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Abstract.

Background: /n vivo PET/SPECT imaging of neuroinflammation is primarily based on the estimation of the 18 kDa-
translocator-protein (TSPO). However, TSPO is expressed by different cell types which complicates the interpretation.
Objective: The present study evaluates the cellular origin of TSPO alterations in Alzheimer’s disease (AD).

Methods: The TSPO cell origin was evaluated by combining radioactive imaging approaches using the TSPO radiotracer
['>I]CLINDE and fluorescence-activated cell sorting, in a rat model of AD (TgF344-AD) and in AD subjects.

Results: In the hippocampus of TgF344-AD rats, TSPO overexpression not only concerns glial cells but the increase is
visible at 12 and 24 months in astrocytes and only at 24 months in microglia. In the temporal cortex of AD subjects, TSPO
upregulation involved only glial cells. However, the mechanism of this upregulation appears different with an increase in the
number of TSPO binding sites per cell without cell proliferation in the rat, and a microglial cell population expansion with a
constant number of binding sites per cell in human AD.

Conclusion: These data indicate an earlier astrocyte intervention than microglia and that TSPO in AD probably is an
exclusive marker of glial activity without interference from other TSPO-expressing cells. This observation indicates that the
interpretation of TSPO imaging depends on the stage of the pathology, and highlights the particular role of astrocytes.
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INTRODUCTION neurochemical time course of the pathology. In this
sense, amyloid plaques appear before the accumula-
tion of neurofibrillary tangles [1], but it is suggested
that these two markers are preceded by neuroin-
flammation. In fact, data in humans and in the

- X . - hippocampus of the 3 x Tg-AD mouse model suggest
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philippe.millet@hcuge.ch. appears before amyloidosis [2—4]. However, even if

In order to improve the understanding of
Alzheimer’s disease (AD) and to identify therapeu-
tic pathways, it is important to better understand the
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previous preclinical and clinical PET and SPECT
studies have concluded that TSPO is overexpressed
in AD [2-42], it is difficult to draw conclusions on the
pathophysiological significance of TSPO alterations
unless we have a better understanding of the cell
types that produce these TSPO alterations. Indeed,
while the TSPO was historically defined as a marker
of microglial activity, it is now recognized that it is
expressed in other cell types including astrocytes and
endothelial cells [4, 20, 43-46]. Thus, the understand-
ing of the biological implications of TSPO alterations
in disease is limited by the fact that the cellular origin
of this phenomenon cannot be identified with molec-
ular imaging. It is even probable that several cell
types participate in the observed overexpression of
TSPO in AD. In humans and mouse models, several
immunohistochemical studies have shown the colo-
calization of TSPO with astrocytes and/or microglia
but 1) they do not seek to determine the neuronal
and endothelial fraction of TSPO and 2) they do
not allow the in-depth study of the sources of TSPO
increase (i.e., variation in TSPO density per cell, vari-
ation in the number of cells that express TSPO).
In addition, preclinical models did not show the
same colocalization: a purely APP model shows an
expression related to astrocytes [20], combined APP-
PS1 models show an expression related to microglia
[30, 39], a purely Tau model shows an expression
mainly in microglia [20] and the 3xTg-AD mouse
model (which combines tau and amyloid transgenes)
exhibits the presence of TSPO in both astrocytes and
microglial cells [4].

The major aim of this study was to identify the
involvement of astrocytes, microglia, and endothelial
cells in the overexpression of TSPO in AD, to better
understand the neuroinflammatory phenomenon in
AD, using the technique of FACS-RTT (fluorescence-
activated cell sorting to radioligand-treated tissues)
that we have recently developed [47]. Firstly, we
assessed the TSPO cellular origin in the TgF344-AD
rat model of AD. Secondly, we used the FACS-
RTT approach on human temporal cortex samples to
extend previous findings on the cells that are respon-
sible for TSPO upregulation in the frontal cortex in
human AD [47].

Outside of the brain, some studies have also sug-
gested the use of TSPO as a peripheral inflammatory
marker [48-51]. Interestingly in AD, an increase in
inflammatory markers has been observed in vari-
ous peripheral organs [52, 53]. Thus, to determine
which tissue is the first to overexpress TPSO, our
study extends to different peripheral organs: the eyes

due to the accumulation of amyloid in relation to
the pathology [54], intestines (given the presence
of inflammation in AD) [53], and liver and spleen
(given that they show hypertrophy in a model of the
disease) [55].

MATERIALS AND METHODS
Animals

Hemizygote Fisher 344 rats (TgF344-AD) harbor-
ing the APPswe and PS1AE9 transgenes aged 12
or 24 months (n=38/group) and their controls were
housed in a 12 h light-dark cycle with food and water
provided ad libitum. The female/male ratio was 1/1.
All experimental procedures were approved by the
Ethics Committee for Animal Experimentation of the
Canton of Geneva, Switzerland. Data are reported in
accordance with Animal Research: Reporting In Vivo
Experiments (ARRIVE) guidelines.

Human brain samples

Frozen human brain samples (n=9/group) were
used for the FACS-RTT procedure and the mea-
sure of TSPO polymorphism as previously described
[47] with the agreement of the Cantonal Commis-
sion for Research Ethics (CCER) of the Canton
of Geneva. Clinical variables of donors (age, gen-
der, Tspo polymorphism, Braak stage) are given in
Table 1. The TSPO rs6971 polymorphism must be
considered because it induces modifications in the
affinity of ligands for TSPO. Thus, the subjects are
classified as high affinity binders (HAB, absence of
the rs6971 polymorphism), mixed affinity binders
(MAB, heterozygous for this polymorphism) and low
affinity binders (LAB, homozygous for the rs6971
polymorphism). LAB subjects were excluded from
the analyses.

[ [JCLINDE administrations

The synthesis and purification of ['>>IJCLINDE,
a TSPO radiotracer, was previously described [4,
56]. Rats received an i.v. ['2°I]CLINDE injection
(27.27 £2.65 MBq) and were euthanized at 1 h post-
injection. Their brains were quickly removed and
dissected to isolate the hippocampus, the frontal cor-
tex, the striatum, the cerebellum, and the rest of the
brain (called the “brain residue” in the rest of the doc-
ument). The eyes, the spleen, the left kidney, and a
sample of liver, duodenum, and distal colon were also
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Details of control and AD subjects

Group Braak stage Age HAB/MAB Sex PM delay (h)
Control 1.8+0.71 85.6+8.23 6/2 S5m/3f 11.4+8.53
Alzheimer 5.240.67%** 89.1+8.74 4/5 Sm/4f 9.5+5.81

Mean £ SD; ***p <0.001, chi-squared test. PM, postmortem.

isolated. The radioactive concentration in extracts
was measured on an automatic y counting system.

Human brain samples were dissociated (see the
protocol below) and exposed to ['2T]CLINDE (1.85
MBq). The radioactive concentration in human sam-
ples was measured on an automatic y counting system
before the FACS procedure.

Cell suspensions

The cell dissociation and antibody staining pro-
tocols were previously described [47, 57]. Briefly,
following tissue collection, mechanical and enzy-
matic separations were performed accordingly to the
manufactured protocol (MACS Neural tissue disso-
ciation kit, Miltenyi Biotec). In addition, a myelin
depletion step was performed to eliminate myeli-
nated debris that can interfere with cell staining
and cell sorting, as described previously in the rat
brain hippocampus [57]. Different antibodies have
been selected for cell sorting with commonly used
targets in FACS [57-60]: the astrocytic glutamate
transporter-1 (GLT1), the microglial cluster of differ-
entiation 11b and 45 (CD11b, CD45), the endothelial
cluster of differentiation 31 (CD31), the neuronal
cluster of differentiation 90 (CD90). These antibod-
ies are mostly given as being specific to rats or
humans, so different antibodies have been selected.
Coupling with fluorochromes (FITC, APC, etc.) was
also chosen in order to clearly distinguish cell “color”
during cell sorting. Thus, cells from the rat hip-
pocampus were treated with APC-conjugated anti-rat
CD11b (1/800; Biolegend), FITC-conjugated anti-
rat CD90 (1/250; Biolegend), PE-Cy7-conjugated
anti-rat CD31 (1/100; Invitrogen) and rabbit anti-
GLT1 (1/100; Novus) to identify microglia, neurons,
endothelial and astrocytes, respectively. Human cells
were treated with BV 421-conjugated anti-human
CD45 (1/800; BD Horizon), PE-Cy7-conjugated
anti-human CD31 (1/100; Invitrogen) and rabbit anti-
GLT1 (1/100; Novus) antibodies for the identification
of microglia, neurons, endothelial and astrocytes,
respectively. As the anti-GLT1 antibody was not
coupled with a fluorochrome, a secondary anti-
body (PE-conjugated goat anti-rabbit; 1/500; Life

technologies) was then applied after a washing step.
For the human samples, cells were treated with
['T]CLINDE, followed by a washing step, before
the addition of antibodies.

Fluorescence activated cell sorting (FACS)

Rat dead cells were excluded using a DAPI staining
during data collection. The validation of the FACS
protocol was made previously in terms of median
fluorescent intensity, interferences between fluo-
rochromes, detection of each fluorochrome, drawing
gates of cell sorting, detection of single cells and
specificity of astrocytes and microglial cells sorted
[47]. Cells were counted and sorted by FACS (Beck-
man Coulter MoFlo Astrios) accordingly to negative
and positive selections. Negative selections consist
of the elimination of autofluorescent cells, CD90
positive cells and non-fluorescent cells negative for
antibodies. The positive selection consists of the
isolation of CD45/CD11b cells (negative for both
GLT1 and CD31), GLTI cells (negative for both
CD45/CD11b and CD31) and CD31 cells (negative
for both CD45/CD11b and GLT1).

Radioactivity measurements

A gamma counter was used to measure the radioac-
tivity in rat and human samples. Following the brain
tissue and organ isolations, tissues were weighted
and the radioactivity was measured. The radioactiv-
ity measurements also took place at two stages on
the cells: before and after separation by FACS. Data
are expressed as the radioactivity corrected by the
injected dose and the mass of the tissue (injected
dose/g of tissue) or the number of cells (injected
dose/cell).

Immunohistochemistry and immunofluorescence

Three 12-months old TgF344-ad rats (2 females
and 1 male) were transcardially perfused with 0.9%
saline under 3% isoflurane anesthesia. Brains were
removed, post-fixed (4% paraformaldehyde, 4°C,
overnight), cryoprotected (sucrose gradient, 5-20%,
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48 h), frozen in pre-cooled isopentane, cut in a cryo-
stat and stored as free-floating slices (30 wm) in
1x PBS 0.05% azide. Samples were treated for
immunochemistry or double-immunofluorescence as
previously described [4]. Briefly, free-floating slices
were treated with the mouse anti-B amyloid 4G8
(1/500, 4°C, overnight, Biolegend, San Diego) and
with the corresponding secondary antibody. Sec-
tions were then treated with DAB and cresyl violet.
Images were acquired (Zeiss Axioscan.Z1 with the
Zen2 software, Zeiss) and analyzed with Imagel
(5 sections/region). For double-immunofluorescence,
free-floating slices were treated with the goat anti
TSPO (1/100, 4°C, overnight, Abcam ab118913)
and with either the mouse anti-GFAP-Cy3 (1/1000,
Sigma C9205), the rabbit anti-IBA1 (1/600, Wako
019-19741) or the mouse anti-CD31 (1/200, Dako
MO0823) and then with the corresponding Alexa 555-
or Alexa 488-labeled secondary antibody. Images
were acquired with the Leica DMi8 fluorescence light
microscope.

Statistical analyses

Samples were treated at blind conditions. A sam-
ple size analysis with the graphical Douglas Altman’s
nomogram approach [61] was performed, and signif-
icant data was only reported if p < 0.05 and 3<0.2. A
planned comparison (unpaired two-tailed Student’s
t-tests) was used to identify group differences only
when group x cell type interaction was significant
(two-way ANOVA) using Statistica software (Statis-
tica 8.0, StatSoft). Differences in clinical variables
of donors between control and AD groups were ana-
lyzed using an unpaired two-tailed Student’s 7-test
(age, postmortem delay), a chi-squared test (gen-
der, Tspo polymorphism) or a chi-squared test for
trend (Braak stage) combining O/I/II, II/TV and V/VI
stages.

RESULTS

Increases in TSPO levels are first observed in the
hippocampus

In comparison with wild-type (WT) animals, an
increase in TSPO levels in the hippocampus of
TgF344-AD rats was observed at the age of 12 months
(p <0.05) and is exacerbated at 24 months (p < 0.001,
Fig. 1A). Anupregulation in the TSPO levels between
12 and 24 months is observed in TgF344-AD rats

(p<0.01) and is absent in WT. In frontal cortex,
striatum, cerebellum, and brain residue, TSPO lev-
els were higher in 24-month-old TgF344-AD rats as
compared to all the other groups (Fig. 1B).

At the periphery, only the TSPO of the eyes is
increased at the age of 24 months, as compared to
12-month-old TgF344-AD rats (p<0.01) and WT
(p<0.01, Fig. 1C). None of the other studied organs
(liver, spleen, distal colon, and duodenum) showed
any modification of the TSPO as compared to WT
(Fig. 1D). An increase in TSPO in duodenum is
observed in 24-month-old as compared to 12-month-
old TgF344-AD rats (p <0.05).

Astrocytes and microglia mediate the TSPO
binding increases in the hippocampus

As we did not observe any age effect on TSPO
levels (as measured by the ex vivo binding in the
hippocampus) in WT rats, we included only 24-
month-old WT rats in the cell separation protocol.
As shown in Fig. 1, TgF344-AD rats of both ages
show higher TSPO levels than 24-month-old WT.

Using both positive and negative selections using a
set of antibodies (see details in the Methods section),
astrocytes, microglia, and endothelial cells were iso-
lated. TSPO detection in cell population, at cell level
and the number of cells sorted in WT and TgF344-AD
rats is presented in Fig. 2.

TSPO from the astrocyte cell population is over-
expressed at the age of 12 months (Fig. 2A, p <0.05)
and is persistent at 24 months (p <0.01). In addition,
we observed an increase in the number of TSPO bind-
ing sites per astrocyte at both ages as compared to the
WT (Fig. 2B). The number of astrocytes is constant
between experimental groups (Fig. 2C).

TSPO from the microglial cell population is only
overexpressed at the age of 24 months as compared
to the WT (p<0.01) and to 12-month-old TgF344-
AD rats (p<0.05, Fig. 2A). The number of TSPO
binding sites per microglial cell is increased at both
12 and 24 months in TgF344-AD rats as compared to
WT (Fig. 2B). The density of microglia is constant
between experimental groups (Fig. 2C).

TSPO from the endothelial cell population did not
appear altered in TgF344-AD rats as compared to WT
(Fig. 2A-C).

The colocalization observed by immunostaining
between TSPO and specific markers of astrocytes
(GFAP), microglia (IBA1), and endothelial cells
(CD31) confirms the multi-cellular origin of TSPO
(Fig. 3).
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Fig. 1. TSPO overexpression in the brain and in peripheral organs in TgF344-AD rats. The ex vivo measures of ['>>IJCLINDE concentrations
(%injected dose -ID-/g of tissue) were performed in the hippocampus (A), in various brain areas (B), in the eyes (C), and in various peripheral
organs (D) in wild-type (WT) and TgF344-AD rats at the age of 12 and 24 months. ['>>IJCLINDE concentrations were analyzed by two-way
ANOVA. Post hoc tests indicate genotype differences at the same age (% ) and age effects in TgF344-AD (oo). The number of symbols
indicates the significance level (1: p<0.05; 2: p<0.01; 3: p<0.001). Mean = SEM of 8 animals per genotype and per age are presented.
BRes., brain residue; Cer., cerebellum; Col., colon; Cx, frontal cortex; Duo., proximal duodenum; Kid., kidney; Liv., liver; Spl., spleen;

Stria., striatum.

The hippocampus showed the higher levels of
amyloid deposits at 12 months of age

A positive A4GS8 labeling is observed in all
analyzed regions of the brain (see Supplementary
Figure 1). The morphology of the staining clearly
shows the presence of extracellular deposits. How-
ever, the hippocampus shows a higher density of A3
deposits than all other regions (Supplementary Fig. 1,
p<0.01).

Astrocytes and microglia mediate the TSPO
binding increases in the human temporal cortex

No difference was observed in terms of sex ratio,
age and postmortem delay, but AD subjects showed a
significantly higher Braak stage (x> = 15.7, p <0.001,
Table 1). A control sample was excluded from the
analyses because it was homozygous for the TSPO
rs6971 polymorphism [62]. The human temporal cor-
tex showed an increase in TSPO binding in AD
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Fig. 2. Cell origin identification of TSPO overexpression in
the hippocampus of TgF344-AD rats. The ['>I]JCLINDE con-
centrations were determined in 24-month-old wild-type animals
(WT) and in 12- and 24-month-old (12m and 24 m) TgF344-
AD rats. A) Radioactivity was determined in GLT17 (astrocytes),
CD11b* (microglia), and CD317" (endothelial cells) cell pop-
ulation (%injected dose/g of tissue). B) Radioactivity per cell
(%injected dose/cell) in each cell population. C) number of cells
sorted. ['2’T]JCLINDE concentrations and cell number were ana-
lyzed by two-way ANOVA. Post hoc tests indicate genotype
differences (% ) and age effects in TgF344-AD (oo). The number
of symbols indicates the significance level (1: p <0.05;2: p<0.01;
3: p<0.001). Mean £ SEM of 8 animals per genotype and per age
are presented.

subjects as compared to controls (%ID/g of tis-
sue = SD: 2.6 £ 1.4 versus 1.3 £0.5; p<0.05). The
cell sorting revealed that this elevation is due to
both astrocytes (p<0.05) and microglia (p<0.05,
Fig. 4A). Astrocytes did not show either an increase

in TSPO binding site per cell or cell expansion
(Fig. 4B, C). In contrast, there was a significant
microglial cell population expansion (p < 0.05) with-
out any change in the number of TSPO binding sites
per cell (Fig. 4B, C).

DISCUSSION

In the TgF344-AD rat, the hippocampus is the first
of the regions studied in the present paper to show
an upregulation of the TSPO: the overexpression is
present at 12 months and amplified at 24 months. On
the contrary, the presence of an increase in TSPO
is only observed at 24 months in the striatum, the
frontal cortex, the cerebellum, the brain residue, and
the eyes. At 12 months, amyloid deposit levels are
the highest in the hippocampus, as compared to other
brain areas. In the hippocampus, we have also demon-
strated that TSPO levels are upregulated with age
and that the cellular origin of these increases evolves.
Indeed, in 12-month-old rats, astrocytes are responsi-
ble for TSPO overexpression whereas at 24 months,
microglia also participates in this overexpression.
This elevation of TSPO binding is associated with
an upregulation of the number of TSPO sites per cell
without expansion of the number of glial cells. In the
temporal cortex of human AD subjects, we showed
that the TSPO increases observed at the tissue level
are due to astrocytes and microglia, as in the rat, but
in human AD, this TSPO upregulation is associated
with an expansion of the number of microglial cells.

The presence of TSPO overexpression in AD has
been demonstrated in various animal models [4, 18,
20, 25, 29, 30, 34, 36, 39] as well as in clinical [2, 6,
11, 23, 40] and postmortem [10, 47, 63] human stud-
ies. However, the understanding of this phenomenon
is limited by the presence of a TPSO expression by
several cell types such as astrocytes, microglia, neu-
rons, and endothelial cells [64]. At the tissue level, it
is difficult to determine the progression of astrocytic
versus microglial activity in terms of TPSO expres-
sion. However, providing a cellular resolution to the
analyses is extremely important because of the het-
erogeneity of the physiological roles played by the
different cell types of the brain. For this purpose, we
have recently developed the FACS-RTT technique
to identify the cell origin of the CLINDE binding
[47]. The specificity of the CLINDE binding was
previously demonstrated using a competitive inhi-
bition approach [47]. In TgF344-AD rats, we show
here that astrocytes are the first cell population to
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TSPO

CD31

MERGE

Fig. 3. Cell origin confirmation of TSPO expression in the hippocampus of TgF344-AD rats. Double-immunofluorescence was performed
with antibodies directed against TSPO (green color) and specific cell markers (red color). Merge images demonstrate the colocalization of
TSPO with astrocytes (GFAP), microglia (IBA1), and endothelial cells (CD31). Scale bar: 10 um.

upregulate TSPO and then, as the pathology pro-
gresses, an increase in microglia cell population is
also observed. In both cases, these increases are
due to an increase in the number of sites per cell.
These observations are important for our understand-
ing of the pathology and show that the SPECT/PET
signal does not always have a unique biological ori-
gin (in this case, the TSPO signal alterations are
not solely attributed to microglia or astrocytes). Our
observation of an upregulation of TSPO in astro-
cytes before microglia may suggest that astrocytes
are involved earlier in AD pathology than microglia.
Our hypothesis is consistent with previous stud-
ies showing the appearance of reactive astrocytes

several months before reactive microglia [65—-67]
and the presence of an astrocytosis from the mild
cognitive impairment stage in AD patients [68]. As
astrocyte reactivity is modified by the presence of
amyloid [69-71], the cellular stage of the pathology
could be marked by a modification of astrocytic func-
tions in connection with the upregulation of TSPO.
With the progression of the pathology, inflammation
spreads to other areas of the brain, microglial cells
become active [66] and the origin of the increase in
TSPO now involves microglia in addition to astro-
cytes. This could mark the transition to toxic forms
of astrocytes and microglia leading to neurodegener-
ation [72—74]. The presence of a cell death in the brain
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Fig. 4. Determination of the cell origin of TSPO overexpression
in temporal cortex of Alzheimer’s disease. The ['2TJCLINDE
concentrations were determined in the temporal cortex of con-
trol and AD subjects. A) Radioactivity was determined in GLT1+
(astrocytes), CD45% (microglia), and CD31" (endothelial cells)
cell population (%injected dose/g of tissue). B) Radioactivity per
cell (%injected dose/cell) in each cell population. C) number of
cells sorted. ['2°TJCLINDE concentrations and cell number were
analyzed by two-way ANOVA. Post hoc tests indicate genotype
differences (% p <0.05). Mean &= SEM of 8-9 subjects per group
are presented.

of TgF344-AD rats at advanced stages of the pathol-
ogy supports this idea [75]. In addition, a transition
from a rather protective microglia phenotype (M2) to
a deleterious microglial phenotype (M1) occurs late
in the pathology [76]. However, the majority of stud-
ies showed that TSPO seems to be only expressed in
the M1-type microglia [77-79] which could explain
the late onset of microglial TSPO in the rat, but

another study has seen its presence in M2 [25]. It
is also important to notice that not all astrocytes
and microglial phenotypes were analyzed in terms
of TSPO expression. Indeed, a continuum of forms
of phenotypes exists between the pro-inflammatory
1 and anti-inflammatory 2 subcategories, and the
recently observed identification of particular gene
expression profiles has made it possible to identify
new sets such as “disease-associated microglia” or
“senescent astrocytes” [80-85]. It is possible that the
appearance of these different forms over the course of
the pathology contributes to alterations in the TSPO
signal. Another complementary possibility may be
the time of onset of the neurofibrillary tangles. In
the TgF344-AD rat, their absence at the age of 6
months and their presence at the age of 16 months
has been shown [75]. It is therefore possible that the
presence of a tau alteration and the appearance of
neurofibrillary tangles, which are known to influence
inflammation [86], also play a role in the appear-
ance of astrocyte and microglial TSPO. Thus, in
order to find potential avenues for therapeutic inter-
vention, it will be preferable to no longer consider
the glia-mediated inflammation at the tissue level
but to consider cell type-specific approaches. Sup-
porting this hypothesis, a specific modulation of the
reactive state of astrocytes without any modification
in microglia has allowed to improve synaptic func-
tion and cognitive symptoms and decrease amyloid
deposits [87]. Thus, astrocytes could be a preferred
target of neuroinflammation in the first stages of AD.

Numerous in vivo studies have shown the involve-
ment of TSPO in AD but the cellular origin remains
little or not determined. We showed that TSPO is
overexpressed in astrocytes and microglia in the tem-
poral cortex of AD subjects. This observation was
made from AD and control subjects whose frontal
cortex were used in a first study [47]. Interest-
ingly, these two independent experiments conclude
in the same way: increase in TSPO in astrocytic
and microglial populations with an increase in the
number of microglia. This double confirmation (2
tissues, 2 independent experiments) makes it possi-
ble to hypothesize that, at least in the human AD
cortex, alterations in TSPO only involve glial cells.
Thus, although it is not possible to determine in
human samples which of the astrocytes or microglia
occurs first in terms of TSPO overexpression in the
present study, our observations in rats and humans
are concomitant with each other. Therefore, acti-
vated glia represents the source of overexpression
of TSPO, without involvement of other cell types.
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Thus, TSPO is most probably a biomarker of glial
reaction in AD. Nevertheless, the functional effects
that it induces in astrocytes and microglia are not
necessarily the same and will have to be the object of
future investigations. It is also important to note that
the molecular mechanisms involved for the upregu-
lation TSPO are different between the rat model and
humans: in the first case, the number of sites per cell
increases without cell proliferation and in the second
case, the number of sites per cell remains constant
in the presence of an expansion in the number of
microglial cells. The absence of a variation of the
number of astrocytic cells [88, 89] and the expansion
of the microglial cell population [90, 91] previously
described in AD reinforce our observations. Con-
sidering microglia, the difference between increased
numbers of cells in humans and increased numbers
of TSPO sites in animals may reflect intrinsic differ-
ences between species. In fact, the rate of renewal
of murine microglia is very different from that of
human microglia, suggesting that their response to
the chronic presence of pathogenic factors may dif-
fer [92]. In culture, the presence of proinflammatory
factors in the medium increased or had no effect
on the expression of TSPO according to whether
the microglia is of murine or human origin, respec-
tively [79]. Thus, the responsiveness of microglia in
terms of TSPO may reflect more general differences
between human and murine microglia. In a similar
manner, the changes in microglial gene expression
during aging shows little overlap between human and
murine microglia [83]. However, when measuring the
inflammatory response to an injection of LPS directly
into the brain, we observed an increase in the number
of microglial cells [47]. This observation indicates
the ability of the rat brain to show an expansion in
the number of microglial cells or in the number of
TSPOssites per microglial cell. Thus, it is possible that
the type of response depends not only on the animal
model considered but also on the type of inflamma-
tion (i.e., acute versus chronic). In this same idea, we
observed that the cellular origin of the overexpression
of TSPO depended on the type of molecule injected
[47]. Overall, this data suggests that the results of
studies in animal models of AD should be carefully
extrapolated to the human pathology, taking such
interspecies differences into account.

Functional links between amyloid and TSPO have
previously been implicated by the demonstration of
a positive correlation between TSPO and amyloid
levels in humans and in AD mice [2, 4, 9, 93, 94].
The present study on TSPO levels is the first one

conducted in the TgF344-AD rat model and we
showed that the hippocampus is the first of the brain
regions to overexpress TSPO. Interestingly, the hip-
pocampus is also the region showing the higher AP
deposit concentration. It is therefore possible that the
evolution of the number of amyloid plaques follows
that of the TSPO density in the TgF344-AD rat, as
suggested in previous preclinical and clinical studies
[2,4, 13,93, 94]. In contrast, the positive correlation
observed between TSPO and tau in the P301S Tau
transgenic mice [29] seems to be absent in humans
[32]. Future studies should decipher the relationships
between TSPO, tau, and AB. In addition, the pres-
ence of amyloid accumulation in TgF344-AD will
have to be analyzed in more depth than on the basis
of 4G8-immunoreactivity alone. Indeed, even if this
antibody is very widely used in research and in diag-
nosis, it should be noted that it also has a labeling for
the precursor of the amyloid [95].

Finally, we also included in this study an
assessment of TSPO binding alterations in several
peripheral organs, hypothesizing that TSPO imaging
could also be a potential biomarker of inflamma-
tion in peripheral organs in AD. Among the brain
regions and the peripheral organs that were assessed
in this study, a TSPO upregulation concerns pri-
marily the hippocampus and later the other brain
regions and the eyes. It is interesting to note that the
eyes also show amyloid deposits [54], suggesting a
potential relationship between amyloid deposits and
TSPO upregulation in tissues beyond the brain, which
should be further confirmed and investigated. How-
ever, as the upregulation of TSPO in the eyes does not
predate that of the hippocampus, this index does not
seem to be a potential early marker of the pathology.

Two limitations can be made to the interpretation
of our data. Firstly, measurements of CLINDE con-
centrations in the brain and peripheral organs are
expressed as a percentage of the dose injected per
g of tissue. These values do not take into account
the concentration of the free CLINDE in the blood.
However, we observed that the plasma/whole blood
ratio of CLINDE is decreased in TgF344-AD rats
aged 10 months as compared to their controls (per-
sonal observation). Thus, the data obtained here could
underestimate the increases in TSPO in TgF344-AD.
Secondly, given the biological roles of TSPO other
than inflammation in the peripheral organs, the inter-
pretation of its signal must be done with caution. In
our study, it is possible that the absence of alteration
of TSPO indicates the absence of an inflammatory
reaction large enough to be detected, but we cannot
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exclude the possibility of a masking effect. However,
previous imaging studies of TSPO had revealed an
alteration of peripheral TSPO in different organs and
in different pathologies [48-51, 96].

In conclusion, our study provides new informa-
tion on the time course of astrocyte and microglia
reactivity, with regard to the expression of TSPO.
This observation is based on the hypothesis of an
earlier involvement of reactive astrocytes than active
microglia in AD, which opens new avenues for ther-
apeutic studies. In humans, we showed that only
glial cells participate in TSPO alterations and our
data, in agreement with those previously obtained
in the frontal cortex [47], confirms the translational
character of TSPO from astrocytes and microglia in
the pathology. However, the molecular mechanisms
involved are different: in rats, the number of targets
per cell is upregulated while in AD patients, it is the
number of cells expressing TSPO that increases. Our
observations tend to show that different therapeutic
windows exist specifically targeting astrocytes at the
beginning of pathology, then astrocytes and microglia
in more advanced stages.
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