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Glucocorticoid-driven mitochondrial damage stimulates Tau
pathology
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Abstract

Prolonged exposure to glucocorticoids, the main stress hormones, damages the brain and is a risk
factor for depression and Alzheimer’s disease. Two major drivers of glucocorticoid-related
neurotoxicity are mitochondrial dysfunction and Tau pathology; however, the molecular/cellular

mechanisms precipitating these events, and their causal relationship, remain unclear.

Using cultured murine hippocampal neurons and 4-5-month-old mice treated with the synthetic
glucocorticoid dexamethasone, we investigate the mechanisms underlying glucocorticoid-induced

mitochondrial damage and Tau pathology.

We find that glucocorticoids stimulate opening of the mitochondrial permeability transition pore
via transcriptional upregulation-of its activating component, Cyclophilin D. Inhibition of
Cyclophilin D is protective against.glucocorticoid-induced mitochondrial damage as well as Tau
phosphorylation and oligomerization in cultured neurons. We further identify the mitochondrially-
targeted compound.-mito-apocynin as an inhibitor of glucocorticoid-induced permeability
transition pore opening, and show that this compound protects against mitochondrial dysfunction,
Tau pathology, synaptic loss, and behavioral deficits induced by glucocorticoids in vivo. Finally,
we demonstrate that mito-apocynin and the glucocorticoid receptor antagonist mifepristone rescue
Tau pathology in cytoplasmic hybrid cells, an ex vivo Alzheimer’s disease model wherein

endogenous mitochondria are replaced with mitochondria from Alzheimer’s subjects.

These findings show that mitochondrial permeability transition pore opening is a precipitating
factor in glucocorticoid-induced mitochondrial dysfunction, and that this event stimulates Tau
pathogenesis. Our data also link glucocorticoids to mitochondrial dysfunction and Tau pathology
in the context of Alzheimer’s disease, and suggest that mitochondria are promising therapeutic
© The Author(s) 2023. Published by Oxford University Press on behalf of the Guarantors of Brain. All rights
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targets for mitigating stress- and Tau-related brain damage.
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Introduction

The release of glucocorticoids (GCs) in response to acute stress triggers the fight-or-flight
response, which mobilizes the body’s resources to escape from danger and is essential for survival.
However, GC release in response to chronic stress has profoundly detrimental effects on
mammalian physiology and brain health in particular. Pathophysiological levelsof GCs cause
atrophy of the hippocampus and prefrontal cortex, with accompanying deficits in. learning,
memory, and mood regulation,’? and are a risk factor for depression and Alzheimer’s disease.>®
It was recently shown that stress/GC-related brain atrophy and behavioral deficits are mediated by
the microtubule-associated protein Tau, as Tau knockout mice do not develop these stress/GC-
induced phenotypes.”® Importantly, the intraneuronal accumulation and aggregation of Tau is a
shared pathogenic mechanism between stress-induced brain pathology and neurological diseases
including Alzheimer’s, progressive supranuclear< palsy, Pick disease, chronic traumatic
encephalopathy, and epilepsy.®*! Although Tau aggregates are a hallmark of these disorders, it is
increasingly recognized that Tau toxicity is{primarily mediated by oligomers, composed of Tau
species formed early in the aggregation process. %4213

The cellular mechanisms by which. stress/GCs induce Tau oligomerization remain poorly
understood. Hyperphosphorylation.of Tau is one driver of its oligomerization, and GCs are known
to activate major Tau kinases, including GSK3, CDKS5, and ERK1/2.1*7 In addition, Tau
proteolysis generates ‘C-terminally truncated species of Tau that potentiate its oligomerization,®
and chronic stress enhances caspase 3-mediated truncation of Tau at its C-terminus.'® Moreover,
GCs promote Tau accumulation through their inhibition of major cellular degradative pathways
(autophagy and the endolysosomal pathway) and dysregulation of molecular chaperones Hsp70
and-Hsp90.18-2% However, it is unclear which if any of these events are the main drivers of GC-

induced Tau oligomerization.

Once formed, Tau oligomers interfere with multiple aspects of neuronal function, including
synaptic transmission, genome stability, protein clearance, and axonal transport.®!? Notably,
pathogenic Tau also inhibits neuronal energy production by altering mitochondrial transport,
fission/fusion, respiratory activity, and membrane potential.?1-2® In addition, oligomeric Tau may
promote opening of the mitochondrial permeability transition pore (mPTP),%"?® a channel on the

inner mitochondrial membrane whose sustained opening causes mitochondrial dysfunction and
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can trigger apoptosis.?® Although Tau oligomers clearly impede mitochondrial function, there is
also evidence that mitochondrial dysfunction promotes Tau oligomerization and drives Tau
pathology in Alzheimer’s disease,?®32 showing that these processes are tightly intertwined,
although their mechanistic relationship is uncertain.

Mitochondria are major targets of GC regulation, and have their own glucocorticoid:receptors
(GRs) that modulate mitochondrial DNA transcription in response to GC binding.** As the
organelles responsible for energy production to sustain the stress response, as.well as the
production and metabolism of GCs and other steroid hormones, mitochondriaare highly sensitive
to GC levels.3* GCs have a biphasic effect on neuronal mitochondria, enhancing Ca®* buffering
and maintaining mitochondrial membrane potential at physiological levels, but impairing these
functions under sustained pathophysiological levels.®® In addition, high GC levels have detrimental
effects on mitochondrial quality control, altering mitochondrial-fission/fusion, suppressing genes
involved in mitophagy and mitochondrial biogenesis, and promoting the accumulation of damaged
mitochondria.*®* While GCs impact multiple aspects of'mitochondrial health and function as well
as Tau accumulation and oligomerization, the mechanistic relationship between stress/GCs,
mitochondrial damage, and Tau pathology.remains unclear.

In the current study, we examing this relationship using cultured hippocampal neurons, murine
hippocampus, and cytoplasmic hybrid (cybrid) cells containing mitochondria from Alzheimer’s
subjects and age-matched controls.*® We find that GCs induce mPTP opening via upregulation of
cyclophilin D (CypD), an activating component of the mPTP.2° Inhibiting CypD activity or
expression in cultured neurons prevents Tau phosphorylation and oligomerization, indicating that
mPTP opening drives Tau pathology. Moreover, inhibiting mPTP opening and mitochondrial
damage 'in vivo with the mitochondrially-targeted compound mito-apocynin ameliorates GC-
driven behavioral impairment, synapse loss, and Tau pathology in the hippocampus. Mito-
apocynin and the GR antagonist mifepristone similarly rescue Tau pathology in Alzheimer’s
cybrid cells, further supporting the concept that GC-related mitochondrial dysfunction drives Tau
pathogenesis in the context of chronic stress and Alzheimer’s disease. These findings shed light
on the mechanism of stress/GC-induced Tau oligomerization and the critical role of mitochondria

in this process.
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Materials and methods

Animals

4-5-month-old wild-type C57 mice of both sexes (obtained from National Institute of Aging) were
maintained under standard laboratory conditions with ad libitum access to food and water.. All
animal studies were carried out with the approval of the Columbia Institutional Animal Care and
Use Committee (IACUC) in accordance with the National Institutes of Health guidelines for
animal care. Mice were randomly divided into 4 groups (control, dexamethasone, dexamethasone
+ mifepristone, dexamethasone + mito-apocynin) of 9-10 animals per group. Animal numbers (n)
for experiments were obtained based on the estimated effect sizes calculated in our previous study
and those published by other research groups.”?%3® This estimation uses a significance level of
0.05, mean group difference of 25-35%, and SD values within the 30-40% range from the known
mean of the population, and a power test of 0.80. While this analysis yields a group size of 4-6 for
single-sex experiments (as used for behavioral testing), we used additional animals to account for
the intrinsic inter-animal variability typically observed in mice and to ensure that statistically valid
behavioral results were obtained. Animals were administered the following drugs: dexamethasone
(D2915, Sigma; 5mg/kg per day, dissolved in PBS, by intraperitoneal/i.p. injection), mito-
apocynin (HY-135869, MedChemExpress; 3mg/kg per day, dissolved in 15% polyethylene
glycol/PEG400 with PBS, by oral gavage) and mifepristone/RU486 (S2606, Selleckchem;
10mg/kg per day, dissolved.in 50% PEG400 in PBS, by i.p.). Control animals received daily i.p.
injections of 50% PEG400 in PBS (dex/mifepristone vehicle) and oral gavage of 15% PEG400
with PBS _(mito-apoeynin vehicle). All treatments were administered for 15 consecutive days,
typically between 10-10:30am (during the animals’ light phase). During the behavioral testing

period (3 days), drugs were administered at ~5pm after testing had concluded.

Behavioral Testing

Male mice were subject to behavioral testing in the following order: EPM, Y-maze, FST. Each test
was carried out on a single day between 9am and 4pm. For each test, animals were randomly
divided into two groups (each balanced for all 4 treatment conditions), with half tested in the

morning and half in the afternoon. Animals from the different treatment conditions were alternated
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for each behavioral trial.

Elevated plus maze (EPM). The apparatus used for the EPM test consists of two open arms (30
cm x 5 cm) across from each other and perpendicular to two closed arms (30 cm x 5 cm) with a
center platform (5 cm x 5 cm)®’. The entire apparatus is 50 cm above the floor. Experimental mice
were acclimated to the behavior room (illumination 30 lux) for 30 min prior to testing..Each mouse
was placed in the center platform facing an open arm to start the trial, and was allowedto explore
the maze for 5 min. The apparatus was cleaned with 70% ethanol between animals. Photobeams
embedded at arm entrances registered movements, which were automatically scored by MED-PC
V Software (Med Associates).

Y-maze spontaneous alternation. The Y-maze consists of three identical arms at 120°C angles
from one other. Each mouse was placed in the center of the ' maze and allowed to explore freely for
8 min. The apparatus was cleaned with 70% ethanol between animals. Trials were videotaped and
analyzed by Ethovision XT software, with the total number of arm entries, as well as the sequence
of entries, calculated to obtain the percentage of alternations (defined as entries into a different

arm than the one previously explored).®®

Forced swimming test (FST). Mice were individually placed in a transparent cylindrical glass
container (50 cm height, 20 cm diameter) filled with 40 cm water at 27°C + 2°C. Experimental
mice were acclimated to the behavior room (illumination 30 lux) for 30 min prior to testing. Each
mouse was gently placed into the water for 6 min, then removed from the cylinder and dried
immediately. Theest period was divided into pretest (first 2 min) and test (last 4 min). Between
trials, the cylinder-was emptied, rinsed, and refilled with fresh water. Test trials were videotaped
and analyzed by Ethovision XT software, with “immobility duration” defined as the portion of the
test period spent floating with the absence of any movement except for that necessary to keep the

animal’s nose above water.>?

Evaluation of serum corticosterone (CORT) levels

Blood samples were collected between 2-3pm following decapitation, 4 hours after the final
administration of Dex/vehicle on day 15. Endogenous CORT serum levels were measured using
the Corticosterone Parameter Assay (ELISA) kit (R&D Systems, KGE009). The wavelength for
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measurement was 450 nm and the correction wavelength was 570 nm.

Hippocampal neuronal culture

Hippocampal neurons from postnatal day 1 male and female mice were prepared as-previously
described,*® and maintained in Neurobasal medium supplemented with B27, 600 uM L-glutamine,
and penicillin—streptomycin (all from ThermoFisher/Life Technologies). At 11 days in vitro
(DIV), neurons were transfected with siRNAs against CypD/Ppif (ThermoFisher, s98515) or
control siRNAs (sc-37007, Santa Cruz) for 72 hours prior to experiments. At 11 or 12 DIV,
neurons were treated with the following drugs for 48 hours priorto-experiments: dexamethasone
(D2915, Sigma; 1uM), mifepristone/RU486 (S2606, Selleckchem; 5uM), mito-apocynin (HY-
135869, MedChemExpress, 1uM), cyclosporin A (C1832, Sigma, 1 mM). Primary neuronal

cultures were collected for immunoblotting or immunostaining at 14 DIV.

Cybrid cell creation and differentiation

Alzheimer’s disease and non-Alzheimer’s cybrid cells were generated by and provided through
the University of Kansas Alzheimer’s Disease Center (KUADC) Mitochondrial Genomics and
Metabolism Core. Cybrid cell lines were created in human neuroblastoma cells (SH-SY5Y)
depleted of endogenous mtDNA (Rho? cells), which were then fused with platelet cytoplasm from
human donors; and repopulated with mitochondria containing mtDNA from Alzheimer’s subjects
or age-matched controls as previously described.*"*? Subjects and controls were recruited through
the KUADC. Subjects met the National Institute of Neurological and Communicative Disorders
and Stroke and the Alzheimer's Disease and Related Disorders Association criteria.** Controls
were cognitively normal and age-matched to subjects. All subjects and controls provided written
informed consent to participate in the study. We used 4 cell lines per group in this study and the
ages of subject and control platelet donors were 75.5 £ 6.50 and 78.5 £ 3.77 years, respectively.
Detailed information about gender, age, and disease status of donors is included in Supplementary
Table 1 and in previous studies.***® Alzheimer’s and control cybrid cells were grown in DMEM

supplemented with 10% fetal bovine serum (FBS; Gibco BRL, Logan, Utah), 100 pg/ml pyruvate,
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50 pg/ml uridine, and antibiotic-antimycotic as previously described.®?447 Staurosporine
(ab120056, Abcam) was used to differentiate SH-SY5Y cybrid cells into a neuronal phenotype
with the appearance of neurite-like processes.*® Culture medium was replaced with differentiation
media (Neurobasal media supplemented with B27, 0.5 mM glutamine, antibiotic-antimycotic, and
10 nM staurosporine) for 14 days, with half of the differentiation media replaced every day as

previously described.3244:4547

DNA and lentivirus production

Full-length human cyclophilin D (gene name PPIF; NCBI accession #NM_005729.4) was
synthesized at Genewiz/Azenta and subcloned into pEGFP-C2 vector (Clontech) at the EcoRl site.
EGFP-CypD was then subcloned into pFUGWm lentiviral vector using compatible ends digests
Mfel/Nhel (pEGFP-C2) and EcoRI/Xbal (pFUGWmMm) to create pFUGCypDW. Lentivirus was
produced in HEK293T cells from pFUGWm (for.GFP control) or pFUGCypDW plasmids as
previously described.***® Neurons were.transduced with 50-150 ml of lentiviral supernatant per
well (12-well plates) or 10-40 ml per coverslip (24-well plates) at 10 DIV for overexpression

experiments.

Immunoblotting

Protein extracts were separated by SDS/PAGE (10% Tris-Glycine gel; XP0O0105BOX, Invitrogen),
and then_transferred to a nitrocellulose membrane (10600001, Amersham). After blocking in
TBST.buffer (20 mM Tris-HCI, 150 mM sodium chloride, 0.1% Tween-20) containing 5%
(wt/vol) nonfat dry milk for 1 h at room temperature, the membrane was incubated with primary
antibodies overnight at 4°C, then with secondary antibodies for 1 h at room temperature. The
following antibodies were used: Tau5 (ab80579, Abcam), ATS8: anti-phospho-Tau
pSer202/Thr205 (MN1020, Thermo Fisher Scientifc), PHF-1: anti-phospho-Tau pSer396/Ser404
Tau (from Dr. Peter Davies), anti-CypD (ab110324, Abcam), anti-Tubulin (ab4074, Abcam), anti-
Tom20 (F-10; sc-17764, Santa Cruz), anti-OSCP (A-8; sc-365162, Santa Cruz), IRDye 800CW
goat anti-mouse IgG secondary antibody (P/N: 926-32210, LI-COR), IRDye 680CW goat anti-
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rabbit 1gG secondary antibody (P/N: 926-68071, LI-COR). Membranes were visualized by
Odyssey Infrared Imager (model 9120, LI-COR Biosciences), and relative optical densities of

bands determined by Fiji/ImageJ software and normalized to Tubulin.

Mitochondria functional assays

Complex | activity and ATP production were measured from 14 DIV hippocampal neurons or
hippocampal tissue with Complex | Enzyme Activity Microplate Assay-Kit(ab109721, Abcam)
and ATP Assay Kit (Colorimetric/Fluorometric, ab83355, Abcam), respectively, according to
manufacturer’s instruction. To estimate production of reactive oxygen species (ROS), brain
sections from mouse hippocampal tissue or primary neurons were ‘plated onto Lab-Tek 4-well
chamber slides (177437, Lab-Tek) and exposed to 1 uM MitoSOX Red (M36008, ThermoFisher),
a fluorochrome specific for anion superoxide produced.in the inner mitochondrial compartment,
at 37°C for 30 minutes. For visualization of mitochondria, cells were co-stained with MitoTracker
Green FM (100 nM, 9074, Cell signaling) at 37°C for 30 minutes before fixation as described.>*
To visualize the colocalization between. MitoSOX and oligomeric Tau, hippocampal slices,
cultured neurons and cybrids were incubated with MitoSOX, then fixed and immunostained with
anti-oligomeric Tau antibody TOMA-1 (for hippocampal slices and cultured neurons, details
described in Immunofluorescence staining) or anti-oligomeric Tau antibody T22 (for cybrid cells,
details described in Immunofluorescence staining). To assess mitochondrial membrane potential,
brain sections .- or._neurons plated onto Lab-Tek chamber slides were stained with
tetramethylrhodamine methyl ester (TMRM, 100 nM, ab275547, Abcam) at 37°C for 30 minutes.
Images were acquired at 37°C with a 40X oil-immersion objective (Neofluar, NA 1.3) on an
epifluorescence microscope (Axio Observer Z1, Zeiss) with Colibri LED light source, EMCCD
camera (Hamamatsu) and Zen 2012 (blue edition) software. Quantification of staining intensity
and the percentage of area occupied by Mitosox was measured and quantified by using the auto-

threshold settings in Fiji/lmageJ software.>

Evaluation of mPTP opening

Hippocampal neurons (1x102 cells/well, DIV 14) plated onto Lab-Tek 4-well chamber slides were
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treated with 1 pM Calcein Green AM (C3099, Thermo Fisher Scientific) or IuM Calcein Red AM
(C34851, Thermo Fisher Scientific) at 37°C for 30 min, then treated +/- 1 mM cobalt chloride
(CoCly) for 30 min. Images were acquired at 37°C with a 40X oil-immersion objective (Neofluar,
NA 1.3) on an epifluorescence microscope (Axio Observer Z1, Zeiss) with Colibri LED light
source, EMCCD camera (Hamamatsu) and Zen 2012 (blue edition) software. Quantification of
calcein fluorescence intensity was measured and quantified using the auto-threshold settings in

Fiji/lmageJ software.

Immunofluorescence staining

Floating brain sections or fixed primary mouse neurons or.cybrid.cells were incubated overnight
with the following primary antibodies: mouse anti-oligomeric.Tau antibody TOMA-1 (1:2500,
Millipore sigma, MABN819), rabbit polyclonal anti-oligomeric Tau antibody T22 (1:2500,
ABN454; Millipore), mouse anti-Synapsin | antibody(1:1000, 611393, BD Biosciences), mouse
anti-phospho-Tau pSer202/Thr205 (1:1000, MN2020, ThermoFisher Scientifc), rabbit anti-
phospho-Tau pSer202/Thr205 (1:1000, 30505, Cell Signaling), and chicken MAP2 (1:5000,
ab5392, Abcam). They were then.incubated for 1 h with secondary antibodies (Alexa Fluor® 488,
594, and 633 goat anti-rabbit.or anti-mouse IgG, 1:2000 dilution). Coverslips were mounted with
VectaShield (Vector Laboratories).and sealed with clear nail polish. Images were acquired with a
63X objective (Neofluar, NA 1.4) on a Zeiss LSM 800 confocal microscope running Zen2
software. The images.were manually measured and quantified using the auto-threshold settings in
Fiji/lmageJ software. In Supplementary Fig. S2A, far-red fluorescence has been changed to white

for clearer visualization.

Quantitative real-time PCR

Total RNA was extracted from hippocampal neurons using Trizol, as previously described.®® 1 pg
RNA was processed directly to produce cDNA using Reserve Transcription Supermix for RT-
gPCR (#1708841, Bio-rad). Real-time PCR was utilized for quantification of mMRNA expression
of CypD (qMmuCID0008663, Bio-rad) and GAPDH (315637588, Integrated DNA technologies).
Quantitative real-time PCR was performed by using CFX96 Real-Time System machine (Bio-rad).

10
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Data were calculated using the 2 - 2ACt method, as described by the manufacturer, and expressed

as fold increase over the indicated controls (1.0) in each figure.

Statistical Analyses

Graphing and statistics were performed using GraphPad Prism (Version 9.4.0). Unpaired, two-
tailed t-tests were used for pairwise comparison; one-way or two-way ANOVA with Fisher’s least
significant difference (LSD) tests were used for multiple comparisons..Data points and column
data are depicted as mean + standard deviation as described in corresponding figure legends.
Statistical significance was obtained when P < 0.05. Individual P-values are indicated on graphs,
and n numbers are indicated in the corresponding figure legends. Investigators were blinded to

treatment conditions when performing analyses for all experiments.

Data availability

The data generated and analyzed in this study are available from the corresponding author upon

reasonable request.

Results

GCs inducer Tau pathology and mitochondrial dysfunction in

hippocampus

To mimic chronic stress-induced GC release, we administered the synthetic GC dexamethasone
(DEX; 5 mg/kg) to 4-5-month-old mice via intraperitoneal injection for 15 days, similar to
previous studies®®¢, DEX administration caused a ~10% loss of body weight and decreased
endogenous blood corticosterone levels by more than 60% compared to vehicle control
(Supplementary Fig. 1A, B), demonstrating its ability to cross the blood brain barrier and promote
an endocrine response to stress. Since chronic stress and high GC levels are known to induce Tau

accumulation and phosphorylation,”**1” we verified these effects by immunoblotting with

11
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antibodies against total (Tau5) and phosphorylated (AT8, PHF1) Tau species. We observed a two-
to three-fold increase in phospho-Tau levels and a nearly two-fold increase in total Tau following
DEX treatment (Fig. 1A-D). GCs are also reported to damage neuronal mitochondria,®*% and we
verified that DEX administration induced a significant increase in mitochondrial reactive oxygen
species (MROS) and a concomitant decrease in mitochondrial membrane potential, as measured
by staining with the cell-permeant dyes MitoSOX and TMRM, respectively (Fig. 1E-H). With the
exception of weight loss, these pathogenic effects of DEX were attenuated by-co-administration
of the GR antagonist mifepristone (Supplementary Fig. 1, Fig. 1).

Considerable evidence indicates that pathogenic Tau promotes mitochondrial dysfunction and
vice-versa; 21263132 thys, we next examined whether oligomeric Tau'was detected in the vicinity
of mROS following chronic GC exposure. Hippocampal slices were incubated with MitoSOX,
then fixed and immunostained with TOMA-1 antibodies to.label"Tau oligomers. Both MitoSOX
and TOMA-1 levels were dramatically elevated in neurons of DEX-treated animals compared to
those treated with vehicle control or DEX + mifepristone (Fig. 2A-C), indicative of Tau
pathogenesis and mitochondrial dysfunction.. Moreover, we observed a high degree of
colocalization between MitoSOX and TOMA-1 in these neurons (Fig. 2A, D), showing that Tau
oligomers and mROS are spatially coupled. The effects of GCs on mitochondrial function were
further evaluated by measuring the activity of complex I, the first component of the electron
transport chain, and ATP production using commercial kits. DEX significantly impaired
mitochondrial function by both measures, decreasing ATP production and complex | activity by
30~40% compared to” control and DEX + mifepristone conditions (Fig. 2E, F). We observed
similar effects.in14 day in vitro (DIV) cultured hippocampal neurons treated with vehicle or DEX
(1 mM, 48 hrs);with Tau pathology measured by TOMA-1/AT8 immunostaining (Supplementary
Fig: 2A-C),-and mitochondrial dysfunction by MitoSOX (Supplementary Fig. 2A, D, E) and
TMRM (Supplementary Fig. 2H, I).

GCs stimulate mPTP opening via upregulation of cyclophilin D

One event known to promote mitochondrial dysfunction is opening of the mitochondrial

permeability transition pore (mPTP), a channel on the inner mitochondrial membrane whose
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components include the F1/Fo ATP synthase and the mitochondrial matrix protein cyclophilin D
(CypD).?® mPTP opening is triggered by various cellular stressors and mediated by CypD binding
to a subunit of the ATP synthase?. Both knockout/knockdown of CypD and inhibition of its
activity via treatment with the drug cyclosporin A have been shown to prevent mPTP opening and
protect cells against mitochondrial dysfunction.®’-%2 We assessed the effect of GCs‘on mPTP
opening in 14 DIV cultured hippocampal neurons treated with vehicle or DEX (1 .uM, 48 hrs).
Here, we utilized the Co?*-calcein dye assay,®* which takes advantage of the fact that CoCl;
quenches calcein fluorescence in all subcellular compartments except for mitochondria, due to the
Co**-impermeable inner mitochondrial membrane. However, upon mPTP opening, Co?* enters the
inner mitochondrial matrix and quenches calcein fluorescence. This effect is blocked by
cyclosporin A, showing its dependence on CypD.%! We observed“no quenching of calcein
fluorescence by CoClz in control cells, but significant quenching (nearly 80%) in DEX-treated
cells (Fig. 3A, B), indicative of mPTP opening. Concomitant treatment of neurons with
cyclosporin A (1 mM, 24 hrs) or knockdown of CypD.with siRNAs (Supplementary Fig. 2F, G)
attenuated CoClz-mediated calcein quenching (Fig. 3A, B). Cyclosporin A and CypD knockdown
also prevented DEX-induced mitochondrial-dysfunction as measured by MitoSOX fluorescence
intensity, complex | activity, and“ATP production (Fig. 3C-F), as well as TMRM intensity
(Supplementary Fig. 2H, I).

CypD expression is elevated in<brain tissue from Alzheimer’s disease patients and mouse
models,>”*® and CypD.deficiency is protective against Alzheimer’s-related neurodegeneration,
consistent with the concept that CypD levels and mPTP opening are correlated with neurotoxicity.
GCs are known to regulate gene transcription via their activation of GRs, which translocate to the
nucleus and bind glucocorticoid response elements (GRES) within the promoter regions of multiple
genes.%® We therefore tested whether CypD expression is regulated by GCs. First, we measured
CypD.protein levels in hippocampal tissue from animals administered vehicle control or DEX.
Immunoblots revealed that CypD expression was two-fold higher in DEX-treated tissue compared
to control (Fig. 3G, H). This effect was likely not due to GC-induced accumulation of
mitochondria, as previously reported,®® since mPTP component oligomycin sensitivity-conferring
protein (OSCP) was decreased by 50% following DEX treatment, and the outer mitochondrial
membrane protein TOM20 was unchanged (Fig. 2G-J). We next performed gPCR to measure
CypD mRNA levels in 14 DIV hippocampal neurons treated with DEX or vehicle control. Again,
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we observed that CypD mRNA was significantly elevated by DEX (Fig. 2K). Moreover, eleven
GREs were identified within the mouse Ppif gene (encoding CypD) by the Gene Transcription

Regulation Database (https://gtrd.biouml.org/#!)(Table 1), supporting the hypothesis that GCs
regulate CypD expression.

Since oligomeric Tau is associated with damaged mitochondria (Fig. 2), we next tested whether
inhibiting mPTP opening with cyclosporin A or CypD knockdown could prevent GC-induced Tau
pathology. Following treatment with vehicle control or DEX +/- cyclosporin‘A or CypD siRNAs,
14 DIV hippocampal neurons were immunostained with AT8 and TOMA=1 antibodies to measure
phosphorylated and oligomeric Tau, respectively. Remarkably, both cyclosporin A and CypD
knockdown prevented the dramatic increases in AT8 and TOMA-L-levels induced by DEX (Fig.
4A-C). Similar results were seen by immunoblotting, as cyclosporin A and CypD knockdown
mitigated the DEX-induced increase in total and phospho-Tau species (Fig. 4D-G). Together, these
findings suggest that inhibiting mPTP opening is protective against GC-induced Tau pathology,

and that Tau pathogenesis likely occurs downstream of-mitochondrial dysfunction in this context.

Mito-apocynin protects—~against GC-induced mPTP opening,

mitochondrial damage, and Tau pathology in vitro

Our experiments in cultured neurons suggest that inhibiting mPTP opening could be an effective
strategy for preventing stress/GC-related brain pathology. Unfortunately, cyclosporin A and CypD
siRNAs are not currently viable approaches for therapeutic use, as cyclosporin A is an
immunosuppressant and cannot cross the blood brain barrier,*®° and CypD siRNAs require
invasive delivery methods (e.g. virus or intrathecal injection). We therefore sought a therapeutic
approach that would inhibit mPTP opening and be more clinically tractable. To this end, we tested
mito-apocynin, a mitochondria-targeted inhibitor of NADPH oxidase that is orally bioavailable
and has been shown to protect against mitochondria-related toxicity and neurodegeneration in
mouse models.®5%° We first investigated whether mito-apocynin prevented GC-induced mPTP
opening in hippocampal neurons, using the Co?*-calcein assay described above. Indeed, treatment
of 14 DIV neurons with mito-apocynin (1 mM, 24 hrs) prevented Co?* quenching of calcein

fluorescence stimulated by DEX (Fig. 5A, B). Interestingly, mito-apocynin also attenuated the
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DEX-driven upregulation of CypD expression (Fig. 5C, D), suggesting that it acts in part by
inhibiting CypD-mediated mPTP opening. To confirm this mechanism, we overexpressed GFP-
CypD in hippocampal neurons via lentiviral transduction, which increased its levels by
approximately three-fold over endogenous CypD (Fig. 5C, D). Indeed, GFP-CypD overexpression
blocked the protective effects of mito-apocynin on GC-induced mPTP opening (Fig. 5A, B).
Treatment with mito-apocynin also attenuated GC-induced Tau oligomerization. and mROS
production (Fig. 5E-G), as well as the GC-induced suppression of complex-l-activity:and ATP
production (Fig. 5H, ). Again, GFP-CypD overexpression blocked these protective effects of

mito-apocynin on Tau pathogenesis and mitochondrial function (Fig. 5E-1).

Mito-apocynin protects against GC-induced behavioral and cellular

effects in vivo

We next tested whether mito-apocynin could protect against the detrimental effects of GC
exposure in vivo. Here, 4-5-month-old mice were administered vehicle control, DEX, or DEX +
mifepristone via intraperitoneal injection for 15 days, and concomitantly given mito-apocynin or
its vehicle control by oral gavage. Animals treated with DEX or DEX + mito-apocynin displayed
similar body weight loss, demonstrating comparable physiological responses to GCs
(Supplementary Fig. 1A). While‘mito-apocynin slightly but significantly attenuated the ~60%
decrease in endogenous blood corticosterone levels caused by DEX administration, it did not
rescue these levels to the same extent as mifepristone (Supplementary Fig. 2), suggesting a
different mode of action. Since stress and high GC levels are known to induce changes in cognition
and mood, including impaired learning and memory, anxiety, and depression,?’ we measured these
behaviors.using the Y-maze, elevated plus maze (EPM), and forced swim test (FST), respectively.
Mice administered DEX showed a 30% decrease in spontaneous alternations in the Y-maze
compared to the control group (Fig. 6A), indicating deficits in spatial memory. Remarkably, mito-
apocynin prevented this GC-induced learning/memory deficit and had similar efficacy to
mifepristone (Fig. 6A). Total distance traveled in the maze was unchanged across the four groups
(Fig. 6B), showing that none of the treatments altered the animals’ overall activity levels. Animals
administered DEX also spent 50% less time in the open arm (and 50% more time in the closed
arm) of the EPM compared to controls (Fig. 6C, D), indicative of heightened anxiety. Mito-
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apocynin also prevented this anxious behavior with similar efficacy as mifepristone (Fig. 6C, D).
Finally, DEX-administered animals spent nearly twice as much time immobile during the FST as
control animals (Fig. 6E), suggestive of depressive behavior. Once again, mito-apocynin
ameliorated this phenotype as effectively as mifepristone (Fig. 6E), showing the mitochondrially-

targeted compound’s efficacy at preventing GC-induced behavioral impairment.

Consistent with their detrimental effects on learning and memory, GCs cause dendrite:and synapse
loss in areas CA1 and CA3 of the hippocampus.”**"®"* Indeed, DEX administration led to
significantly decreased dendrite and synapse density in area CA1 as revealed by immunostaining
with MAP2 and Synapsinl antibodies, respectively (Fig. 6F-H). Mito-apocynin prevented the GC-
induced loss of dendrites and synapses to a similar extent as mifepristone (Fig. 6F-H), indicative
of its neuroprotective effects. Precipitating events in stress/GC-driven synapse loss include the
synaptic missorting of phosphorylated and oligomeric Tau species, as well as mitochondrial
dysfunction.”®%663 Since mito-apocynin protects against GC-induced Tau pathology and
mitochondrial damage in vitro, we next assessed this.compound’s ability to inhibit these effects in
vivo. Here, levels of oligomeric Tau and mROS were measured in hippocampal tissue by TOMA-
1 and MitoSOX staining. Again, mito-apocynin was as effective as mifepristone in preventing GC-
driven Tau oligomerization and mROS formation (Fig. 61-K), with equal efficacy in male and
female animals (Supplementary Fig. 3A, B). Mito-apocynin also prevented Tau accumulation and
phosphorylation, as shown by immunoblotting for Tau5, AT8, and PHF1 in tissue lysates
(Supplementary Fig.~4A-D), as well as GC-driven mitochondrial dysfunction as assessed by
TMRM fluorescence, complex 1 activity, and ATP production in hippocampal tissue
(Supplementary Fig..4E-H), indicating that its effects derive from prevention of GC-induced
mitochondrial damage and Tau pathology.

Mifepristone and mito-apocynin mitigate Tau pathology in cybrid

cells

Our studies indicate that mitochondrial dysfunction promotes Tau pathogenesis in a mouse model
of chronic stress, and that both GC-induced processes can be rescued by mifepristone or mito-

apocynin. To investigate whether these treatments are similarly effective at mitigating
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mitochondrial damage and Tau pathology in a human disease model, we utilized SH-SY5Y cybrid
cells, an ex vivo Alzheimer’s disease model in which endogenous mitochondria have been replaced
with platelet-derived mitochondria from Alzheimer’s subjects and age-matched controls.*
Alzheimer’s mitochondria exhibit multiple deficits compared to control mitochondria (e.g.
decreased ATP production, increased mROS production, depolarized membrane potential), and
Alzheimer’s cybrid cells recapitulate key changes observed in patient brains, including-increased
expression of markers of oxidative stress, inflammation, and apoptosis, as well-as higher levels of
oligomeric Tau.*>2 Following treatment of staurosporine-differentiated cybrid cells with vehicle
control, mifepristone or mito-apocynin, we assessed Tau pathology and mitochondrial function.
Consistent with previous reports, we found that the differentiated Alzheimer’s cybrid cells
contained far more oligomeric and phosphorylated Tau than the differentiated control cells and
exhibited a greater than three-fold increase in mROS. (Fig. 7A-D). As in murine primary
hippocampal neurons and brain tissue, Tau oligomers were-highly colocalized with MitoSOX in
Alzheimer’s cybrids (Fig. 7A, E). Measurement of complex I activity and ATP production also
revealed a nearly 40% decrease in mitochondrial function in Alzheimer’s cybrid cells relative to
control cells (Fig. 7F, G). Remarkably, allof the observed Tau and mitochondrial phenotypes in
Alzheimer’s cybrids were restored=to the level of control cybrid cells by treatment with
mifepristone or mito-apocynin (Fig. 7A-G). These findings implicate GR signaling and mPTP
opening as drivers of Alzheimer’s disease-related mitochondrial dysfunction, and show that this

dysfunction drives Tau oligomerization in the context of both stress and Alzheimer’s disease.

Discussion

Long-term GC exposure negatively impacts brain structure and function, causing dendrite and
synapse loss as well as learning/memory impairment, anxiety, and anhedonia®®. Here, we
demonstrate that a key precipitating event for these phenotypes is mitochondrial dysfunction,
which in turn promotes the formation of neurotoxic Tau species. While GCs have been shown to
impair mitochondrial function through a variety of mechanisms,*® we identify mPTP opening, via
GC-mediated upregulation of CypD, as a critical mechanism in stress/GC-related brain pathology.

Interestingly, mPTP opening and CypD also appear to play important roles in other forms of brain
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injury and neurodegeneration.”> mPTP opening is triggered by ROS production and/or disruption
of Ca?* homeostasis, both of which are associated with ischemia, inflammation, neurodegenerative
disease, and physiological aging; pore opening initiates a positive feedback loop that further
exacerbates cellular damage.”? CypD, a mitochondrial matrix protein and component of the mPTP,
is a key mediator of mPTP formation and opening. CypD is elevated in brain tissue from patients
with Alzheimer’s discase as well as mouse models of Alzheimer’s disease and amyotrophic lateral
sclerosis.>””®  Moreover, CypD inhibition/ablation is protective against ‘ischemia and
neurodegeneration in mouse models of amyotrophic lateral sclerosis, Alzheimer’s disease, and

Parkinson’s disease,®’ %" indicating its potential value as a therapeutic target.

Unfortunately, current inhibitors of CypD, including cyclosporin®A and its derivatives, are
clinically intractable due to neurotoxicity, low selectivity, and unfavorable pharmacokinetics.®2
While other small molecule CypD inhibitors are under development,®? CypD-independent
therapeutics that directly target mitochondria have shown some promise in preventing mPTP
opening and slowing neurodegeneration in mice.”> We therefore adopted this strategy in our
studies by using mitochondrially-targeted apocynin, a plant derivative that inhibits NADPH
oxidases,”* membrane-bound enzymes that catalyze the production of superoxide and are one of
the main cellular sources of ROS.”® Pharmacokinetic studies report that orally administered mito-
apocynin at concentrations between 3-30 mg/kg rapidly crosses the blood brain barrier (within 30
minutes) and persists in“the brain for at least 48 hours.®® Moreover, clinical pathology data
indicates that this compound causes no adverse effects 48 hours post-administration,®® and multiple
studies have demonstrated the beneficial effects of chronic mito-apocynin administration in mouse

models of Parkinson’s disease and excitotoxic injury.5668

An important and surprising finding from our work is that mito-apocynin prevents neuronal
damage caused by GCs. By targeting ROS production within mitochondria, mito-apocynin inhibits
GC-driven mPTP opening and downstream Tau phosphorylation and oligomerization, synapse
loss, and behavioral deficits. It is possible that mito-apocynin also impacts other aspects of
mitochondrial health and function that were not assessed in this study, including mitochondrial
transport, fission/fusion, etc. Of note, another recent study showed that GCs impair neuronal
mitophagy by downregulating the mitophagy adaptor protein BNIP3L/NIX®, and it is possible
that this effect is also mitigated by mito-apocynin. Moreover, since mitochondria synthesize

steroid hormones,’® it is conceivable that mito-apocynin prevents GC-induced damage by altering
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mitochondrial GC production or responsiveness to fluctuating GC levels. Indeed, we find that
mito-apocynin administration slightly but significantly attenuates the dex-induced suppression of
endogenous plasma corticosterone levels (Supplementary Fig. 1B), similar to mifepristone (albeit
to a much lesser extent; ~10% vs. ~40%). This finding suggests that mito-apocynin can.impact
circulating GC levels. However, multiple studies support this compound’s ability to prevent
mitochondrial damage in animal models of neurological disease,®®® indicating that its primary
mode of action is mROS inhibition. Regardless of the specific mechanism, our findings clearly
demonstrate that mito-apocynin’s inhibition of mitochondrial damage protects neurons against

chronic GC exposure.

Mito-apocynin may also exert its protective effects through non-neuronal cells. Indeed, astrocytes
and microglia are activated by chronic stress and elevated GC levels, leading them to release pro-
inflammatory cytokines that promote the recruitment of peripheral immune cells to the brain and
stimulate neuroinflammation and downstream synapse/neuron loss.””’® An integral part of the glial
inflammatory response is ROS production, which was found to be significantly elevated by chronic
stress/GCs.”” Interestingly, inhibition of microglial ROS production was shown to mitigate
anxious behaviors in chronically stressed. mice,” indicating that microglia-initiated oxidative
damage contributes to the behavioral deficits induced by stress. Whether these ROS derive from
mitochondria or other superoxide-producing enzymes in the microglial cytoplasm or other
organelles, and in general how GC-induced mitochondrial dysfunction contributes to the stress

responses of glia and-othernon-neuronal cells, are interesting questions for future studies.

Our work also” demonstrates that GCs promote Tau oligomerization through mitochondria.
Precisely how mitochondrial damage induces the formation of Tau oligomers remains an open
question. Tau phosphorylation stimulates its oligomerization, and inhibiting mitochondrial
function is reported to activate Tau kinases, likely via ROS production.%8 Two other studies show
that cytochrome c leakage from damaged mitochondria activates caspase 3, leading to Tau
cleavage and aggregation.®-®? Whether these mechanisms are responsible for Tau pathology
downstream of GC-driven mitochondrial dysfunction is an important question that will be

addressed in our ongoing work.

Although our experiments indicate that Tau oligomerization occurs downstream of GC-induced

mitochondrial dysfunction, it is also likely that pathogenic Tau stimulates mitochondrial damage
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following GC exposure. Multiple studies show that Tau impacts mitochondrial dynamics and
function,??6 and Tau was recently reported to interact with a series of mitochondrial proteins,
including outer and inner mitochondrial membrane proteins and components of the electron
transport chain.®® Moreover, Tau deletion was shown to protect against stress/GC-induced brain
pathology, including synaptic loss in the hippocampus and prefrontal cortex (PFC).”Proteomic
and electron microscopy analyses of PFC synapses in wild-type and Tau knockout mice revealed
one major difference between these genotypes: Tau knockout animals exhibited significantly
increased mitochondrial density at synapses following exposure to chronic stress, while wild-type
animals exhibited a trend toward decreased mitochondrial density.® This finding suggests that
stress/GCs regulate mitochondrial localization at synapses in a Tau-dependent manner, and that
mitochondrial loss contributes to stress/GC-induced synaptic dysfunction. Indeed, exposure to
stress may create a vicious cycle wherein GC-induced mitochendrial dysfunction precipitates Tau
pathology, which in turn promotes additional mitochondrial-damage leading to synapse loss and
other neurotoxic effects. Given the ability of therapeutic Strategies targeting either Tau (i.e. "#%)
or mitochondria (i.e. %, the current study) to prevent stress/GC-induced brain pathology in rodents,
it is evident that both are critical players in‘this process.

Finally, our work shows that GR signaling has relevance to mitochondrial damage and Tau
pathogenesis in a cellular model of Alzheimer’s disease. Specifically, we find that treatment of
Alzheimer’s cybrid cellswith the GR antagonist mifepristone is able to restore multiple aspects of
mitochondrial function (i.e. complex 1 activity, ATP production, mitochondrial membrane
potential, MROS production) to the level of control cybrid cells. Mifepristone similarly prevents
Tau pathology.(phosphorylation and oligomerization) in these cells, which we and others®? observe
to be spatially and temporally coupled to mROS production. Since exogenous GCs were not added
to the cells, it is unclear why mifepristone has these effects. One possibility is that Alzheimer’s
subject-derived mitochondria are particularly sensitive to GCs present at low levels in the culture
medium, likely deriving from fetal bovine serum.®* Another is that GC synthesis occurs in cybrid
cells and is upregulated in Alzheimer’s mitochondria, leading to high local GC levels that are toxic
to the mitochondria. It is also conceivable that mifepristone, an anti-progestogen, acts on
Alzheimer’s cybrid cells by blocking the effects of progesterone, which like GCs can be a
component of fetal bovine serum.8® Additional experiments will be required to distinguish between

these possibilities and better understand how mifepristone exerts its protective effects. However,
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the ability of mito-apocynin to similarly rescue Tau phosphorylation and oligomerization in
Alzheimer’s cybrid cells suggests that mitochondria are a promising therapeutic target for

preventing Tau pathogenesis.

In summary, we identify a novel molecular pathway by which GCs induce mitochondrial
dysfunction, via transcriptional upregulation of the mPTP activating protein CypD.-Further, we
show that this mitochondrial damage precipitates Tau pathology. Our studies in both murine
hippocampus and Alzheimer’s cybrid cells not only link mitochondrial ‘dysfunction to Tau
pathology in the context of stress, but also indicate that mitochondrially-targeted therapeutics may

be protective against Tau pathology associated with Alzheimer’s disease.
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Figure Legends

Figure 1 Dexamethasone induces Tau pathology and mitochondrial dysfunction.in vivo. (A-
D) Representative immunoblots (A) and quantification (B-D) of AT8, PHF1, and total Tau (Tau5)
immunoreactivity in lysates from hippocampal tissue of mice treated with vehicle (CON),
dexamethasone (DEX), or DEX + GR antagonist mifepristone=(MIF). Intensity values are
expressed relative to tubulin and normalized to the CON condition, (standard deviations and P-
values indicated on graphs; one-way ANOVA with multiple comparisons and Fisher’s LSD test;
n=3 mice/condition). (E-F) Representative images (E) and quantification (F) of MitoSOX
fluorescence intensity (green) in hippocampal area“CAl from mice treated as indicated.
MitoTracker (green) shows mitochondrial distribution. Yellow boxes indicate enlarged regions
(right column). Scale bars, 25 um. Intensity values are normalized to DEX condition (standard
deviations and P-values indicated on graph; one-way ANOVA with multiple comparisons and
Fisher’s LSD test; n=5-6 fields of wiew/condition). (G-H) Representative images (G) and
quantification (H) of TMRM fluorescence intensity (red) in hippocampal area CA1 from mice
treated as indicated: Nuclei are stained with DAPI. Scale bar, 50 pum. Intensity values are
normalized to CON.condition (standard deviations and P-values indicated on graph; one-way

ANOVA with-multiple comparisons and Fisher’s LSD test; n=5 fields of view/condition).

Figure 2 Tau oligomerization and mitochondrial dysfunction are spatially coupled. (A-C)
Representative images (A) and quantification (B-C) of TOMA-1 (green) and MitoSOX (red)
fluorescence intensity in slices from hippocampal area CA1 of mice treated with vehicle (CON),
DEX, or DEX + MIF. Yellow boxes indicate enlarged regions (bottom row). Size bars, 50 pm.
Intensity values are normalized to control condition (standard deviations and P-values indicated
on graphs; one-way ANOVA with multiple comparisons and Fisher’s LSD test; n=5 mice per

condition for B, n=4 mice per condition with two fields of view/animal for C). (D) Area of TOMA-
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1 colocalization with MitoSOX, normalized to DEX condition due to the absence of TOMA-1 and
MitoSOX staining in CON condition (standard deviations and P-values indicated on graph; one-
way ANOVA with multiple comparisons and Fisher’s LSD test; n=5 mice per condition with two
fields of view/animal). (E-F) Complex | activity (E) and ATP levels (F) in hippocampal tissue
from mice treated as indicated, normalized to CON condition (standard deviations and P-values
indicated on graphs; one-way ANOVA with multiple comparisons and Fisher’s LSD test; n=3-6
mice per condition for E, one-way ANOVA with multiple comparisons and-Fisher’s LSD test;
n=3-4 mice per condition for F).

Figure 3 GCs stimulate mPTP opening and cyclophilin Dexpression. (A-B) Representative
images (A) and quantification (B) of calcein green fluorescence intensity with or without CoCl> in
hippocampal neurons treated with vehicle (CON), DEX, DEX + cyclosporin A (CsA), or DEX +
siRNAs against Cyclophilin D (CypD KD). Scale bar, 25 um. Intensity values are normalized to
CON condition (standard deviations and P-values indicated on graph; 2-way ANOVA with
multiple comparisons and Fisher’s LSD test; n=10 fields of view/condition). (C-D) Representative
images (C) and quantification (D) of MitoSOX fluorescence intensity (red) in cultured
hippocampal neurons treated as indicated. MitoTracker (green) staining shows distribution of
mitochondria. Yellow boxes indicate enlarged regions (right column). Scale bars, 25 um. Intensity
values are normalized to CON.condition (standard deviations and P-values indicated on graph;
one-way ANOVA" with ‘multiple comparisons and Fisher’s LSD test; n=10 fields of
view/condition). (E-F) Complex | activity (E) and ATP levels (F) in hippocampal neurons treated
as indicated;-normalized to CON condition (standard deviations and P-values indicated on graphs;
one-way ANOVA with multiple comparisons and Fisher’s LSD test; n=3-7 samples/condition for
E; one-way ANOVA with multiple comparisons and Fisher’s LSD test; n=3-7 samples/condition
for F)."(G-J) Representative immunoblots (G) and quantification (H-J) of CypD, oligomycin
sensitivity-conferring protein (OSCP), and TOM20 immunoreactivity in lysates from cultured
hippocampal neurons treated as indicated. Intensity values are expressed relative to tubulin and
normalized to the CON condition (standard deviations and P-values indicated on graphs; unpaired
t test, n=4 samples/condition). (K) Quantification of CypD mRNA levels in cultured hippocampal
neurons treated as indicated. Values are normalized to CON condition (standard deviations and P-

value indicated on graph; unpaired t-test, n=6 samples/condition, two independent cultures).
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Figure 4 Inhibiting the mPTP prevents GC-induced Tau pathology. (A-C) Representative
images (A) and quantification (B-C) of TOMA-1 (green) and AT8 (red) fluorescence intensity in
MAP2 positive (grey) cultured hippocampal neurons treated with vehicle (CON), DEX, CsA, or
CypD siRNAs (CypD KD). Yellow boxes indicate enlarged regions (right column). Scale bars, 25
pum. Intensity values are normalized to DEX condition (standard deviations and P-values indicated
on graphs; one-way ANOVA with multiple comparisons and Fisher’s LSD test; n=10 fields of
views/condition). (D-F) Representative immunoblots (D) and quantifications (E-F) of AT8, PHF1,
and total Tau (Tau5) immunoreactivity in lysates from cultured hippacampal neurons treated as
indicated. Intensity values are expressed relative to tubulin and normalized to the CON condition
(standard deviations and P-values indicated on graphs; one-way ANOVA with multiple

comparisons and Fisher’s LSD test; n=3 samples/condition).

Figure 5 Mito-apocynin prevents GC-induced mPTP opening, mitochondrial damage, and
Tau pathology in vitro. (A-B) Representative images (A) and quantification (B) of calcein red
fluorescence intensity with or without CoCl2 in hippocampal neurons expressing GFP or GFP-
CypD (green), treated with vehicle (CON), DEX, or DEX + mito-apocynin (mAPO). Scale bar, 25
pum. Intensity values are normalized to CON condition (standard deviations and P-values indicated
on graph; 2-way ANOVA with multiple comparisons and Fisher’s LSD test; n=10 fields of
views/condition).<(C-D) Representative immunoblots (C) and quantification (D) of CypD
expression indysates of cultured hippocampal neurons treated as indicated, with or without GFP-
CypD lentiviral transduction. Values are expressed relative to tubulin and normalized to CON
condition (standard deviations and P-values indicated on graph; one-way ANOVA with multiple
comparisons and Fisher’s LSD test; n=3 samples/condition). (E-H) Representative images (E) and
quantification (F-G) of TOMA-1 (grey) and MitoSOX (red) fluorescence intensity in hippocampal
neurons expressing GFP or GFP-CypD and treated as indicated. Yellow boxes indicate enlarged
regions (right column). Scale bars, 25 um. Values are normalized to DEX condition (standard
deviations and P-values indicated on graphs; one-way ANOVA with multiple comparisons and
Fisher’s LSD test; n=8 fields of view/condition). (H-1) Complex | activity (H) and ATP levels (1)

in hippocampal neurons treated as indicated, normalized to CON condition (standard deviations
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and P-values indicated on graphs; one-way ANOVA with multiple comparisons and Fisher’s LSD

test; n=3-4 samples/condition).

Figure 6 Mito-apocynin prevents GC-induced behavioral deficits, synapse loss, and Tau
pathology in vivo. (A-B) Y-maze spontaneous alternations (A), expressed as percent of total arm
entries that alternated, and total distance traveled (B) for mice treated with vehicle (CON), DEX,
DEX + MIF, or DEX + mAPO (standard deviations and P-values indicated on graphs; one-way
ANOVA with multiple comparisons and Fisher’s LSD test; n=4-5 mice/condition). (C-D) Time
spent in open (C) and closed (D) arms of EPM for mice treated as‘indicated (standard deviations
and P-values indicated on graphs; one-way ANOV A with multiple comparisons and Fisher’s LSD
test; n=9-10 mice/condition). (E) Time spent immobile during FST for mice treated as indicated
(standard deviations and P-values indicated on .graph;. one-way ANOVA with multiple
comparisons and Fisher’s LSD test; n=9-10 mice/condition). (F-H) Representative images (F) and
quantification (G, H) of Synapsinl (green) and MAP2 (purple) immunofluorescence intensity in
hippocampal area CA1 from mice treated.as indicated. Nuclei are stained by DAPI. Scale bars, 25
pm. Synapsin and MAP2 intensity values are normalized to CON condition (standard deviations
and P-values indicated on graphs; one-way ANOVA with multiple comparisons and Fisher’s LSD
test; n=5-10 mice with one field-of view/animal/condition). (I-K) Representative images (I) and
quantification (J, K).of TOMA-1 (green) and MitoSOX (red) fluorescence intensity in
hippocampal area CA1 from mice treated as indicated. Scale bars, 50 um. Intensity values are
normalized to.DEX condition (standard deviations and P-values indicated on graphs; one-way

ANOVA with multiple comparisons and Fisher’s LSD test; n=6 mice/condition for J, K).

Figure 7 Mifepristone or mito-apocynin rescue mitochondrial dysfunction and Tau
pathology in Alzheimer’s cybrid cells. (A-D) Representative images (A) and quantifications (B-
D) of oligomeric Tau (Tau22; green), MitoSOX (red), and AT8 (grey) fluorescence intensity for
differentiated SH-SY5Y control (nonAD) and Alzheimer’s disease subject (AD) cybrid cells
treated with vehicle (CON), MIF, or mAPO. Scale bar, 25 pum. Intensity values are normalized to
control for AT8 and MitoSOX, and to Alzheimer’s control condition for Tau22 due to the absence

of Tau22 immunostaining in non-Alzheimer’s cybrid cells (standard deviations and P-values
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indicated on graphs; one-way ANOVA with multiple comparisons and Fisher’s LSD test, n=8

fields of view from 4 cybrid cell lines/condition). (E) Area of Tau22 colocalization with MitoSOX,

normalized to AD control condition (standard deviations and p values indicated on graphs; one-

way ANOVA with multiple comparisons and Fisher’s LSD test; n=8 fields of view from 4.cybrid

cell lines/condition). (F-G) Complex I activity (F) and ATP levels (G) in cybrid cells treated as

indicated, normalized to CON condition (standard deviations and P-values indicated on graphs;

one-way ANOVA with multiple comparisons and Fisher’s LSD test; n=3-4.independent cybrid

cell lines/condition).
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