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a b s t r a c t

Contradictory findings on the role of the type 1 cannabinoid receptor (CB1R) during the pathogenesis of
Alzheimer’s disease (AD) have been reported. Here, we evaluated the CB1R brain profile in an AD mouse
model using longitudinal positron emission tomography with an inverse agonist for CB1R, [18F]FMPEP-d2.
APP/PS1-21 and wild-type (n ¼ 8 in each group) mice were repeatedly imaged between 6 to 15 months
of age, accompanied by brain autoradiography, western blot, and CB1R immunohistochemistry with
additional mice. [18F]FMPEP-d2 positron emission tomography demonstrated lower (p < 0.05) binding
ratios in the parietotemporal cortex and hippocampus of APP/PS1-21 mice compared with age-matched
wild-type mice. Western blot demonstrated no differences between APP/PS1-21 and wild-type mice in
the CB1R abundance, whereas significantly lower (p < 0.05) receptor expression was observed in male
than female mice. The results provide the first demonstration that [18F]FMPEP-d2 is a promising imaging
tool for AD research in terms of CB1R availability, but not expression. This finding may further facilitate
the development of novel therapeutic approaches based on endocannabinoid regulation.
� 2018 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Alzheimer’s disease (AD) is an age-related neurodegenerative
disease characterized by progressive memory loss, cognitive decline,
and the accumulation of neuritic b-amyloid plaques and neurofibril-
lary tangles, associated with elevated neuroinflammation and oxida-
tive stress (Ball, 1976; Glenner et al., 1984). Strong evidence of
alterations in the endocannabinoid system (ECS) in the pathogenesis
of AD has raised questions about the development of novel thera-
peutic approaches for AD based on endocannabinoid regulation
ku PET Centre, Tykistökatu 6
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(Fagan and Campbell, 2015). The ECS is composed of a relatively broad
set of receptors, endogenous ligands, and enzymes, which are
involved in AD pathogenesis (Karl et al., 2012; Pazos et al., 2004). The
type 2 cannabinoid receptor is overexpressed in activated microglia
(Benito et al., 2003); however, the role of the type 1 cannabinoid re-
ceptor (CB1R) is unclear because contradictory results from post-
mortem human AD studies show bipolar changes in receptor
regulation or unchanged CB1R status (Ahmad et al., 2014; Lee et al.,
2010; Ramirez et al., 2005; Westlake et al., 1994). Preclinical studies
with AD animal models have also yielded contradictory results. Re-
ductions in amyloid plaque load accompaniedwith impaired learning
and memory deficits were demonstrated in CB1R-deficient APP23
mice (APP23/CB1-/-) when compared with APP23 mice, suggesting
that CB1R deficiency worsens learning and memory deficits in AD
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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(Stummetal., 2013). SignificantlydecreasedCB1Rexpressionhasbeen
observed inthehippocampus (HIPPO)of10- to12-month-oldAPPSWE/
PS1DE9 mice in association with astrogliosis (Kalifa et al., 2011),
whereas increased CB1R levels have been reported in the cortexof 14-
month-olddbut not in 7-month-olddAPPSWE/PS1DE9 mice (Mulder
et al., 2011). Moreover, a recent study demonstrated no differences
in CB1R activity in 13- to 14-month-old female APPSWE/PS1DE9 mice
compared with wild-type (WT) mice (Karkkainen et al., 2012),
whereas in3�Tg-ADmice, thalamicCB1R activitywasup-regulated at
4 months of age, but not in older animals (Manuel et al., 2016).

Consequently, novel CB1R positron emission tomography (PET)
radioligands have been developed to monitor this receptor in CB1R-
related neuronal diseases in vivo. The first CB1R-related radioligand,
(�)-50-[18F]fluoro-D8-THC, possessed high nonspecific binding,
poor blood-brain barrier permeability, and low affinity for the
target receptor (Charalambous et al., 1991). It was followed bymany
more “first-generation” radioligands, such as [18F]AM5144 and [11C]
SR149080 (Li et al., 2005; Mathews et al., 2000). The initial “second-
generation” radioligand, [11C]OMAR, a rimonabant-like CB1R
antagonist, was reported to have reduced lipophilicity and higher
affinity (Horti et al., 2006). Another second-generation radioligand,
[18F]MK-9470, is a potent CB1R inverse agonist with a high affinity,
60-fold selectivity for CB1R over type 2 cannabinoid receptor, and
high specific binding to mammalian brain (Burns et al., 2007).

The newest member of the second-generation CB1R-PET family
is a structural analog for [11C]MePPEP, [18F]FMPEP-d2, which is
extremely lipophilic (logD7.4 z 4.2), yet has >80% specific binding
in rhesus monkey brain and is less prone to in vivo defluorination
due to its dideuterofluoromethoxy group (Terry, 2009; Tsujikawa
et al., 2014). [18F]FMPEP-d2 has been used in a PET study for im-
aging brown adipose tissue (Eriksson et al., 2015) and detecting the
involvement of the CB1R system in alcohol dependence (Hirvonen
et al., 2013). In AD research, the applicability of this tracer has yet
to be examined.

Despite the difficulties of developing suitable PET radioligands
for imaging CB1Rs in vivo, the need is urgent for reliable research
tools for studying the role of the ECS in neurological diseases.
Therefore, the aim of this study was to evaluate the changes in
CB1Rs and the alterations in [18F]FMPEP-d2 binding in an aging
transgenic (TG) mouse model of AD, APP/PS1-21, using longitudinal
[18F]FMPEP-d2 PET/computed tomography (CT) imaging, ex vivo
digital autoradiography, and western blot. Thin-layer chromatog-
raphy and receptor blocking were used for investigating the
metabolism and specific binding of [18F]FMPEP-d2, respectively.
CB1R abundance in mouse brain was visualized using immunohis-
tochemistry. We hypothesize that [18F]FMPEP-d2 PET imaging can
be used to image the CB1R-associated pathogenesis in AD, thus
paving the way for expanding future drug development strategies.
Table 1
The total number of mice used in the study

Genotype Sex

APP/PS1-21

M F

Age (mo) 6 9 12 15 6 9
In vivo PET imaging 8a 8a 8a 7a

Ex vivo brain autoradiography 3 5 2 10 1 6
IHC c c c c c c

Western blot 3 4
Radiometabolite analysis
Pretreatment studies

Key: F, female; M, male; PET, positron emission tomography; WT, wild-type.
a The same APP/PS1-21 mice.
b The same WT mice.
c The number of animals in immunohistochemistry (IHC) corresponds to the number
2. Materials and methods

2.1. [18F]FMPEP-d2 synthesis

[18F]FMPEP-d2 ([3R,5R]-5-((3-([18F]fluoromethoxy-d2)phenyl)-
3-((R)-1-phenyl-ethylamino)-1-(4-trifluoromethyl-phenyl)-pyrroli-
din-2-one) was synthesized at the Radiopharmaceutical Chemistry
Laboratory at the Turku PET Centre. Precursor (3R,5R)-5-(3-
hydroxyphenyl)-3-((R)-1-phenyl-ethylamino)-1-(4-trifluoromethyl-
phenyl)-pyrrolidin-2-one was supplied by the commercial supplier
(PharmaSynth, Tartu, Estonia), and [18F]FMPEP-d2 syntheses were
conducted as described previously (Donohue et al., 2008). For radio-
nuclideproduction,fluorine-18wasproducedbyproton irradiation of
oxygen-18. [18F]FMPEP-d2 was formulated in up to 10% ethanol in
saline. The molar activity was >500 GBq/mmol at the end of each
synthesis, and the molar activity at the time of the injection was
calculated according to the limiting value (500 GBq/mmol) with an
averageof359GBq/mmol (standarddeviation [SD]¼71GBq/mmol) (34
batches). The radiochemical purity exceeded 95% in all syntheses.
2.2. Experimental animals

APP/PS1-21 TG mice (C57BL/6JeTgN(Thy1eAPPKM670/671NL;
Thy1ePS1L166P) were originally purchased from Koesler (Rotten-
burg, Germany) and further bred with C57BL/6Cnmice in the Central
Animal Laboratory of University of Turku. APP/PS1-21 contains hu-
man transgenes for both amyloid precursor protein bearing the
Swedish mutation and presenilin 1 containing L166P mutation, both
under the control of the Thy1 promoter (Radde et al., 2006). Toxic
Ab42 begins to develop in the brain of this mouse model at 6 weeks
of age, and peak number of the fibrillary deposits is reached at
9 months of age (Takkinen et al., 2017). WTmice from the same litter
were used as control animals. All animals were housed and fed as
described previously (Takkinen et al., 2017). All animal experiments
were approved by the Regional State Administrative Agency for
Southern Finland (ESAVI/3899/04.10.07/2013), and animal care
complied with the principles of the laboratory animal care and with
the guidelines of the International Council of Laboratory Animal
Science. The total number of animals used in this study was 103
(nTG ¼ 44; nWT ¼ 59). The separation of experimental animals into
specific study groups is illustrated in Table 1.
2.3. In vivo [18F]FMPEP-d2 PET imaging

Longitudinal data were obtained by in vivo PET imaging using
APP/PS1-21 mice (n ¼ 8, male) and WT control littermates (n ¼ 8,
male). The mice underwent PET scans at 6, 9, 12, and 15 months of
WT

M F

12 2e4 6 9 12 15 6 9 12
8b 8b 8b 6b

2 3 5 2 6 2 4 4
c c c c c c c c

3 3
15
4

in the ex vivo studies.
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age using a 1.4-mm spatial resolution Inveon Multimodality PET/CT
scanner (Siemens Medical Solutions, Knoxville, TN, USA).

The detailed in vivo studydesign is presented in Figure S1. Briefly,
an intravenous bolus injection of [18F]FMPEP-d2 (2.0 MBq, SD ¼ 0.8
MBq; injectedmass3.2ng, SD¼1.1ng)wasdeliveredvia a tail vein to
anesthetizedmice, and a 30-minute static PET listmode scanwith an
energy window of 350e650 keV was initiated 90 minutes after the
injection.

The PET imaging data were quantified using Inveon Research
Workplace Image Analysis software 4.1 (Siemens Medical Solu-
tions) and coregisteredwith a 3-dimensional mouse brainmagnetic
resonance imaging template (Mouse Brain Template, 2005;
Takkinen et al., 2017). The [18F]FMPEP-d2 binding was analyzed
over the specific brain regions: the whole brain (B), frontal cortex
(FC), parietotemporal cortex (PTC), HIPPO, thalamus (THALA),
striatum (STR), hypothalamus (HYPO), and cerebellum (CB). The
specific [18F]FMPEP-d2 binding was evaluated as ratios of regional
radioactivity concentrations relative to the THALA for
90e120 minutes, and are referenced as binding ratios. The THALA
was selected as a pseudo-reference region based on the low num-
ber of CB1Rs in mouse THALA (Allen Brain Atlas), the congruent
in vivo standard uptake values between TG and WT mice (Fig. 1D),
and the 40% faster clearance of [18F]FMPEP-d2 from this region
compared with other regions, such as PTC (Fig. 6).
2.4. Ex vivo brain autoradiography

Ex vivo [18F]FMPEP-d2 brain autoradiography studies were per-
formedwith separate 6-, 9-,12-, and 15-month-old TG (nTOTAL¼ 29;
20 males) and WT mice (nTOTAL ¼ 26; 16 males) (Table 1).

The detailed ex vivo study design is presented in Figure S1. Briefly,
[18F]FMPEP-d2 (3.2 MBq, SD ¼ 0.8 MBq; injected mass 3.1 ng, SD ¼
1.2 ng) was delivered intravenously via a tail vein to anesthetized
Fig. 1. Longitudinal [18F]FMPEP-d2 binding in aging APP/PS1-21 and wild-type control mice
HIPPO, and (C) CB of APP/PS1-21 (TG, n ¼ 7e8; filled circles) and WT mice (n ¼ 6e8; open cir
in the in vivo analysis. (Hierarchial mixed linear model with compound symmetry covariance
< 0.005, and ***p < 0.0005; time interval differences from 6 to 9 months, 6 to 12 months, a
within the same WT (and TG in CB) mice during aging #p < 0.05 and ##p < 0.005). (E) Repre
template and adjusted within the same color scale, of a TG mouse at 6 and 15 months of a
FMPEP-d2 binding distribution differences in FC, THALA, and CB. Abbreviations: CB, cereb
tomography; PTC, parietotemporal cortex; TG, transgenic mouse; THALA, thalamus; WT, w
mice, after which they were awakened. Mice were sacrificed via
cardiac puncture under deep isoflurane anesthesia after a 120-
minute uptake period. Transcardial perfusion was performed to
remove the blood from the brain, and the brains were dissected and
treated as described previously (Takkinen et al., 2017).

The digital autoradiographs were analyzed using Aida Image
Analysis software (Image Analyzer v.4.22; Raytest Iso-
topenmeßgeräte GmbH, Straubenhardt, Germany). The [18F]FMPEP-
d2 binding was analyzed over the following brain regions: FC, PTC,
THALA, STR, and HYPO. In addition, HIPPO and CB were analyzed as
the anterior HIPPO, posterior HIPPO (POSTH), CB gray matter, and CB
white matter. Each regional background-erased photostimulated
luminescence per area value was divided by the corresponding
THALA value within the same subject to gain radioactivity ratios for
each region of interest, which are referenced as binding ratios.

2.5. Radiometabolite analyses

The metabolite analyses were performed with 3- to 4-month-
old male C57BL/6Cn mice (nTOTAL ¼ 15) at 15, 30, 60, 120, 180, and
240 minutes after [18F]FMPEP-d2 injection. Plasma and cortex
samples were treated as described previously (Eriksson et al., 2015).
Fractions and [18F]FMPEP-d2 standards (20 mL) were applied to
Silica gel 60 HPTLC RP-18 plates (Merck 1.05914.0001), which were
developed with 1% trifluoroacetic acid/acetonitrile (40:60, v/v) as
the mobile phase. The proportions (%) of intact and metabolized
tracer in total 18F-radioactivity of the sample were calculated as
described elsewhere (Snellman et al., 2012).

2.6. Blocking studies with rimonabant

The specificity of the [18F]FMPEP-d2 binding in the mouse brain
was evaluated with a CB1R-selective inverse agonist, rimonabant
. In vivo [18F]FMPEP-d2 binding ratios relative to THALA are presented for (A) PTC, (B)
cles) at 6, 9, 12, and 15 months of age. (D) THALAwas used as a pseudoreference region
structure, intergroup differences between age-matched TG and WT mice *p < 0.05, **p

nd 6 to 15 months between TG and WT mice ¤p < 0.05; intragroup binding differences
sentative axial summed [18F]FMPEP-d2 PET/CT images, coregistered with a mouse MRI-
ge (below) and a WT mouse at 6 and 15 months of age (above) demonstrate the [18F]
ellum; FC, frontal cortex; HIPPO, hippocampus; mo, months; PET, positron emission
ild-type.



Fig. 2. Ex vivo brain [18F]FMPEP-d2 binding ratios for male and female APP/PS1-21 andWT control mice. Ex vivo [18F]FMPEP-d2 binding ratios relative to THALA are presented for (A)
PTC, (B) STR, (C) posterior HIPPO (POSTH), and cerebellar gray matter (CBG) of male (M) and female (F) APP/PS1-21 (TG, nTOTAL ¼ 29; dark gray symbols, solid average lines) and WT
mice (nTOTAL ¼ 26; white/light gray symbols, dashed average lines) at 6, 9, 12, and 15 months of age. (ManneWhitney U test, intergroup differences between age-matched TG and
WT mice *p < 0.05). Abbreviations: HIPPO, hippocampus; PTC, parietotemporal cortex; STR, striatum; TG, transgenic mouse; THALA, thalamus; WT, wild-type.
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Fig. 3. Amount of the unchanged [18F]FMPEP-d2 of the total 18F-radioactivity in wild-
type mouse plasma and cortex. The radiometabolites were analyzed at 15, 30, 60, 120,
180, and 240 minutes (n ¼ 1e5, mean with standard deviation) for plasma, and at 60,
180, and 240 minutes (n ¼ 1) for cortex.
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(SR141716; No. 9000484, Cayman Chemical, MI, USA) (Kenakin,
2001). Blocking studies were conducted with C57Bl/6Cn mice
(n ¼ 4; 2 months), 2 of which were pretreated with rimonabant
(2 mg/kg in 20% ethanol and Kleptose b-cyclodextrin, intravenously
10 minutes before the tracer injection) and 2 with saline. The mice
were anesthetized with a 2.5% isoflurane/oxygen mixture 20 mi-
nutes before pretreatment. Intravenous injection of [18F]FMPEP-d2
(3.4 MBq, SD ¼ 0.2 MBq) and 90-minute dynamic 3-dimensional
PET/CT list mode scans were started in tandem. After the scan,
the mice were sacrificed and the brains treated as described pre-
viously (Takkinen et al., 2017).
2.7. Western blot

The detailed western blot study protocol is presented in
Supplementary material S2. Briefly, the CB1R abundance in the FC,
PTC, HIPPO, and THALAwas quantified in 9-month-old TG (nTOTAL ¼
7; 3 males) and WT (nTOTAL ¼ 6; 3 males) mice. The brain regions
were dissected and snap-frozen with liquid nitrogen. The tissue
samples were homogenized on ice in a lysis buffer supplemented
with a Pierce protease inhibitor tablet (#88266 Thermo Scientific).
Protein concentrations were measured using a Pierce BCA protein
Fig. 4. Rimonabant displaced 67 % of the total [18F]FMPEP-d2 binding in the whole mouse bra
CT scan (average dose 3.4 MBq, SD 0.2 MBq) of 2 rimonabant-treated (2 mg/kg) WT mice (c
[18F]FMPEP-d2 PET/CT images, coregistered with a mouse MRI-template and adjusted within
month-old rimonabant-treated mouse (below) and saline-treated mouse (above), demonstr
Abbreviations: CB, cerebellum; FC, frontal cortex; PET, positron emission tomography; WT,
assay kit (Thermo Scientific), and equal amounts of samples were
pipetted per lane of a 10% sodium dodecyl sulfate-polyacrylamide
gel and separated by electrophoresis. After the transfer, the mem-
branes were probed with an anti-CB1R primary antibody (1:500,
Abcam Cat# ab23703, RRID:AB_447623) or a housekeeping primary
anti-b-actin antibody (1:1000. Abcam Cat# ab8227, RRI-
D:AB_2305186). A fluorescent secondary antibody (1:2000, IRDye
800CW Donkey anti-Rabbit IgG HþL, LI-COR Biosciences Cat#
925e32,211, RRID:AB_2651127) enabled the signal detection with
the LI-COR Odyssey CLx Imaging System (LI-COR, Inc). The fluores-
cent signals were analyzed by Image Studio Software Lite v. 5.2 (LI-
COR, Inc) and the signal intensities were normalized to the house-
keeping protein in each membrane.

2.8. CB1R immunohistochemistry

The localization of the CB1Rs was visualized by staining the brain
sections collected from ex vivo autoradiography. Fresh-frozen brain
sections of 6- to 15-month-oldmicewere air-dried, postfixedwith 4%
paraformaldehyde, and stained with anti-CB1R (1:500, Abcam Cat#
ab23703, RRID:AB_447623). The immunohistochemical staining
protocol was conducted as described previously (Takkinen et al.,
2017), andsectionswere imagedwitha3DHISTECHSlideScanner250.

2.9. Statistical analysis

For the in vivo and ex vivo studies, the results are expressed as the
mean group values with SD. The statistical analyses were performed
using SAS System for Windows (version 9.3, SAS Institute Inc, Cary,
NC, USA) and GraphPad Prism 6.0 software (GraphPad Software). For
in vivo data, statistical analyses were performed using a hierarchical
mixed linear model with compound symmetry covariance structure,
including one within-factor (time; indicating overall mean change
between baseline and other measurement), one between-factor
(genotype; WT and TG), and the interaction term (genotype*time).
Interaction was examined when the mean change during the study
was different between the genotypes. The assumption of normal
distribution was checked based on the studentized residuals. For
ex vivo autoradiography, statistical analyses were performed with
Mann�Whitney U test (GraphPad Prism 6.0), and for western blot
with 2-way ANOVA where gender and genotype were handled as
explanatory variables (SAS System). All statistical tests were per-
formed as 2-sided with the significance level set at 0.05.
in. (A) The whole brain time-activity curves for dynamic 90-minute [18F]FMPEP-d2 PET/
ongruent line) and 2 saline-treated WT mice (dashed line). (B) Representative sagittal
the same color scale according to [18F]FMPEP-d2 standard uptake values (SUVs), of a 4-
ating the [18F]FMPEP-d2 binding difference after displacement and non-displacement.
wild-type.



Fig. 5. The regional CB1R expression in APP/PS1-21 and wild-type mice. The levels of CB1R in 9-month-old male APP/PS1-21 (n ¼ 3; filled symbols) and WT (n ¼ 3; open symbols)
mice were 3- to 4-fold lower than in age-matched female APP/PS1-21 (n ¼ 4) andWT mice (n ¼ 3) in (A) FC; (B) PTC, and (D) THALA. In (C) HIPPO, there was no differences between
the male and female mice, or TG andWTmice. The results are displayed in normalized CB1R/b-actin ratios, expressed as arbitrary units (2-way ANOVA, intergroup differences ***p <

0.0001). Abbreviations: CB1R, type 1 cannabinoid receptor; FC, frontal cortex; F, female; HIPPO, hippocampus; M, male; PTC, parietotemporal cortex; TG, transgenic mouse; THALA,
thalamus; WT, wild-type.

J.S. Takkinen et al. / Neurobiology of Aging 69 (2018) 199e208204
3. Results

3.1. Longitudinal PET data demonstrates lower [18F]FMPEP-d2
binding ratios for APP/PS1-21 mice compared with age-matched WT
mice

During the longitudinal study, 1 TG mouse and 2 WT mice died;
therefore, the number of animals was diminished at 15-month
imaging age. All in vivo [18F]FMPEP-d2 binding ratios in TG and
WT mice are presented in Table 2.

[18F]FMPEP-d2 THALA mean standard uptake value was 0.692
(SD ¼ 0.154) in TG mice and 0.681 (SD ¼ 0.103) in WT mice during
thewhole follow-up study (Fig.1D). Significantly lower [18F]FMPEP-
d2 HYPO/THALA ratios were measured in 6-month-old TG mice
compared with age-matched WT mice. Significantly lower binding
ratios were observed in the B, FC, PTC, CB, and HIPPO of 9-month-
old TGmice; in the B, PTC, and HIPPO of 12-month-old TGmice; and
Fig. 6. CB1R staining in APP/PS1-21 and WT mouse brain. (A) Representative ex vivo brain [
fold magnification of CB1R immunohistochemical staining (right column) of 6-, 9-, 12-, and 1
(B): 1000 mm for CB1R brain sections; 200 mm for CB1R IHC 5-fold magnification. Abbrevi
hippocampus; IHC, immunohistochemistry; mo, months; WT, wild-type.
in the FC and PTC of 15-month-old TG mice (n ¼ 7) compared with
age-matched WT mice (n ¼ 6) in the intergroup analysis (Fig. 1).

The mean [18F]FMPEP-d2 binding ratio changes in the PTC
differed significantly between TG and WT mice from 6 to 9 months
of age, 6 to 12 months of age, and 6 to 15 months of age (Fig. 1A).
The mean binding ratio changes in the HIPPO differed, although not
significantly (p ¼ 0.0669), between TG and WT mice from 6 to
9 months of age. In the other brain regions, the differences in mean
binding changes did not vary throughout the longitudinal study
because significant intergroup differences in binding between the
TG and WT mice were already present at 6 months of age.

[18F]FMPEP-d2 binding ratios between the same aging TG mice
during the longitudinal study increased significantly in CB between 6
and 12 months of age. In WT mice, significantly increased binding
ratioswereobservedat9monthsofage in thePTC;at12monthsofage
in the PTC, HIPPO, and CB; and at 15 months of age in the PTC and
HIPPO, when compared with the same mice at 6 months (Fig. 1).
18F]FMPEP-d2 autoradiographs (left column), correlative CB1R (middle column), and 5-
5-month-old male APP/PS1-21 and (B) WT mouse brain sections. Scale bars in (A) and
ations: ARG, autoradiograph; CB1R, type 1 cannabinoid receptor; CTX, cortex; HIPPO,



Table 2
In vivo [18F]FMPEP-d2 binding ratios relative to the thalamus in male APP/PS1-21 (n ¼ 7e8) and wild-type (WT, n ¼ 6e8) mice according to age and brain region

Brain region 6 mo 9 mo 12 mo 15 mo

TG WT p TG WT p TG WT p TG WT p

Brain 1.05 � 0.05 1.08 � 0.05 ns 1.04 � 0.04 1.09 � 0.04 a 1.04 � 0.02 1.10 � 0.06 a 1.05 � 0.04 1.12 � 0.05 ns
FC 1.20 � 0.07 1.27 � 0.09 ns 1.16 � 0.06 1.26 � 0.10 b 1.20 � 0.04 1.24 � 0.08 ns 1.14 � 0.07 1.29 � 0.05 b

PTC 1.07 � 0.08 1.05 � 0.07 ns 1.01 � 0.05 1.13 � 0.06e c,d 1.06 � 0.05 1.15 � 0.09f b,d 1.03 � 0.07 1.13 � 0.08e a,d

CB 0.99 � 0.10 1.07 � 0.09 ns 1.00 � 0.07 1.10 � 0.08 a 1.09 � 0.06e 1.15 � 0.14e ns 1.06 � 0.07 1.11 � 0.11 ns
HIPPO 1.16 � 0.06 1.18 � 0.03 ns 1.14 � 0.05 1.18 � 0.06 a 1.14 � 0.04 1.22 � 0.08e b 1.19 � 0.06 1.24 � 0.07e ns
STR 1.24 � 0.03 1.28 � 0.09 ns 1.20 � 0.05 1.22 � 0.09 ns 1.20 � 0.05 1.24 � 0.06 ns 1.21 � 0.08 1.28 � 0.07 ns
HYPO 1.00 � 0.10 1.09 � 0.05 a 1.04 � 0.06 1.01 � 0.05 ns 1.01 � 0.06 1.07 � 0.11 ns 1.04 � 0.07 1.11 � 0.06 ns

Data are presented as the mean � standard deviation.
Key: CB, cerebellum; FC, frontal cortex; HIPPO, hippocampus; HYPO, hypothalamus; mo, months; ns, not significant; PTC, parietotemporal cortex; STR, striatum; TG, transgenic
mouse; WT, wild-type.

a p < 0.05 for intergroup differences between age-matched APP/PS1-21 and WT mice.
b p < 0.005 for intergroup differences between age-matched APP/PS1-21 and WT mice.
c p < 0.0005 for intergroup differences between age-matched APP/PS1-21 and WT mice.
d p < 0.05 for time interval differences from 6 to 9 mo, 6 to 12 mo, and 6 to 15 mo between APP/PS1-21 and WT mice.
e p < 0.05 for binding differences within the same animals during aging.
f p < 0.005 for binding differences within the same animals during aging.
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3.2. Brain [18F]FMPEP-d2 autoradiography shows lower binding
ratios in APP/PS1-21 mice compared with age-matched WT mice

All ex vivo [18F]FMPEP-d2 mean binding ratios in TG and WT
mice are presented in Table S3.

Inmales, significantly lower binding ratioswere observed in STRof
15-month-old TG mice (n ¼ 10) compared with age-matched male
WT mice (n ¼ 6) (Fig. 2). No significant differences were observed in
other brain regions, although similar trendwas seen in9-,12-, and 15-
month-old male TG mice. In 9-month-old female TG mice (n ¼ 6),
significantly decreased binding ratios weremeasured in the PTC, STR,
and POSTH compared with age-matched female WT mice (n ¼ 4). A
similar decreasing trend was also observed in other brain regions,
such as CB gray matter (p ¼ 0.0543) at 9-, 12-, and 15-month-old
female TGmice (Fig. 2).

3.3. Radioactive metabolites are found in plasma and brain

[18F]FMPEP-d2 metabolized slowly, producing 2 radio-
metabolites in plasma and 1 in the cortex. In plasma, the amount of
[18F]FMPEP-d2 was approximately 56% at 15 minutes with a
retention factor (Rf) of 0.3 (Fig. 3). Two polar radiometabolites in
plasma had Rf values of 0.56 and 0.62. At 240 minutes, the peak
proportion of unchanged tracer was approximately 19%. In the
cortex, 1 polar radiometabolite was observed with an Rf value of
0.58. The 18F-radioactivity in mouse cortex originated 86% from the
unchanged [18F]FMPEP-d2 (Rf value 0.3) at 60 and 180 minutes, and
84% at 240 minutes after the tracer injection (Fig. 3).

3.4. Rimonabant inhibits [18F]FMPEP-d2 binding in mouse brain

A 2 mg/kg dose of the inverse agonist rimonabant decreased the
[18F]FMPEP-d2 binding to CB1Rs. The decay-corrected measure-
ments using a g-counter (Wizard2, PerkinElmer, Finland) showed
that the amounts of 18F-radioactivity in the brain were 2.46 and
2.55 %ID/g in rimonabant-treated mice (n ¼ 2), whereas in saline-
treated mice, the amounts of 18F-radioactivity were 7.57 and 7.44
%ID/g (n ¼ 2). Therefore, the displacement with rimonabant was
67% in mouse brain, which was also demonstrated in in vivo con-
centration analyses of 18F-radioactivity as a function of time (Fig. 4).

3.5. Regional CB1R expression is unchanged between APP/PS1-21
and WT mice

Female (n ¼ 7, 4 TG) and male (n ¼ 6, 3 TG) mice were signifi-
cantly differentiated (p< 0.0001) in terms of CB1R expression in FC,
PTC, and THALA at 9months of age (Fig. 5, S4). In detail, femalemice
exhibited 2.7-fold (FC), 4.0-fold (PTC), and 2.2-fold (THALA) higher
receptor expression compared with male mice. By contrast, no
differences were seen between TG andWTmice, neither in females
nor males. In HIPPO, no significant differences were seen between
the genders or genotypes.
3.6. CB1R visualization in the mouse brain

Immunohistochemical staining showed visible anti-CB1R-
immunoreactive staining loss in the CA1 pyramidal cell layer in
APP/PS1-21 mice at 15 months of age, whereas the CA1 in WT mice
remained intact. In the other brain regions, APP/PS1-21 mice did
not demonstrate visible age-related changes in antieCB1R-immu-
noreactive CB1Rs in the brain compared with age-matched WT
mice. Representative images from the brain sections of the 6-, 9-,
12-, and 15-month-old APP/PS1-21 and WT mice are shown in
Fig. 6.
4. Discussion

The comprehensive aim of this study was to investigate the role
of CB1Rs in aging APP/PS1-21 mice using longitudinal [18F]FMPEP-
d2 PET imaging. Blocking studies with rimonabant were included to
investigate the specificity of [18F]FMPEP-d2 binding, and PET im-
aging data were validated by ex vivo brain autoradiography and
western blot to further analyze the characteristics of [18F]FMPEP-d2
binding in mouse brain.

Our in vivo results demonstrated that male APP/PS1-21 mice
exhibited significantly lower [18F]FMPEP-d2 binding ratios in spe-
cific brain regions compared with age-matched WT mice. Further-
more, the significant mean changes in [18F]FMPEP-d2 binding from
6 months to 9, 12, and 15 months demonstrate that the CB1R-
related pathology in the PTC, and presumably the HIPPO, of male TG
mice starts after 6 months, but then plateaus after 9 months.
Whether the PET results originate from changes in the receptor
abundance or receptor availability is unclear, however, the data
collected from our western blot showed no differences between TG
and WT mice in terms of CB1R level, but the difference was sig-
nificant between the sexes. Our ex vivo results are in line with the
in vivo results, showing decreased [18F]FMPEP-d2 binding ratios
both inmale and female TGmice comparedwith correspondingWT
mice, which is not visually detectable in the CB1R immunohisto-
chemical stainings (Fig. 6). Consequently, our results suggest the
need to monitor CB1R-associated pathology also in younger AD
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animals in future PET studies while considering the gender
differences.

Our PET imaging data might be affected by binding properties of
[18F]FMPEP-d2. As an inverse agonist, the tracer favors binding to the
receptors at the low-affinity conformation. Currently, there are no
data available on whether [18F]FMPEP-d2 is able to cross the cell
membrane and bind to intracellular CB1Rs. Therefore, assuming that
this radiotracer does not penetrate the cell, the observed changes
could be attributed to the changes in the CB1R availability in the cell
membrane or changes in the receptor conformation. The amount of
endogenous CB1R ligands among TG and WT mice might also vary,
which could lead to an altered number of binding sites available for
[18F]FMPEP-d2. Taken together, this study demonstrates that male
APP/PS1-21 mice have age- and genotype-dependent impairments
in [18F]FMPEP-d2 binding to CB1Rs, but no reductions in total re-
ceptor expression compared with age-matched WT mice.

Our results are in line with a previous study in which post-
mortem brain samples from AD patients exhibited impaired CB1R
function in the HIPPO and FC, followed by decreased CB1R density at
advanced stages of AD (Manuel et al., 2014). Altered CB1R activity
was not a consequence of reductions in receptor density, as seen in
another report (Oddi et al., 2011) and in the present study. Pre-
served expression of CB1R (Lee et al., 2010; Mulder et al., 2011),
reduced CB1R density in the HIPPO and caudate putamen (Westlake
et al., 1994), or a decreased number of CB1R-positive neurons in the
FC of AD patients (Ramirez et al., 2005) has also been observed.
Ramirez et al. also reported decreased CB1R protein expression and
G-protein decoupling despite preserved density (Ramirez et al.,
2005). In the first CB1R PET imaging study of AD, Ahmad et al.
found no differences in CB1R availability between AD patients and
healthy subjects when using [18F]MK-9470 (Ahmad et al., 2014).

In investigations with ADmouse models, the results have been as
conflicting as in human studies. APPSWE/PS1DE9 mice have decreased,
increased or unchanged CB1R availability depending on the age and
sex of the animals, as well as the used methods (Kalifa et al., 2011;
Karkkainen et al., 2012; Mulder et al., 2011). A more recent study in
the same animal model reported increased cannabinoid receptor
coupling in the FC and STR, but not in the HIPPO, when TGmice were
compared with WT mice (Maroof et al., 2014), whereas an age-
dependent reduction in CB1R levels were reported in the neocortex
of APPSWE/PS1DE9mice from6months of age (Aso et al., 2012). In a 3�
Tg-ADmouse model, significantly higher CB1RmRNA expressionwas
observed in the prefrontal cortex and dorsal HIPPO of 6- and 12-
month-old male TG mice and decreased CB1R levels in the dorsal
HIPPO of 12-month-old TGmice (Bedse et al., 2014).

In our longitudinal study, the significant increase in [18F]FMPEP-
d2 binding in the WT mice during aging, but not in the APP/PS1-21
mice, is in line with a previous [18F]MK-9470 PET study in healthy
women (Van Laere et al., 2008), inwhich the increasewas detectable
in basal ganglia, lateral temporal cortex, and limbic system. In rats,
increases in the total CB1R levels have been observedduring aging in
entorhinal and temporal cortex (Liu et al., 2003). By contrast, some
findings do not support the present data suggesting instead that
CB1R gene expression declines in the specific brain structures during
aging in both rodents andhumans (Berrendero et al.,1998;Westlake
et al., 1994) or remains unchanged (Belue et al., 1995; Wang et al.,
2003). Region-dependent upregulation of [18F]FMPEP-d2 binding
in WT mice may be related to the compensatory reaction against
age-related endocannabinoid dysfunction, which has been reported
in rodents (Maccarrone et al., 2001).

To date, only 1 PET study with healthy volunteers has assessed
the cerebral CB1R distribution in vivo in healthy aging in both sexes.
Region-dependent and gender-related upregulation of [18F]MK-
9470 binding was observed with aging, and only women showed
increased tracer binding during aging, whereas men showed higher
tracer binding levels in early adulthood (Van Laere et al., 2008).
Furthermore, several other studies have reported differences in the
CB1R brain availability between female and male rodents, sug-
gesting either higher (Burston et al., 2010; Mateos et al., 2011) or
lower (Gonzalez et al., 2005) CB1R densities, accompanied by more
efficient receptor function for female mice (Rubino and Parolaro,
2011). The divergence of findings has been explained by the pres-
ence of natural estrogens in females, which has been shown to
regulate CB1R expression in the brain (Riebe et al., 2010).

One limitation of our study was the small sample size in the
ex vivo and western blot experiments. Also the primary pathology
of APP/PS1-21mousemodel, b-amyloidosis, was not examined. This
could have improved the conclusions of the [18F]FMPEP-d2 binding
in relation to the b-amyloid pathology, although the temporal
course of amyloid deposition of this model has been reported
previously with 6-, 9-, 12-, and 15-month-old animals (Takkinen
et al., 2017). In the western blot, the CB1R expression difference
between female andmale mice was congruent between groups and
as great as 3- to 4-fold in the FC, PTC, and THALA (Fig. 5); therefore,
we do not believe that a larger group size would have affected the
western blot results. However, additional age groups would have
provided specific information about the etiology behind the dif-
ferences between the sexes and genotypes. The ex vivo results
supported the longitudinal imaging data only for STR, presumably
due to the small sample size of the groups. The statistical power of
the longitudinal imaging examination, thus, is strong, especially
when monitoring repeatedly the same animals per research group.
Therefore, we believe that no underachievement was present in
this study because of the longitudinal study protocol for [18F]
FMPEP-d2.

Furthermore, 1 radioactive metabolite of [18F]FMPEP-d2 was
found in the brain; however, the brainmetabolitewas not identified
or characterized so it may have binding selectivity for CB1Rs or
distribute nonspecifically across all brain regions. This metabolite
probably has peripheral origin because the same metabolite was
found in plasma.

5. Conclusions

This study is the first longitudinal imaging study in which [18F]
FMPEP-d2 was used to monitor CB1R changes in the AD mice. Our
study demonstrated age- and genotype-dependent alterations in
[18F]FMPEP-d2 binding to CB1Rs in male TG mice and unchanged
CB1R total expression at the same age. This study presents
encouraging evidence of the applicability of this tracer, especially
for monitoring availability of CB1Rs in neurodegenerative diseases.
However, additional PET studies are needed to evaluate the binding
differences between sexes and to confirm the proposed potential of
[18F]FMPEP-d2 as a PET tracer for imaging CB1Rs in AD. Enhancing
knowledge about pharmacological approaches for targeting
cannabinoid receptors with suitable imaging methods is a prom-
ising strategy to prevent or delay AD.
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