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Abstract

Mitochondrial dysfunction is a significant factor in the development of Alzheimer’s disease (AD).
Previous studies have demonstrated that the expression of tau cleaved at Asp421 by caspase-3
leads to mitochondrial abnormalities and bioenergetic impairment. However, the underlying
mechanism behind these alterations and their impact on neuronal function remains unknown.

To investigate the mechanism behind mitochondrial dysfunction caused by this tau form, we used
transient transfection and pharmacological approaches in immortalized cortical neurons and mouse
primary hippocampal neurons. We assessed mitochondrial morphology and bioenergetics function
after expression of full-length tau and caspase-3-cleaved tau. We also evaluated the mitochondrial
permeability transition pore (mPTP) opening and its conformation as a possible mechanism to
explain mitochondrial impairment induced by caspase-3 cleaved tau. Our studies showed that
pharmacological inhibition of mPTP by cyclosporine A (CsA) prevented all mitochondrial length
and bioenergetics abnormalities in neuronal cells expressing caspase-3 cleaved tau. Neuronal cells
expressing caspase-3-cleaved tau showed sustained mPTP opening which is mostly dependent

on cyclophilin D (CypD) protein expression. Moreover, the impairment of mitochondrial length
and bioenergetics induced by caspase-3-cleaved tau were prevented in hippocampal neurons
obtained from CypD knock-out mice. Interestingly, previous studies using these mice showed
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a prevention of mPTP opening and a reduction of mitochondrial failure and neurodegeneration
induced by AD. Therefore, our findings showed that caspase-3-cleaved tau negatively impacts
mitochondrial bioenergetics through mPTP activation, highlighting the importance of this channel
and its regulatory protein, CypD, in the neuronal damage induced by tau pathology in AD.
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Introduction

Alzheimer’s disease (AD) is an irreversible neurodegenerative disorder and the most
common form of dementia in elderly (Querfurth and LaFerla 2010). AD is characterized

by the accumulation of misfolded proteins, such as AR peptide and tau protein, in the brain,
leading to progressive neurodegeneration of the patients (Querfurth and LaFerla 2010). Tau
protein is a microtubule-associated protein that promotes the assembly and stabilization of
microtubules in physiological conditions, but in AD, it assembles into protein aggregates
and undergoes pathological modifications that lead to neuronal dysfunction and death
(Tapia-Rojas, Cabezas-Opazo et al. 2019). One of the pathological forms of tau present

in AD is the caspase-3-cleaved tau, which is responsible for the initial stages of AD and

the formation of neurofibrillary tangles (Gamblin, Chen et al. 2003; Rissman, Poon et al.
2004; de Calignon, Fox et al. 2010). Previous studies from our group have shown that
truncated tau affects mitochondrial bioenergetics, transport, and morphology, leading to
alterations in mitochondrial dynamics (by a reduction of optic atrophy 1 (Opal) protein
expression) (Perez, Jara et al. 2018a; Perez, Vergara-Pulgar et al. 2018c), an increase

in oxidative stress, deregulations in calcium-buffering capacity, and an enhancement of
AR-induced mitochondrial failure (Quintanilla, Matthews-Roberson et al. 2009; Quintanilla,
von Bernhardi et al. 2014; Perez, Vergara-Pulgar et al. 2018c; Tapia-Monsalves et al., 2023).
These alterations suggests that caspase-3 cleaved tau affects mitochondrial function and
sensitizes this organelle to toxic stimuli present in AD. However, the underlying mechanism
involved in truncated tau toxicity remains unknown.

The mitochondrial permeability transition pore (mPTP) is a non-specific channel formed

by cyclophilin D (CypD), the voltage-dependent anion channel (VDAC), adenine nucleotide
translocase (ANT), ATP synthase, and the oligomycin sensitivity-conferring protein (OSCP)
subunit of ATP synthase, which has been suggested to participate in mPTP activity (Jonas,
Porter et al. 2015; Perez and Quintanilla 2017). Calcium impairment and increased oxidative
stress can induce mPTP opening, resulting in an increase in mitochondrial permeability,
release of mitochondrial content, and mitochondria-driven cell death, which is observed

in most neurological disorders (Kroemer and Blomgren 2007; Du and Yan 2010; Bonora,
Bononi et al. 2013; Bernardi and Di Lisa 2015; Jonas, Porter et al. 2015). Several studies
have suggested an association between mPTP opening and mitochondrial dysfunction in

the context of AD (Perez and Quintanilla 2017). Increased levels of VDAC and CypD

have been observed in postmortem brains of AD patients and animal models of AD, which
is significant due to the suggested role of elevated CypD levels as a relevant factor in
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mPTP activation and mitochondrial failure (Du, Guo et al. 2011; Guo, Du et al. 2013;
Gauba, Guo et al. 2017). Notably, crossing transgenic mAPP mice, a genetic model of

AD that overexpresses mutated APP, with CypD (-/-) knockout mice resulted in complete
restoration of mitochondrial function, as well as reduced neuronal damage and cognitive
impairment compared to mAPP mice expressing endogenous levels of CypD (Du and Yan
2010; Du, Guo et al. 2011; Guo, Du et al. 2013). In addition, previous research from our
group has demonstrated that tau deletion has positive effects on hippocampal neurons by
improving mitochondrial function and inhibiting mPTP formation by reducing CypD protein
(Jara, Cerpa et al. 2021). Moreover, tau deletion improved recognition memory and attentive
capacity in juvenile mice and during normal aging, thereby enhancing brain function by
improving mitochondrial health (Jara, Aranguiz et al. 2018; Jara, Cerpa et al. 2021). These
findings underscore the importance of understanding the role of mPTP in mitochondrial
dysfunction induced by tau pathology in AD.

In the current study, we used transient transfection and pharmacological approaches in
immortalized cortical neurons and mouse primary hippocampal neurons to investigate

the mechanism underlying mitochondrial dysfunction caused by caspase-3-cleaved tau
overexpression. Our results indicate that caspase-3-cleaved tau has a negative impact on
mitochondrial bioenergetics through mPTP activation, highlighting the significance of this
channel and its regulatory protein, CypD, in the neuronal damage induced by tau pathology
in AD.

Conditionally immortalized neuronal cell lines (CN1.4 cells) (Quintanilla, Matthews-
Roberson et al. 2009; Quintanilla, von Bernhardi et al. 2014; Perez, Vergara-Pulgar et al.
2018c) were cultured in DMEM media (Mediatech Inc., Corning, NY, USA) supplemented
with 5% inactivated fetal bovine serum (Mediatech Inc., Corning, NY, USA) and 1%
penicillin/streptomycin (Mediatech Inc., Corning, NY, USA) at 33°C and 5% CO.

Hippocampal neuronal cultures were prepared from tau (=/-) knockout mice (B6.129

x 1-Mapttm1Hnd /J, 7,251) (Perez, Vergara-Pulgar et al. 2018c) obtained from Jackson
Laboratories (USA) or CypD (-/-) knock-out mice (Hom, Quintanilla et al. 2011)

on embryonic day 18. The cultures were maintained in Neurobasal growth medium
(ThermoFisher) supplemented with B27 (ThermoFisher, MA, USA), L-glutamine,
penicillin, and streptomycin (Mediatech Inc., Corning, NY, USA). Cytosine arabinoside
(Sigma, MA, USA) was added to the cultured neurons on day 3 for 72 h to obtain cultures
highly enriched in neurons (~ 5% glia), and the cultured neurons were transfected on day 8.

Transient transfection.

Tau constructs tagged with GFP, GFP-full-length-Tau, and GFP-caspase-3 cleaved-Tau
(GFP-Tau (s)) as well as Mito-mCherry were generated according to previously described
protocols (Quintanilla, Dolan et al. 2012; Perez, Vergara-Pulgar et al. 2018c). Lipofectamine
2000 (ThermoFisher, MA, USA) diluted in OptiMEM (ThermoFisher, MA, USA) was used
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to transiently transfect CN1.4 cells and hippocampal neurons with plasmids containing
GFP (1 pg) or GFP-Tau(s) (1 ug) constructs or to co-transfect them with Mito-mCherry

(1 pg). Media were changed 24 h post-transfection, and analyses were conducted 48 h
post-transfection for CN1.4 cells. For hippocampal neurons transfection, the protocol was
applied after 8 days of culture and studies were made 48 h post-transfection. Live cell
imaging was used to verify the transfection efficiency, which was found to be 30% and 5%
for CN 1.4 and primary neurons, respectively. Western blotting was used to verify equal
levels of transfection for all plasmids in CN 1.4 cells (Fig. 3C) (Perez, Vergara-Pulgar et al.
2018c).

For Opal expression studies, Opal (Myc-DDK-tagged) (Cat MR225663) plasmid was
commercially obtained from Origene (Rockville, MD, USA). CN1.4 cells were double
transfected with GFP (1ug) and GFP-tau(s) (1 pg) and Opal-c-myc (1 ug) as described
above. The Opal transfection was verified using immunofluorescence (Fig. 2B). To
determine changes following a stimulus, cells were treated with thapsigargin (1uM) for

30 minutes, as indicated. For mPTP studies, cells were pre-treated with 0.5uM Cyclosporin
A (CsA) (Tocris Bioscience, Bristol, UK) or 500 nM FK506 (Tocris Bioscience, Bristol,
UK) for 2 hours, as indicated (Quintanilla et al., 2013; Tapia-Monsalves et al., 2023).

Measurement of mitochondrial length.

Mitochondrial length was calculated as previously described (Perez, Vergara-Pulgar et

al. 2018c). Briefly, the length of individual mitochondria was measured in cells double
transfected with GFP/Mito-mCherry and GFP-Tau(s)/Mito-mCherry. For CN1.4 cells double
transfected with GFP-Tau(s) forms and Opal-c-myc, cells were incubated with MitoTracker
Red CMXRos (Molecular Probes, Thermo Fisher Scientific, MA, USA) for 35 min in KRH-
glucose buffer. Then, cells were fixed in 4% paraformaldehyde-KRH-glucose for 15 min at
37°C and blocked with 10% bovine serum in KRH-glucose for 1 h. After that, the cells were
incubated with a primary monoclonal anti-Opal antibody (Santa Cruz, Dallas, TX, USA;
1:500 dilution) overnight. The cells were then washed with KRH-glucose buffer, probed
with the goat secondary monoclonal antibody Alexa Fluor 647 (Molecular Probes, Thermo
Fisher Scientific, MA, USA; 1:1000) for 3 h, and finally stained with DAPI (Sigma, MA,
USA; 1:5000 dilution) for 15 min. Fluorescence images were obtained using high-resolution
fluorescence microscopy (Leica, Germany) with a 63x oil objective. We analyzed between
800 and 1000 isolated mitochondria from 30-40 cells, measuring 25 images per experiment.
Fluorescence images were analyzed using Image J software.

Mitochondrial membrane potential determinations.

Mitochondrial membrane potential was determined using the mitochondrial dyes
Mitotracker Red-H2ROS (Molecular Probes, Thermo Fisher Scientific, MA, USA), as
previously described (Perez, Ponce et al. 2018b). Mitochondrial staining was verified using
Mitotracker Green (Molecular Probes, Thermo Fisher Scientific, MA, USA) (Perez, Ponce
et al. 2018b). Mitochondrial potential levels were calculated as the average fluorescence
signal (F) per area in each image, subtracting the background fluorescence intensity (FO). To
test the control for Mitotracker Red-H2ROS dye, mitochondrial depolarization was induced
using 10 uM FCCP (Tocris Bioscience, Bristol, UK) for 15 min (Perez, Ponce et al. 2018b).
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Cells were incubated with 0.5 pM Mitotracker Red-H2ROS and 0.5 uM Mitotracker Green
in KRH-glucose buffer at 37°C for 35 min and then treated with 10 uM thapsigargin (Tocris
Bioscience, Bristol, UK) for 30 min. The intensity of the signal was analyzed in 30 cells
per experiment in at least 4 different experiments. Fluorescence images were obtained using
a high-resolution fluorescence microscope (Leica, Germany) with a 63x oil objective. The
images were analyzed using Image J software.

Western blot analysis.

The transfected CN1.4 cells were lysed in Triton lysis buffer containing a protease and
phosphatase inhibitor cocktail (Roche, Vienna, Austria). Thirty micrograms of total protein
extracts were resolved by electrophoresis on an SDS-polyacrylamide gel (BioRad, CA,
USA) and transferred to a PVDF membrane (BioRad, CA, USA). The membranes were
then incubated with the following primary antibodies: mouse monoclonal anti-GFP (Roche,
Vienna, Austria; 1:1000 dilution), mouse monoclonal anti-CypD (Santa Cruz, CA, USA,;
1:1000 dilution), mouse monoclonal anti-VDAC (Santa Cruz, CA, USA,; 1:1000 dilution),
mouse monoclonal anti-OSCP (Santa Cruz, CA, USA,; 1:1000 dilution), mouse monoclonal
anti-Opal (Santa Cruz, CA, USA; 1:1000 dilution), anti-Tau (Dako), or total OXPHOS
antibody cocktail (Abcam, Cambridge, UK; 1:1000 dilution). The equal loading and transfer
of protein to the membranes were determined by re-probing with an anti-actin antibody
(Santa Cruz, CA, USA,; 1:2000 dilution). Protein signals were detected using an HRP-linked
goat anti-mouse or anti-rabbit secondary antibody (Thermo Fisher, MA, USA; 1:2000)

as indicated. Finally, the immunoreactive protein signal was detected using enhanced
chemiluminescence reagent (ECL, Thermo Fisher, MA, USA).

Co-Immunoprecipitation of OSCP.

CN 1.4 cells were lysed in buffer (50 mM Tris-HCI, 150 mM NacCl, 1 mM EDTA,

0.5% NP-40, 5% glycerol, and protease inhibitor cocktail (Roche, Vienna, Austria), pH

7.4) following the protocol previously described by (Yan, Du et al. 2016). Following 7
freeze-thaw cycles, CN 1.4 cells transfected with GFP or GFP-full length or GFP-caspase-3-
cleaved tau were lysed and pelleted at 12,500g at 4°C. The supernatant was used to
immunoprecipitate OSCP (Santa Cruz antibody, 1 ug/100 g protein) overnight at 4°C.
Incubation with pre-cleaned protein A/G agarose (Thermo Fisher, MA, USA) for 2 h at
room temperature was performed. Western blot against CypD (Abcam, Cambridge, UK;
1:1000 dilution) was performed.

In situ evaluation of the mPTP opening.

CN 1.4 cells were treated with 50 mM cobalt chloride for 15 minutes before incubation with
5 UM Calcein Blue (Molecular Probes, Thermo Fisher, MA, USA) and 0.5 uM Mitotracker
Red (Molecular Probes, Thermo Fisher, MA, USA) in KRH-glucose buffer at 37°C for

30 minutes (Perez, Ponce et al. 2018c). The quenching of free calcein by cobalt chloride
allows for observation of mitochondrial integrity as an mPTP opening indicator (Hom,
Quintanilla et al. 2011; Quintanilla, Jin et al. 2013). Quantification of fluorescence intensity
was carried out analyzing the calcein intensity in 25 images in 4 separate experiments,
positive mitochondrial calcein signal was determined when it colocalized with Mitotracker
Red dye. Image J software was used to perform these analyses.
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ATP level determination.

Total ATP levels were determined in CN 1.4 cells transfected with GFP or GFP-Tau(s)
forms, double transfected with GFP or GFP-Tau(s) forms plus Opal-c-myc and double
transfected with GFP or GFP-Tau(s) forms/Opal-c-myc treated with CsA (0.5 puM, 2h)
using bioluminescence assay. Transfected cells were lysed using radioimmunoprecipitation
assay (RIPA) buffer (AMRESCO, OH, USA) (Quintanilla et al., 2020; Tapia-Monsalves-
Tapia et al., 2023). The extracts were subsequently analyzed using a luciferin/luciferase
bioluminescence assay kit (ATP Determination Kit #A22066 — Molecular Probes,
Invitrogen) (Quintanilla et al., 2020; Tapia-Monsalves et al., 2023).

Statistical Analysis.

Results

Statistical differences between two group of data were analyzed by Student t test. For
multiple comparisons, one-way ANOVA was used, followed by Tukey test a posteriori.
Differences were considered significant if p< 0.05. All experiments were repeated at least
three times.

Caspase-3 cleaved tau expression induces mitochondrial fragmentation and bioenergetics
dysfunction in neuronal cells

We previously demonstrated that expression of caspase-3-cleaved tau leads to mitochondrial
fragmentation and sensitizes mitochondria to neurotoxic stimuli associated with AD, such
as sub-lethal doses of beta-amyloid fibrils (Perez, Vergara-Pulgar et al. 2018c). To validate
our previous findings, we evaluated mitochondrial length in two models lacking endogenous
tau expression, namely immortalized cortical neurons (CN 1.4) and primary hippocampal
neurons from tau knockout mice (=/-), both of which were transfected with GFP, GFP-full-
length (GFP-T4), and GFP-caspase-3-cleaved tau (GFP-T4C3) (Figure 1A). Our results
show that expression of GFP-T4C3 leads to a significant decrease in mitochondrial length
in hippocampal tau (/=) neurons (Figure 1B, C) and an increase in the frequency of
shorter mitochondria and a decrease in the population of longer mitochondria in CN 1.4
neuronal cortical lines (Figure 1 D, E). Moreover, we measured mitochondrial membrane
potential under normal conditions in both primary neurons (Figure 1F) and CN 1.4 cells
(Figure 1G) after GFP, GFP-T4, and GFP-T4C3 expression. We observed no significant
effect on basal mitochondrial membrane potential levels. However, following a calcium
stressor stimulus using 0.5 ¥4M Thapsigargin (Thap) (Perez, Ponce et al. 2018b), truncated
tau expression induced a significant decrease in mitochondrial potential levels in both

tau (/=) hippocampal neurons (Figure 1F) and CN1.4 cells (Figure 1G). These results
support previous findings that truncated tau at Asp421 by caspase-3 significantly impacts
mitochondrial health by decreasing mitochondrial length and mitochondrial membrane
potential levels (Quintanilla, Matthews-Roberson et al. 2009; Perez, Vergara-Pulgar et al.
2018c).
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Opal overexpression fails to prevent mitochondrial bioenergetic impairment induced by
caspase-3-cleaved tau expression in immortalized cortical neurons

Opal (OPA1, mitochondrial dynamin-like-GTPase) is a crucial mitochondrial protein
involved in mediating mitochondrial fusion of the inner mitochondrial membrane and
regulating mitochondrial dynamics (Ranieri, Del Bo et al. 2012). In our previous study,

we reported that the expression of GFP-T4C3 resulted in mitochondrial fragmentation

and a significant decrease in Opal protein levels when compared to GFP-T4 expressing
cells (Perez, Vergara-Pulgar et al. 2018c). Therefore, we aimed to investigate whether
Opal expression could rescue the mitochondrial length and bioenergetics defects caused
by truncated tau expression in immortalized cortical neurons. To achieve this, immortalized
cortical neurons were co-transfected with both Opal-c-myc and GFP or GFP-tau (s) forms
(Figure 2A). Cells were loaded with Mitotracker red, fixed and immunostained against Opal
(see methods). Our results indicate that overexpression of Opal did not affect mitochondrial
length in cells expressing both GFP/Opal-c-myc and GFP-T4/Opal-c-myc (Figure 2B).
Interestingly, the mitochondrial length reduction caused by GFP-T4C3 was reversed by
Opal overexpression (Figure 2C). To further investigate the impact of Opal overexpression
on bioenergetics performance, we measured mitochondrial depolarization before and after
calcium overload with Thapsigargin (Figure 2D). We found that the loss of mitochondrial
membrane potential induced by GFP-T4C3 was not recovered by Opal overexpression
(Figure 2D). These findings suggest that the bioenergetics defects caused by caspase-3
cleaved tau are not mediated by changes in mitochondrial fusion induced by Opal. This
implies the possible involvement of a different mechanism in causing these mitochondrial
abnormalities induced by truncated tau.

Truncated tau expression induces the opening of the mitochondrial permeability transition
pore (MPTP).

Our previous reports have shown that tau deletion has positive effects on hippocampal
bioenergetics by inhibiting mitochondrial permeability transition pore (mPTP) formation
through a reduction in cyclophilin D (Cyp-D) protein (Jara, Cerpa et al., 2021). Furthermore,
tau deletion increased ATP production and improved recognition memory and attentive
capacity in juvenile and old mice (Jara, Aranguiz et al. 2018,; Jara, Cerpa et al. 2021).
Here, we evaluated whether mitochondrial bioenergetic impairment induced by caspase-3-
cleaved tau is related to mPTP formation by examining the expression of major mPTP
components in CN 1.4 cells, including CypD, VDAC, and OSCP (Perez, Ponce et al.,
2018b). Our results show that GFP-T4C3 expression leads to a significant increase in

CypD levels compared to GFP or GFP-T4 expressing cells (Figure 3A). Since mPTP may
directly affect energy metabolism through the direct involvement of OSCP/F-ATP synthase
in mPTP formation (Bonora, Bononi et al., 2013), we also examined the protein expression
of various mitochondrial oxidative phosphorylation complexes. We found no differences in
mitochondrial complex expression between tau forms (Figure 3B). Also, expression of GFP
protein in CN 1.4 cells indicates no difference in tau levels between conditions (Figure 3C).

Given that an increase in CypD could indicate an increase in mPTP conformation (Du
and Yan 2010; Du, Guo et al., 2011; Hom, Quintanilla et al., 2011; Guo, Du et al.,
2013), we performed co-immunoprecipitation studies of OSCP and CypD (Figure 3D) in
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neuronal cells transfected with GFP and GFP-tau (s) forms. CN 1.4 cells transfected with
caspase-3 cleaved tau showed a significant increase in CypD/OSCP interaction (Figure 3D).
Indeed, when the cells were treated with CsA, the pharmacological inhibitor of the mPTP
because of the high affinity with CypD, this interaction in no longer present (Figure 3D).
Complementary, we analyzed the in-situ formation and subsequent opening of mPTP in CN
1.4 cells expressing GFP and GFP-Tau(s) forms by measuring calcein blue dye retained
inside the mitochondria after a calcium overload (Perez, Ponce et al., 2018b) (Figure 3E, F).
Cells transfected with GFP and GFP-T4 showed an increase in calsein blue localization in
the mitochondrial population in control and after Thapsigargin treatment conditions (Figure
3E, F). However, GFP-T4C3-transfected cells showed an evident reduction in mitochondrial/
calcein blue localization (Figure 3E, F). To evaluate whether the release of calcein blue

was related to mPTP opening, we treated cells with CsA, and we found that CsA treatment
increasing the calcein blue mitochondrial localization in caspase-3 cleaved tau cells (Figure
3E, F), suggesting that expression of GFP-T4C3 form induces the opening of mPTP.

Cyclosporine-A treatment prevented mitochondrial damage induced by caspase-3 cleaved
tau.

A reduction in CypD expression has been shown to improve mitochondrial function in

the hippocampus of transgenic mice overexpressing the mutant human form of APP (Du,
Guo et al., 2011). Additionally, pharmacological inhibition of CypD using CsA has been
demonstrated to prevent mPTP opening and neurodegeneration caused by AR and other
stressors (Giorgio, Bisetto et al., 2009; Giorgio, Soriano et al., 2010; Perez, Ponce et

al., 2018b). Based on these findings, we investigated whether CypD inhibition could also
alleviate the mitochondrial defects induced by truncated tau. To evaluate the contribution of
mPTP opening to changes in mitochondrial morphology in cells transfected with truncated
tau, we double-transfected CN 1.4 cells (Mito-mCherry/GFP or GFP-Tau(s) forms) and
treated them with 0.5 pM CsA for 2 hours. Mitochondrial length changes were then
measured, and CsA treatment was found to restore mitochondrial length in GFP-T4C3

CN 1.4 cells (Figure 4A, B, C). This suggests that the mPTP opening could be involved

in dysregulation of mitochondrial dynamics previously observed (Figure 1). To determine
if MPTP blockage protects against mitochondrial depolarization in cells transfected with
truncated tau, we treated transfected cells (GFP and GFP-Tau(s)) with CsA (Figure 4

D, E). We found that CsA treatment significantly rescued the mitochondrial membrane
potential loss induced by truncated tau in cells treated with Thapsigargin (Figure 4D, E).
Complementary, we evaluate ATP levels in CN 1.4 cells transfected with GFP or GFP-Tau(s)
forms (black bars), cells double transfected with GFP or GFP-Tau(s) forms plus Opal-c-myc
(light grey bars), and cells transfected with GFP or GFP-Tau(s) forms treated with CsA (0.5
pum, 2h, dark grey bars) (Fig. 4F). Interestingly, treatment with CsA prevented ATP levels
reduction induced by truncated tau expression in CN 1.4 cells (Figure 4F). Also, CN 1.4
cells double transfected with GFP or GFP-Tau(s) forms plus Opal-c-myc did not present
any improvement in ATP production decrease in truncated tau expressing cells which
corroborates our observations regarding Opal involvement in mitochondrial bioenergetics
defects induced by caspase-3 cleaved tau (Figure 2).
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Complementary, to confirmed specific CsA inhibition against mPTP and CypD, we used
FK5086, an inhibitor of calcineurin (Perez, Ponce et al. 2018b), a calcium-dependent enzyme
that may be affected by CsA treatment (Quintanilla, Jin et al. 2013). Incubation with
FK-506 (500 nM, 2h) did not prevent mitochondrial depolarization induced by GFP-T4C3,
confirming that this recovery pathway is specifically dependent on mPTP opening (Figure
S1A, B). Finally, we transfected primary hippocampal neurons from tau knockout mice
(=/-) with GFP, GFP-T4, and GFP-T4C3 to confirm our findings in a more applicable
model (Figure 5). We found that CsA treatment prevented both mitochondrial length and
mitochondrial membrane potential deficiencies after Thapsigargin treatment in GFP-T4C3
transfected neurons (Figure 5A, B, C). Together, these results shows that CsA alleviates
mitochondrial dysfunction induced by caspase-3-cleaved tau in neuronal cells, indicating a
crucial role of mPTP opening in tau pathology.

Genetic ablation of CypD prevents mitochondrial damaged induced by caspase-3 cleaved
tau.

To corroborate the potential role of mPTP in the mitochondrial dysfunction induced by
GFP-T4C3, we utilized hippocampal neurons from CypD (-/-) mice (Baines, Kaiser et
al. 2005; Hom, Quintanilla et al. 2011), which are known to exhibit enhanced resistance
to mitochondrial stress and mPTP blocked (Du, Guo et al. 2011; Guo, Du et al. 2013;
Gauba, Chen et al. 2019) (Figure 6A). We found that transfection of caspase-3 cleaved tau
into hippocampal CypD (-/-) neurons did not induce alterations in mitochondrial length,
indicating that the CypD-dependent mitochondrial fragmentation is caused by this toxic
tau form (Figure 6B, C). Furthermore, we observed complete prevention of Thap-induced
mitochondrial depolarization in cells transfected with GFP-T4C3 in hippocampal neurons
deficient in CypD expression (Figure 6D). Consequently, our results demonstrate that
genetic ablation of CypD can prevent the opening of mPTP and mitochondrial dysfunction
caused by truncated tau by caspase-3.

Discussion

Mitochondrial dysfunction has been identified as a critical player in the early
neurodegenerative events of AD, including synaptic failure, oxidative damage, and
impairment of neuronal communication (Gibson and Shi 2010; Cabezas-Opazo, Vergara-
Pulgar et al. 2015). Previous studies suggest that defects in mitochondria result in an
imbalance in calcium regulation, which could lead to a decrease in ATP levels and

the accumulation of synaptic vesicles in axons. While mitochondria play a vital role in
supplying energy through ATP synthesis and regulating redox homeostasis for cellular
maintenance, they also regulate the calcium buffering capacity of the cell, which is essential
for neurotransmitter release (Di Monte, Tokar et al. 1999; Bobba, Atlante et al. 2004;
Gendron and Petrucelli 2009). Therefore, it is imperative to investigate the mechanism
involved in mitochondrial dysfunction and neuronal damage induced by soluble pathological
forms of tau in AD to better understand the underlying pathogenesis of the disease.

Tau, a microtubule-associated protein, undergoes specific post-translational modifications
that affect its function and solubility in physiological conditions. These modifications can
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play various roles in the onset and progression of neurodegenerative diseases, including
AD (Kosik, Joachim et al. 1986; Tapia-Rojas, Cabezas-Opazo et al. 2019). Although
phosphorylation is considered one of the most important modifications in AD, proteolytic
processing by caspases may also be involved in early neurodegeneration (Johnson 2006;
Perez, Jara et al. 2018a). Our group has shown that caspase-3-mediated truncation of tau
leads to specific mitochondrial dysfunction, including fragmented morphology, increased
oxidative stress, decreased calcium-buffering capacity, and mitochondrial depolarization
(Quintanilla, Matthews-Roberson et al., 2009). Additionally, primary neurons expressing
truncated tau showed increased sensitivity to amyloid-beta (Ap) and calcium overload
stress (Quintanilla, Matthews-Roberson et al. 2009; Quintanilla, Dolan et al. 2012). Our
previous study also demonstrated that Opal levels (main regulator of the fusion of the inner
mitochondrial membrane) were decreased when truncated tau was expressed and that could
lead to mitochondrial dysfunction (Perez, Vergara-Pulgar et al. 2018c). However, here we
found that the overexpression Opal reversed only mitochondrial length deficits induced

by truncated tau but was unable to rescue bioenergetics deficits such as mitochondrial
depolarization and ATP loss (Figure 2). These observations suggests that mitochondrial
dysfunction induced by caspase-3 cleaved tau is triggered by an alternative mechanism.

CypD, a peptidyl-prolyl cis-trans isomerase, is a key regulator of mPTP formation and
opening, which consequently causes mitochondrial and cellular damage (Du and Yan 2010;
Du, Guo et al. 2011). Decreases in CypD expression improved mitochondrial function

in the hippocampus of transgenic mice overexpressing the mutant human form of APP

(Du, Guo et al. 2011), and pharmacological inhibition of CypD using CsA, has been

shown to prevent mPTP opening and neurodegeneration caused by AR (Du and Yan 2010).
Interestingly, we found that overexpression of caspase-3-cleaved tau induce an increase

in the expression of CypD (Figure 3A). However, recent evidence have suggested that

in AD brains and old APP transgenic mice VDAC expression is increased and could be
interacting with hyperphosphorylated tau (PHF-1) and Ap peptide aggregates contributing
to mitochondrial dysfunction showed in AD (Manczak and Reddy, 2012). Although genetic
ablation of VDACSs revealed no differences in the effects on mPTP of a variety of inducers
and inhibitors (Krauskopf et al., 2006; Baines et al., 2007), recent studies are consistent with
a modulatory role of VDACs on mPTP (Tanno et al., 2017: Koushi et al., 2020). Therefore,
it is possible that VDAC could be contributing to mPTP opening showed in caspase-3
cleaved tau expressing cells.

The latest models that explain mPTP activity suggest that this megacomplex channel is
formed principally by the interaction of CypD and the ATP synthase subunit, OSCP (Giorgio
et al., 2013; Jonas, Porter et al. 2015), and this interaction could be crucial for ageing and
AD pathogenesis (Gauba, Guo et al. 2017; Gauba, Chen et al. 2019). In our study, we
found that only when caspase-3 cleaved tau was expressed in CN 1.4 cells, an interaction
between OSCP and CypD occurred (Figure 3D). Treatment with CsA, a pharmacological
inhibitor of the mPTP due to its high affinity with CypD, eliminated this interaction (Figure
3D). Furthermore, we analyzed the opening of the mPTP in vivo using the mitochondrial
calcein blue retention assay after quenching with cobalt (Hom, Quintanilla et al. 2011,
Perez, Ponce et al. 2018b). We observed a decrease in the retention of the calcein dye

in mitochondria under basal conditions when truncated tau was expressed, and that the
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release of mitochondrial dye was prevented by CsA treatment (Figure 3E). Surprisingly,

we also found that pharmacological and/or genetic inhibition of CypD regulates mPTP
opening in our model, which in consequence modulates mitochondrial dynamics and prevent
the mitochondrial potential loss induced by calcium overload. These results, strongly
indicate that caspase-3-cleaved tau is promoting mPTP opening and consequently trigger
mitochondrial impairment.

Several studies have reported that impairment of calcium regulation and increased oxidative
stress can induce the opening of mPTP, leading to decreased ATP production, mitochondrial
content release, mitochondrial damage, and ultimately cell death (Kroemer and Blomgren
2007; Du and Yan 2010; Bonora, Bononi et al. 2013; Bernardi and Di Lisa 2015; Bernardi,
Di Lisa et al. 2015; Jonas, Porter et al. 2015). In this study, we found that caspase-3

cleaved tau may also be a modulator of mPTP opening which is sensitive to ROS stress

and cytosolic calcium increase (Perez and Quintanilla, 2017). In this context, we recently
showed that inhibition of mPTP using CsA (0.5 pum, 2h) prevented ROS increase induced
by caspase-3 cleaved tau expression in CN 1.4 cells and mice hippocampal neurons (Tapia-
Monsalves et al., 2023). Therefore, we can hypothesize that the pathological opening of

the pore caused by this pathological tau form may result in a pathological state that could
be either increasing ROS species or changing the metabolic state of mitochondria (Olesen
and Quintanilla, 2023). Also, since alterations in mitochondrial metabolism can influence
mitochondrial structure, the mitochondrial fragmentation could be a secondary response to
the metabolic imbalance of the cells expressing truncated tau (Perez and Quintanilla 2017).
Interestingly, several reports suggest that misfolded proteins may interact with components
of the mPTP, potentially leading to pathological pore opening. For example, Ap peptide,
derived tau fragments, and phosphorylated tau have been shown to interact with the mPTP
(Amadoro, Corsetti et al. 2012; Manczak and Reddy 2012; Gauba, Chen et al. 2019).
Interactome analysis suggests that full-length and phosphorylated forms of tau interact with
proteins involved in mPTP opening, including many ANT and OSCP (Tracy, Madero-Perez
et al. 2022). Furthermore, less common forms of tau, such as N-terminal tau fragments,
also interact with components of the mPTP, leading to its opening and mitochondrial failure
(Atlante, Amadoro et al. 2008; Amadoro, Corsetti et al. 2012). Taken together these findings
suggest that caspase-3-cleaved tau could also activate mPTP formation by increasing its
interaction with components of the pore.

Mitochondrial dysfunction induced by caspase-3 cleaved tau could be involved in the
synaptic function alterations presented in AD (reviewed in Olesen and Quintanilla,

2023). In fact, we recently showed that truncated tau expression affects synaptic

plasticity including the reduction of dendritic spine density, synaptic vesicle, and affecting
synaptophysin localization in mature hippocampal neurons (Tapia-Monsalves et al., 2023).
More importantly, inhibition of mPTP opening using CsA (0.5 um, 2h) prevented all these
synaptic plasticity defects produced by truncated tau expression indicating an important role
of mitochondrial failure induced by this toxic tau form in the synaptic and cognitive decline
present in AD (Tapia-Monsalves et al., 2023).

In conclusion, our study sheds light on a novel mechanism by which soluble pathological
tau modifications, such as caspase-3 cleaved tau, contribute to neuronal injury through

Biochim Biophys Acta Mol Basis Dis. Author manuscript; available in PMC 2025 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Pérez et al.

Supplementary Material

Funding

Availability of supporting data

Abbreviations

AB
AD

ANT

CypD
Cyclosporin A
GFP-T4
GFP-T4C3
mPTP

Opal

OSsCP

ROS
Thapsigargin

VDAC

mitochondrial impairment. We found that this tau form influences CypD and OSCP
interaction, leading to mPTP opening and subsequent mitochondrial dysfunction. Our data
suggest that this pathological mechanism may play a critical role in the early cognitive
impairment seen in AD, where mitochondrial function is essential for synaptic processes.
Moreover, we found a direct association between tau pathology, mPTP opening, and AD,
highlighting the potential therapeutic value of targeting CypD to reduce mitochondrial
dysfunction and neuronal damage. This may lead to the development of new therapeutic
strategies to eventually decrease or ameliorate the neurodegenerative changes showed in AD.
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. Caspase-3 cleaved tau induces mitochondrial fragmentation and bioenergetics
failure in AD
. Overexpression of Opal-mitochondrial fusion protein failed to prevent

bioenergetics impairment produced by truncated tau

. Caspase-3 cleaved tau induces mitochondrial permeability transition pore
(mPTP) opening affecting bioenergetics function

. Pharmacological inhibition of mPTP using cyclosporine A prevents
mitochondrial impairment induced by truncated tau

. Genetic reduction of the mPTP regulator, cyclophilin D (CypD), prevents
mitochondrial dysfunction induced by truncated tau
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Figure 1. Caspase-3 cleaved tau induces mitochondrial fragmentation and bioenergetics

dysfunction in neuronal cells.

(A) Schematic representation of the experimental procedure, showing cell culture, transient
transfection, and mitochondrial assessment protocols. (B) Representative images of tau (-/
=) neurons double-transfected with Mito-mCherry and either GFP-full length (GFP-T4)

or GFP-caspase-3 cleaved tau (GFP-T4C3). Arrows in the magnified section indicate
isolated mitochondria in neuronal prolongations. Quantification of mitochondrial length

is shown in (C). *p<0.05 indicates differences between groups calculated by ANOVA
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test. (D) Measurements of mitochondrial membrane potential performed with Mitotracker
Red CMxRos in tau (=/-) neurons transfected with either GFP or GFP-tau (s) forms and
treated with Thapsigargin (Thap, 0.5 uM, 30 min). **p<0.001, *p<0.05, indicate differences
between groups calculated by ANOVA test. (E) Representative images of CN 1.4 cells
double-transfected with Mito-mCherry and either GFP or GFP-Tau (s) forms to determine
mitochondrial length. The magnified area allows visualization of the mitochondrial network.
Quantification of mitochondrial length distribution expressed in percentage (%) of frequency
is shown in (F). *p<0.05 indicates differences between groups calculated by ANOVA test.
(G) Representative trends of mitochondrial membrane potential levels over 20 min in CN
1.4 cells transfected with either GFP or GFP-Tau (s) forms. After 5 min, the cells were
treated with Thap (1 uM, indicated by arrow). Data are the mean + SE. All experiments were
performed with n = 4. Scale bar = 10 pm in (B, E).
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Figure 2. Opal overexpression prevents mitochondrial fragmentation without affecting
mitochondrial bioenergetics dysfunction induced by caspase-3 cleaved tau in CN 1.4
immortalized neurons.

(A) Experimental procedure picture, showing cell culture, transient transfection, and
mitochondrial assessment protocols. (B) Representative images of immunofluorescence of
Opal in cells preloaded with MitoTracker Red (MTRed) in CN 1.4 cells transfected with
GFP or GFP-Tau(s) forms and double transfected with GFP or GFP-Tau(s) forms plus
Opal-c-myc. White arrows shows Opal overexpression in double transfected cultures. Scale
bar = 10 um. Quantitative analysis of mitochondrial length in GFP or GFP-Tau(s) cells
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(black bars) and double transfected with GFP or GFP-Tau(s) forms/Opal-c-myc (grey bars)
is shown in (C). **p < 0.001, *p < 0.05. Differences were calculated by ANOVA test.

(D) Mitochondrial membrane potential measurements in GFP or GFP-Tau(s) cells (control,
black bars), GFP or GFP-Tau (s) cells treated with thapsigargin (Thap 1 pM, 30 min, light
grey bars), and double transfected cells with GFP or GFP-Tau(s) forms/Opal-c-myc treated
with Thap (Thap 1 uM, 30 min, dark grey bars) is shown. *p < 0.001. Differences were
calculated by ANOVA test. Data are the mean = SE. (E) All experiments were performed
withn =4,
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Figure 3. Caspase-3 cleaved tau expression induces the opening of the mitochondrial
permeability transition pore (mPTP) in CN 1.4 immortalized neurons.

(A) Representative western blot indicating the expression levels of mPTP components in CN
1.4 cells transfected with GFP or GFP-tau (s) forms. Quantification of mPTP expression
levels using -actin as a loading control. *p<0.05. (B) Representative western blot assay
showing the expression levels of mitochondrial respiratory complexes in transfected CN

1.4 cells. Quantification of OXPHOS expression levels using 3-actin as a loading control.
(C) Expression of GFP and GFP-Tau (s) forms in CN 1.4 immortalized neurons. (D)
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Coimmunoprecipitation of OSCP from CN 1.4 cells transfected with GFP and GFP-tau

(s) forms. Cells were treated with CsA (1 uM, 2h) as indicated. Representative western
blot against CypD, OSCP, and tau in the coimmunoprecipitation assay or total lysate.

(E) Representative images of CN 1.4 cells transfected with GFP or GFP-Tau (s) forms
labeled with calcein blue. Calcein blue mitochondrial fluorescence intensity was evaluated
after CoCls treatment. Cells were treated with 1uM Thap for 30 min or 1uM CsA for 2

h as indicated. Scale bar =10 pm. (F) Quantitative analysis of mitochondrial fluorescent
intensity. *p<0.05 indicates differences with GFP control, #p<0.05 indicates differences
between groups. Differences were calculated by ANOVA test. Data are the mean + SE. All
experiments were performed with n = 3.
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Figure 4. Pharmacological blocking of the mitochondrial permeability transition pore (mPTP)
prevents mitochondrial dysfunction induced by caspase-3 cleaved tau in CN 1.4 immortalized
neurons.

(A) Schematic of the experimental procedure, showing cell culture, transient

transfection, cyclosporine A (CsA) treatment, and mitochondrial assessment protocols. (B)
Representative images of CN 1.4 cells double transfected with Mito-mCherry and GFP or
GFP-Tau (s) forms. A magnified area allows visualization of the mitochondrial network.
Scale bar = 10 pm. Quantification of mitochondrial length frequency is shown in (C).

(D) Measurements of mitochondrial membrane potential performed with Mitotracker Red
CMxRos in live CN 1.4 cells transfected with GFP or GFP-tau (s) forms over time.
Thapsigargin (Thap, 1 uM) treatment is indicated in the figure. (E) Mitochondrial membrane
potential determination before and after Thap (1um, 30 min) and CsA (0.5 pm, 2h)
treatments. Data are the mean + SE, *p<0.001 indicates differences with and without CsA
calculated by Student’s t-test. (F) ATP content was measured in CN 1.4 cells transfected
with GFP or GFP-Tau(s) forms (black bars), double transfected with GFP or GFP-Tau(s)
forms/Opal-c-myc (light grey bars) and double transfected with GFP or GFP-Tau(s) forms/
Opal-c-myc treated with CsA (0.5 uM, 2h, dark grey bars) using bioluminescence assay.
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Data are mean + SE, *p<0.05, **p< 0.001, differences were estimated by one-way ANOVA
test. All experiments were performed with n=4.
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Figure 5. Pharmacological blocking of the mitochondrial permeability transition pore (mPTP)
prevents mitochondrial dysfunction induced by caspase-3 cleaved tau expression in tau (—/-)
hippocampal neurons.

(A) Representative images of tau (/=) neurons double transfected with Mito-mCherry and
GFP or GFP-Tau (s) forms, following CsA treatment (0.5 uM, 2h). Arrows in magnified
section indicate isolated mitochondria in neuronal prolongations. Scale bar = 10 um.
Quantification of mitochondrial length is shown in (B). *p<0.05, indicates differences
with and without CsA calculated by t Student test. (C) Mitochondrial membrane potential
determinations before and after Thap and CsA treatments. **p<0.001, *p<0.05, indicates
differences with and without CsA calculated by t Student test. Data are the mean + SE. All
experiments were performed with n = 4.
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Figure 6. Genetic ablation of Cyclophilin D prevents mitochondrial impairment induced by
caspase-cleaved tau expression
(A) Schematic of the experimental procedure, showing cell culture, transient transfection,

and mitochondrial assessment protocols. (B) Representative images of CypD (-/-) neurons
transfected with Mito-mCherry and GFP or GFP-Tau (s) to determine mitochondrial

length. Arrows in the magnified section indicate isolated mitochondria in neuronal
prolongations. Scale bar = 10 um. (C) Quantification of mitochondrial length. **p < 0.01
indicates differences with control neurons calculated by t-Student test. (D) Measurement

of mitochondrial membrane potential in GFP and GFP-tau (s) transfected neurons. Cells
were treated with Thap (1 pM, 30 min) as indicated. *p < 0.05 indicates differences

between control and CypD (=/-) neurons transfected after Thap treatment. Differences were
calculated by t-Student test. Data are the mean + SE. All experiments were performed with n
=4,
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