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Abstract

Many studies have explored the role of TSPO (18 kDa translocator protein) as a marker of neuroinflammation using
single-photon emission computed tomography (SPECT) or positron emission tomography (PET). In vivo imaging does
not allow to determine the cells in which TSPO is altered. We propose a methodology based on fluorescence-activated
cell sorting to sort different cell types of radioligand-treated tissues. VWe compared left/right hippocampus of rats in
response to a unilateral injection of lipopolysaccharide (LPS), ciliary neurotrophic factor (CNTF) or saline. We finally
applied this methodology in human samples (Alzheimer’s disease patients and controls). Our data show that the pattern
of TSPO overexpression differs across animal models of acute neuroinflammation. LPS induces a microglial expansion
and an increase in microglial TSPO binding. CNTF is associated with an increase in TSPO binding in microglia and
astrocytes in association with an increase in the number of microglial binding sites per cell. In humans, we show that the
increase in CLINDE binding in Alzheimer’s disease concerns microglia and astrocytes in the presence of a microglial
expansion. Thus, the cellular basis of TSPO overexpression is condition dependent, and alterations in TSPO binding
found in PET/SPECT imaging studies cannot be attributed to particular cell types indiscriminately.
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the radioactive signal. In humans and animals, in situ

Introduction o : S e
binding on slices or in vitro binding on homogenates

Molecular imaging has helped to better understand the
pathophysiological processes of several oncological,
neurodegenerative and psychiatric diseases. The in
vivo measurement of the radioactive signal by single-
photon emission computed tomography (SPECT) or
positron emission tomography (PET) makes it possible
to study the variations of the concentration of molecu-
lar targets with respect to various physiological and
pathological processes. In Alzheimer’s disease (AD) as
in many psychiatric disorders, the presence of neuroin-
flammation, by the study of the 18kDa translocator
protein (TSPO), has been demonstrated.' > However,
PET studies reported either AD-associated increases
or no effect on TSPO density.‘Hl In animal models,
ex vivo quantification can be complementary to PET/
SPECT imaging. It makes it possible to increase the
sensitivity and the resolution of the measurement of

(receptor binding assay) can also be performed from
frozen samples.'?

All these approaches enable quantification of the
TSPO density at the tissue level, but provide no
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information on the identity of the cells that produce
TSPO. To reveal the cell origin of TSPO expression,
several immunohistochemical (IHC) studies have been
performed. Most of the studies demonstrate an involve-
ment of microglia, which historically suggested that
TSPO was a microglial marker.® An astrocytic origin
of TSPO has also been suggested.™'*!*!* TSPO may
also have an endothelial and neuronal origin.> Thus,
depending on the experimental approach, the authors
show a variation in the number of cells expressing
TSPO-immunoreactivity (TSPO-ir) without informa-
tion on the quantity of TSPO per cell, or a variation
of the intensity of TSPO-ir per unit area without infor-
mation on the number of cells.'>"!” Thus, these studies
demonstrated the cellular origin of TSPO without pre-
cisely determining what these alterations stand for
(alteration in the number of binding sites per cell or
to an alteration of the number of cells expressing the
binding sites).

Therefore, the existence of a variable cell origin of
the TSPO greatly complicates the understanding of the
SPECT/PET signal.® In fact, the contribution of other
cell types than microglia or astrocytes, such as endo-
thelial cells and neurons, may have a confounding effect
on in vivo imaging results,'' and it is difficult to
know, in a given pathology, what is the contribution
of each cell type in the PET/SPECT radioactive meas-
ures and what such a diversity may imply for the under-
lying biological significance of TSPO alterations. For
instance, the cellular origin of the increase in TSPO
signal demonstrated in PET studies in patients with
AD”-?%2! or the decrease in TSPO in schizophrenia®* ¢
remains elusive.

To fill this gap, we have developed a new method-
ology coupling in vivo molecular imaging (in this study,

SPECT) to cell sorting performed by flow cytometry:
fluorescence-activated cell sorting to radioligand-
treated tissues (FACS-RTT). As a proof of concept,
we used ['*IICLINDE to quantify TSPO*"* in a
model of acute neuroinflammation induced by a unilat-
eral stereotactic injection of lipopolysaccharide (LPS) or
ciliary neurotrophic factor (CNTF). In our protocol,
LPS is used to stimulate a microglial response,®-*°
while the CNTF is used to stimulate both microglia
and astrocytes.’ ¥ Two other groups of animals are
studied: saline-injected rats to measure the impact of
the surgery, and untreated rats to validate the reliability
of the method by comparing the ['*’[JCLINDE binding
between left and right brain hemispheres. Then, we eval-
uated whether the FACS—RTT approach can be used in
frozen human brain samples to quantify the cell origin of
the TSPO binding, with AD as an example of pathology.
Our general hypothesis is that the biological mechanisms
underlying overexpression of TSPO may diverge depend-
ing on the type of neuroinflammation and the pathology.

Material and methods
Experimental design

The overall FACS-RTT procedure to assess the cellu-
lar origin of TSPO signal is shown in Figure 1. The
animals were randomized in one of the three experi-
mental conditions and received an injection into the
left hippocampus of a solution containing either LPS,
CNTF or saline (the groups were named accordingly).
An additional group of rats (older animals) were used,
to augment the chances of having a more robust and
quantifiable TSPO signal, given that baseline TSPO
expression increases with age® was also included.

Cortex isolation

extraction

Dissociated cells

' o= | = Antibody treatments
[*]CLINDE injection - ) ey 2
rain )
SPECT acquisition » aion s Hippocampus
isolation
i i ST
In vivo (%IDig) Ex vivo (%IDig) Rissociotsd cule
)
4
g P
S ["ICLINDE
= = — g = Astrocytes
AN application Microglia  Endothelial cells
- In vitro (%IDig) Cell population (%ID/g)

Cell level (%IDicell)

Figure 1. Overview of the fluorescence-activated cell sorting to radioligand-treated tissues (FACS—RTT) protocol. Schematic

overview of the methodology used for the in vivo, ex vivo, in vitro

and cellular measurement of the radioligand. %ID/cell: percentage of

the injected dose/cell; %ID/g: percentage of the injected dose/g tissue weight; NTD: neural tissue dissociation.
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The rats from the four groups underwent a
SPECT exam with ['**I|CLINDE (in vivo determin-
ation of TSPO binding). At the end of the SPECT
acquisition, hippocampi were extracted, measured in a
gamma counter (ex vivo determination of TSPO bind-
ing) and processed for cell dissociation. Human brain
samples were treated with ['*’IJCLINDE following the
cell dissociation procedure (in vitro determination of
TSPO binding). All cells (in rat and human experi-
ments) were then treated with the specific antibodies
of the desired cell types (astrocytes, microglia, neurons
and endothelial cells). The cells are then separated and
counted with the FACS (including autofluorescent and
negative cells, corresponding to unstained cells with the
antibodies used). The radioactivity was finally mea-
sured in the different cell-sorted population (determin-
ation of TSPO binding at the cell population level), and
the average radioactivity per cell was calculated (deter-
mination of TSPO binding at the cell unit level).

Animals

Sprague-Dawley rats (3 months old) and Fisher 344
rats (24 months old) were housed in light-dark cycle
(LD 12:12) with food and water provided ad libitum.
A random assignment of the Sprague-Dawley rats to
the experimental groups was performed using unique
identification numbers.*> For the SPECT protocol fol-
lowed by the FACS-RTT protocol, animals received
stereotaxic injection of either LPS (n=7), CNTF
(n=6) or saline (n=7). A radiotracer displacement
FACS-RTT experiment was performed in a group of
LPS-treated rats (n=3). For the comparison of the
results of the SPECT and the FACS-RTT between
left and right hippocampi in untreated rats, aged
Fisher 344 rats (n =7) were used. All experimental pro-
cedures were conducted with the agreement of the
Ethics Committee for Animal Experimentation of the
Canton of Geneva and the General direction of health
of the canton of Geneva, Switzerland. Data are
reported in accordance with Animal Research:
Reporting In Vivo Experiments (ARRIVE) guidelines.

Stereotaxic injections
Buprenorphine-treated (0.05mg/kg s.c.) anesthetized

(2% isoflurane) animals were mounted on a stereotaxic

Table |. Details of control and AD subjects.

apparatus. Three days before the imaging experiment,
2ul of LPS (Spg/ul), CNTF (2pug/ul) or saline was
injected using a Hamilton syringe at the following
coordinates relative to bregma: posterior, —5.6 mm; lat-
eral, 5.0mm and ventral, —5.0 mm. After injecting at a
rate of 0.2 ul/min, the syringe was left in place for 2 min
before withdrawal.

Human brain samples

The human brain samples (n=9/group) were obtained
from the Geneva Brain Bank® and were stored at —
80°C. Clinical variables of donors (age, gender,
Braak stage and Tspo polymorphism status) are given
in Table 1. A board-certified neuropathologist deter-
mined the Braak stage for neurofibrillary tangles.
Frontal grey matter (100 mg) was dissected ex temporally
for the FACS-RTT procedure. A second piece of tissue
was used for genotyping, regarding the presence of the
1s6971 polymorphism®’ within the TSPO gene (TaqMan
SNP genotyping assay, Applied Biosystems). Subjects
were 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 poly-
morphism). LAB subjects were excluded from the ana-
lyses. The experimental procedure was approved by the
Cantonal Commission for Research Ethics (CCER) of
the Canton of Geneva and the General direction of
health of the canton of Geneva, Switzerland.

['?*I]CLINDE synthesis

The CLINDE tributyltin precursor (100pg) in acid
acetic (100 ul) was incubated (70°C, 20min) with
Na'?I (5-10mCi, PerkinElmer) and peracetic acid
(37%, 5ul). After purification using a reversed-phase
column, ["*’IJCLINDE was concentrated using a Sep-
Pak CI8 cartridge in 95% acetonitrile (ACN). Then,
ACN was evaporated, and ['*’IJCLINDE was dissolved
in saline.

SPECT scan acquisition and image processing

The 1-h in vivo imaging protocol began with the tail-
vein injection of the ['**IJCLINDE (30.6 + 1.94 MBq)
on anesthetized (2% isoflurane) animals placed in the

Group Braak stage Age HAB/MAB Sex PM delay (h)
Control 1.8+0.71 85.6 823 6/2 5m/3f 11.4+853
Alzheimer 5.2+0.67* 89.1 £8.74 4/5 Sm/4f 9.5+£538l

Mean £ SD; *p < 0.001, two-tailed unpaired t test. PM: post mortem.
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U-SPECT-II scan (miLabs, Utrecht, Netherlands).
A dynamic SPECT acquisition (60 x 1-min frames)
was initiated upon injection of the radiotracer.
SPECT images were reconstructed using a POSEM
(0.4mm voxels, four iterations, six subsets) approach,
and a radioactive decay correction was applied.
A factor analysis denoising was applied on dynamic
images, as previously described.**** The PMOD soft-
ware (version 3.6; 2014, PMOD Technologies Ltd,
Zurich, Switzerland) was used to process the images.
Following a manual co-registration to the rat MRI
implemented in the software, a volume-of-interest
(VOI) template was used to extract the time—activity
curves, as well as the radioactivity measurements cor-
responding to the time interval between the 45th and
the 60th min post-injection.

Radioactivity measurements

Radioactive concentrations in rat and human brain
extracts and in isolated cell types were measured on
an automatic y counting system.

Cell suspensions

Following a 1-h SPECT acquisition, animals were
euthanized. For the effects of the radiotracer displace-
ment procedure on FACS-RTT results, non-radioac-
tive CLINDE (500 pg/kg) was injected 10min after
the ['"*’IJCLINDE injection, and rats were euthanized
at 1-h after the ["*’I]JCLINDE injection (no SPECT
scan was performed). The brain was quickly removed
and dissected to isolate the left and right hippocampi.
The tissues of the fresh rat were collected, and the
frozen human samples were then prepared for FACS
using the previously described protocol.*’ Briefly,
mechanistic and enzymatic separation was applied to
the tissues followed by a myelin depletion step. Cells
were then suspended in buffer (0.1 M phosphate-
buffered saline), 1mM Ethylenediaminetetraacetic
acid and 1% of Bovine Serum Albumin) and treated
with APC anti-rat CD11b (1/800; Biolegend), FITC
anti-rat CD90 (1/250; Biolegend), PE-Cy7 anti-rat
CD31 (1/100; Invitrogen) and rabbit anti-GLT1
(1/100; Novus) antibodies for rat samples and with
BV 421 anti-human CD45 (1/800; BD Horizon),
PE-Cy7 anti-human CD31 (1/100; Invitrogen) and
rabbit anti-GLT1 (1/100; Novus) antibodies for
human samples. After 20min of incubation and wash-
ing, a secondary antibody (PE goat anti-rabbit; 1/500;
Life technologies) was applied for 15min. Then, cells
were suspended in 250 ul of the buffer. An additional
step was performed for human samples: before the add-
ition of antibodies, cells were treated with ['*IJCLINDE
for 15min, followed by a washing step.

Fluorescence-activated cell sorting

Dead rat cells were excluded using a DAPI staining
during data collection. Unstained and single stain
cells (from both human and rat samples) were used to
identify positive and negative cells for each antibody,
to identify autofluorescent cells, to determine the values
of compensation (to correct for the interferences
between fluorochromes), to validate the functioning of
each antibody and to draw the gate of cell sorting for
each antibody. Firstly, cells were sorted based on
their forward and side scatter from all possible events.
Single cells were then sorted based on their autofluor-
escence, and their fluorescence considering PE-GLTI
positive cells and PE-Cy7-Pecam/CD31 positive cells.
Negative cells were then sorted based on their fluores-
cence considering FITC-CD90 positive cells and either
APC-CDI11b positive cells (rat samples) or BV-CD45
positive cells (human samples). Cells that are neither
autofluorescent nor stained with any of the antibodies
are sorted and expressed as negative cells. The cell
number was determined for each cell population during
data collection (Beckman Coulter MoFlo Astrios).

Western blot

To further validate the purity of the glial cells that were
sorted with FACS, western blot experiments were per-
formed. Following cell sorting, CDI11b*, GLTI,
CD31" and CD90" cells were lysed in extraction
buffer (50mM Tris (pH7.4), 150mM NaCl, 0.02%
sodium azide, 0.1% SDS, 1% Nonidet P-40, 12mM
sodium deoxycholate, 1x proteinase inhibitor). Protein
homogenates were treated with 5% p-mercaptoethanol
in Ix LDS (Invitrogen) and separated using 12%
NuPAGE Tris-Acetate gels (Invitrogen). After transfer
to nitrocellulose membrane, proteins were treated with
mouse anti-Gfap (1/500; Invitrogen) or rabbit anti-Ibal
(1/500; Wako) for 48 h in 0.2% Tween 20, 5% milk and
Ix PBS buffer. Secondary antibodies (rabbit anti-mouse
and goat anti-rabbit, 1/1000) were incubated for 1h.
Twice washing (20 min, 0.2% Tween 20, 5% milk, 1x
PBS buffer) was performed after incubation with anti-
bodies. Bands were detected with the chemiluminescent
ECL detection system (Amersham).

Statistical analyses

Radioactivity was expressed as a percentage of the
injected dose/g tissue weight (%ID/g) or as a percent-
age of the injected dose/cell (%ID/cell). Cell isolation
and FACS procedures were performed at blind con-
ditions. Statistical analyses were performed using
the two-way analyses of variance (ANOVA) with
cell type and groups as between-subject variables.
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When the group x cell type interaction was significant,
comparisons were performed using paired (rat samples)
or unpaired (human samples) two-tailed Student’s t-
tests. No adjustment for multiple comparisons was
made since we used a planned comparison including
only the difference between groups and not the entire
contrasts (six pairs out of the 66 total pairs). All ana-
lyses were performed wusing Statistica software
(Statistica 8.0; StatSoft). Data are presented as
mean + SD. A sample size analysis with the graphical
Douglas Altman’s nomogram approach*' was per-
formed, and significant data was only reported if
p<0.05and B<0.2.

Results

['**I]CLINDE representative SPECT images are pre-
sented in Figure 2. In animals having received unilateral
LPS and CNTF injections (Figure 2(a) and (b), respect-
ively), an increase in the ['*IJCLINDE binding is
observed. In animals having received a saline injection,
as well as in the control group of aged animals having
received no treatment, no left/right difference is
observed (Figure 2(c) and (d), respectively). Following
the SPECT experiment, hippocampi were processed for
the dissociation procedure. Figure 3(a) and (b) shows
the result of a representative cell-sorting experiment

i
A B,

@™ 4 s 6

== Cont.
==Saline

E I I

- |_eft
== Right

Figure 2. TSPO brain imaging using SPECT with ['’IJCLINDE. Representative images of the SPECT TSPO signal at the level of the
hippocampus in the ipsilateral (volume-of-interest drawn in white) and the contralateral (volume-of-interest drawn in red) side of the
injection of LPS (a), CNTF (b), Saline (c) as well as in untreated rats (d). Images (corresponding to the 45—60 min post-injection) were
coregistered to the MRI atlas in the coronal (left), sagittal (center), and horizontal (right) planes. The in vivo time—activity-curves
obtained in the ipsilateral and the contralateral side of the injection are presented on the right of the images. SPECT: single-photon
emission computed tomography; TSPO: translocator protein; LPS: lipopolysaccharide; CNTF: ciliary neurotrophic factor.
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with the gate of cell sorting for each antibody. No dif-
ference in the median fluorescent intensity (MFI) was
observed between left and right hippocampi, and
between the AD and control tissues, whatever the anti-
body used (not shown). A western blot confirmation of
the identity of the GLT1" and CD11b" cells was per-
formed (Figure 3(c)). GFAP is only observed in cells
sorted using the GLTI-specific antibody, and IBAI is
only observed in cells sorted using the CD11b antibody.
The quantification of TSPO binding in the different
experiments and in the various cell types is described
in detail below.

Cell origin of LPS-induced TSPO overexpression

LPS induced a significant increase in TSPO binding that
is observed both in vivo and ex vivo (p < 0.01, Figure 4(a)
and (b)). The injection of LPS increased the radioactive
signal in the microglial cell population (Figure 4(c),
p <0.001) without any increase in the number of TSPO
binding sites per microglial cell (Figure 4(d)) but with an
increase in the number of microglial cells (Figure 4(e),
p<0.001). We did not observe any alterations on the
other cell types (see Figure 4(c) to (e) for astrocytes, endo-
thelial cells and neurons and Supplemental Figure 1 for
autofluorescent and negative cells, that are, negative for
all the used antibodies).

To validate the specificity of the increase in the
['**IICLINDE, an additional group of LPS-treated
rats received a co-injection of both radioactive and
non-radioactive CLINDE. The co-injection of both
radioactive and non-radioactive CLINDE abolished
the left/right difference of TSPO binding as measured:
(a) at the ex vivo level (left/right difference: LPS group,
2.92+0.43; LPS+non-radioactive CLINDE group,
1.27+£0.1) and (b) at the microglial cell population
level (left/right difference: LPS group, 10.4+3.11;
LPS 4 non-radioactive CLINDE group, 1.28 £+ 1.21).

Cell origin of CNTF-induced TSPO overexpression

Figure 4(f) to (g) shows the left/right difference in
TSPO binding induced by CNTF as measured at in
vivo (p < 0.05) and ex vivo (p < 0.05) levels. The results
of the FACS—RTT protocol indicated that the injection
of CNTF increased the radioactivity levels due to
microglia at both the cell population level (p <0.05,
Figure 4(h)) and the cell level (p <0.01, Figure 4(i))
without any change in number of cells (Figure 4(j)).
CNTF also stimulated the TSPO signal in the astrocytic
cell population (p <0.05, Figure 4(h)). CNTF did not
induce any alterations on the other cell types (see
Figure 4(c) to (e) for endothelial cells and neurons,
and Supplemental Figure 1 for autofluorescent and
negative cells).

Absence of TSPO overexpression in response to a
saline injection

To validate the specificity of the effects of LPS and
CNTF in term of TSPO overexpression, an additional
group of rats received a sham unilateral injection
(i.e. saline). Such an injection did not induce any dif-
ference between the left and the right hippocampus
(Figure 5(a) and (b), in vivo and ex vivo). Saline did
not modify neither the TSPO from astrocytes, micro-
glia, neurons and endothelial cells nor the number
of cells sorted (Figure 5(c) to (¢)). The only statistical
difference observed is an unexpected increase in
the ['*’TJCLINDE signal due to autofluorescent cells
(Supplemental Figure 2).

Absence of left/right difference in TSPO binding in
the hippocampus of untreated rats

To underline the absence of endogenous left/right
differences in the ['*’IJCLINDE binding in the hippo-
campus, we used aged rats to potentialize the TSPO
detection, as TSPO was previously shown to increase
with age in both human and rodents.****4>** The
comparison of the left and the right hippocampus of
untreated rats did not find any statistically significant
difference (Figure 5(f) to (j), Supplemental Figure 2).

Cell origin of TSPO overexpression in human: the
example of Alzheimer’s disease

The results of the comparison of TSPO binding in the
frontal cortex between a group of AD patients and age-
and sex-matched controls (details on the population is
indicated in Table 1) are presented in the Figure 6. The
genotyping revealed that 10 subjects were HAB and
seven were MAB. Only one subject was LAB and
excluded from the study. At the overall cell population
level, no difference was observed between groups
(Figure 6(a)). In marked contrast, the FACS-RTT
protocol permitted to identify an increase in the radi-
oligand uptake in AD in microglia (p <0.05), astro-
cytes (p <0.05) (Figure 6(b)) as well as a significant
proliferation of microglial cells (p < 0.05, Figure 6(d)).
No difference was shown in the number of TSPO bind-
ing sites per cell (Figure 6(c)). The autofluorescent cell
population showed an increase in their cell number
(p <0.05, Supplemental Figure 3).

Discussion

To our knowledge, this study is the first to describe the
quantification of the in vivo binding of a radiotracer at
the cell-population level. This new method, FACS—
RTT, allowed us to highlight two different types of
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Figure 3. Example of cell sorting. (a) Representative images of the alive cell population depending on size (forward scatter, FSC) and
granulometry (side scatter, SSC) in the LPS-injected side (right panel) and the contralateral (left panel) side. (b) Representative images
of cell sorting, as a function of GLT|-PE, Pecam PE-Cy7, CDIIb APC and CD90 FITC, in the LPS (right panel) and the contralateral
(left panel) side of the injection. (c) Representative immunoblots validating the astrocytic and microglial identity of the GLT| and
CDI Ib positive cells, respectively. Immunoblots were performed on sorted cells (lane I: CDI1b™; lane 2: CD90™; lane 3: GLT1™ and
lane4: CD317) and exposed to antibody directed against either GFAP (left) or IBAI (right). GFAP is only observed in GLT| positive
cells and IBAI is only observed in CDI Ib positive cells. The molecular weight (at the center of blots) indicates bands around 20, 30
and 40 kDa.AF: autofluorescent; Ast: astrocyte (GLT | positive cells and negative for all other markers); En: endothelial (Pecam positive
cells and negative for all other markers); mG: microglia (CD| Ib positive cells and negative for all other markers); Ne: neuron (CD90
positive cells and negative for all other markers); Neg: cells negative for all markers.
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Figure 5. Cell origin identification of TSPO expression in response to unilateral brain injection of Saline and in untreated rats.
Animals received saline (a to e) or were untreated (f to j). The radioactivity (%injected dose/g of tissue, %ID/g) was measured in vivo (a
and f), ex vivo (b and g) and in each cell population (c and h) in the ipsilateral (red) and the contralateral (blue) side of the injection. (d
and i) Radioactivity per cell (%injected dose/cell) in each cell population in the ipsilateral (red) and the contralateral (blue) side of the
injection. (e and j) number of cells sorted in the ipsilateral (red) and the contralateral (blue) side of the injection.

Ast: astrocyte (GLT| positive cells and negative for all other markers); Cont.: contralateral; En: endothelial (Pecam positive cells and
negative for all other markers); mG: microglia (CD1 Ib positive cells and negative for all other markers); Ne: neuron (CD90 positive
cells and negative for all other markers).
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AD: Alzheimer’s disease; Ast: astrocyte (GLT| positive cells and negative for all other markers); En: endothelial (CD3 1 positive cells
and negative for all other markers); mG: microglia (CD45 positive cells and negative for all other markers).

TSPO-dependent neuroinflammation in response to an
intracerebral injection of LPS and CNTF. In the first
case, the in vivo observed increase in TSPO binding was
attributed to an increase in the number of microglial
cells and thus to an increase in TSPO binding in the
microglial population. In contrast, in response to the
CNTF, an increase in the binding of TPSO in both
astrocyte and microglial cell populations is detected
with a significant increase in the number of binding
sites per microglial cell, without any expansion of the
number of cells. Our methodology was then applied to
samples of human cortex, which corresponds to a radi-
oligand binding assay coupled to the FACS. With
Alzheimer’s pathology as an example, we show an
increase in the TSPO signal is of astrocytic and micro-
glial origin, with an increase in the number of micro-
glial cells.

In vivo molecular imaging approaches cannot iden-
tify the cellular origin and the cellular mechanisms of
adaptation (variation in the number of targets per cell
and/or in the number of cells). In the case of TSPO, the
multi-cellular origin represents a challenge for the
quantification using in vivo imaging. Firstly, microglia
and astrocytes have distinct roles in brain physiology

and pathophysiology. It is thus important to know
whether a given alteration in the TSPO binding mea-
sured in vivo is of microglial or astrocytic origin to
better understand the underlying inflammatory process,
its functional consequences and the implications for the
development of therapeutic approaches. In that idea,
we showed that although the in vivo signal in response
to LPS and CNTF is similar (i.e. increase in TSPO
binding), the identity of the cells and the underlying
mechanisms that account for this TSPO overexpression
are different, much probably representing distinct bio-
logical processes. The distinction between TSPO from
the astrocytes and that of microglia will better charac-
terize the pathophysiological mechanisms involved in
human physiology and pathology with a more precise
approach, which is complementary to in vivo imaging.
Secondly, deciphering the contribution of endothelial
cells to the increase of TSPO binding in a given
pathology is a major challenge in the field": the need
to separately model the endothelial binding, in order to
isolate its contribution from the glial binding in the
kinetic analysis of TSPO brain imaging studies is
debated. With the FACS-RTT approach introduced
here, we identify the differential origin of the increase
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in TSPO binding depending on the experimental para-
digm of the induction of the inflammation.

To validate the specificity of the responses, we used a
sham-injection group to evaluate the impact of the sur-
gery and of the injection per se. In saline-injected rats,
we show the lack of response in terms of TSPO binding
and of cell number. Thus, the present study demon-
strates a segregation between microglial and astrocytic
reactivity in response to LPS and CNTF with respect to
TSPO overexpression. This observation is important as
it makes it possible to demonstrate that TSPO is not
only a marker of microglial activation, it can mark vari-
ations at the astrocyte level and alterations in the
number of targets per cell. Fluorescent immunohisto-
chemistry is qualitative in nature and does not allow
this level of quantitative precision, but in agreement
with our data, it has been shown that TSPO is
expressed by all the above-mentioned cells.'®'®* We
cannot exclude that a part of the TSPO signal in
Cd11b™ cells is coming from a possible LPS-induced
infiltration of circulating monocytes/macrophages but
this is out of the scope of the present article. Further
studies with an optimized choice of antibodies may
answer this potentially important question.

In vitro FACS-RTT in human samples was
restricted to astrocytes, microglial and endothelial
cells'**¢ 8 a5 it was previously shown that the expres-
sion of TSPO in human AD brain did not involve neu-
rons.*” At the whole-tissue level, we did not show any
difference between AD and control but, interestingly,
the increase of TSPO between control tissue and
AD becomes significant when the TSPO binding is mea-
sured individually in each cell type. The validity of the
finding that TSPO increase in AD is of astrocytic and
microglial origin is further supported by the relevant
literature implicating the activation of microglia and
astrocytes in AD.* ! Other cell types, notably endo-
thelial cells, contribute to the overall ['*IJCLINDE
signal but not to the signal increase in AD patients.
This finding may have major implications for in vivo
clinical PET and SPECT imaging of neuroinflamma-
tion in AD. Using the FACS-RTT approach, the
origin of the increase in TSPO binding observed in
AD patients is found to be essentially glial. This find-
ing, if extended to other brain areas, suggests that a
separate modelling of the endothelial binding may be
unnecessary in clinical studies of TSPO in AD. Overall,
such a translational approach may enhance the under-
standing of TSPO-related neuroinflammation in AD
and potentially in other brain pathologies, from both
a diagnostic and therapeutic perspective.

In this study, we describe the use of a new method,
complementary to in vivo imaging. In order to provide
arguments for the validation of the FACS-RTT tech-
niques, we have made various observations: (i) In

untreated animals, we show the absence of left/right
difference for the number of cells, the TSPO binding
per cell and the TSPO binding per cell population.
This brings an argument on the reliability of the repeat-
ability of the procedure. A true test-retest (i.e. repeti-
tion of the whole procedure) cannot be performed since
the cell separation protocol is a ‘terminal’ procedure,
and the dissociated cells cannot be used for multiple
FACS experiments. As the left and right hippocampi
are separately treated (in terms of cell dissociation and
FACS), they can represent an index of repeatability.
(i) On sorted cell populations using previously vali-
dated antibodies,*® we show that only the GLTI"
population is GFAP™ and that only the CD11b™ popu-
lation is IBA1T, which is an index of purity of the
sorted cells. (iii) In response to LPS, we show an
increase in the number of microglial cells, which
agrees with the literature.’*> In the cortex of AD
patients, we also show this cell expansion of microglia,
which confirms the previous IHC data.’*** (iv) We did
not report alteration in the number of astrocytes in the
cortex of AD patients, which corroborates previous
IHC observations.” >’ (v) In response to CNTF, we
reported an activation of both microglia and astrocytes
which is in accordance with previous literature.’ 3
(vi). The co-injection of radioactive and non-radioac-
tive CLINDE results in an absence of radioactive signal
at the cellular level which proves that the CLINDE—-
TSPO binding remains specific even after the FACS
procedure. Thus, our observations and the relevant lit-
erature come together to validate our approach. In add-
ition, the FACS-RTT approach can identify the
mechanisms of TSPO alterations in the cell population
(i.e. number of target/cell and number of cells) that is
not possible in THC.'™'>"!" By contrast, IHC allows to
maintain the cellular architecture and thus to determine
cell—cell interactions. Therefore, IHC and FACS-RTT
approaches are, to our view, complementary.

By analogy with the single cell RT-qPCR after
FACS for the RNAs quantification, the FACS-RTT
seems a valid technique for the single cell radioligand
detection of target proteins. As in our human samples
experiment, the data at the cellular level may be differ-
ent from this at the tissue level. Therefore, the FACS—
RTT appears to be complementary to in vivo imaging
and contribute a level of precision that is impossible to
obtain in in vivo or ex vivo imaging. In our study, the
various models of acute neuroinflammation did not
have any impact on the endothelial TPSO. This obser-
vation does not exclude the presence of alterations of
the endothelial TPSO in other brain pathologies, and
the FACS-RTT approach should be very useful in this
context. We have shown the cellular origin of TSPO
increases in the LPS- and CNTF-treated groups
as well as in the human frontal cortex in AD.
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FACS-RTT may also be used to gain in-depth under-
standing of the mechanism of alterations in TSPO bind-
ing in other brain pathologies, even when a decrease in
its binding is detected in in vivo imaging, as in schizo-
phrenia.?® In this example, FACS-RTT could be used
to better understand in which cells the TSPO binding is
decreased and/or if the number of cells that express
TSPO is modified in post mortem samples from schizo-
phrenic patients (and even animal models). The limiting
factor is the possibility of detecting TSPO, which is why
in our study we used older animals as controls to
potentiate the detection of TSPO. The applicability of
FACS-RTT is not limited to ['"*’I]CLINDE. It can be
used not only with all others TSPO tracers (provided
that the radioisotope used has half-lives compatible
with the duration of the procedure) but also with all
radioligands that present binding in multiple cell types.
This is the case, for example, of the expression of many
neurotransmitter receptors (such as dopamine and
acetylcholine receptors).”® ! Overall, the potential of
our technique is considerable.

One of the limitations of the present study arises
from the presence of autofluorescent cells in elderly
subjects and patients as well as in older animals.
Residues of lysosomal digestion, called lipofuscin, are
fluorescent and are known to accumulate with ageing in
neurons, microglia and astrocytes. The cell origin of
autofluorescent cells cannot be identified by FACS.
Thus, our data are based on the identification of non-
autofluorescent positive cells. We excluded double
positive cells (for one of the antibodies and autofluor-
escence). The second limitation of our study is the lack
of possible comparison between the different sorted cell
types. Indeed, the efficacy of the antibodies to capture
the targeted cells and the accuracy of the cell sorting as
a function of the wavelength and the light intensity of
the antibodies differs across cell types. Thus, direct
comparisons between the alterations in TSPO binding
between different cell types are limited. An optimiza-
tion of the antibodies is warranted to improve the
accuracy of the results.

We conclude that the origin of an increase in TSPO
probably depends on the type of neuroinflammation
and should not be generalized across brain pathologies.
Future clinical studies should therefore be informed
by preclinical animal models or post mortem human
brain tissue studies to take into consideration the
cell types involved in the alterations of TSPO observed
in in vivo molecular imaging, as well as the direction of
the changes. Overall, the methodology proposed here
can distinguish the cell types (astrocytes, microglia,
neurons, etc.) involved in the uptake of a radioligand
in the CNS both regarding the binding of the radioli-
gand in each cell type as well as the alterations in
the number of cells in which this uptake is observed.

This methodology presents a major interest in the field of
in vivo molecular imaging as it may provide unprecedented
insight into the cellular underpinnings of radioligand bind-
ing in the CNS. Thus, the FACS-RTT techniques appear
as a complementary approach to in vivo imaging and to
immuno-fluorescence imaging to decipher the cellular
origin of radioligand binding changes.
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