig. 6A), but was negatively (but 

not significantly) correlated with cognitive function (r = 

-0.49.1, P = 0.1057, Fig. 6B). Pathological findings for brain 

Fig. 3. Comparison of amyloid protein measured in brain tissue in normal control and AD groups (*P < 0.0001). 

Fig. 4. Comparison of quantitative values measured with amyloid PET brain image using F-18 FBB (*P = 0.0007). 

Fig. 5. Comparison of quantitative values measured by PET brain image using F-18 FDG. 
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tissue showed a moderately negative correlation with cogni- 

tive function (r = -0.7087, P = 0.0099) (Fig. 6C). 

 

DISCUSSION 
 

The AD model of APP transgenic mice and APP/PS1 bio- 

genic mice are the only models that show Aβ-plaque depos- 

ition along with progressive memory impairment (Ashe, 

2001) and are widely used in Alzheimer's disease studies. 

We used transgenic mice (Tg2576) excessively expressing 

human APP, containing Swedish double mutation (K670N/ 

M671L) and C57BL/6 genetic strains. This mouse line shows 

age-dependent Aβ-plaques deposit around cortical and hip- 

pocampal areas (Hsiao et al., 1996; Christie et al., 2001). 

Other studies (Hsiao et al., 1996; Chapman et al., 1999; King 

et al., 1999; Pompl et al., 1999; Morgan et al., 2000) have 

reported cognitive defects in Tg2576 mice as early as 3 

months and as late as 15 months (Ashe, 2001). Identifying 

the onset of memory impairment in APP transgenic mouse 

is difficult (Ashe, 2001). An early study in APP transgenic 

mouse with a Swedish mutation reported that memory im- 

pairment becomes obvious at age 9 months and older and 

is associated with Aβ-plaques deposit in the brain (Hsiao et 

al., 1996). Our findings are consistent with this previous work. 

Aβ-plaque deposits in the cortex were negatively correlated 

with cognition. (Fig. 6C). Compared to normal control mice, 

the amount of Aβ-plaques deposit was high in 8~9 and 12 

month old mice (Fig. 3). 

In nuclear medicine, PET scans are a useful and safe tool 

for in vivo assessment of the brain for diagnosis of diverse 

tissues. [11C] PIB, [F-18] Florbetaben and [F-18] Fluteme- 

tamol are widely used radioactive tracers for in vivo visuali- 

Fig. 6. Correlation analysis in AD mice group. (A) 
Correlation between the quantification value of [F-18] 
FBB PET and degree of amyloid deposition confirmed 
by pathology. (B) Correlation between cognition and [F-18] 
FBB PET result. (C) Correlation between cognition and 
pathology findings. (The line in the graph represents trend 
line). 
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zation of Aβ-plaques deposits (Drzezga, 2010; Son et al., 

2018). We used two types of tracers, [F-18] FBB and [F-18] 

FDG tracer in our study. The [F-18] FBB tracer was used 

for the quantification of Aβ-plaque deposition in the cortex 

of mouse brain. The [F-18] FBB PET image analysis showed 

a positive correlation between SUVRs and age of mice (r = 

0.85). A difference in SUVR between control and AD mouse 

could be seen clearly at 12 months. Until 8~9 months of age, 

SUVR uptake in AD was similar to control. The [F-18] FBB 

SUVR analysis showed a strong positive correlation (r = 

0.83) with pathology results even though the immunostaining 

showed high Aβ-plaques deposition from 9 months of age. 

[F-18] FDG was used as second tracer, and [F-18] FDG 

PET image analysis did not show any apparent differences 

in glucose hypometabolism in AD mice group across all age 

groups. This may be due to the limited amount of samples 

and reduced variance in age groups. 

Several studies have used transgenic mice to study age-

dependent Aβ-plaques (Kawarabayashi et al., 2001), cogni- 

tive deficits (Moran et al., 1995) and correlation between 

age-dependent Aβ-plaques deposition and cognition (Hsiao 

et al., 1996; Takeuchi et al., 2000; Ashe, 2001; Gordon et al., 

2001) similar to our study. However, our study used [F-18] 

FBB PET imaging in addition to immunostaining for age-

dependent quantification of Aβ plaques and cognition. 
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