
Amyloid and Tau Induce Cell Death Independently of TSPO
Polymerization and Density Changes
Benjamin B. Tournier, Kelly Ceyzériat, Farha N. Bouteldja, and Philippe Millet*

Cite This: ACS Omega 2021, 6, 18719−18727 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: Apoptosis-dependent cell death of astrocytes has
been described in Alzheimer’s disease and is linked to the presence
of two markers of the pathology: the β-amyloid peptide (Aβ) and
the hyperphosphorylated Tau protein. Astrocytes also show
reactive states characterized by the overexpression of the 18 kDa
translocator protein (TSPO). However, TSPO is also known, in
other areas of research, to participate in cell proliferation and
death. Regulation of its function by autopolymerization has been
described, but its involvement in apoptosis remains unknown. The
aim was to determine the effects of Aβ, Tau, and TSPO antagonists
on proliferation/cell death and TSPO polymerization in the C6
astrocytic cell line. The dose-effect on cell death in response to Aβ
and Tau was observed but without alterations of TSPO density and
polymerization. In contrast, nanomolar doses of antagonists stimulated cell proliferation, although micromolar doses induced cell
death with a reduction in TSPO density and an increase in the ratio between the 36 and the 72 kDa TSPO polymers. Therefore, an
alteration in the density and polymerization of TSPO appears to be related to cell death induced by TSPO antagonisms. In contrast,
Aβ- and Tau-induced death seems to be independent of TSPO alterations. In conclusion, even if its role in cell death and
proliferation is demonstrated, TSPO seems to, in the context of Alzheimer’s disease, rather represent a marker of the activity of
astrocytes than of cell death.

■ INTRODUCTION

Alzheimer’s disease is characterized by the presence of
pathological markers such as the accumulation of β amyloid
(Aβ) in the extracellular environment and the intraneuronal
formation of Tau neurofibrillary tangles (NFT). From a
molecular point of view, many studies have focused on the
search for pathological events affecting the functioning of
neurons. For example, the presence of alterations in synapse
activity, excitability of neurons, and an increase in neuronal
death by apoptosis have been observed in response to Aβ as to
Tau.1−4 However, since amyloid and Tau can be released from
neurons in the parenchyma,5 their actions are not limited to
neurons but also affect other surrounding cells. Among its
many roles, microglia participate in the inflammatory reaction,
phagocytose the amyloid, and release cytokines in response to
stimulation.6−8 Astrocytic cells are also involved in the uptake
of amyloid9 and Tau;10,11 they show a modification of their
activity linked to the density of amyloid and NFT12 and
participate in the induction of neuronal death in response to
the presence of Aβ.13 However, an increase in the apoptosis of
astrocytes has also been described in relation with the presence
of amyloid plaques.14−17 The rat glial C6 cell cultures used in
the present study can model this effect as amyloid exposure
leads to cell death.18

An increase in the 18 kDa translocator protein (TSPO) was
observed in glial cells from both preclinical rodent models and
human AD.19,20 In the 3xTgAD mouse model, TSPO does not
appear to be a consequence of the accumulation of
extracellular amyloid deposits, as it accumulates earlier.21

However, it is still possible that the TSPO upregulation could
be a consequence of the soluble amyloid already present at the
time of TSPO accumulation.22 In addition, we have shown that
astrocytes overexpress TSPO before microglia, suggesting an
earlier role of TSPO in astrocytes.23 TSPO is supposed to
reflect the activated states of glial cells but is also involved in
cell death. Indeed, its inhibition by the presence of an
antagonist induces death by apoptosis in different cell models.
In the rat C6 cells, Rechichi et al. showed a dose-dependent
(1−100 μM) induction of cell death using a 24 h treatment
with one TSPO antagonist.24 In another study, cell death by
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apoptosis was observed with an effect of the treatment
duration (12−48 h) and the dose of antagonist (1−100 μM)
used on the human astrocytoma cell line.25 Cell growth
inhibition is also reported at doses of 10−50 μM with the use
of non-glial lines, such as various thyroid cancer cells.26

Overall, these studies supposed a direct role of TSPO in cell
death or survival, which could significantly impact the
neurodegeneration processes observed in AD.
Importantly, TSPO exists in different forms of polymer-

ization, from monomeric forms of 18 kDa to highly
polymerized forms including 72 kDa tetramers,27,28 which
could influence its function. Indeed, it has been recently shown
that the binding of cholesterol, one of the endogenous ligands
of TSPO, causes a modification of the polymerization of TSPO
toward monomeric forms.29 The presence of inflammatory
molecules in the culture medium of human colonic
adenocarcinoma cell line HT-29 induces a shift in the ratio
of trimer/dimer forms in favor of dimers,30 suggesting that a
pathological context could influence TSPO oligomerization
and therefore its functions.
Thus, these observations suppose an early intervention of

TSPO in Alzheimer’s disease and, in particular, in the
astrocytic cells. However, the implication of alterations in
TSPO density and its state of polymerization in Aβ- and Tau-
induced astrocyte death remains unknown. The aim of this
study was to determine the effects of the presence of amyloid
or Tau on cell survival and TSPO polymerization in the C6
astrocytic cell line. We also extended this approach to time-
and dose-dependent effects of TSPO antagonists.

■ RESULTS
C6 Cells Display 36 and 72 kDa TSPO Polymers. The

western blot visualization of TSPO forms on C6 cells indicated
the existence of a dimeric form at 36 kDa, a multimeric form at
72 kDa, and the absence of the monomeric form at 18 kDa
(Figure 1A). To validate the absence of the monomeric form
of TSPO in C6, its presence was demonstrated in two other
cell lines, GL26 glial and B16 melanoma cells (Figure 1B).
Aβ- and Tau-Induced Cell Deaths are Not Associated

with TSPO Changes. The western blot characterization of
the Aβ42 solution indicated that most of the Aβ42 were in an
aggregated form (Figure 2A). Amyloid-induced cell death was
dose-sensitive (F11,50 = 21.73, p < 0.001; Figure 2A) with a
nonsignificant effect of low doses (0.015−0.25 μM) and a
significant effect for higher doses (0.5−20 μM, p < 0.001). For
Tau, the western blot revealed that most of the Tau were in a
monomeric form (Figure 2B). Tau also induced cell death with
a dose-dependent effect (F5,18 = 6.23, p < 0.01; Figure 2B). A
post hoc test indicated a decrease in cell survival for all doses
tested (0.015−0.25 μM) as compared to control cells (from p
< 0.05 to p < 0.001). Representative examples of DAPI staining
in amyloid-treated and control cells (Figure 2C) showed
morphological characteristics of apoptotic cell death. In
addition, activated caspase-3/7 staining is increased in Tau-
and Aβ-treated cells, demonstrating cell death via apoptosis
(Figure 2D). However, amyloid and Tau treatments did not
modify the relative abundance of the 36 and the 72 kDa TSPO
polymers (F2,9 = 1.45, p > 0.05; Figure 2E,F). In addition, the
total TSPO density was not affected by both amyloid and Tau
(F2,9 = 0.25, p > 0.05; Figure 2G).
High Concentrations of TSPO Antagonists Induced

Time-Dependent Cell Death. A treatment of C6 cells
during 1−4 days with 80 μM FEPPA, a TSPO antagonist,

induced a cell death that is time-dependent (treatment effect:
F1,29 = 18.72, p < 0.001; duration of treatment effect: F3,29 =
5.17, p < 0.01; treatment x duration of treatment interaction:
F3,29 = 5.17, p < 0.01; Figure 3A). A post hoc test indicated
that FEPPA significantly reduced the % of survival at day 3 (p
< 0.01) and day 4 (p < 0.001) as compared to control and
between the 2nd and the 3rd day of treatment (p < 0.01).
The experiment was duplicated using PBR28, another TSPO

antagonist showing a high affinity for TSPO, but lower than
FEPPA (4 vs 0.5 nM31,32), to validate that cell death was
specifically induced by TSPO blockage. A 1−4-day treatment
with 80 μM PBR28 also induced a time-dependent cell death
(treatment effect: F1,31 = 49.49, p < 0.001; duration of
treatment effect: F3,31 = 6.26, p < 0.01; treatment x duration of
treatment interaction: F3,31 = 6.26, p < 0.01; Figure 3A). A post
hoc test indicated that PBR28 reduced the percentage of
survival from the 2nd day (p < 0.05) to the 4th day of
treatment (p < 0.001) as compared to control and the effect
was amplified between the 2nd and the 3rd day (p < 0.01).
Representative examples of DAPI staining in the FEPPA-

treated and control cells (Figure 3B) showed morphological
characteristics of apoptotic cell death. In addition, activated
caspase-3/7 staining is increased in FEPPA-treated cells (50
μM), demonstrating cell death via apoptosis (Figure 2C).

Low and High TSPO Antagonist Doses Stimulated
and Inhibited Cell Survival, Respectively. To determine
the dose-effect of TSPO antagonists on C6 survival, the cells
were treated with a range of nanomolar and micromolar doses
(0.01−110 μM) for 4 days. The one-way ANOVA indicated a
significant impact of the FEPPA dose on cell survival (F20,107 =
17.23, p < 0.0001; Figure 3D). A post hoc test showed that the
low FEPPA dose stimulated cell survival (0.01 μM, p < 0.05),
while moderate doses had no effect (0.03−20 μM), and the
highest doses induced cell death (30−40 μM, p < 0.01; 50−
110 μM, p < 0.001). These results were validated with the

Figure 1. TSPO polymerization in C6, GL26, and B16 cells. (A) C6
cells showed two bands corresponding to 36 and 72 kDa TSPO
polymers, whereas (B) GL26 and B16 cells displayed the monomeric
18 kDa TSPO form.
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Figure 2. Amyloid- and Tau-induced cell death are not associated with TSPO changes. (A) C6 cells were treated with increasing concentrations of
amyloid (0.015−20 μM) for 24 h. Cell survival was measured using the MTT assay and expressed as % from control. ***p < 0.001, as compared to
untreated cells (two-way analysis of variance (ANOVA) with Dunnett’s multiple comparisons post hoc test). Example of western blot examination
of the amyloid solution demonstrating the aggregated form of Aβ42. (B) C6 cells were treated with increasing concentrations of Tau (0.015−0.25
μM) for 24 h. Cell survival was measured using the MTT assay and expressed as % from control. *p < 0.05; **p < 0.01; ***p < 0.001, as compared
to untreated cells (two-way ANOVA with Dunnett’s multiple comparisons post hoc test). Example of western blot examination of the Tau solution
demonstrating the monomeric form of Tau. (C) Examples of DAPI staining in control and Aβ-treated cells demonstrate an apoptosis-like
morphology. Scale bar: 20 μm. (D) Example of activated caspase-3/7 staining in control and Tau- and Aβ-treated cells to demonstrate the increase
in caspase-3/7 showing an apoptosis-mediated cell death. Scale bars: 20 μm. (E) Examples of 36 and 72 kDa TSPO polymers in C6 cells treated
with 1 μM Aβ for 24 h. The 36−72 kDa TSPO polymer ratio (F) and the TSPO density relative to total proteins (G) were quantified in control, 1
μM Aβ-treated cells, and 0.05 μM Tau-treated cells and expressed relative to the control group.
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PBR28 treatment (Figure 3E). Indeed, one-way ANOVA also
indicated the dose-effect on cell survival (F20,107 = 27.58, p <
0.001). The post hoc test showed that low PBR28 doses
stimulated cell survival (0.01−0.5 μM, from p < 0.05 to p <
0.001), while moderate doses had no effect (1−20 and 40 μM)
and the highest doses induced cell death (30 μM, p < 0.05;
50−110 μM, p < 0.001).

TSPO Antagonist-Induced Cell Death is Associated
with TSPO Conformational and Density Changes. Since
FEPPA and PBR28 have been shown to induce similar effects
(i.e., stimulation of cell proliferation at nanomolar doses and
cell death at micromolar doses), the effects on TSPO
polymerization were only evaluated using FEPPA. To
determine alterations on TSPO dimerization and density
induced by a TSPO antagonism, the cells were treated with a

Figure 3. Time course of FEPPA- and PBR28-induced cell death. (A) C6 cells were treated with 80 μM FEPPA or PBR28 for 1−4 days. Cell
survival was measured using the MTT assay and expressed as % from control. *p < 0.05; **p < 0.01; ***p < 0.001, as compared to untreated cells
and ##p < 0.01 as compared to the previous day (two-way ANOVA with LSD post hoc test). (B) Examples of DAPI staining (×400) at day 4 in
control (left cell); FEPPA-treated cells demonstrate an apoptosis-like morphology (three right panels) Scale bar: 20 μm. (C) Example of activated
caspase-3/7 staining in control and FEPPA-treated cells (50 μM) to demonstrate the increase in caspase-3/7 showing an apoptosis-mediated cell
death. Scale bars: 20 μm. (D, E) C6 cells were treated with increasing concentrations of FEPPA or PBR28 (0.01−110 μM) for 4 days. Survival of
FEPPA- (D) and PBR28-treated cells (E) was measured using the MTT assay and expressed as % from control. *p < 0.05; **p < 0.01; ***p <
0.001 (one-way ANOVA with the Dunnett’s multiple comparisons post hoc test). (F) Examples of 36 and 72 kDa TSPO polymers (upper panel)
and total proteins (DB71 staining, lower panel) in C6 cells treated with 0 or 50 μM FEPPA for 4 days. (G) Corresponding 36 to 72 kDa TSPO
polymer ratio and (H) TSPO density relative to total proteins. *p < 0.05 (one-way ANOVA with the LSD post hoc test).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c01678
ACS Omega 2021, 6, 18719−18727

18722

https://pubs.acs.org/doi/10.1021/acsomega.1c01678?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01678?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01678?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01678?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c01678?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


dose of FEPPA to induce cell death (Figure 3F−H). In
response to FEPPA, the 36/72 kDa TSPO ratio was increased
(t-test, p < 0.05) and the TSPO density was reduced (t-test, p
< 0.05).

■ DISCUSSION
The study presented here aimed to determine whether TSPO
used as a marker for neuroinflammation in many brain
pathologies19 also represents a marker for Aβ- and Tau-
induced cell death in Alzheimer’s disease. Our data show that
in response to the presence of Aβ and Tau in the culture
medium, the reduction of cell survival is not associated with
either an alteration in the density or a change in the
conformation of TSPO. However, stimulation of C6-type
glial cells with micromolar doses of TSPO antagonists (FEPPA
or PBR28) decreased cell survival in the presence of apoptosis.
Conversely, a 4-day treatment with nanomolar doses of the
same antagonists produced stimulation of cell proliferation.
Importantly, during FEPPA-mediated apoptosis, there is a
reduction of TSPO density and a shift toward the less complex
forms of TSPO (from 72 to 36 kDa). These results suggest
that a conformational change of TSPO may be associated with
cell death. Overall, our data tend to support that in an
Alzheimer’s disease pathological context, TSPO does not seem
to be implicated in the induction of astrocytic apoptosis by
soluble forms of Aβ and Tau.
In cell cultures, TSPO is expressed by different glial lines

such as glioma (C6, GL26) and glioblastoma cells.24,33,34 The
presence of the different TSPO forms appears to be cell line-
dependent, and some possess while others are devoid of TSPO
monomers.26 Our data showed that C6 cells have the
particularity of not possessing the monomeric form of
TSPO. The specificity of cells to express a particular TSPO
polymer has already been reported in other cell models.26 The
molecular mechanisms underlying these cell line differences
and the impact on the control of cell physiology by TSPO
remain unknown. However, this highlights that the role of
TSPO in cell lines could depend on its polymerization. In line
with this idea, the TSPO binding of cholesterol (one of the
TSPO natural ligands) alters the level of TSPO polymer-
ization.29 It, therefore, appears important to interpret the
molecular effects measured according to the type of cells
studied. Thus, the data are presented here considering that the
C6 glioma cell line is a representation of the astrocyte activity35

and therefore simulates the astrocyte response to TSPO
antagonisms, amyloid, and Tau.
In the brain of Alzheimer’s disease subjects, an over-

expression of TSPO in astrocytes and an astrocytic cell death
by apoptosis is widely demonstrated in the absence of
proliferation.14−16,23,36 These effects are thought to be the
result of the presence of amyloid and/or Tau in the cellular
environment. Our data and others in the literature support this
idea.18 The effect of Tau on cell death seems to be insensitive
to doses in the range of 0.015−0.12 μM. This absence of
increasing cell death could be explained by an excessively tight
Tau concentration range, thereby preventing a “point by point”
dose-effect. However, both the literature (at higher Tau
doses)1 and the present ANOVA at low doses confirm the
dose-dependent effect (clearly visible between 0 and the
0.015−0.12 μM range (−30%)) and a subsequent decrease at
0.25 μM (−45%).
In addition, the cell death induced by Tau and Aβ seems to

be independent of any effect on TSPO density and

polymerization. Although our analysis confirms that cell
death is induced by Aβ and Tau, it remains speculative to
conclude on the relative toxicity of Tau compared to Aβ.
Indeed, in the brain, there are a variety of forms of Tau due to
alternative splicing oligomerization and post-translational
modifications, similar to a variety of forms of Aβ depending
on the site of APP precursor cleavage and oligomerization.37,38

The different forms may in themselves present different
degrees of toxicity. For example, the soluble form of Tau
induced greater neuronal death than the oligomerized forms of
Tau.39 As in the present report the Tau is monomeric, it may
have a greater impact on cell death than the more complex
forms would have had. Moreover, the soluble form of Aβ42 is
more toxic to the neuronal culture model than the Aβ40
form.40 Thus, only a comparative study would allow a full
conclusion, but our data tend to show that the toxicity to C6
cells is greater in response to soluble Tau than to soluble
amyloid. Since amyloid is in a multimeric form, its toxicity may
have been altered compared to simpler forms. However, Aβ42
multimers have already been shown to have a biological
impact, especially on DNA breaks,41,42 suggesting a pathophy-
siological effect.43 Some other factors can interact with TSPO,
such as cholesterol. Interestingly, cholesterol and more
generally the lipid metabolism are also affected in AD.44

Lipid dyshomeostasis plays a role in amyloid production and
inflammation and induces an unbalanced energy metabo-
lism.44,45 Thus, lipid dysfunction may play a role in the TSPO
upregulation described in human and rodent models of AD20

and in its mitochondria-based physiological processes,
including cellular bioenergetics, mitochondrial respiration,
cholesterol transport, and immunomodulation.46

Moreover, although FEPPA has approximately 10× greater
affinity for TSPO than PBR28, induction of cell death occurs
in both cases between 30 and 110 μM (except for the lack of
significant effect at 40 μM for the PBR28). Conversely, the
stimulating effect of cell viability is only present at a dose of
0.01 μM for FEPPA but present from 0.01 to 0.5 μM for
PBR28. This difference could be explained by the stronger
affinity of FEPPA, which would more quickly induce inhibition
of the stimulation of proliferation. In addition, it was proposed
that the ligand−TSPO interaction is governed not only by
their direct interaction but also by the protein−complex
composition and the cell-specific microenvironment inducing
ligand-specific selectivity.46 Nevertheless, despite those differ-
ences in affinity properties, the two ligands induce similar
effects: stimulation of proliferation at low dose and inhibition
at high dose. At low doses, TSPO antagonisms induce the
stimulation of cell proliferation, which may reflect a tonic
regulatory role of TSPO on cell proliferation. This hypothesis
is supported by various experiments such as the presence of
increased proliferation in a glioma model in response to TSPO
knockout.47 Stimulation of the growth of glioblastoma
U118MG cells in response to the downregulation of TSPO
also suggests an intrinsic inhibitory effect of TSPO.48 However,
in an interesting and opposite way, cells lacking TSPO exhibit
increased proliferation by the addition of TSPO using a stable
transfection of TSPO expressing plasmids.49 TSPO-over-
expressing C6 cells also show increased proliferation.24 All of
these data, therefore, seem in part contradictory, and further
studies will be needed to decipher mechanisms of TSPO-
induced cell proliferation or death.
At higher doses, TSPO antagonisms cause cell death that

appears to be dose- and time-dependent. Cell death can also be
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the result of side effects and nonspecific effects of drug
administration. However, the involvement of TSPO in cell
death is widely described and our data corroborate those
obtained with other TSPO ligands, in the same dose range.24,25

Thus, even if off-target effects cannot be completely excluded,
a specific effect of ligands seems more likely. Thus, our data
agree with those of the literature and extend them by the
presence of an effect on the density and on the conformation
of TSPO. The apoptosis induced by TSPO ligands24,25,33

suggests that the decrease in density and the conformation
shift toward less complex forms occur upstream of the onset of
apoptosis and not as a consequence. This reduction in the
complexity of the forms of TSPO was also observed in
response to treatment for more than 24 h with the tumor
necrosis factor (TNF).30 A modification of the polymerization
of TSPO may thus alter the apoptotic activity of TSPO, as has
already been suggested for its other roles.50 The molecular
mechanisms of the control of cell death by TSPO are subject
to discussion and may involve other molecular complexes
including the mitochondrial permeability pore transition
(mPTP).51 How the interactions between tetramer, trimer,
or monomer of TSPO and these protein complexes are
regulated will have to be the subject of future studies to
determine whether the simpler forms directly induce an
increase in the proapoptotic activity of the mPTP pore for
example.
As a limitation to this study, it appears important to point

out that like all cell lines, C6 differs from the endogenous
astrocytes that they represent,35 and an analysis of astrocytes
from animal models could prove to be important to confirm
the data described herein. In addition, the toxicity of both
amyloid and Tau differs according to their physical forms.
Herein, no aggregation pretreatment was performed that
suppose the use of monomeric peptides. Thus, the effects on
TSPO polymerization and density must be interpreted with the
limitation of the amyloid and Tau forms used. Therefore,
future studies must be conducted to define whether Tau/
amyloid oligomers and multimerization can affect TSPO.
In conclusion, although our data obtained with the

antagonism of TSPO and the literature indicate that TSPO
modifies the degree of apoptosis, we also demonstrated that
TSPO polymerization may play a role in cell death, depending
on the pathological context. Conversely, the presence of cell
death in response to Tau and Aβ is independent of TSPO
alteration (polymerization and density), suggesting that TSPO
in Alzheimer’s disease appears to better reflect its role in
astrocyte reactivity than its role in apoptosis.

■ MATERIALS AND METHODS
Drugs. FEPPA and PBR28, two TSPO antagonists, were

purchased from ABX (Radeberg, Germany), and amyloid was
purchased from Enzolife Sciences (ALX-151-002-P001).
Competition assay with the TSPO ligand [3H]-PK11195 and
unlabeled FEPPA, PBR28, and PK11195 made it possible to
test the affinities (Ki) of these ligands for TSPO. The Ki was
0.5 nM for FEPPA and about 10 times less for PBR28 (4
nM).31,32 However, both FEPPA and PBR28 have a high
affinity as compared to PK11195 (26 nM).32

Tau Production. The complete coding sequence of human
Tau was cloned with mRNAs extracted from the human cortex
brain sample and primers allowing the addition of six histidine
residues at the start of the sequence (NCBI Reference
Sequence: BC114948; pr imers : for CACCATG-

(CAT)5CACGCTGAGCCCCGCCAGGAGTT; rev TCA-
CAAACCCTGCTTGGCCAGGGA). After cloning into Gate-
way system entry vectors (pENTR), the full-length human Tau
coding DNA sequence was inserted into pAd/CMV/V5-DEST
adenoviral vectors, under the control of a cytomegalovirus
promoter, thanks to LR recombination, according to the
manufacturer’s protocol (ViraPower Adenovirus Expression
System, Invitrogen). Recombinant adenoviruses were se-
quenced to validate the presence of the complete human
Tau sequence. Transfected HEK 293A cells permitted to
amplify the AAV stores. Viral particles were then purified using
the Vivapure AdenoPACK Sartorius kit (AVPQ501, Sartorius),
quantified with the QuickTiter adenovirus titer kit (VPK-109,
Cell Biolabs), and stored at −80 °C until use. A 3-day
contamination period with 100 μL of AAV was used to extract
the Tau-HIS from cells. Following purification (Ni-NTA
purification system, Novex) and concentration (Amicon 10 K,
Merck Millipore) steps, the Tau-HIS peptides were quantified
by spectrophotometry, validated by western blot with the HT7
antibody (Thermo Scientific, MN1000), and stored at −80 °C
until use.

C6 Cell Culture and Treatments. Rat C6 cells (Sigma-
Aldrich) were cultured in a complete medium, including RPMI
1640 (Thermofisher, 31870025) with 10% FCS (Thermo-
fisher, 16000044), 3% penicillin/streptomycin, 2 mM L-
glutamine (Thermofisher, 25030024), 1% sodium pyruvate
(Thermofisher, 11360039), and 2% HEPES (Thermofisher,
15630056) at 37 °C with 5% CO2. The cells were subcultured
after reaching 70−80% confluence and seeded into 6- or 96-
well tissue culture plates at a density of 60 000 and 3000 cells/
well, respectively. Six hours after distribution into wells, the
cells were treated with FEPPA or PBR28. The cell medium and
TSPO antagonists were renewed every day. For treatment with
amyloid or Tau, the cells were cultured for 3 days and then
exposed for 24 h to increasing doses of amyloid or Tau. β-
amyloid (Aβ1‑42) was diluted in the complete medium at 1 mM
and stored at −20 °C until use. Frozen stocks of amyloid and
Tau (in 8 mM imidazole) were diluted daily in the complete
medium and immediately used to treat cells. Control cells
received the dilution solution of the compound to be tested as
follows: complete medium alone (amyloid) or supplemented
with 0.3% ethyl acetate (FEPPA/PBR28) or 8 mM imidazole
(Tau).

MTT Assay. The cell viability was evaluated by the methyl
thiazolyl tetrazolium (MTT) assay. C6 cells were incubated
with MTT (0.8 mg/mL, Sigma-Aldrich, M2128) for 4 h. Cell
culture media were removed and 150 μL of dimethyl sulfoxide
(DMSO) (Sigma-Aldrich, D2650) was added to the wells to
dissolve the purple complex. The absorbance was measured
using an ELISA lector at 570 nm. Effects of treatments are
expressed as percentage of controls.

Activated Caspase 3/7 Detection. C6 cells were plated
at a density of 2 × 105 cells/well on Nunc Lab-Tek chamber
slides. The cells were treated with Aβ1‑42 (5 μM), Tau (0.03
μM), and FEPPA (50 μM) for 24 h, and the untreated cells
were used as controls. The cells were fixed in 4%
paraformaldehyde (10 min at 4 °C) and a DAPI nuclei
counterstaining was performed. The cells were incubated for
30 min in CellEvent Caspase-3/7 Green Detection Reagent (5
μM in 1× phosphate-buffered saline (PBS), Thermofisher).
Images were taken using a microscope (ECLIPSE Ti2-E Nikon
inverted microscope).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c01678
ACS Omega 2021, 6, 18719−18727

18724

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c01678?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Western Blot. At the end of the treatment, C6 cells were
lysed in 50 μL of extraction buffer (RIPA with protease and
phosphatase inhibitors) and stirred for 45 min at 4 °C. The
cells were then centrifuged (9500g, 10 min) and the
supernatant was stored at −80 °C. The protein concentration
was determined according to a BCA manufacturer protocol
(Pierce, 23227). Thirty micrograms of extracted proteins
treated with LDS (final concentration 1×, NP0007, Thermo-
fisher) was used for the migration and transfer of the proteins
in the presence of NNP0001 and NNP0006 buffers (Thermo-
fisher), respectively. The poly(vinylidene difluoride) (PVDF)
membrane was saturated with 5% skimmed milk for 1 h and
then the TSPO antibody (1/500, Thermofisher, PA5-75544)
was added overnight at 4 °C with stirring. An ECL detection
was performed after adding a secondary antibody (1/1000,
HRP-rabbit, Dako) for 1 h at RT. Washing steps (2 × 10 min
in 0.2% Tween, 1× PBS) were carried out between each step.
After the development of the membrane, it was treated with
DB71 to quantify the total deposited proteins. The ImageJ Gel
Analysis plugin was used to quantify the intensity of staining by
measuring the area under the curve of the different TSPO
forms. The same method was used to quantify the total level of
proteins (DB71 staining). Then, ratios of intensities between
the 32 kDa polymer and the 72 kDa polymer and between the
total TSPO polymers and total proteins were calculated to
evaluate the polymerization status and the relative density of
TSPO, respectively.
Five micrograms of Aβ42 protein and 10 μg of Tau were

also used for western blot evaluation of the forms of the
peptides. Migration, transfer, and membrane pretreatment
were performed as described above. 4G8 (1/500, Biolegend,
800710) and HT7 (1/500, Thermofisher, MN1000) antibod-
ies were incubated for 48 h at 4 °C, washed, and incubated
with the appropriate secondary antibodies before ECL
detection. The molecular weight used on the Aβ42 blot was
detected by fluorescence (Precision Plus Protein All Blue
Prestained Protein Standards), and the ladder on the Tau
membrane was revealed by ECL (SuperSignal Molecular
Weight Protein Ladder).
Statistics. One and two-way analysis of variance (ANOVA)

with the LSD or Dunnett’s multiple comparisons post hoc test
were used to identify significant effects of treatment. Data are
presented as individual values plus mean ± standard error of
the mean (SEM) of 3−6 independent experiments for cell
survival (each experiment consists of triplicate, per dose) and
mean ± SEM of three independent experiments for western
blot.
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