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A B S T R A C T

The involvement of the 18kDa translocator protein (TSPO), a marker of neuroinflammation, in Alzheimer's
disease (AD) remains controversial. In the present report, we used [125I]-CLINDE, a SPECT TSPO radiotracer
never before used in AD, and we investigated the relationship between TSPO and amyloid plaque density (using
[125I]-DRM106) in a triple transgenic mouse model of AD (3xTgAD, APPSWE, PS1M146V and TauP301L). Our results
show that TSPO increases appear before those of amyloid deposits. Moreover, the different parts of the hippo-
campus are differentially affected. Indeed, for both TSPO and amyloid, the subiculum is affected earlier and the
ventral hippocampus later than the dorsal hippocampus. In the subiculum and the dorsal hippocampus of
3xTgAD mice, a positive correlation between TSPO and of amyloid deposit levels is observed. This data supports
the hypothesis that TSPO could be used as a predictive marker of amyloid pathology. In addition, our im-
munohistochemical data shows a segregation of TSPO in the hippocampus and immunofluorescence imaging
revealed a mainly microglial origin of the TSPO expression. Thus, imaging TSPO with CLINDE may be a good
alternative to PET radiotracers.

1. Introduction

Alzheimer's disease (AD), the most common neurodegenerative
disorder, is characterized by two neuropathological hallmark-lesions,
the extracellular deposits of amyloid β (Aβ) and intracellular neurofi-
brillary tangles (NFT), formed by hyperphosphorylated tau proteins (P-
Tau). Neuroinflammatory processes are also involved in the patho-
physiology of AD even if their precise role with respect to the evolution
of the pathology is debated (Calsolaro and Edison, 2016). Brain glial
activation induces the overexpression of the 18kDa translocator protein
(TSPO), which is therefore used as a neuroinflammatory marker. Sev-
eral radiotracers were developed for in vivo imaging of TSPO by posi-
tron emission tomography (PET) or single-photon emission computed
tomography (SPECT). In the field of AD research, some studies reported

an increase in TSPO densities (Cagnin et al., 2001; Edison et al., 2008;
Fan et al., 2015; Hamelin et al., 2016; Kreisl et al., 2013; Lyoo et al.,
2015; Schuitemaker et al., 2013; Varrone et al., 2015; Versijpt et al.,
2003) while others showed no effects (Golla et al., 2015; Gulyas et al.,
2011; Schuitemaker et al., 2013; Varrone et al., 2013; Wiley et al.,
2009). For a proper comparison of these clinical studies, it is important
to highlight several methodological concerns. Some of these researches
included participants with probable AD but medication, notably acet-
ylcholinesterase inhibitors, which interfere with inflammatory path-
ways (Pohanka, 2014), was not always taken into account; measure-
ment of the rs6971 TSPO polymorphism, which affects binding of high-
affinity radiotracers (Owen et al., 2011) was not systematic, and, con-
siderable age variability was observed between studies or in some cases
between control and AD groups, which may be a confounding factor,
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given the assumed effect of age on TSPO density (Cagnin et al., 2001;
Gulyas et al., 2011) even if the latter is not always reported (Hamelin
et al., 2016; Versijpt et al., 2003). In addition, depending on what
quantification method is employed, the quantification of TSPO may be
biased (Edison et al., 2008; Fan et al., 2015; Gulyas et al., 2011; Lyoo
et al., 2015; Schuitemaker et al., 2013; Varrone et al., 2015). Indeed,
some studies used the cerebellum as a reference (i.e. devoid of specific
binding) or as a pseudo-reference region (i.e. assuming homogeneous
amounts of TSPO between groups) (Golla et al., 2015; Gulyas et al.,
2011; Hamelin et al., 2016; Kreisl et al., 2016; Lyoo et al., 2015;
Versijpt et al., 2003; Wiley et al., 2009), which could possibly induce
considerable bias given that other studies showed a trend (Cagnin et al.,
2001) or a significant increase (Edison et al., 2008; Varrone et al.,
2015) in TSPO in this brain region in AD patients. There were also
intrinsic problems related to radiotracers, with more or less non-specific
binding and sensitivity to the TSPO polymorphism (Owen et al., 2011).
Unfortunately, all these constraints make it impossible to draw defini-
tive conclusions on the involvement of the TSPO in AD. For example, it
is still a matter of debate whether increases in TSPO are primary or
secondary to AD-related neuropathology (Hamelin et al., 2016; Kreisl
et al., 2013). However, knowing the timing of TSPO onset is important
not only to the early detection of the disease but also to elucidate the
presumed roles of TPSO. Indeed, TSPO could play a role in the patho-
physiology of the disease and thus serve as a therapeutic target, as
suggested by some studies (Barron et al., 2013; Szekely et al., 2004).
The effects of TSPO may be neuroprotective or deleterious, as a func-
tion of the stage of neuropathology but also of the CNS cell type
(Calsolaro and Edison, 2016; Ji et al., 2008). Given the complexity of
the subject, efforts are still needed to identify other TSPO radiotracers
with a more favorable quantification profile.

In parallel with clinical studies, TSPO density has been evaluated in
simplified murine models carrying transgenes coding for mutated forms
of human Tau, human APP alone or human APP in combination with
human PS1. In the cerebellum, high specific binding of TSPO was re-
ported in wild-type (WT) animals (Maeda et al., 2011). In addition,
(APP/PS1) transgenic (Tg) animals showed an upward trend (Serriere
et al., 2015), a significant increase (Rapic et al., 2013) or no changes
(Mirzaei et al., 2016; Venneti et al., 2009) in TSPO binding in the
cerebellum. However, the results of these studies converge on an in-
crease in binding of TSPO radiotracers in the whole hippocampus of
Tau Tg, APP Tg and (APP/PS1) Tg mice (James et al., 2015; Liu et al.,
2015; Maeda et al., 2011; Mirzaei et al., 2016; Rapic et al., 2013;
Serriere et al., 2015), which would occur before or after the occurrence
of neuronal loss, in Tau and APP transgenic models, respectively
(Maeda et al., 2011). Such a difference in the time of appearance of
TSPO could be due to the fact that APP-only or Tau-only animal models
are too simple and do not take into account the Tau-APP interactions
occurring in human AD (Jagust, 2016; Wang et al., 2016). Indeed,
several studies show that Aβ or Tau alone do not produce all AD pa-
thological hallmarks, thus suggesting functional Tau-Aβ interactions
(Delacourte et al., 2002; Musiek and Holtzman, 2015; Villemagne et al.,
2015). In favor of this hypothesis, recent studies tend to show that,
depending on the cerebral regions analyzed, Aβmay amplify Tau levels,
Tau-induced neurodegeneration and the spreading of tauopathy
(Johnson et al., 2016; Scholl et al., 2016; Wang et al., 2016). Even if
Tau and Aβ play distinct roles in the disease, they could have ag-
gravating effects on each other. Overall, using a rodent model com-
bining APP and Tau should be more representative and informative of
the links between inflammation, Tau- and Aβ-pathologies.

The aim of the present study was to investigate the efficacy of a
TSPO radiotracer and to determine the time-course of the appearance of
TSPO and amyloid deposits in a mouse model of AD combining amy-
loidosis and tauopathy. We used CLINDE, as this radiotracer has re-
cently been shown to be effective in detecting the presence of TSPO-
positive glioma cells in mice brain (Tsartsalis et al., 2015). The present
experiments were conducted in the triple transgenic 3xTgAD mouse

model (APPSWE, PS1M146V and TauP301L) as it shows progressive Aβ- and
tau-associated pathologies that resemble the temporal and regional
development of AD in humans (Oddo et al., 2003a). First, we performed
in vitro autoradiography experiments for TSPO (CLINDE) and amyloid
deposits (DRM106) on serial sections of the hippocampus, one the
“key” brain regions involved in AD. Then, we studied the localization of
the TSPO signal in the hippocampus and its cellular origin using im-
munochemistry and double immunostaining, respectively. We also
evaluated the use of CLINDE in in vivo and ex vivo experiments. Finally,
as choroid plexus of mice showed elevated CLINDE binding, we ex-
plored if TSPO is expressed in human choroid plexus.

2. Materials and methods

2.1. Animals and human samples

Female triple transgenic (3xTgAD) heterozygote mice harboring the
APPSWE, PS1M146V and TauP301L transgenes and associated controls
(C57B1/6J-Sv129) were housed in light-dark cycle LD12:12 with food
and water provided ad libitum. Only females are used because of con-
siderable sex differences in the progress of the pathology (Carroll et al.,
2010; Hirata-Fukae et al., 2008) to augment homogeneity. All experi-
mental procedures were approved by the Ethics Committee for Animal
Experimentation of the Canton of Geneva, Switzerland. Human choroid
plexus specimens come from authorized autopsies.

2.2. Immunochemistry

Four 21-months old 3xTgAD mice were transcardially perfused with
0.9% saline under 3% isoflurane anesthesia. Brains were removed, post-
fixed (4% paraformaldehyde, 4°C, overnight) and cryoprotected (su-
crose gradient, 5-20%, 48h). Brains were frozen in pre-cooled iso-
pentane and transverse sections covering the rostro-caudal extent of the
hippocampus, were cut on a cryostat and stored as free-floating slices
(30 μm) in 1x PBS 0.05% azide.

Human choroid plexus (n=8) were fixed in 15% formaldehyde so-
lution for 3-4 weeks and then stored in 5% formaldehyde solution be-
fore embedding in paraffin. Sections (20 μm) were cut on a microtome
in two series following by dewaxing and rehydrating.

Mice and human sections were washed twice 5 min with 1x PBS-
0.2% Triton X-100 before overnight incubation with the primary anti-
body in 1x PBS-0.2% Triton X-100. After washing in PBS, the secondary
antibody was added during 90 min followed by a revelation with 0.2
mg/ml DAB (Sigma-Aldrich) in 1x PBS, containing 100 μl/l H2O2. Free-
floating slices were mounted onto gelatin-coated slides and stained in a
cresyl violet solution. Choroid plexus treated with CD31 were also
stained in a cresyl violet solution.

The following primary antibodies were used: mouse anti-β amyloid
4G8 (1/500, Biolegend, San Diego), mouse anti-phospho Tau (Ser202,
Thr205) (AT8, 1/1000, ThermoFisher), goat anti-PBR (sc-23418, 1/
200, Santa Cruz Biotechnology), mouse anti endothelial cell CD31
(M0823, 1/50, Dako) and rabbit anti-PBR (ab109497, 1/300, Abcam).
Secondary antibodies used were rabbit anti-mouse HRP, anti-goat HRP
or mice anti-rabbit HRP (1/200, Dako).

2.3. Double-immunofluorescence

Brain samples from 4 additional 3xTgAD mice (21 months) were
treated for immunochemistry as described below. Slices (12 μm) were
mounted onto gelatin-coated slides, washed twice 5 min with 1x PBS-
0.2% Triton X-100 before 48 hours incubation with the anti-PBR anti-
body in 1x PBS-0.2% Triton X-100. After washing in PBS, the secondary
antibody was added during 60 min. Then, after twice washing in PBS,
the slices were incubated overnight with the anti-IBA1 or the anti-GFAP
antibody in 1x PBS-0.2% Triton X-100. After washing in PBS, the sec-
ondary antibody was added during 60 min, slices were exposed to
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Soudan black (0.3% in 70% ethanol) and then stained with DAPI (30
nM). The primary antibodies used were goat anti-PBR (sc-23418, 1/
200, Santa Cruz Biotechnology), rabbit anti-ionized calcium-binding
adapter molecule 1 (Iba1; 1/300, Wako) and rabbit anti-glial fibrillary
acidic (Gfap; 1/500, Dako). The secondary antibodies were anti-rabbit
Alexa 555-labeled and anti-goat Alexa 488-labeled. Images were ob-
served using a fluorescent microscope (AxioPlan2, Zeiss) and acquired
with the Axiovision software (Zeiss).

2.4. Radiotracers preparation

[125I]-CLINDE was obtained by incubation (70°C, 20 min) of tribu-
tyltin precursor (100 μg) in acid acetic (100μl) with Na125I (185-370
MBq, PerkinElmer) and peracetic acid (37%, 5μl). [125I]-DRM106 was
obtained by incubation (30 min) of tributyltin precursor (50 μg) in
acetic acid (10μl) with 3M HCl (10μl), Na125I (185-370 MBq,
PerkinElmer) and hydrogen peroxide (30%, 1μl) (Chen et al., 2014).
Reactions were then diluted in 50% acetonitrile (ACN) in water, in-
jected onto a reversed-phase column (Bondclone C18) and [125I]-
CLINDE or [125I]-DRM106 were isolated by a linear gradient HPLC run
(5% to 95% ACN in 7mM H3PO4, 10 min). Radiochemical yield and
purity were respectively above 60% and 98% for [125I]-CLINDE and
above 50% and 98% for [125I]-DRM106. The specific activity was
greater than 1000 GBq/μmol for [125I]-CLINDE and 650 GBq/μmol for
[125I]-DRM106, based on the limit of detection of the ultraviolet ab-
sorbance and on the calibration curves established with cold reference
compounds.

2.5. In vitro autoradiography

Mice (aged of 1-, 6-, 12- or 21-months) of both genotypes, WT and
3xTgAD (n=4/age/genotype), were transcardially perfused with 0.9%
saline under 3% isoflurane anesthesia. Brains were removed and frozen
in pre-cooled isopentane. Transverse sections (20 μm), covering the
rostro-caudal extent of the hippocampus, were cut on a cryostat and
mounted as four series on gelatin-coated slides. Slices were first im-
mersed in 1x PBS (30 min), then in radioactive buffer (90 min) and then
rinsed twice in 4°C Tris-MgCl2 buffer (3 min) and briefly washed in cold
water. The radioactive buffer consists of Tris-MgCl2 buffer (50 mM Tris
HCl, 50 mM MgCl2, pH 7.4) containing either [125I]-CLINDE (0.11
MBq/ml) or [125I]-DRM106 (0.11 MBq/ml) alone or in presence of 10
μM of unlabeled CLINDE or DRM106 to determine the non-specific
binding. Slides were air-dried before exposure onto gamma-sensitive
phosphor imaging plates (Fuji BAS-IP MS2325) for 30 min. Brain sec-
tions were then treated for acetylcholinesterase staining in order to
delineate the region of interests (ROIs): antero-dorsal hippocampus,
subiculum, dorsal hippocampus and ventral hippocampus.

Autoradiograms were analysed with the Fujifilm BAS-1800II phos-
phorimager using Aida Software V4.06 (Raytest Isotopenmessgerate
GmbH) in presence of homemade 125I calibration curves (see
Supplemental data for details). Specific binding ratio (SBR) was cal-
culated as follows: (Average radioactivity in ROI over at least 10 sec-
tions / radioactivity in ROI over 4 slices in the presence of 10 μM of
unlabeled radiotracer) – 1. For each radiotracer, quantification was
performed individually on the sub-regions of the hippocampus. For
each animal, values in bilateral ROI were averaged.

2.6. SPECT and ex vivo imaging

Four 3xTgAD mice (aged of 21-months) performed a 60-min SPECT
imaging with [125I]-CLINDE. Animals were anesthetized with 3% iso-
flurane and placed in the U-SPECT-II imaging system (miLabs, Utrecht,
Netherlands). Body temperature was maintained at 37± 1 °C using a
thermostatically controlled heating blanket. Acquisition (60 frames of
84 sec) was initiated upon intravenous injection of the radiotracer
(31.5±1.42 MBq). SPECT tomograms were reconstructed with an

ordered subsets expectation maximization (OSEM) algorithm using the
HiSPECT software (SciVis GMBH, Göttingen, Germany). SPECT data
were corrected for radioactive decay but not for attenuation, and
scatter was applied. A factor analysis denosing was applied on dynamic
images, as previously described (Tsartsalis et al., 2014; Tsartsalis et al.,
2017). Summed SPECT images (10-60 min) were manually coregistered
to a magnetic resonance imaging (MRI) atlas of the mouse brain using
the PMOD software. Time activity curves (TACs) extracted from ROIs
were normalized using the percentage of injected dose per cubic cen-
timeter (%ID/cc). Immediately following scan acquisition, the an-
esthetized mice were euthanized, and their brains were frozen in pre-
cooled isopentane (-20°C). Transverse sections (20 μm) were cut on a
cryostat and exposed onto gamma-sensitive phosphor imaging plates
(Fuji BAS-IP MS2325) overnight. Brain sections were then treated for
acetylcholinesterase staining (Karnovsky and Roots, 1964). Ex vivo
images were obtained using the Fujifilm BAS-1800II phosphorimager
and Aida Software V4.06 (Raytest Isotopenmessgerate GmbH).

2.7. Specificity of the in vivo [125I]-CLINDE signal

To determine the specificity of the [125I]-CLINDE signal, we used
SPECT examinations from a previous study whose aim was to detect
TSPO in response to GL26 cell injections in the striatum (Tsartsalis
et al., 2015). Eighty-two minutes after the injection of the radiotracer, 4
animals received 10 mg/kg of non-radioactive CLINDE. The total scan
duration was 165 min. In the present study, we analyzed these brain
scans in term of [125I]-CLINDE accumulation/displacement in pituitary,
ventricles and cerebellum. The percentage of the effect of unlabeled
CLINDE injection was calculated as follow: (100 x %ID/cc in ROI90-110
min / %ID/cc in ROI60-80 min)-100.

To determine the influence of the in vivo [125I]-CLINDE accumula-
tion in the choroid plexus on the signal measured in the hippocampus,
an analysis of the CLINDE binding was conducted on the 4 mice used in
the SPECT experiment and on 4 additional 3xTgAD mice (2 months,
n=2 and 12-months, n=2) who also performed a 60-min SPECT ima-
ging.

2.8. Red blood cell/plasma distribution

In heparinized blood samples (300 μl) from 3xTgAD and control
mice (n=2/genotype) 0.37 MBq of [125I]-CLINDE was added for 15
min. Samples were centrifuged and radioactivity of both fractions of the
whole blood (plasma and red blood cells) was counted using an auto-
mated γ-counter.

2.9. Statistics

Multivariate analysis of variance (MANOVA) was used to analyze
the in vitro specific binding of [125I]-CLINDE and [125I]-DRM106 with
genotype, age and hippocampal area as between subject factors.
Repeated one-way ANOVA with ROI as between subject factor and time
of measure as within subject factor was used to analyze the percentage
of the effect of unlabeled CLINDE injection on [125I]-CLINDE. When
significant, analyses of variance were followed by group comparisons
using the LSD post hoc test. Correlation analysis was performed with
Pearson’s correlation test. Data are presented as mean± SEM. Sample
size analysis with the graphical Douglas Altman's nomogram approach
(Altman, 1991) was performed, and significant data was only reported
if p≤0.05 and β<0.2.

3. Results

3.1. In vitro quantification of TSPO and Amyloid

Representative [125I]-CLINDE and [125I]-DRM106 autoradiography
images (for neuroinflammation and Aβ deposits, respectively) show
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Fig. 1. In vitro quantification of [125I]-CLINDE and [125I]-
DRM106 bindings in hippocampus of control and 3xTgAD
mice.
(A) Acetylcholinesterase (left) is used to delineate the re-
gion of interests in the hippocampus: antero-dorsal (AnD),
subiculum (Sub), dorsal (D) and ventral (V). Representative
images of non-specific and total CLINDE and DRM bindings
in 21-months old C57B1/6J-Sv129 mice (SV129) and in 21-
months old 3xTgAD mice. CLINDE and DRM images were
taken from the same individual. Color scale refers to ac-
tivity in the autoradiograms (in MBq/mg). Scale bar: 500
μm. (B) The specific binding ratios (SBR) of [125I]-CLINDE
(left column) and [125I]-DRM106 (right column) were
calculated in antero-dorsal hippocampus (AnD), subiculum
(Sub), dorsal hippocampus (D) and ventral hippocampus
(V) in control (open bars) and 3xTgAD mice (closed bars)
aged 1-, 6-, 12- and 21-months. Post-hoc tests indicate
genotype differences at the same age (Δ) and age effects in
3xTgAD mice (★). The number of symbols indicates the
significance level (1: p<0.05; 2: p<0.01; 3: p<0.001).
Data show mean±SEM of 4 mice per genotype and per
age.
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high binding in the hippocampus of 3xTgAD compared to control mice
(Fig. 1A). A visual radioactivity spatial gradient for both TSPO and Aβ
deposits in the hippocampus was evident with the highest values in the
subiculum and the lowest ones in the ventral hippocampus.

Bar graphs showing the specific binding ratios of [125I]-CLINDE and
[125I]-DRM106 as a function of age, genotype and the hippocampal
subdivision are depicted in Fig. 1B. The multivariate analysis of var-
iance indicates main effects of genotype (p< 0.001), age (p<0.001)
and hippocampal area (p<0.001) and, importantly, a significant
genotype x age x hippocampal area interaction (p<0.001).

For both targets and in all the hippocampal subdivisions, there was
no age effect in control animals. In marked contrast, 3xTgAD mice were
positive for both TSPO and amyloid deposits but the age effects on
binding showed some specificities depending on the subdivision.

(1) In the antero-dorsal part of the hippocampus, an increase in TSPO
binding is significant between the ages of 1- and 12-months
(p< 0.05) and between the ages 6- and 21-months (p< 0.001).
TSPO binding in 12- and 21-months old 3xTgAD mice was higher
than their own controls (p< 0.05 and p< 0.001, respectively). In
contrast, the only significant increase in β-amyloid deposits density
is measured at 21-months as compared to the other age groups.

(2) In the subiculum, TSPO binding increased between the ages of 1-
and 6-months (p<0.05), between the ages of 6- and 12-months
(p< 0.001) and between the ages of 12- and 21-months
(p< 0.001). In addition, 12- and 21-months old 3xTgAD mice ex-
hibited a higher TSPO density than their respective controls
(p< 0.01 and p<0.001, respectively). In addition, an increase in
the [125I]-DRM106 binding was observed between the ages of 6-
and 12-months (p< 0.05) and a further elevation was observed
between the ages of 12- and 21-months (p<0.001). Moreover, 12-
and 21-month old 3xTgAD mice exhibited more amyloid deposits
than their respective controls (p< 0.001).

(3) In the dorsal hippocampus, an age effect was observed with an
increase in TSPO binding between 6- and 12- months (p<0.05)
and between 12- and 21-months (p<0.01). Twelve- and 21-
months old 3xTgAD mice also showed elevated [125I]-CLINDE
binding as compared to their controls (p< 0.05 and p< 0.001,
respectively). A significant increase in amyloid deposits is also ob-
served in 21-months 3xTgAD mice in comparison to younger
3xTgAD mice (p<0.01) and to their controls (p< 0.01).

(4) In the ventral hippocampus, the only statistically significant result
is a higher TSPO availability in 21-months old 3xTgAD mice as
compared to 1-month old (p< 0.05) and to their controls
(p< 0.01).

In summary, TSPO over-expression was observed at 6-months old in
subiculum, at 12-months old in the anterodorsal and dorsal hippo-
campus and at 21-months old in the ventral hippocampus. The presence
of β-amyloid deposits is significant at the age of 12-months in sub-
iculum, at the age of 21-months in the anterodorsal and dorsal hippo-
campus while no significant differences are observed in the ventral
hippocampus at any age.

Post hoc analyses also indicated that in 21-months old 3xTgAD
mice, the subiculum exhibited the highest level of TSPO followed by the
dorsal parts of the hippocampus and finally the ventral hippocampus.
Statistical analysis also indicated three levels of intensity of [125I]-
DRM106 binding in 21-months old 3xTgAD mice, as follows: sub-
iculum>dorsal hippocampus> ventral and anterodorsal hippo-
campus.

Significant positive correlations between TSPO binding and Aβ de-
posits were observed in the subiculum and the dorsal hippocampus in
3xTgAD mice (Fig. 2). The relationship between TSPO and Aβ deposits
is not significant in the anterodorsal or the ventral hippocampus (not
shown).

3.2. Localization of TSPO-immunoreactivity in the hippocampus

To localize the areas of TSPO expression, immunochemistry against
TSPO, P-Tau, and β amyloid was performed in 21-months old 3xTgAD
mice (Fig. 3). The TSPO-immunoreactivity (TSPO-ir) showed its pre-
sence in the subiculum, in the radiatum layer and in the lacunosum
moleculare of the dorsal and ventral hippocampus, respectively. Pyr-
amidal cells are devoid of TSPO. Images showed P-Tau positive dys-
trophic neurites in subiculum, and cellular P-Tau-ir in pyramidal cells
(stratum granulosum), mainly in the dorsal part of the hippocampus, as
well as in some cells of the lacunosum moleculare of the hippocampus.
Extracellular deposits of β amyloid were mainly observed in subiculum,
but also, to a lesser extent, in the radiatum layer and beside the stratum
granulosum. Intracellular β amyloid was observed in pyramidal cells as
well as in the lacunosum moleculare of the hippocampus.

Therefore, the TSPO-ir localized in dorsal and ventral hippocampus,
in areas close to intracellular and extracellular amyloid deposits, is not
accompanied by P-Tau. In contrast, TSPO is also expressed in the sub-
iculum where P-Tau positive dystrophic neurites and β amyloid de-
posits are present.

Regarding the cellular origin of the TSPO signal, representative
results of double-labeling fluorescence with antibodies directed against
TSPO and specific markers of microglia (IBA1) and astrocytes (GFAP)
are shown in Fig. 4. In all hippocampal subdivisions, the main source of
the TSPO-ir is microglia, as demonstrated by an important TSPO-IBA1
colocalization. In a much lesser extent, some TSPO-GFAP positive co-
localizations are found, indicating that astrocytes are a minor source of
TSPO in this experimental context.

3.3. SPECT imaging with [125I]-CLINDE

Averaged [125I]-CLINDE-SPECT images (10-60 min) in 21-month
old 3xTgAD mice revealed the presence of TSPO in intra- and extra-
cerebral regions (Fig. 5A-C). [125I]-CLINDE binding is observed in pi-
tuitary, brain fissures, cerebellum, cortex, hippocampus and in ven-
tricles containing choroid plexus. Corresponding time-activity curves in
hippocampus, choroid plexus of lateral ventricles and pituitary are
presented in Fig. 5D and showed an elevated [125I]-CLINDE accumu-
lation in pituitary and, to a lesser extent, in choroid plexus and hip-
pocampus. The anatomical proximity of hippocampus with fissures and
with third and lateral ventricles containing choroid plexus (see arrows
in Fig. 5) suggests the presence of mutual spill-over effects that may
distort the quantification of [125I]-CLINDE in hippocampus. Indeed, the
radioactivity measured in hippocampus is directly correlated with
radioactivity in lateral ventricles (r=0.946, p< 0.001). Therefore, to
confirm the bias in radioactivity measured in choroid plexus and hip-
pocampus produced by spill-over effects, a new SPECT imaging with
[125I]-CLINDE was performed in four younger additional mice. Con-
sidering the results of the eight mice, the positive correlation between
hippocampus and lateral ventricles in term of [125I]-CLINDE accumu-
lation is highly significant (r=0.956, p< 0.001; Fig 5.E). To determine
if [125I]-CLINDE accumulation in pituitary, lateral ventricles and cere-
bellum is specific, a displacement experiment of the in vivo [125I]-
CLINDE signal was performed in four wild-type mice. Unlabeled
CLINDE induced a significant decrease in radioactivity in pituitary
(-61±3.9%, p< 0.001), lateral ventricles (-29.4±7.6%, p< 0.05)
and cerebellum (-36±5.8%, p<0.05), demonstrating some specificity
of the signal in these areas.

To determine the free-fraction of circulating [125I]-CLINDE, we
measured the in vitro distribution of [125I]-CLINDE in blood and found
that 73.99±11.24% of [125I]-CLINDE was linked to red blood cells.

3.4. Ex vivo imaging with [125I]-CLINDE

After the SPECT imaging procedure, the brains of the 21-months old
3xTgAD mice were processed for ex vivo imaging. In agreement with in

B.B. Tournier et al. Neurobiology of Disease 121 (2019) 95–105

99



vivo observations, an intense signal was observed in third and lateral
ventricles as well as in a ventral fissure and pituitary, which confirm the
contamination of the endogenous signal in the hippocampus due to
spill-over effects from adjacent regions (Fig. 5F).

3.5. TSPO expression in human choroid plexus

To determine if the TSPO expression in choroid plexus of mice is
relevant for human studies, we performed immunochemistry against
TSPO and CD31 in choroid plexus from eight subjects. As shown in the
representative example in Fig. 6, both the epithelium and adjacent
capillary (endothelial cells) of the choroid plexus are TSPO positive, in
all subjects.

4. Discussion

This is the first study of TSPO imaging in a rodent model showing
both Tau- and Aβ-pathology, and, the first to combine TSPO and
amyloid imaging, as well as immunohistochemical localization, in dif-
ferent hippocampal subdivisions. We found that TSPO was mainly of
microglial origin and was up-regulated before the appearance of Aβ
deposits in all hippocampal areas. We also observed a positive corre-
lation between TPSO and Aβ deposits in the subiculum and the dorsal
hippocampus.

In the present study, we used [125I]-CLINDE to determine if an age-
related increase in neuroinflammation was present in 3xTgAD mice. In
vitro, we reported effects of age and genotype on the distribution of
[125I]-CLINDE binding. In contrast to controls, 3xTgAD mice showed an
increase in TSPO density, but importantly, the effect of the age was also
dependent on the particular area of the hippocampus. Subiculum ap-
pears to be the first region affected by neuroinflammation, from the age
of 6 months, while the increase in TSPO binding in the dorsal hippo-
campus was significant at 12 months and in ventral hippocampus only
at 21 months. In parallel with TSPO, we showed an increase in binding
of [125I]-DRM106 which also depends on age and the particular hip-
pocampal areas: in the subiculum an increase is evident at 12 months,
in the dorsal hippocampus at 21 months, while in the ventral hippo-
campus no increase is observed at any age studied. [125I]-DRM106 is
present in the subiculum and the dorsal hippocampus where A4G8-
immunoreactivity reveals the presence of amyloid plaques, but it is
absent in the ventral hippocampus in which A4G8-immunoreactivity
shows intracellular Aβ labeling. It is known that DRM106 is a pre-
ferential amyloid dense-cored neuritic plaque marker (Chen et al.,

2015; Ji et al., 2015) and in light of these results, one may assume that
DRM106 is not sensitive to intracellular Aβ and may not represent an
early marker of amyloidosis. Nevertheless, intracellular Aβ is at least
partly responsible for the formation of extracellular deposits (Oddo
et al., 2006), indicates the presence of synaptic dysfunction (Oddo
et al., 2003b) and exerts cytotoxic effects (Li et al., 2007), thus being a
potentially valuable biomarker of early AD pathology. In this context,
[125I]-CLINDE might be of interest: indeed, its binding precedes that of
[125I]-DRM106 and is localized not only in regions where Aβ is found in
the form of deposits but also in areas devoid of plaques but rich in
intracellular Aβ. Indeed, despite the absence of amyloid plaques in the
ventral hippocampus, we detected TSPO in this region (by means of
autoradiography and immunochemistry). The early detection of acti-
vated microglia and astrocytes in (APP/PS1) Tg mice (Heneka et al.,
2005) and postmortem human studies (Griffin et al., 1989; Rozemuller
et al., 1989; Veerhuis et al., 2003) as compared to amyloid deposition
or neurodegenerative alterations underlines the potential of TSPO as
marker of early AD pathology. One possibility is that TSPO is induced
by the presence of soluble Aβ in monomeric or polymeric state, thus,
well before the appearance of the plaques. In agreement with this idea,
Clarke and colleagues showed that injection of soluble Aβ forms in-
duced neuroinflammation (Clarke et al., 2015) and Oddo et al. de-
monstrated that increase in intracellular Aβ preceded Aβ deposits in
3xTgAD mice (Oddo et al., 2003a; Oddo et al., 2003b). The results of
our study are compatible with the hypothesis that the TSPO-dependent
inflammation precedes the presence of amyloid plaques. In this context,
future studies are warranted to specify whether causal links exist be-
tween increases in brain TSPO levels and the appearance of amyloid
deposits. A recent study showing ameliorative effects on spatial
memory and Aβ loads of transient administrations of PK11195 in 16-
month old 3xTgAD female mice sustains the idea that TSPO is not only a
marker of AD but also an actor of the progression of the pathology
(Christensen and Pike, 2018).

Our study also shows that the time-course of the appearance of
TSPO and amyloid deposits is not homogeneous across the hippo-
campus of 3xTgAD mice. The subiculum is the first hippocampal area
affected by TSPO and Aβ deposits, displays the highest levels of both Aβ
deposits and TSPO, and, is the only site of observation of dystrophic
neurites. It is important to note that the subiculum plays an important
role in the diffusion of Aβ (George et al., 2014). It is the hippocampal
subregion showing atrophy and neuronal loss earlier than any other
subregion in humans (Carlesimo et al., 2015; Mizutani and Kasahara,
1997). It is also in this subregion that atrophy and neuronal loss present

Fig. 2. Correlations between [125I]-CLINDE and [125I]-DRM106 bindings in the subiculum and the dorsal hippocampus of 3xTgAD mice.
Correlations of the specific binding ratios (SBR) of [125I]-CLINDE and [125I]-DRM106 in the subiculum (A) and the dorsal part of the hippocampus (B) in 6-, 12- and
21-months 3xTgAD mice. r = Spearman's correlation coefficient.
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the greatest aggravation between the MCI state and AD (Carlesimo
et al., 2015). These neurodegenerative phenomena also appear to be
associated with cognitive decline (Hyman et al., 1990; Hyman et al.,
1986). Overall, it will be important to evaluate whether the primacy of
subicular inflammation in mice can extend to humans and if it would
have a prognostic significance regarding the subsequent development
of AD pathology. In favor of further studying TSPO as an early marker
of AD, a close relationship between TSPO and amyloid (as shown by the
correlation between CLINDE and DRM106 levels) is reported here, as it
has been reported previously in a human AD study (Hamelin et al.,
2016).

The cellular origin of TSPO expression in AD models also needs
clarification. Since the physiological roles of astrocytes and microglia
are considerably different, it would be important to know which cells
over-express TSPO. In an APP Tg model, the TSPO is rather astrocytic
whereas in a Tau Tg model, it is preferentially associated with microglia
(Ji et al., 2008). In another study using double APP-PS1 Tg mice, TSPO
was of microglial origin (Mirzaei et al., 2016). Post-mortem human
studies suggest that TSPO is both astrocytic and microglial (Cosenza-
Nashat et al., 2009; Venneti et al., 2009). The activation of both cell

types in the disease has been demonstrated (Heneka et al., 2015;
Ugbode et al., 2017). In the present report, we showed an elevated
colocalization of TSPO with microglia and to a lesser degree some TSPO
expression in astrocytes suggesting that TSPO may not exclusively have
a microglial origin in 3xTgAD mice. Thus, 3xTgAD mice perhaps model
to the human situation better than Tau Tg, APP Tg or (APP/PS1) Tg
models, at least in terms of the TSPO-associated inflammation. It is also
interesting to note that astrocytosis may be transient in familial AD but
more persistent in the sporadic form of the disease (Rodriguez-Vieitez
et al., 2016), which further complicates the understanding of the role of
inflammation in AD. Further, besides the timing of activation of mi-
croglia in relation to amyloid pathology (Minett et al., 2016; Serrano-
Pozo et al., 2011; Xiang et al., 2006; Zotova et al., 2013), the microglial
response can be protective or deleterious for neurons (Mathys et al.,
2017; Solito and Sastre, 2012). Therefore, further studies are still
needed to fully understand the timing of astrocytic and microglial ac-
tivation/inactivation in relation to TSPO and their possible neuropro-
tective or deleterious effects and the 3xTgAD model may be quite re-
levant in this context.

In the present study, in vitro autoradiography of [125I]-CLINDE was

Fig. 3. Immunostaining of TSPO, ß amyloid, Phospho-Tau in the hippocampus of 3xTgAD mice.
(A-C) The first line shows immunostaining of AT8 (A; P-Tau), Aß4G8 (B; amyloid deposits) and PBR (C; TSPO) at a magnification of 2.5 x, in a representative
hippocampal slice of 21 months-old 3xTgAD mice. (D-L) A magnification of 20 x was used to show details in subiculum (D-F), dorsal hippocampus (G-I) and ventral
hippocampus (J-L) using AT8 (D, G, J), Aß4G8 (E, H, K) and PBR (F, I, L). LMol: lacunosum moleculare; Rad: radiatum layer; SG: stratum granulosum; Sub:
subiculum. Scale bars: 100 μm (A-C) and 10 μm (D-L).

B.B. Tournier et al. Neurobiology of Disease 121 (2019) 95–105

101



also employed to validate the in vivo SPECT imaging and ex vivo ob-
servations. In vivo quantification in hippocampus appears compro-
mised. Firstly, we showed that the available free amounts of CLINDE in
plasma of mice is low as shown by its high binding to red blood cells, in
agreement with observations using other TSPO radiotracers (Canat
et al., 1993; Di Grigoli et al., 2015; Turkheimer et al., 2007). Secondly,
as the increase in TSPO in 3xTgAD brains appears to be a subtle and
localized phenomenon, its detection by SPECT could be compromised
by the detection limit of the SPECT camera and the partial volume ef-
fects. This idea is in accordance with previous AD studies (Janssen
et al., 2016) and with others reporting high and quantifiable TSPO le-
vels induced by exogenous manipulations (Mattner et al., 2011;
Sridharan et al., 2017; Tsartsalis et al., 2015). Furthermore, as de-
monstrated by our in vivo displacement study, the TSPO signal in the
cerebellum is, at least in part, specific. Thus, the cerebellum cannot be
used as reference region for the determination of the non-specific
binding. In agreement with a previous report showing an increase in the
PK11195 signal in the cerebellum of Tg mice vs. controls (Rapic et al.,
2013), cerebellum might also not represent a valid pseudo-reference
region in animal models of AD. Finally, and certainly the most im-
portant constraint, high and specific fixation levels observed in areas
close to hippocampus likely bias the radioactivity measurements in this
region. The high levels of TPSO binding in pituitary that we report here,
in accordance with a previous report (Kumar et al., 2012), may bias
TSPO-measures in the ventral part of the hippocampus. Within the
ventricles, the [125I]-CLINDE binding most probably corresponds to a
fixation to the choroid plexus (Cymerman et al., 1986; James et al.,
2015; Kuhlmann and Guilarte, 2000; Turkheimer et al., 2007). The
correlation of [125I]-CLINDE signal between ventricles and hippo-
campus sustains the hypothesis that there is a considerable spill-over
effect from choroid plexus to hippocampus, and vice versa. A human
PET study has also reported the accumulation of PBR28, another TSPO
radiotracer, in an area near the anterior and dorsal hippocampus,
compatible with a localization in the choroid plexus (Hirvonen et al.,
2012). In addition, we showed that TSPO is expressed in both epithelial
and endothelial cells of the choroid plexus. Such an expression pattern
suggests that TSPO in the choroid plexus may be unrelated to a neu-
roinflammatory reaction, thus further hampering the interpretation of
TSPO alterations in adjacent brain regions, such as the hippocampus.
The impact of the TSPO of choroid plexus could even become proble-
matic in situations where morphological and functional alterations in
the choroid plexus per se are observed, as in human AD (Krzyzanowska

and Carro, 2012), and where the accumulation of the TSPO radiotracer
is affected by age and genotype, as in the transgenic APP mice as
compared to controls (James et al., 2015).

Therefore, even if the [125I]-CLINDE signal is specific in the hip-
pocampus, its in vivo detection and quantification in mice seem to be
strongly influenced by the spill-over effect from choroid plexus and
pituitary. On the contrary, this effect is probably much less important in
human TSPO imaging, given the anatomical differences between rodent
and human brain (Feng et al., 2017; Hirvonen et al., 2012).

A limitation of our current study lies on the intrinsic properties of in
vitro autoradiography and immunohistochemistry: (i) In in vitro ima-
ging, a percentage of the total binding is non-specific. This needs to be
estimated and subtracted from the total binding, in order to estimate
the specific binging. The non-specific binding may be directly measured
using a displacement of the specific binding using a saturating con-
centration of unlabeled ligand (see paragraph 2.5 for details). In cases
where the non-specific binding is high, as in the thalamus for [125I]-
DRM106 (see Fig. 1), it may be difficult to accurately measure the
specific binding. Nevertheless, in the hippocampus, the region of in-
terest in the present study, the non-specific binding was sufficiently low
to allow accurate measurements of the specific binding. (ii) The use of
antibodies is always subject to their degree of specificity. The A4G8
antibody has the ability to recognize the APP fragment in addition to
Aβ. This cross-reactivity is not specific for A4G8 but is present on many
other antibodies targeting amyloid peptides (6E10, 6F3D, BS85, BC05,
BA27...) including those specific for the Aβ40 (MBC40) and Aβ42
(MBC42) fragments (Hunter and Brayne, 2017). However, beyond the
issue of the specificity of the A4G8 antibody (and whether the in-
tracellular labeling corresponds to APP or Aβ forms), we show in this
study that the [125I]-DRM106 does not bind on the intracellular forms
of Aβ, confirming that this radiotracer is a preferential marker of Aβ
deposits (Chen et al., 2015; Ji et al., 2015).

5. Conclusions

Our main results strongly suggest that TSPO-dependent inflamma-
tion precedes the onset of amyloid deposits in a murine model of AD.
Furthermore, our results show that it is important to carry out the
analyses in the sub-regions of the hippocampus and not in the structure
in its entirety. In vitro, CLINDE allows a high segregation between
control and triple (Tau/APP/PS1) transgenic individuals. The correla-
tion between CLINDE and DRM106 suggests that increases in TSPO

Fig. 4. Double-immunochemistry for TSPO in the hippocampus of 3xTgAD mice.
Double-immunofluorescence staining was performed using antibodies against GFAP (A) or IBAI (A’) and TSPO (B, B’). Merge images show a weak relation between
GFAP and TSPO (C-E) and a highly colocalization between TSPO and IBAI (C’-E’) in dorsal hippocampus (C,C’), ventral hippocampus (D, D’) and subiculum (E, E’).
Nuclear staining (DAPI) is shown in blue. Scale bar: 50 μm (A-C, A’-C’) and 100 μm (D-E, D’-E’ and inserts).
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could be used as a predictive marker for the appearance of amyloid
deposits. The in vivo use of CLINDE seems to be biased by the specific
binding observed in adjacent structures that strongly express TSPO,
such as choroid plexus and pituitary gland and the resulting partial
volume effect. These technical drawbacks that are observed in small
animal TSPO in vivo SPECT imaging with CLINDE, are probably much
less important in human molecular imaging. Thus, in light of the results
reported here, CLINDE could be of interest in the study of TSPO al-
terations in human pathologies.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.nbd.2018.09.022.
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(A-C) Averaged image of four 3xTgAD mice (21 months) summed between 10 and 60 min post-[125I]-CLINDE injection. Coronal (A), sagittal (B) and axial planes (C)
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Fig. 6. TSPO-immunochemistry in human choroid
plexus.
Immunostaining of CD31 (A; endothelial cells) and
PBR (B; TSPO) in a representative choroid plexus of
one subject. Sections treated with CD31 were coun-
terstained with cresyl violet. The epithelium of the
choroid plexus (indicated by arrow heads) is blue in
A (CD31 negative) and brown in B (PBR positive).
Some endothelial cells (indicated by arrows) are also
PBR positive. Scale bar: 250 μm.
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