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Abstract.
Background: Emerging evidence indicates a central role of gliosis in Alzheimer’s disease (AD) pathophysiology. However,
the regional distribution and interaction of astrogliosis and microgliosis in association with amyloid-� (A�) still remain
uncertain.
Objective: Here we studied the pathological profiles in autopsy AD brain by using specific imaging tracers.
Methods: Autopsy brain tissues of AD (n = 15, age 70.4 ± 8.5 years) and control cases (n = 12, age 76.6 ± 10.9) were examined
with homogenate binding assays, autoradiography for A� plaques (3H-florbetaben/3H-PIB), astrogliosis (3H-L-deprenyl),
and microgliosis (3H-PK11195/3H-FEMPA), as well as immunoassays.
Results: In vitro saturation analysis revealed high-affinity binding sites of 3H-florbetaben, 3H-L-deprenyl, and 3H-
PK11195/3H-FEMPA in the frontal cortex of AD cases. In vitro 3H-florbetaben binding increased across cortical and
subcortical regions of AD compared to control with the highest binding in the frontal and parietal cortices. The in vitro
3H-L-deprenyl binding showed highest binding in the hippocampus (dentate gyrus) followed by cortical and subcortical
regions of AD while the GFAP expression was upregulated only in the hippocampus compared to control. The in vitro
3H-PK11195 binding was solely increased in the parietal cortex and the hippocampus of AD compared to control. The 3H-
florbetaben binding positively correlated with the 3H-L-deprenyl binding in the hippocampus and parietal cortex of AD and
controls. Similarly, a positive correlation was observed between 3H-florbetaben binding and GFAP expression in hippocampus
of AD and control.
Conclusion: The use of multi-imaging tracers revealed different regional pattern of changes in autopsy AD brain with respect
to amyloid plaque pathology versus astrogliosis and microgliosis.
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INTRODUCTION

Alzheimer’s disease (AD) involves complex patho-
physiology, featured by amyloid-� (A�) deposits,
neurofibrillary tangles, gliosis, and neural loss. Emer-
ging evidence implies that A�, astrogliosis, and mi-
crogliosis play important roles at early phases of
AD [1–5]. However, the regional distribution, conse-
quence of gliosis in relation to A� deposits, whether
beneficial or harmful, as well as accurate imaging
biomarker for gliosis remains elusive.

Autopsy analysis and in vivo positron emission
tomography (PET) with A� tracers in AD and non-
demented control cases [6] have shown that different
brain regions develop A� pathology following the
hierarchy of neocortical, limbic, and subcortical areas
[7–9]. Higher cortical A� loads (retentions) were
observed in patients with AD and mild cognitive
impairment (MCI) due to AD compared with control
[6, 10] by PET using A� tracers such as 11C-
PIB [11], 18F-flutemetamol [12], 18F-florbetapir [13],
18F-florbetaben [14–16], and 11C-AZD2184/18F-
AZD4694 [17]. Robust correlations between PET and
A� pathology at autopsy support the specific detec-
tion by A� imaging tracers [18–22]. 18F-florbetaben
binding in vivo correlated strongly with neuritic
plaques detected by Bielschowsky-silver staining and
6E10 immunostaining in AD brain [14], and showed
no binding to alpha-synuclein or tau pathologies [23].
The in vitro regional distribution of 3H-florbetaben in
autopsy AD brain remains to be characterized.

Accurate detection of neuroinflammation and glio-
sis in vivo has been challenging [4, 24]. One reason
is that astrocytes and microglia are highly dynamic
and heterogeneous in their subtypes, locations, and
activation statuses [25]. 11C-deuterium-L-deprenyl
(DED) binds to monoamine oxidase-B (MAO-B)
overexpressed in reactive astrocytes and has been
evaluated as a biomarker for astrogliosis [26–29].
11C-DED binding increased in MCI with high
11C-PIB retention compared to AD and control sub-
jects. Longitudinal study in patients with autosomal
dominant AD showed that 11C-DED binding elevated

at initial disease stage and declined with increas-
ing 11C-PIB binding during progression, suggesting
astrogliosis as an early event [3, 30].

Microglia activation has been assessed by PET
using translocator protein (TSPO) tracers [31, 32],
such as first-generation 11C-PK11195 [33], second-
generation 11C-DAA1106 [34], 11C-PBR28 [35],
18F-FEMPA [36], 11C-GE180 [37], and 18F-DPA-
714 [38]. Results from TSPO imaging in MCI and
AD have been inconclusive: increase or no change
in TSPO retention comparing AD to control group
has been reported [33, 39–41]. This could be due to
several reasons, including 1) tracer specificity [42];
2) TSPO rs6971 genetic polymorphism [25, 43];
3) heterogeneous and dynamic activation status of
microglia [44]; and 4) various cellular expression of
TSPO.

To understand the regional distribution of fibrillar
A� deposits in relation to astro- and microgliosis,
we determined the binding of 3H-florbetaben/3H-
PIB, 3H-L-deprenyl, and 3H-PK11195/3H-FEMPA
in autopsy brain tissues from AD and control cases
by using homogenate binding assays, autoradiogra-
phy, enzyme-linked immunosorbent assay (ELISA)
for astrocyte marker glial fibrillary acidic protein
(GFAP). This study demonstrates a clear regional
correlation between amyloid plaque deposition and
astrogliosis in AD.

MATERIALS AND METHODS

AD and control autopsy brains

Fifteen AD cases (mean age 70.4 ± 8.5 years;
mean postmortem delay 5.1 ± 0.9 h), each with a clin-
ical diagnosis confirmed by pathological examination
(NINCDS-ADRDA criteria), and twelve control
cases (mean age 76.6 ± 10.9 years; mean post-
mortem delay 7.0 ± 3.8 h) were included in this study
(Table 1). Early-onset AD (EOAD) and late-onset
AD (LOAD) were classified based on the age of
on-set of the clinical symptoms (before or after 65
years of age). Autopsy brain tissues from the frontal,

Table 1
Demographics

Group No. of Age Sex Disease PM delay APOE �4 Braak stage
brains (y) (F/M) duration (y) (h) (0/1/2) (0–6)

AD 15 70.4 ± 8.5 9/6 6.7 ± 2.7 5.1 ± 0.9 4/5//6 4/5/6
EOAD 8 63.8 ± 5.4 5/3 7.4 ± 2.3 4.8 ± 0.9 3/3/2 4/5/6
LOAD 7 78.0 ± 4.4 4/3 5.7 ± 3.0 5.4 ± 0.9 1/2/4 4/5/6
Control 12 76.6 ± 10.9 6/6 7.0 ± 3.8 12/0/0 1/2

EOAD, early onset Alzheimer’s disease; LOAD, late onset Alzheimer’s disease; PM, postmortem.
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parietal and temporal cortics, hippocampus, cau-
date nucleus, and cerebellum were obtained from
the Netherlands Brain Bank (NBB), Netherlands.
The disease relevant cortical and subcortical brain
regions, as well as the reference brain region in
amyloid PET imaging (cerebellum) were selected.
All materials had been collected from donors or
from whom a written informed consent for a brain
autopsy and the use of the materials and clinical
information for research purposes had been obtained
by the NBB. Frozen brain tissues from the left
hemisphere (all cases) were homogenized in ice-
cold 5 × 0.32 M sucrose containing 10 �l/ml protease
inhibitor; brain tissues from 4 AD and 4 control
cases were cryostat sectioned at 10 �m and stored at
–80◦C. Protein concentration was determined using
DC protein assay (Bio-Rad Laboratories AB, Swe-
den). The apolipoprotein E (APOE) genotype was
determined using an INNO-LIPA ApoE-kit (Inno-
genetics, Belgium) with genomic DNA extracted
from the thalamic tissue of AD and control cases
(QIAamp DNA mini kit, Qiagen, Germany).

The study was conducted according to the princi-
ples of the Declaration of Helsinki and subsequent
revisions. All experiments on autopsied human brain
tissue were carried out in accordance with ethi-
cal permission obtained from the regional human
ethics committee in Stockholm (permission number
2011/962/31-1), the medical ethics committee of the
VU Medical Center for the Netherlands Brain Bank
tissue (permission no. 1998-06/5).

Materials

3H-florbetaben ([N-methyl-3H]4-[(E)-2-(4-{2-[2-
(2-fluoroethoxy)ethoxy]ethoxy}phenyl) ethenyl]-
aniline), specific activity(SA) 63.0 Ci/mmol; 3H-F
EMPA ([N-methyl-3H][2-(2-Fluoroethoxy)-5-met-
hoxybenzyl]-N-{2-[(4-methoxyphenyl)oxy]pyridin-
e-3-yl}-acetamide), SA 38.7 Ci/mmol; and unlabeled
florbetaben were custom synthesized by Bayer AG,
Germany. 3H-L-deprenyl (N-Methyl-3H Hydro-
chloride), SA 80.0 Ci/mmol, was purchased from
American radiolabeled chemicals, USA. 3H-PK111
95 (1-(2-Chlorophenyl)-N-methyl-N-(1-methylpro-
pyl)-3-isoquinolinecarbox-amide), SA 81.7 Ci/
mmol, was purchased from Perkin Elmer, USA.
3H-PIB [N-methyl-3H]2-(4’-Methylaminophenyl)-
6-hydroxybenzo-thiazole), SA 85.0 Ci/mmol, was
custom synthesized by GE Healthcare, UK. Unla-
belled L-deprenyl, unlabelled PK11195 and 2-(4’-
Methylaminophenyl)benzothiazole (BTA-1), bovine

serum albumin (BSA) were purchased from Sigma-
Aldrich, USA.

Characterization of 3H-florbetaben,
3H-L-deprenyl, 3H-FEMPA, and 3H-PK11195
binding properties in AD and control brains

Saturation binding assays with 3H-florbetaben (SA
63.0 Ci/mmol) were performed in the frontal cortex
homogenates of AD (n = 3) and control cases (n = 3)
by incubation in 0.1 M PBS + 0.1 % BSA buffer (pH
7.4) containing 0.01–40 nM 3H-florbetaben for 3 h in
tubes at room temperature (RT). Incubations were ter-
minated by filtering samples through Whatman GF/C
glass filters pre-soaked with 0.3% polyetylenamine
solution. The filters were then washed 3 × ice-cold
0.1 M PBS buffer (pH 7.4), transferred to scintilla-
tion vials and the radioactivity counted in a LS-6500
liquid scintillation counter (Beckman Coulter AB,
Sweden) [45]. All assays were run in triplicates. The
3H-florbetaben specific binding was calculated as the
difference between total (Non-specific (NSP) binding
in the presence of 0.75 �M unlabelled florbetaben)
and expressed as pmol/g tissue.

Saturation binding assays with 3H-L-deprenyl
(SA 80.0 Ci/mmol) were performed in the frontal
cortex homogenate of AD cases (n = 7) by incu-
bation in ice-cold 0.1 M Na+-K+ buffer (pH 7.4)
containing 0.01–25 nM 3H-L-deprenyl for 2 h at
37◦C (NSP binding in the presence of 1 �M unla-
belled L-deprenyl). The termination of incubation
and counting is the same as aforementioned, except
washing 3 × ice-cold 0.1 M Na+-K+ buffer (pH 7.4).
Saturation binding assays with 3H-PK11195 (SA
81.7 Ci/mmol) and 3H-FEMPA (SA 38.7 Ci/mmol)
were performed in the frontal cortex homogenates
of AD cases (n = 6) by incubation in 0.1 M Tris-HCl
buffer (pH 7.4) containing 0.1–30 nM 3H-FEMPA or
0.5–120 nM 3H-PK11195 for 2 h at RT (NSP binding
in the presence 10 �M unlabeled PK11195). The ter-
mination of incubation is the same as aforementioned,
except washing 3 × ice-cold 0.1 M Tris-HCl buffer
(pH 7.4). The specific binding of 3H-L-deprenyl,
3H-FEMPA and 3H-PK11195 were calculated as
the difference between total and NSP binding and
expressed as pmol/g protein.

Measurements of regional 3H-florbetaben (5 nM),
3H-L-deprenyl (6 nM), 3H-PK11195 (2.5 nM), and
3H-FEMPA (2.5 nM) binding were performed in the
frontal, parietal, temporal cortex, hippocampus, cau-
date nucleus, and cerebellum of 12 AD and 12 control
cases. The incubation time, incubation buffer, and
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washing buffers were same as in aforementioned sat-
uration assay respectively. Measurement of 3H-PIB
(1 nM, SA 85.0 Ci/mmol) binding was performed in
the frontal and parietal cortex of the same 12 AD and
12 control cases by incubating in 0.1 M PBS + 0.1%
BSA buffer (pH 7.4) for 2 h at RT. NSP binding
was determined in the presence of 1 �M BTA-1. The
termination and counting procedure for 3H-PIB is
the same as that for 3H-florbetaben assay. The 3H-
PIB specific binding was calculated as the difference
between total and NSP binding and expressed as
pmol/g tissue.

ELISA measurement of GFAP level

The level of GFAP expression was determined
by using ELISA as described previously [46] in the
frontal, parietal, temporal cortex, hippocampus, cau-
date nucleus of 12 AD and 12 control cases. Brain
tissue homogenates were sequentially incubated with
monoclonal anti-GFAP antibody (Merck KGaA, Ger-
many), alkaline phosphatase-conjugated anti-mouse
IgG (Vector, USA), AP and substrate (p-nitro-phenyl-
phosphate; Bio-Rad) in a rabbit anti-GFAP antibody
pre-coated (Dako, Denmark) microtiter plate. Opti-
cal density was assessed in a microtiter plate reader
(Tecan, Switzerland) at 405 nm. The level of GFAP
was analyzed using Soft Max Pro Plus software
(Molecular Devices, USA).

Autoradiography using 3H-florbetaben,
3H-L-deprenyl and 3H-FEMPA in AD brain
tissue slices

Adjacent slices (10 �m) from the frontal cortex
(n = 4 each) and hippocampus (n = 3 each) of AD and
control were dried in RT for 20 min and incubated
with 2.5 nM 3H-florbetaben in 0.1 M PBS + 0.5 %
BSA buffer (pH 7.4) buffer, 10 nM 3H-L-deprenyl,
and 2.5 nM 3H-FEMPA in 0.1 M Tris-HCl buffer
(pH 7.4) for 1 h with NSP binding determined in the
presence of unlabeled 0.75 �M florbetaben, 1 �M L-
deprenyl, and 10 �M PK11195, respectively. After
incubation, the brain slices were washed in cor-
responding ice-cold buffer 2 × 5 min and once in
ice-cold dd water. The sections were dried in the hood
and were exposed to Fuji BAS-TR2040 phosphor
imaging plates (Science Imaging Scandinavia AB,
Sweden) together with tritium microscale standards
(American Radiolabeled Chemicals); 4 days for 3H-
florbetaben, 20 days for 3H-FEMPA, and 10 days
for 3H-L-deprenyl. The plates were developed with

a Fujifilm BAS-5000 phosphorimager (Fuji, Japan).
Binding density was measured using Multigauge
software V3.0 (Fuji, Japan).

Statistical analyses

Data was analyzed using GraphPad Prism soft-
ware 7.0 (GraphPad Software Inc, USA). Kd and
Bmax values from saturation binding curves were
determined using a one-site non-linear fitting model.
Non-parametric t-test (Mann-Whitney) were used for
comparisons between AD and control cases. Two-
way ANOVA was used to compare early onset AD,
late onset AD and control group. Correlation analyses
were performed using Pearson’s r correlation analy-
sis. Significance level was set at ∗p < 0.05, ∗∗p < 0.01,
∗∗∗p < 0.001.

RESULTS

Demographic information

Fifteen AD (9 female/6 male) and twelve con-
trol cases (6 female/6 male) were included in this
study (Table 1). Among the AD cases, 8 were EOAD
and the other 7 were LOAD cases. Among the con-
trol cases, 2 were younger than 65 years old, and
10 were older than 65 years old. Age and gender
did not significantly differ between AD and control
groups analyzed by using Chi-squared test. APOE
�4 genotyping results showed that AD group con-
sisting of seven �4/4 carriers, five � 3/4 carriers, and
four �4 non-carriers. All control cases are APOE �4
non-carriers.

Binding characterization

Saturation binding studies with 3H-florbetaben at
0.01–40 nM revealed a high-affinity binding site of
Kd = 11.8 ± 1.4 nM in the frontal cortex of AD by
non-linear fitting (Table 2). Saturation binding stud-
ies with 3H-L-deprenyl at 0.01–25 nM revealed a
high-affinity binding site of Kd = 10.2 ± 0.8 nM in the
frontal cortex of AD cases (n = 7) (Table 2). The non-
specific binding was approx. 5% for 3H-L-deprenyl.
Saturation binding studies with 3H-PK11195 at
0.5–40 nM and 3H-FEMPA at 0.1–30 nM revealed
similar high-affinity binding site of 1.8 ± 0.6 nM and
3.3 ± 0.1 nM respectively in the frontal cortex of AD
cases (n = 6) by non-linear fitting (Table 2, Supple-
mentary Figure 1). The non-specific binding was less
than 10% for both 3H-PK11195 and 3H-FEMPA.
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Different regional 3H-florbetaben,
3H-L-deprenyl, 3H-PK11195, and GFAP
distribution in AD and control brain

3H-florbetaben (5 nM) showed significant increa-
ses in the frontal cortex (p < 0.001), followed by
the parietal cortex (p < 0.001), temporal cortex
(p < 0.001), caudate nucleus (p < 0.001), and hippo-
campus (p = 0.0387) of AD (n = 12) compared to con-
trol (n = 12) (Fig. 1a). 3H-L-deprenyl (6 nM) showed
significant increases in the hippocampus (p = 0.0002)

Table 2
Binding properties for 3H-florbetaben, 3H-L-deprenyl, 3H-FEMPA,

and 3H-PK11195 in the frontal cortex of AD cases

Tracer Kd (nM) Bmax (pmol/g
tissue or protein)

3H-florbetaben (n = 3) 11.8 ± 1.4 2146 ± 964
3H-L-deprenyl (n = 7) 10.2 ± 0.8 322 ± 47
3H-FEMPA (n = 6) 3.3 ± 0.1 251 ± 147
3H-PK11195 (n = 6) 1.8 ± 0.6 355 ± 139

Kd, dissociation constant; Bmax, maxium number of binding sites.
Results are expressed as mean ± standard deviation.

followed by the temporal cortex (p = 0.0014), the
frontal and parietal cortex (p = 0.0284, p = 0.0121),
and caudate nucleus (p = 0.0374) of AD (n = 11-
12) compared to control cases (n = 12) (Fig. 1b).
2.5 nM 3H-PK11195 showed significantly increases
in the parietal cortex (p = 0.0332) and hippocampus
(p = 0.0317) of AD (n = 12) compared with control
(n = 12) (Fig. 1c). In comparison, another TSPO
tracer 3H-FEMPA (2.5 nM) did not show difference
in any brain regions between AD and control (Sup-
plementary Figure 1). The levels of GFAP expression
were determined by ELISA in five brain regions of the
same AD (n = 12) and control (n = 12) cases included
in binding assays. The levels of GFAP expression sig-
nificantly increased in the hippocampus (p = 0.0280)
of AD compared to control (Fig. 1d), and not in the
other regions.

The difference between EOAD, LOAD, and con-
trol group was analyzed using two-way ANOVA
comparison (Table 3). High 3H-florbetaben binding
was observed in in all three cortical regions in EOAD
and LOAD compared to control. The 3H-L-deprenyl

Fig. 1. Regional 3H-florbetaben, 3H-L-deprenyl, 3H-PK11195 binding and level of GFAP expression in AD and control brain. a) 3H-
florbetaben (5 nM) binding in the brain homogenate from AD and control cases. b) 3H-L-deprenyl (6 nM) binding in brain tissue homogenates
from AD and control cases. c) 3H-PK11195 (2.5 nM) binding in brain tissue homogenates from AD and control cases. d) Level of GFAP
expression in the same AD and control cases; Significant differences between AD and control groups are indicated by ∗p < 0.05, ∗∗p < 0.01
and ∗∗∗p < 0.001.
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Table 3
Comparison of 3H-florbetaben, 3H-L-deprenyl, 3H-FEMPA, and 3H-PK11195 binding between EOAD, LOAD and control

Tracer Region Group p

EOAD (n = 7) LOAD (n = 5) Ctrl (n = 12) EOAD versus LOAD versus EOAD versus
Ctrl Ctrl LOAD

3H-L-deprenyl PC 187 ± 66 322 ± 175 138 ± 55 ns 0.0183 ns
HIP 662 ± 214 946 ± 387 301 ± 191 < 0.0001 < 0.0001 0.0004
CN 546 ± 381 342 ± 153 245 ± 125 < 0.0001 ns 0.0168

3H-florbetaben FC 737 ± 210 698 ± 256 113 ± 100 < 0.0001 < 0.0001 Ns
PC 804 ± 200 705 ± 302 302 ± 269 < 0.0001 < 0.0001 Ns
TC 315 ± 95 277 ± 97 64 ± 64 0.0001 0.0047 Ns
HIP 274 ± 171 210 ± 118 125 ± 145 0.0366 ns Ns

CN, caudate nucleus; Ctrl, control; EOAD, early onset Alzheimer’s disease; HIP, hippocampus; LOAD, late onset Alzheimer’s disease; ns,
not significant; PC, parietal cortex; TC, temporal cortex. Values represent Mean ± standard deviation.

binding was higher in the hippocampus while lower
in the caudate nucleus of LOAD compared to EOAD.
No difference was observed in the regional 3H-
florbetaben, or 3H-PK11195 binding between EOAD
and LOAD group.

Autoradiography showed high 3H-florbetaben in
the cortex, and 3H-L-deprenyl signal in the
dental gyrus

Autoradiography using 3H-florbetaben (2.5 nM)
showed increased signal in the grey matter in the
frontal cortex slices from AD compared to control
cases (p < 0.05) (Fig. 2a, d). To further analyze the
sub-regional distribution of 3H-L-deprenyl binding,
autoradiography using 3H-L-deprenyl (10 nM) was
performed in the frontal cortex and hippocampus
slices from three AD and three control cases (Fig. 2b,
c). 3H-L-deprenyl binding was higher in the dentate
gyrus of AD compared to control cases (p = 0.0306,
Fig. 2e). A laminar pattern of 3H-L-deprenyl binding
was observed in the frontal cortex (Fig. 2b) which
was not observed for 3H-florbetaben (Fig. 2a).

Correlation analysis

To investigate the relation between the levels of
different readouts in AD and control, Pearson’s r cor-
relation analysis was performed. The 3H-florbetaben
binding positively correlated with 3H-L-deprenyl
binding in the hippocampus, parietal and tempo-
ral cortex of AD and control cases (Fig. 3a-c).
No significant correlation was observed between
3H-florbetaben and 3H-PK1195 binding in the hip-
pocampus (data not shown). 3H-PIB (1 nM) binding
measured in the frontal cortex and parietal cor-
tex showed significant increases in AD (n = 12)
compared to control cases (n = 12, p < 0.001); and

correlating with 3H-florbetaben binding respectively
(Supplementary Figure 2a, b).

We analyzed the correlation between different
readouts across the whole brain. Correlations were
observed between 3H-PK11195 and 3H-L-deprenyl
binding (p = 0.042, r = 0.5934) in the six brain regions
(frontal, parietal, temporal cortex, hippocampus, cau-
date nucleus and cerebellum) as well as between
3H-PK11195 and 3H-florbetaben binding in AD and
control groups across five brain regions (frontal,
parietal, temporal cortex, hippocampus, and caudate
nucleus) (Fig. 4a, b).

DISCUSSION

Cellular events such as abnormal A� and tau ac-
cumulation, dystrophic neurites, reactive astrocytes,
and microglia contribute to the pathogenesis of AD.
Different pathological subtypes of AD, with/without
abnormal A� accumulation have been documented
[2, 47, 48]. Regional characterization of different
molecular pathology profiles in autopsy AD brain
thus provides insights into the disease mechanism
[49] as well as validation for imaging biomarkers
[19, 50]. Here we demonstrated distinct region-spe-
cific distributions of A� deposits (3H-florbetaben),
astrogliosis (3H-L-deprenyl, GFAP) and activated
microglia (3H-PK11195) in AD brain.

We showed that regional 3H-florbetaben bind-
ing corresponded to the known high cortical and
low hippocampal A� deposits pattern in AD brain.
Good in vivo 18F-florbetaben PET-A� histopathol-
ogy correspondence, specific detection of cerebral
A� deposits in AD [14, 51–53] has been reported
from recent phase III studies. Our results of strong
correlation of 3H-florbetaben and 3H-PIB binding
is in line with reported comparable binding prop-
erties of the tracers [54, 55], and in vivo 11C-PIB
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Fig. 2. Autoradiography using 3H-florbetaben and 3H-L-deprenyl in AD and control brain. Autoradiography and quantification in AD (n = 3)
and control cases (n = 3), using (a, d) 3H-florbetaben (5 nM) in the frontal cortex slices; (b-c, e) using 3H-L-deprenyl (10 nM) in the frontal
cortex and the hippocampus slices; Significant differences between AD and control groups are indicated by ∗p < 0.05.

and 18F-florbetaben PET head-to-head comparison
results [56, 57]. The low hippocampal 3H-florbetaben
binding in this study has been observed by in vivo
PET using 18F-florbetaben [14] and 11C-PIB [58].
The amyloid tracer binding might differ from the
pathological observations on the autopsy brain tis-
sues that A� deposits accumulate in hippocampus at
early phase II Thal stage [9]. One possible explana-
tion is that the hippocampal A� deposits consist of
more diffuse and oliogmeric A� with lower amount

of �-sheet structures. Thus the �-sheet binding amy-
loid PET tracers show mainly low-affinity binding
site as compared to the major high-affinity binding
sites in the cortical AD brain tissues [9, 54].

Astrocytes play an important role in the brain
physiology, as well as in learning and memory for-
mation [59]. Reactive astrogliosis are dynamic and
heterogeneous in their location, subtypes, hyper-
trophy/proliferation, and upregulation of different
markers such as GFAP, vimentin, nestin, MAO-B,
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Fig. 3. Correlation between regional 3H-florbetaben, 3H-L-deprenyl binding and level of GFAP expression in AD and control brain. a-c)
Correlation between 3H-L-deprenyl (6 nM) and 3H-florbetaben (5 nM) binding in the hippocampus, parietal and temporal cortex of AD and
control cases.

Fig. 4. Correlation between regional 3H-PK11195, 3H-florbetaben, and 3H-L-deprenyl binding in AD and control brain. a) Correlation
between 3H-PK11195 (2.5 nM) and 3H-L-deprenyl (6 nM) binding across the six brain regions: frontal cortex (FC), parietal cortex (PC),
temporal cortex (TC), hippocampus (HC), caudate Nucleus (CN), and cerebellum (CN). b) Correlation between 3H-PK11195 (2.5 nM) and
3H-florbetaben (5 nM) binding across the five brain regions: FC, PC, TC, HC, and CN.

and gamma-amino butyric acid [60, 61]. Reactive
astrocytes have been shown play an important role
early in the development of AD [62, 63]. Elevated
3H-L-deprenyl (MAO-B) measures of astrogliosis
was observed in the hippocampus especially in
the dentate gyrus, followed by the cortical regions
of AD, consistent with autopsy [50, 64, 65] and
in vivo 11C-DED PET evidence [3]. The similar
regional distribution pattern for amyloid plaques (3H-
florbetaben) and astrogliosis (3H-L-deprenyl) may
suggest a close relationship in AD pathology. How-
ever, a regional difference was observed with high
astrogliosis measured in the hippocampus (dentate
gyrus), a region with low amyloid plaque load. 3H-
L-deprenyl showed a laminar binding pattern in
the frontal cortex of AD which was absent for the
amyloid plaque tracer 3H-florbetaben binding. This
observation is consistent with earlier studies using

3H-L-deprenyl/3H-PIB [50] in the autopsy AD brain:
3H-L-deprenyl binding distributes in all layer in hip-
pocampus and superficial layer in frontal cortex of
AD brain, while 3H-PIB binding spreads in the all
layers in the frontal cortex.

Regional GFAP expression seems to differ from
3H-L-deprenyl binding in AD brains. In compari-
son to 3H-L-deprenyl binding, the GFAP expression
is most elevated in the frontal cortex of AD and
a positive correlation with 3H-L-deprenyl was only
observed in the hippocampus. Different distribu-
tion patterns of GFAP and 3H-L-deprenyl were also
observed in brain of Tg2576 mouse model of AD
[66]. These two methods might detect different sta-
tus/types of astrogliosis, as 1) GFAP is expressed
non-uniformly on subtypes of astrocytes [67]; 2)
change in glia phenotype profiles but not number of
GFAP + astrocytes in AD brain; 3) MAO-B expressed
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in astrocytes as well as in dopaminergic neurons
mainly in subcortical regions.

We found similar high affinities of 3H-PK11195
and 3H-FEMPA in the cortex of AD, in line with
reported high-affinity binding sites of 3H-PK11195
[43] and 18F-FEMPA [36]. The presence of subjects
with mixed binding sites of 3H-FEMPA may lead
to the observed larger variation in binding distribu-
tion compared to 3H-PK11195. 3H-PK11195 shows
highest binding in the temporal cortex and hippocam-
pus that is markedly affected by tau aggregates as
shown by histopathology [68] and in PET investiga-
tions [69, 70]. 11C-PK11195 is the first PET tracer
for TSPO imaging. Despite its limitations including
a short half-life, relatively low brain uptake, subop-
timal metabolic profile, high non-specific binding,
11C-PK11195 is still currently the most used TSPO
tracer in AD research. The level of 11C-PK11195 and
amyloid load measured by 11C-PIB in AD patients
were positively correlated within the frontal, parietal
and temporal cortices [71, 72]. Recent study using
autopsy brain tissues suggest an overlap in the lev-
els of TSPO protein and mRNA between AD and
healthy-control, and a limited influence by TSPO
rs6971 polymorphism [43]. Novel TSPO tracers with
improved binding specificity, SNR and higher brain
uptake was pursued, such as 18F-GE-180 [73], 11C-
PBR28 [74], 11C-DAA1106 [34], 11C-vinpocetine
[75], 18F-DPA-714 [76], 18F-FEPPA [77], and 11C-
AC5216 [78]. In addition, new tracers for imaging
neuroinflammation beyond TSPO are under devel-
opment for microgliosis [79, 80] and astrogliosis [4]
(including novel MAO-B tracer [81]). Elucidating
the cellular origin of the radiotracer binding such as
TSPO binding [82] and whether they are selective
for pro-inflammatory astrocytes and microglia will
be critical [83].

We observe a similar higher regional 3H-
florbetaben binding in EOAD and LOAD cases,
compared to control cases. This is in line with previ-
ous observation by in vivo 11C-PIB imaging in EOAD
and LOAD patients showing comparable amyloid
load [84]. Interestingly the 3H-L-deprenyl binding
was higher in the hippocampus of LOAD com-
pared to EOAD, and lower in the caudate nucleus
of LOAD compared to EOAD. For cerebral glu-
cose metabolism (18F-FDG PET), a more pronounced
hypometabolism has been reported in EOAD com-
pared to LOAD [84]. Similarly, a higher in vivo
binding of tau PET tracers as well as in vitro tau tracer
binding have been observed in EOAD compared
to LOAD patients [85]. Both FDG and tau tracer

binding could be explained by a more pronounced
AD pathology in EOAD compared to LOAD. It
can be speculated that the finding in this study of
higher astrogliosis (higher 3H-L-deprenyl binding)
in the hippocampus of LOAD compared to EOAD
might be due to more hippocampus sparing cases
[86] in the EOAD group which might explain the
lower astrogliosis in EOAD compared to LOAD. An
increased 11C-DED binding has also been demon-
strated in brain by PET in aging [87].

Positive correlations between 3H-florbetaben-
GFAP and 3H-florbetaben-3H-L-deprenyl were
observed in the hippocampus, parietal cortex, and
temporal cortex in the current study. This corre-
sponds to the reported 3H-PIB-GFAP correlation in
sporadic AD autopsy brain [19]. However, negative
A�40-GFAP correlation in both sporadic and famil-
ial AD have also been reported [49]. In addition,
3H-PK11195 binding positively correlates with 3H-
florbetaben in five brain regions and 3H-L-deprenyl
binding in all six brain regions. This corresponds to
the reported positive 11C-PIB-11C-PK11195 corre-
lation in AD cases [88]. The regional link between
3H-florbetaben-3H-L-deprenyl appears stronger than
3H-florbetaben-3H-PK1195 (Fig. 3). Reactive astro-
cytes and activated microglia were observed in the
vicinity of A� plaques in the AD frontal cortex [89].
Microglial innate immune responses are highly ver-
satile in AD, producing an array of proinflammatory
cytokines and mediators in response to A�. These
proinflammatory changes activates astrocytes, which
in turn secretes cytokines such as interleukin-1 and
TNF-alpha. Thus, a vicious neuroinflammatory cycle
occurs that initiates and propels disease forward to
widespread circuits that undergo dysfunction at a later
stage.

Regions within the default-mode network (DMN)
are highly overlapping with the spatial distribution
of both A� and tau pathologies detected by using
PET [90–94]. The degree of alterations to DMN
connectivity has also been found relating to disease
progression [92]. The spread of amyloid pathology
from the medial temporal lobe has been found associ-
ated with glucose metabolism measured by 18F-FDG
PET [95, 96].

This study presents the binding properties of
different PET tracers for detecting different AD
pathologies. We have to conclude that investigations
in autopsy AD brain tissues represent the status at
final stage of AD. This is in contrast to in vivo PET and
MRI studies [3, 4], where the regional rate of deposit
of different pathological markers including amyloid
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plaque load, tau, astrogliosis, and microglia activa-
tion, and neurodegeneration in form of hypoglucose
metabolism and structural changes (atrophy) can be
measured during the time course of the disease from
preclinical stages, defined also by the ATN criteria
[10]. In addition, there is a rapid development in
the field of imaging biomarkers in AD for amyloid-
beta, tauopathy [97, 98], neuroinflammation as well
as synaptic density measurement [99]. Magnetic res-
onance imaging diffusion basis spectrum imaging
has been used to detect indicators of neuroinflamma-
tion in AD, provide further insight into white matter
microstructural integrity [100, 101].

There are several limitations of the study. Firstly,
additional TSPO gene rs6971 polymorphism data
could be useful for categorizing 3H-FEMPA high/
mixed/low-affinity binders. Secondly, with regards
to astrocyte and microglia subtypes [82], immuno-
histochemical staining with multiple antibodies such
as glutamate synthases for astrocyte and MHC-II
for microglia, as well as morphology study for rest-
ing versus activating subtypes. Thirdly, difference
between the binding properties measured in autora-
diography and homogenate assays remains unclear.
One explanation is that TSPO and MAO-B, which
both locates in the mitochondria, exposes to trac-
ers at different degrees depending on the method
adopted [65]. Parallel regional characterization with
tau tracers and additional tracers for neuroinflamma-
tion will provide with a more comprehensive picture
of the pathology in AD brain [69, 70, 102]. Fourthly,
regional binding studies with tau PET tracers would
have most probably provided valuable data especially
regarding binding properties in AD hippocampus and
temporal cortices. Unfortunately, we did not have
access to any 3H-labelled tau tracer when the studies
were performed.

CONCLUSIONS

Our results showed a different regional profile of
A� plaque deposits versus astrogliosis and microglio-
sis; and supported the specific measurement by
3H-florbetaben, 3H-L-deprenyl, GFAP expression,
and 3H-PK11195 binding in AD and control brains. A
clear relationship was observed between A� plaque
deposition and astrogliosis in AD hippocampus
which was not observed for microgliosis. Developing
of more specific tracers for disease-relevant gliosis
will improve the development of new PET tracers
for studies of neuroglia in AD and thereby provide a

further understanding of early disease mechanisms
important early detection and diagnosis and new
treatment targets in AD.

ACKNOWLEDGMENTS

This work was financially supported by a research
agreement between Karolinska Institutet and Bayer
AG, Pharmaceuticals, Berlin, Germany, the Swedish
Foundation for Strategic Research (RB13-0192), the
Swedish Research Council (project 05817, 2017-
0295, 2017-06086), the Stockholm County Council-
Karolinska Institutet regional agreement on medical
training and clinical research (ALF grant), the
Swedish Brain Foundation, the Alzheimer Founda-
tion in Sweden, and Center for Innovative Medicine,
Karolinska Institutet (CIMED).

Authors’ disclosures available online (https://
www.j-alz.com/manuscript-disclosures/20-1344r2).

SUPPLEMENTARY MATERIAL

The supplementary material is available in the
electronic version of this article: https://dx.doi.org/
10.3233/JAD-201344.

REFERENCES

[1] Heneka MT, Carson MJ, El Khoury J, Landreth GE,
Brosseron F, Feinstein DL, Jacobs AH, Wyss-Coray T,
Vitorica J, Ransohoff RM, Herrup K, Frautschy SA, Finsen
B, Brown GC, Verkhratsky A, Yamanaka K, Koistinaho J,
Latz E, Halle A, Petzold GC, Town T, Morgan D, Shi-
nohara ML, Perry VH, Holmes C, Bazan NG, Brooks
DJ, Hunot S, Joseph B, Deigendesch N, Garaschuk O,
Boddeke E, Dinarello CA, Breitner JC, Cole GM, Golen-
bock DT, Kummer MP (2015) Neuroinflammation in
Alzheimer’s disease. Lancet Neurol 14, 388-405.

[2] Serrano-Pozo A, Betensky RA, Frosch MP, Hyman BT
(2016) Plaque-associated local toxicity increases over the
clinical course of Alzheimer disease. Am J Pathol 186,
375-384.

[3] Rodriguez-Vieitez E, Saint-Aubert L, Carter SF, Almkvist
O, Farid K, Scholl M, Chiotis K, Thordardottir S, Graff
C, Wall A, Langstrom B, Nordberg A (2016) Diverg-
ing longitudinal changes in astrocytosis and amyloid PET
in autosomal dominant Alzheimer’s disease. Brain 139,
922-936.

[4] Carter SF, Herholz K, Rosa-Neto P, Pellerin L, Nord-
berg A, Zimmer ER (2019) Astrocyte biomarkers in
Alzheimer’s disease. Trends Mol Med 25, 77-95.

[5] Arranz AM, De Strooper B (2019) The role of astroglia in
Alzheimer’s disease: Pathophysiology and clinical impli-
cations. Lancet Neurol 18, 406-414.

[6] Villemagne VL, Burnham S, Bourgeat P, Brown B, Ellis
KA, Salvado O, Szoeke C, Macaulay SL, Martins R,
Maruff P, Ames D, Rowe CC, Masters CL (2013) Amyloid
beta deposition, neurodegeneration, and cognitive decline

https://www.j-alz.com/manuscript-disclosures/20-1344r2
https://dx.doi.org/10.3233/JAD-201344


R. Ni et al. / Amyloid-β and Gliosis in AD Brain 1733

in sporadic Alzheimer’s disease: A prospective cohort
study. Lancet Neurol 12, 357-367.

[7] Thal DR, Rub U, Orantes M, Braak H (2002) Phases of A
beta-deposition in the human brain and its relevance for
the development of AD. Neurology 58, 1791-1800.

[8] Murray ME, Lowe VJ, Graff-Radford NR, Liesinger AM,
Cannon A, Przybelski SA, Rawal B, Parisi JE, Petersen
RC, Kantarci K, Ross OA, Duara R, Knopman DS, Jack
CR, Jr., Dickson DW (2015) Clinicopathologic and 11C-
Pittsburgh compound B implications of Thal amyloid
phase across the Alzheimer’s disease spectrum. Brain 138,
1370-1381.
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