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Abstract Alzheimer’s disease (AD) is characterized by the
presence of aggregates of tau protein. Tau truncated by
caspase-3 (D421) or tau hyperphosphorylated at Ser396/5404
might play a role in the pathogenesis of AD. Mitochondria are
dynamic organelles that modify their size and function through
mitochondrial dynamics. Recent studies have shown that alter-
ations of mitochondrial dynamics affect synaptic communica-
tion. Therefore, we studied the effects of pathological forms of
tau on the regulation of mitochondrial dynamics. We used pri-
mary cortical neurons from tau(—/—) knockout mice and immor-
talized cortical neurons (CN1.4) that were transfected with plas-
mids containing green fluorescent protein (GFP) or GFP with
different tau forms: full-length (GFP-T4), truncated (GFP-
T4C3), pseudophosphorylated (GFP-T42EC), or both truncated
and pseudophosphorylated modifications of tau (GFP-T4C3-
2EC). Cells expressing truncated tau showed fragmented mito-
chondria compared to cells that expressed full-length tau. These
findings were corroborated using primary neurons from tau(—/—)
knockout mice that expressed the truncated and both truncated
and pseudophosphorylated forms of tau. Interestingly, mitochon-
drial fragmentation was accompanied by a significant reduction
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in levels of optic atrophy protein 1 (Opal) in cells expressing the
truncated form of tau. In addition, treatment with low concentra-
tions of amyloid-beta (Af3) significantly reduced mitochondrial
membrane potential, cell viability, and mitochondrial length in
cortical cells and primary neurons from tau(—/—) mice that ex-
press truncated tau. These results indicate that the presence of tau
pathology impairs mitochondrial dynamics by reducing Opal
levels, an event that could lead to mitochondrial impairment
observed in AD.

Keywords Tau - Mitochondria - Alzheimer’s disease -
Neurodegeneration - Opal

Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative
disorder and the most common form of dementia in the elderly
[1]. AD is characterized by the accumulation of extracellular
senile plaques formed by deposits of amyloid-beta (A 3) peptide
and the presence of intracellular aggregates known as neurofi-
brillary tangles (NFTs), which are formed by pathological forms
of the tau protein [1]. These protein aggregates are neurotoxic
and are responsible for synaptic dysfunction, mitochondrial dam-
age, oxidative stress, and ultimately death of significant numbers
of neurons in the hippocampus and cerebral cortex [2—5]. Tau is a
microtubule-associated protein which is mainly expressed in
axons [6-8], where it regulates vesicular and mitochondrial trans-
port [9]. Post-translational modifications such as abnormal phos-
phorylation and cleavage of tau are considered hallmarks of AD
[10, 11]. Modifications such as tau hyperphosphorylation at ser-
ine 396 (S396) and serine 404 (S404) and tau truncation or
cleavage by caspase-3 (D421) have been detected in AD brains
[12]. Interestingly, previous studies from our group and others
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indicate an association between tau pathology and mitochondrial
impairment in AD [13-16].

Mitochondrial dysfunction is a contributing factor in AD and
is considered an early event in the development of this pathology
[15, 17]. Studies in cellular and animal models of AD have
shown a significant compromise of mitochondrial bioenergetics
indicated for a reduction in mitochondrial respiration and mem-
brane potential [17—19]. Further studies have shown that impair-
ment of mitochondrial transport, resulting in reduced numbers of
mitochondria at the synaptic terminal, is an event that contributes
to the synaptic dysfunction seen in AD [20]. Furthermore, defects
in regulation of the mitochondrial cycle of fission/fusion
(dynamics) have been described in different models of AD
[13-16]. In AD, control of mitochondrial dynamics is affected
by alterations in the expression of proteins involved in mitochon-
drial fission, such as dynamin-related protein 1 (Drpl), and mi-
tochondrial fusion: mitofusins 1 and 2 (Mfn1/2) and optic atro-
phy protein 1 (Opal), among other proteins [16, 20, 21].

Previous studies by our group have shown that pathological
forms of tau affect mitochondrial bioenergetics, transport, and
morphology [11, 13, 21]. In addition, treatment with Af3 oligo-
mers and the presence of tau pathology decrease the expression
of complexes I and IV of the electron transport chain (ETC) and
affect mitochondrial respiration [22-24]. Furthermore, it has
been reported that truncated tau affects mitochondrial morphol-
ogy and induces mitochondrial fragmentation [11, 21]; however,
the underlying mechanism by which pathological forms of tau
affect mitochondrial dynamics and function remains unknown.

Here, we show that expression of truncated tau induces
mitochondrial fragmentation, accompanied by a significant
reduction in levels of Opal in cortical neurons. In addition,
treatment with low concentrations of A3 significantly reduces
mitochondrial membrane potential, cell viability, and mito-
chondrial length in immortalized cells and primary neurons
from tau(—/—) knockout mice. These results suggest that the
presence of tau pathology, specially truncated form of tau,
impairs the mitochondrial fission/fusion cycle through the
downregulation of Opal. These novel observations suggest
an important role for caspase-cleaved tau in the pathogenesis
of AD through the impairment of mitochondrial dynamics.

Experimental Procedures
Materials

All materials for cell culture and transfection were obtained from
Sigma-Aldrich (St. Louis, MO, USA), Invitrogen (Carlsbad, CA,
119 USA), and Mediatech Inc. (Corning, NY, USA).
Tetramethylrhodamine methyl ester (TMRM) was obtained from
Molecular Probes (OR, USA). Amyloid peptide; 49 (AP1_40)
was obtained from Calbiochem (MED Millipore, MA, USA).

Tau Constructs

Full-length (T4) and mutant tau constructs [T4-2EC
(pseudophosphorylated, S396/S404E), T4C3 (truncated at
D421), and T4-C3-2EC (pseudophosphorylated and truncat-
ed)] were generated by mutagenesis according to Ding et al.
[25]. Constructs of full-length tau tagged with GFP [GFP-T4
(full length), GFP-T42EC (pseudophosphorylated tau), and
GFP-T42EC-C3 (pseudophosphorylated and truncated tau)]
were obtained by sub-cloning, as previously described by
Matthews-Roberson et al. [26]. For mitochondrial length stud-
ies, Mito-mCherry was developed as we previously described
in Quintanilla et al. [21].

A Fibrils

A_49 fibrils were prepared as previously described in
Quintanilla et al. [21]. Briefly, stock solutions were prepared
by dissolving aliquots of Af3; 40 in dimethyl sulfoxide
(DMSO) to 1 M, and this solution was further diluted with
0.1 M Tris—HCI (pH 7.4) to a final concentration of 100 uM
Af3. The solutions were stirred continuously (210 rpm) at
22 °C or 48 h.

Cell Culture and Transfection

CN1.4 cells were cultured in 1x Dulbecco’s modified Eagle’s
medium (DMEM) (Mediatech Inc., Corning, NY, USA) sup-
plemented with 5% inactivated fetal bovine serum (Mediatech
Inc., Corning, NY, USA) and 1% penicillin/streptomycin
(Mediatech Inc., Corning, NY, USA), and cells were incubat-
ed at 33 °C and 5% CO,. Cells were transiently transfected
48 h post-incubation with plasmids containing GFP, GFP full-
length tau, and GFP link to the pathological tau constructs.
Co-transfections were made using Mito-mCherry to detect
mitochondrial morphology. The media was changed 24 h
post-transfection, and studies with A3 were carried out 48 h
post-transfection.

Cortical neuronal cultures were prepared from the cortices
of tau(—/—) mice (B6.129 x 1-Mapttm1Hnd/J, 7251) obtained
from Jackson Laboratories (USA). Cortices were dissected
from embryos, and primary cortical neurons were prepared
as previously described [21]. All procedures were performed
in agreement with the Institutional Bioethics Committee of
Universidad Autonoma de Chile.

Tau(—/—) cortical neurons were transiently transfected with
0.8 pg of the different plasmids using Lipofectamine 2000
(Invitrogen) diluted in OptiMEM (Gibco, MA, USA) after
4 days in vitro (DIV) [21]. The transfection medium was re-
placed with Neurobasal medium (NBM) supplemented with
B27 and 0.4 mM glutamine after 24 h. Neurons were subse-
quently maintained on a cell incubator for at least 7 days.
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Measurement of Mitochondrial Length

An estimate of mitochondrial length was obtained by measuring
the lengths of individual mitochondria in untreated and Af3-
treated cells (immortalized and primary tau(—/—) neurons)
double-transfected with GFP/Mito-mCherry, GFP-T4/Mito-
mCherry, GFP-T42EC/Mito-mCherry, GFP-T4C3/Mito-
mCherry, and GFP-T42EC-C3/Mito-mCherry. Fluorescence im-
ages were obtained using high-resolution fluorescence microsco-
py (Leica, Germany) using a 63% oil objective. We analyzed the
mitochondrial population of 30-40 cells, measuring 25 images
for each experiment using ImageJ software for analysis.

Western Blot Analysis

Transfected cells were lysed with radioimmunoprecipitation
assay (RIPA) buffer (AMRESCO, OH, USA) that contained
protease and phosphatase inhibitor cocktails (Roche, IN,
USA). Total protein extracts (30 pg) were separated on a
sodium dodecyl sulfate (SDS)-polyacrylamide gel and subse-
quently transfered onto nitrocellulose membranes. After
blocking in 2% non-fat milk and 0.1% Tween-20 in
phosphate-buffered saline (PBS), the membranes were incu-
bated with mouse monoclonal anti-GFP (1:1000, Roche, IN,
USA), rabbit polyclonal anti-Opal (1:1000; Thermo Fisher,
MA, USA), rabbit polyclonal anti-Drpl (1:1000; Thermo
Fisher, MA, USA), mouse monoclonal anti-pDrpl (1:1000;
Cell Signaling, MA, USA), rabbit polyclonal anti-Mfn1
(1:1000; Santa Cruz, TX, USA), and rabbit polyclonal anti-
Mifn2 (1:1000; Santa Cruz, TX, USA) antibodies. To confirm
equal loading and transfer, membranes were subsequently re-
probed with anti-actin (1:5000; Santa Cruz, TX, USA) anti-
body as indicated. After treatment with horseradish peroxi-
dase (HRP)-linked goat anti-mouse or anti-rabbit secondary
antibodies (1:2000; Thermo Fisher, MA, USA), immunoreac-
tive proteins were detected using enhanced chemilumines-
cence (ECL, Thermo Fisher, MA, USA).

Determination of Mitochondrial Membrane Potential
in Live Cells

The mitochondrial membrane potential was evaluated using the
mitochondrial dye TMRM in a non-quenching mode [11, 13,
21]. Prior to treatment with A3, transfected cells were preloaded
with TMRM (100 nM) in Krebs-Ringer-Henseleit (KRH) buffer
(136 mM NaCl, 20 mM HEPES, 4.7 mM KCl, 1.5 mM MgSOy,,
1.25 mM CaCl,, 5 mM glucose; pH = 7.4) for 45 min, and
changes in fluorescence intensity were captured using a high-
resolution fluorescence microscope LX6000 (Leica, Germany)
under a 63% oil objective. We analyzed 3040 cells, measuring at
least 25 images for each experiment. Results are presented as the
pseudo ratio (AF/F0) [11, 13, 21].
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Cell Viability

CN1 4 cells were growing in 96-well plates (around 5000 cells
per well) (Corning® Nunclon Delta Surface, Corning, NY,
USA), and 48 h post-transfection, cells were treated with A3
fibrils for 24 h. Cell viability was determined by incubating
plates for 1 h at 37 °C and 5% CO, with AlamarBlue™
(Thermo Fisher, MA, USA) 10% (v/v) in KRH buffer. Cell
viability was determined according to the manufacturer’s
instructions.

Statistical Analysis

Results are expressed as mean + standard error (SE), and they
were analyzed using one-way ANOVA tests. “n” represents
the number of experiments carried out. Differences were con-

sidered significant at p < 0.05.

Results

Truncated Tau Induces Mitochondrial Fragmentation
in Immortalized Cortical Cells

To study the effects of pathological forms of tau on mito-
chondrial morphology, CN1.4 cells were co-transfected
with GFP, full-length (GFP-T4), and pathological forms
of tau [truncated (GFP-T4C3), pseudophosphorylated
(GFP-T42EC), and truncated and pseudophosphorylated
(GFP-T4C3-2EC)] along with Mito-mCherry (m-Ch),
which carries an outer mitochondrial membrane-specific
destination sequence [11, 21]. High-resolution fluores-
cence images were captured from these cells 48 h post-
transfection using an LSM 6000x fluorescence micro-
scope (Leica, Germany). For mitochondrial length mea-
surements, ImageJ software was calibrated using the scale
determined by the Leica Application Suite software
(Leica, Germany) when images were captured [21].
Cells that expressed GFP and Mito-mCherry exhibited
long and reticular form of mitochondria (Fig. 1a, b) with
an average length of 2.008 + 0.03531 wum, which value
was similar to those cells that expressed full-length tau
(GFP-T4) and Mito-mCherry, whose mitochondrial length
was 2.094 £ 0.04107 um (Fig. la, b). However, cells co-
expressing Mito-mCherry and truncated tau (GFP-T4C3)
or pseudophosphorylated plus truncated tau (GFP-T4C3-
2EC) showed fragmented and “drop-shaped” mitochon-
dria (Fig. la, b), with lengths of 1.279 + 0.02710 and
1.363 £ 0.1073 um, respectively (Fig. la, b). In contrast,
mitochondria from cells expressing GFP-T42EC showed
similar mitochondrial morphology to those expressing
GFP and full-length tau (Fig. 1a, b).
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Fig. 1 Expression of caspase-cleaved tau reduces mitochondrial length
in neuronal cells. a Representative images from immortalized cortical
neurons (CN1.4) transfected with green fluorescent protein (GFP) and
tau constructs [GFP full-length tau (GFP-T4), GFP
pseudophosphorylated tau (GFP-T42EC), GFP caspase-cleaved tau
(GFP-T4C3), and caspase-cleaved psedophosphorylated tau (GFP-
T4CE-2EC)] plus Mito-mCherry (m-Ch) to evaluate mitochondrial
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length. b Images of m-Ch fluorescence channels taken from insert
displayed in a that show mitochondrial morphology in cells transfected
with GFP and GFP-tau constructs. Truncated tau expression reduced
mitochondrial length compared with full-length tau expression. ¢
Quantitative analysis of mitochondrial length from four independent
experiments. Data are expressed as mean + SE, n = 4. Scale bars in a
10 um and b 5 um. *p < 0.05
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Caspase-Cleaved Tau Expression Affects the Balance
of the Mitochondrial Fission/Fusion Cycle in Neuronal
Cells

To determine if pathological forms of tau affects the expression of
proteins that regulate mitochondrial dynamics, CN1.4 cells were
transfected with constructs containing GFP and pathological forms
of tau coupled with GFP, to obtain total extracts of these cells 48 h
post-transfection (Fig. 2). Similar expression levels of GFP, full-
length, and pathological forms of tau were observed in total ex-
tracts from CN1.4 cells transfected with the constructs mentioned
before (Fig. 2a, b). In western blot analysis, a band was observed
for GFP at ~30 kDa, while a band for GFP linked with full-length
and pathological forms of tau was observed at ~100 kDa. This

corroborates the link between GFP and tau [25]. Untransfected
CN1.4 cells did not produce any signals for GFP or tau proteins
(Fig. 2a). Simultaneously, the relative expression levels of mito-
chondrial fission/fusion proteins Drpl (Fig. 2c, d), Mfnl
(Fig. S1B), Mfn 2 (Fig. 3a, b), and Opal (Fig. 3¢, d) were exam-
ined in extracts from CN1.4 cells transfected with the same tau
constructs. Analysis of the expression levels of these proteins
showed that Drpl showed a signal with a prominent band at
~50 kDa and a double band between 75 and 50 kDa (Fig. 2b),
Mifn2 appeared as a double band between ~50 and 75 kDa
(Fig. 3a), and Opal produced a band at ~120 kDa (Fig. 3c), where
the heaviest band corresponded to the dimer and the other to
monomeric forms (Fig. 3b). We found similar levels of Dipl in
untransfected cells and those cells that express GFP, full-length
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Fig. 2 Effects of caspase-cleaved tau expression on the mitochondrial
fusion protein Drp1 in immortalized cortical neurons. a CN1.4 cells were
transfected with GFP and tau constructs [GFP-T4, GFP-T42EC, GFP-
T4C3, and GFP-T4C3-2EC] to determine the expression of the different
forms of tau using GFP by western blot. Whole cell extracts were
collected, and GFP levels were evaluated 48 h after transfection.
Representative images show that GFP expression levels are similar in
all GFP-tau constructs, indicating equal expression levels of the
different forms of tau. Images also show the levels of (-actin as a
loading control. b Semi-quantitative analysis of four independent
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experiments assessing GFP levels normalized against (3-actin levels.
Data are expressed as mean = SE, n = 4. ¢ Total Drpl levels were
determined in whole cell extracts from CN1.4 cells transfected with
GFP and GFP-tau constructs. Expression of truncated tau decreased
Drpl levels compared to cells expressing full-length tau or GFP. (3-actin
protein levels were evaluated as a loading control. d Quantitative analysis
of four independent experiments representing Drpl levels in cells
transfected with GFP or GFP-tau constructs showed no significant
differences in total Drpl levels under all compared conditions. Data are
expressed as mean + SE, n =4
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Fig. 3 Expression of caspase-cleaved tau affects Opal expression. a
CN1.4 cells were transfected with GFP, full-length tau (GFP-T4),
phosphorylated tau (GFP-T42EC), truncated tau (GFP-T4C3), and
truncated-peudophosphorylated tau (GFP-T4C3-2EC), and levels of
Mifn2 were evaluated by western blot. Expression of GFP or GFP-tau
constructs did not change total Mfn2 levels. b Quantitative analysis of
three experiments evaluating Mfn2 levels. Data are expressed as

(T4), and pseudophosphorylated tau (T42EC) (Fig. 2c, d).
Complementary to these studies, we evaluated pDrpl levels in
CN1.4 cells transfected with same GFP and tau constructs
(Fig. STA). Expression of truncated tau did not affect pDrp1 levels
compared to cells that expressed GFP and full-length tau
(Fig. S1A). Interestingly, cells expressing truncated tau (T4C3)
and truncated and phosphorylated tau (T4C3-2EC) showed a par-
tial reduction in total Drp1 levels compared with untransfected and
GFP full-length tau transfected cells (Fig. 2c). However, this de-
crease was not significant (Fig. 2d; p < 0.05 for both conditions).
We also analyzed levels of Mfn2 in extracts obtained from cells
transfected with GFP and the GFP-tau constructs. Mfn2 levels
were similar in all representative samples obtained from cells that
express all GFP-tau forms (Fig. 3a, b). In addition, Mfn1 levels
were not affected in CN1.4 cells transfected with GFP and GFP-
tau forms (Fig. S1B). Opal levels showed a similar pattern of
expression in untransfected cells compared to those expressing
GFP, T4, and T42EC (Fig. 3c, d). More importantly, in extracts
from cells expressing T4C3 and TAC32EC, the relative expression
of Opal was significantly reduced compared to untransfected and
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mean + SE, n = 4. ¢ Total Opal levels were evaluated in CN1.4 cells
transfected under the conditions indicated above. Truncated and
truncated-pseudophosphorylated tau reduced Opal expression when
compared to cells expressing GFP and full-length tau. d Quantitative
analysis of three experiments showing significant differences in Opal
levels in cells expressing truncated and truncated-pseudophosphorylated
tau. Data are expressed as mean + SE, n = 3. *p < 0.05

GFP-positive cells (Fig. 3d). These results suggest that expression
of tau cleaved by caspase-3 (T4C3 and T4C3-2EC) induces a
decrease in the expression of Opal, an event that could explain
the mitochondrial fragmentation observed in the cells that
expressed truncated tau.

Expression of Caspase-Cleaved Tau Does Not Affect Cell
Viability in Neurons

To investigate the effects of pathological forms of tau on mito-
chondrial function, CN1.4 cells were transfected with GFP, nor-
mal tau, and other GFP-tau constructs, and the mitochondrial
membrane potential was tested with TMRM, as a measure of
mitochondrial bioenergetics [21]. Fluorescence images of these
cells were obtained, and mitochondrial potential levels were eval-
uated (Fig. 4a). Relative fluorescence intensity was quantified
using the Leica Application Suite® and Image] software, nor-
malizing each image to its background fluorescence (Fig. 4a, b)
[21]. Analysis of mitochondrial potential showed similar levels in
untransfected cells compared to those transfected with GFP and
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Fig. 4 Expression of truncated tau did not affect mitochondrial function
or cell viability. a Representative fluorescence images from CN1.4 cells
transfected with green fluorescent protein (GFP), full-length tau (GFP-
T4), phosphorylated tau (GFP-T42EC), truncated tau (GFP-T4C3), and
truncated-psedophosphorylated tau (GFP-T4C3-2EC), loaded with
TMRM for mitochondrial membrane potential determinations. b
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experiments. Data are expressed as mean = SE, n = 3. Scale bar,
10 pm. ¢ Cells were transfected with GFP and GFP-tau forms as
indicated above, and cell viability was measured using AlamarBlue™
assay. Graph represents the quantitative analysis of four experiments.
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all GFP-tau constructs (Fig. 4b). Furthermore, we analyzed the
effects of pathological forms of tau on cell viability in CN1.4
cells. Cell viability was examined 48 h post-transfection with
AlamarBlue™. Cell viability percentages were determined by
subtracting the background measurement of all samples, and
the rate of the reaction reduced by untransfected controls was
considered as 100% cell viability (Fig. 4c). The viability of cells
expressing GFP and full-length tau was not altered compared to
untransfected cells (Fig. 4c). In addition, cell viability in cells
expressing pathological forms of tau [T4C3, T42EC, and
T4C3-2EC] was not significantly reduced compared to control
cells (Fig. 4c). Altogether, these results suggest that the expres-
sion of pathological forms of tau does not affect cell viability
under basal conditions.

3-Amyloid Treatment Enhances Mitochondrial
Fragmentation Induced by Tau Pathology

Several studies have shown that A3 affects mitochondrial func-
tion in neuronal cells (reviewed in [20, 27]). For instance, ex-
pression of amyloid precursor protein (APP) in neuronal cells
and mice (APP mice) induces mitochondrial fragmentation and
bioenergetics failure, and later deterioration of memory and cog-
nitive function [18, 19]. Therefore, it is important to study the
effects of A3 in neuronal cells in where truncated tau is present.
Immortalized cortical neurons were transfected with GFP and all
GFP-tau constructs plus Mito-mCherry (m-Ch) to examine ef-
fects on mitochondrial morphology (Fig. 5). Cells were treated
during 24 h with 0.5 uM Af3 after transfection, and they were
subsequently mounted in a microscope chamber for obtaining
representative images (see “Experimental Procedures” section)
from cells transfected under different conditions. Cells
transfected with the vector (GFP), GFP full-length tau, and
GFP-T42EC and treated with 0.5 uM Af3 showed a tubular-
like mitochondrial morphology (Fig. 5a, b), with no apparent
differences in mitochondrial length after quantification
(Fig. Sc). In addition, cells transfected with truncated tau and
subsequently treated with 0.5 uM Af3 did not present any sig-
nificant differences in mitochondrial length after comparison
with T4C3 untreated cells (Fig. 5¢). However, A3 treatment
significantly reduced mitochondrial length in cells expressing
truncated plus the pseudophosphorylated tau form (GFP-T4C3-
2EC) compared with untreated cells (Fig. 5c).

Effects of A3 and Tau Pathology Expression
on Mitochondrial Dynamics

As we have shown previously, A3 treatment enhanced the
mitochondrial fragmentation induced by the expression of trun-
cated and pseudophosphorylated tau (GFP-T4C3-2EC) in

immortalized cortical neurons (Fig. 5c¢). Mitochondrial morphol-
ogy is regulated by proteins such as Drpl, Fisl (mitochondrial
fusion), Mnf1/2, and Opal (mitochondrial fission) [24]. Next, we
analyzed the expression levels of Drpl and Opal in cortical
neurons transfected with tau forms and subsequently treated with
0.5 uM A for 24 h (Fig. 6). Our previous observations showed
that levels of both proteins (Drpl and Opal) were altered in
immortalized cortical neurons transfected with truncated and
truncated plus pseudophosphorylated tau (Figs. 2 and 3).
However, treatment with A3 did not significantly affect Drpl
(Fig. 6a, b) or Opal (Fig. 6¢, d) levels in cells expressing GFP,
GFP full-length (GFP-T4), GFP pseudophosphorylated (GFP-
T42EC), and GFP truncated tau (GFP-T4C3). However, cells
that expressed the truncated plus the pseudophosphorylated tau
form showed a significant increase in Opal levels after treatment
with A (Fig. 6¢, d).

3-Amyloid Reduces Mitochondrial Membrane Potential
and Cell Viability in Immortalized Neurons that Express
Truncated Tau

A is an important contributing factor to the pathogenesis of
AD, and its toxic effects against neurons are mediated by the
presence of tau [28]. Repressing tau expression in a knockout
mouse model prevents the loss of cell viability, the mitochon-
drial calcium defects, and the impairment of axonal transport
induced by AP [29-31]. Therefore, we analyzed cell viability
and mitochondrial function in cortical neurons expressing
truncated and pseudophosphorylated tau in immortalized cor-
tical neurons (Fig. 7). To determine cell viability, cells ex-
pressing pathological forms of tau were treated with A3 (0.5
and 2.5 uM) for 24 h, and then, they were incubated with
AlamarBlue™ (Fig. 7a). Treatment with low doses of Af3
fibrils (0.5 uM) did not affect cell viability in any of the cells
transfected with the tau constructs (Fig. 7a). Interestingly, ex-
posure to 2.5 uM A significantly decreased cell viability in
cortical neurons transfected with truncated and truncated plus
pseudophosphorylated forms of tau (Fig. 7a). However, these
changes were significant only in cells expressing both patholog-
ical forms of tau, i.e., both truncated and pseudophosphorylated
forms (Fig. 7a). To complement these findings, we evaluated the
changes in mitochondrial membrane potential induced by acute
Af treatment in cells expressing all tau constructs using TMRM
and cell imaging (Fig. 7b) [17]. Cells transfected with different
tau constructs were incubated with TMRM and transferred to a
microscope chamber in order to determine changes in mitochon-
drial potential during A3 exposure (Fig. 7b). Cells expressing
truncated and truncated plus pseudophosphorylated forms of tau
showed a significant reduction in mitochondrial membrane po-
tential levels after AP} treatment (Fig. 7b). Interestingly, cells
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Fig. 5 Af3 treatment enhances mitochondrial fragmentation induced by
caspase-cleaved tau in neuronal cells. a Representative images from
CN1.4 cells transfected with green fluorescent protein (GFP) and GFP-
tau constructs [GFP-T4, GFP-T42EC, GFP-T4C3, GFP-T4C3-2EC], in
addition to Mito-mCherry (m-Ch) that were treated with 0.5 uM Af3 for
24 h. b Images of m-Ch fluorescence channel taken from the insert
displayed in a that shows mitochondrial morphology in cells transfected
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with GFP and GFP-tau constructs treated with A{3. Treatment with
0.5 uM Af reduced mitochondrial length in cortical cells expressing
caspase-cleaved plus pseudophosphorylated tau (GFP-T4C3-2EC)
compared to untreated cells. ¢ Quantitative analysis of mitochondrial
length from four independent experiments. Data are expressed as
mean + SE, n = 4. Scale bars ina 10 pm and b 5 pum. *p < 0.05
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Fig. 6 Effect of AP treatment on Drpl and Opal levels in neuronal cells
that express pathological forms of tau. a CN1.4 cells were transfected
with green fluorescent protein (GFP) and GFP-tau constructs [GFP-T4,
GFP-T42EC, GFP-T4C3, GFP-T4C3-2EC] and treated with 0.5 uM A3
for 24 h to determine the expression of Drpl and Opal in whole cell
extracts. Treatment with A3 did not alter Drpl expression levels in
cells transfected with GFP and GFP-tau constructs. Levels of {3-actin
were evaluated as a loading control. b Quantitative analysis of three
independent experiments representing Drpl levels in cells transfected
with GFP or GFP-tau constructs and treated with A3 shows no

expressing pseudophosphorylated tau (GFP-T42EC) showed a
slight decrease in mitochondrial membrane potential compared
to those expressing GFP or full-length tau (Fig. 7b). However,
the effects observed in GFP-T42EC cells were not significant
compared to control cells (Fig. 7b).

Expression of Truncated Tau Induces Mitochondrial
Fragmentation and Enhances A 3-Induced Mitochondrial
Injury in Primary Cortical Neurons from Tau(—/-)
Knockout Mice

Tau pathology is a key player in the pathogenesis of AD. Tau
expression is necessary to mediate A[3-induced toxicity in neu-
rons [28]. Expression of truncated tau enhances mitochondrial
injury in A-treated cells, suggesting a synergic action between
these two factors (Fig. 5). However, to rule out the possibility that
endogenous tau might participate in A{3-induced mitochondrial
impairment, we expressed tau constructs in primary cortical neu-
rons isolated from tau(—/—) knockout mice [29-31]. First, we
double-transfected cortical neurons from tau(—/—) knockout mice

cot@  GFP epTA Uee- 7aC3 ﬂz\i G 2EC

cFPy

significant differences in total Drpl levels in all conditions. Data are
expressed as mean + SE, n = 3. ¢ Western blot analysis of CN1.4 cells
transfected with GFP and GFP-tau constructs previously indicated and
treated with 0.5 pM A3 for 24 h. Treatment with A3 significantly
increased Opal levels in cortical cells expressing caspase-cleaved plus
pseudohyperphosphorylated tau. d Quantitative analysis of three
experiments shows significant differences in Opal levels in cells
expressing truncated plus pseudophosphorylated tau (GFP-T4C3-2EC)
and treated with Af3. Data are expressed as mean = SE, n = 3. *p < 0.05

with GFP-tau constructs and Mito-mCherry, and we subsequent-
ly examined mitochondrial length in vivo (Fig. 8). Cortical neu-
rons expressing GFP, full-length, and pseudophosphorylated tau
forms showed elongated mitochondrial morphology with a sim-
ilar length (Fig. 8a, b). Interestingly, cortical neurons transfected
with truncated and truncated plus pseudophosphorylated tau
showed a significant reduction of mitochondrial length in axons
and neuronal bodies (Fig. 8a, b, ¢). To complement these studies,
we studied mitochondrial membrane potential in cortical neurons
from tau(—/—) knockout mice expressing GFP-tau constructs
followed by the acute administration of 0.5 uM Af3 in vivo
(Fig. 8d). Corroborating our previous observations in immortal-
ized cortical neurons (Fig. 7), the expression of GFP and full-
length tau did not significantly affect mitochondrial membrane
potential in response to A3 treatment (Fig. 8d). In addition, ex-
pression of pseudophosphorylated tau reduced mitochondrial
membrane potential in neurons treated with A3 (Fig. 8d).
However, this decrease in mitochondrial potential was not signif-
icant compared to untreated neurons (Fig. 8d). Both truncated tau
forms (GFP-T4C3 and GFP-T4C3-2EC) enhanced the
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Fig.7 Ap treatment induces mitochondrial dysfunction and cell viability
loss in cells expressing caspase-cleaved tau. a Cells were transfected with
GFP and GFP-tau constructs as indicated previously, and they were
treated with 0.5 or 2.5 uM A fibrils for 24 h. Treatment with 2.5 uM
A significantly reduced cell viability in cortical cells with truncated plus
pseudophosphorylated tau (GFP-T4C3-2EC). Quantitative analysis of
three experiments shows significant differences in the viability of cells
expressing truncated plus pseudophosphorylated tau (GFP-T4C3-2EC)
treated with A3. Data are expressed as mean = SE, n = 3. *p < 0.05. b
Mitochondrial membrane potential levels from immortalized cortical
neurons transfected with GFP and GFP-tau constructs and treated with
0.5 uM A fibrils as indicated. The /ine arrow indicates the time point at
which A3 was added. Changes in mitochondrial membrane potential
levels were subsequently recorded for 1 h. Af3 treatment significantly
reduced the mitochondrial membrane potential in cells expressing
caspase-cleaved (GFP-T4C3) (*p < 0.05) and caspase-cleaved plus
pseudohyperphosphorylated tau (GFP-T4C3-2EC) (**p < 0.05). Data
are expressed as mean + SE, n =4

mitochondrial membrane potential loss induced by Af3 in cortical
neurons corroborating our previous findings in CN1.4 cells
(Fig. 7a).

Overall, these data indicate that truncated tau affects neu-
ronal and mitochondrial function by the impairing of mito-
chondrial dynamics. Mitochondrial fragmentation induced
by truncated tau may occur because of the reduction in Opal
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levels observed in neurons expressing this tau form. These
results suggest an important role for truncated tau in the path-
ogenesis of AD, through the modification of mitochondrial
function in the brain, which has been indicated as an early
contributor factor to the pathogenesis of AD.

Discussion

AD is characterized by progressive loss of cognitive capabilities
and memory due to the loss of synaptic function [32].
Mitochondrial function is an important player in the develop-
ment, maintenance, and function of synapses, which are highly
dependent on adenosine triphosphate (ATP) production by mito-
chondria. Mitochondria also contribute to neurotransmitter re-
lease and the handling of cytosolic Ca®*, which is taken up into
neurons after a neuronal impulse [33-38]. Therefore, mitochon-
drial size and morphology must be precisely regulated to support
the production of energy and antioxidant defense in neurons [20].
In this study, we show that the presence of truncated tau impairs
mitochondrial dynamics by reducing Opal levels in neuronal
cells. This is the first study that shows a negative effect of tau
pathology against mitochondrial dynamics through downregula-
tion of Opal. These effects are likely to affect mitochondrial
bioenergetics and neuronal function, since the presence of trun-
cated tau enhances mitochondrial damage and cell viability loss
induced by A3 (Figs. 7 and 8). These are important observations
because AP and pathological forms of tau participate in the
genesis and progression of AD [20, 32]. Complementary our
data, it has been shown that alterations in the balance of the
mitochondrial fission/fusion cycle impair bioenergetics and syn-
aptogenesis [39—43]. Regarding to Opal, interesting studies have
shown the importance of this protein in mitochondrial function
and synaptic regulation. For instance, Bertholet et al. showed that
ablation of Opal in the Opal knockout mouse produces mito-
chondrial fragmentation, a decrease in the mitochondrial popula-
tion in dendrites and axons, and defects in mitochondrial bioen-
ergetics [41]. Interestingly, these events were associated with a
reduced expression of both presynaptic and postsynaptic proteins
and the number of synapses [41]. In addition, synaptic defects
were also observed in vivo in retinal ganglion cells (RGCs) from
a dominant optic atrophy (DOA) mouse model [42, 43]. Here,
Kushnareva et al. showed that decreases in Opal expression
results in mitochondrial fragmentation, deficiencies in oxidative
phosphorylation, decreased ATP production, decreased mito-
chondrial Ca* retention capacity, and sensitization to apoptotic
insults in RGC neurons [43]. More importantly, this Opal defi-
ciency decreases buffering of cytosolic Ca®* and sensitizes
RGC:s to excitotoxic injury due to glutamate exposure, indicating
a potential role for Opal in synaptic transmission [43]. These
studies show that both the presynaptic and postsynaptic compart-
ments could be affected by inactivation of Opal. Thus, dysreg-
ulation of Opal could play an important role in the pathological
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mechanisms involved in neurodegenerative diseases such as AD
[20, 41].

Along with the clinical manifestations of memory impairment
and aggregates of A3, the presence of aberrantly modified tau in
the NFTs is a prominent feature in the brain of individuals with
AD and has been implicated in the pathogenesis of this disease
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[44-46]. Tau that is hyperphosphorylated at residues S396 and
S404 shows an increased tendency to self-associate, and it has
been found in the NFTs of the AD brain [44]. However, based on
immunohistochemical analyses, increased phosphorylation of
tau at S396/404 appears to be a relatively late event in AD
[47]. Interestingly, cleavage of tau by caspase-3 at D421
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Fig. 8 Expression of truncated tau induces mitochondrial fragmentation
and enhances the mitochondrial injury induced by Af3 in cortical neurons
from tau(—/—) knockout mice. a Representative images from tau(—/—)
knockout mouse cortical neurons transfected with GFP and tau
constructs [GFP-T4, GFP-T42EC, GFP-T4C3, and GFP-T4C3-2EC],
plus Mito-mCherry (m-Ch) for evaluation of mitochondrial length. b
Fluorescence images of m-Ch channel from the insert displayed in a
show mitochondrial morphology in neurons transfected with GFP and
GFP-tau constructs. Caspase-cleaved tau (GFP-T4C3 or GFP-T4C3-
2EC) reduced mitochondrial length compared to full-length tau (GFP-
T4). ¢ Quantitative analysis of mitochondrial length from four
independent experiments. Data are expressed as mean + SE, n = 4.
Scale bars in a 10 pm and b 5 pm. *, ** *##4p < 0.05. d Quantitative
analysis of mitochondrial membrane potential levels from cortical
neurons obtained from tau(—/—) knockout mice transfected with GFP
and GFP-tau constructs and treated with 0.5 uM Af fibrils for 1 h as
indicated. Treatment with A3 significantly reduced the mitochondrial
membrane potential in neurons expressing caspase-cleaved (GFP-
T4C3) (¥*p < 0.05), pseudophosphorylated (GFP-T42EC) (**p < 0.05),
and caspase-cleaved plus pseudophosphorylated tau (GFP-T4C3-2EC)
(***p < 0.05). Data are expressed as mean + SE, n =3

(truncated tau) and its co-localization with NFTs appear to occur
at an early stage in the brain of individuals with AD [47]. More
importantly, recent studies have provided evidence suggesting
that truncated tau might contribute to the cognitive impairment
in AD [48-50]. For instance, Means et al. studied the role of
truncated tau in age-related cognitive impairment [48]. Levels
of activated caspases were increased in aged mice, which corre-
lated specifically with an increase in truncated tau and the for-
mation of NFTs [48]. In addition, they demonstrated that aged
mice model showed significant cognitive impairment, which cor-
related with high levels of caspase-3 activity and truncated tau
[48]. In a complementary study, Kim et al. investigated the role
of truncated tau in memory and synaptic impairment [49]. They
generated a transgenic mice line in where the expression of trun-
cated tau was regulated by a specific neuronal promoter [49].
These mice exhibited a significant deficit in learning, spatial
memory loss, and synaptic dysfunction at young age
(2 months) [49]. Finally, Ozcelik et al. studied the contribution
of truncated tau in neurodegeneration by co-expressing full-
length and truncated tau to generate an inducible mouse model
[50]. Co-expression of these two forms of tau induced tau aggre-
gation, missorting of synaptic proteins, axonal transport failure,
and mitochondrial aggregation [50]. Interestingly, this study and
our previous work showed that the expression of truncated tau
induces mitochondrial fragmentation, bioenergetics defects, and
impairs axonal transport [11, 21]. Overall, this indicates that trun-
cated tau plays an important role in the neurodegeneration seen in
AD by impairing mitochondrial function in the brain.

The work presented here provides significant evidence
linking tau pathology with defects in mitochondrial dynamics,
which, in turn, could induce synaptic impairment. We found
that expression of caspase-cleaved tau (T4C3) induces mito-
chondrial fragmentation and a significant decrease in mito-
chondrial length, which is in agreement with previous studies
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[21, 51, 52] showing that mitochondria are fragmented in AD
and that caspase-cleaved tau induces mitochondrial fragmen-
tation [11], respectively. Interestingly, we found that the ex-
pression of truncated tau reduced the relative expression of
Opal and Drpl (Figs. 3 and 4) with a significant effect on
Opal levels. Opal expression determines the integrity of mi-
tochondrial cristae maintaining the ETC function and cell sur-
vival [53, 54]. However, under basal conditions, the expres-
sion of truncated tau did not affect mitochondrial function or
cell viability in neuronal cells. Interestingly, treatment with
AP fibrils significantly decreased mitochondrial membrane
potential levels and increase cell viability loss in neuronal cells
expressing truncated tau. More importantly, these observa-
tions were verified using primary neuronal cultures from
tau(—/—) knockout mice in where truncated tau was expressed
to physiological levels (Fig. 8). These are very important ob-
servations because they rule out the possibility that truncated
tau overexpression could be a causal factor in the impairment
of mitochondrial dynamics observed in truncated tau-
expressing cells. Together, our results suggest that the pres-
ence of truncated tau forms could sensitize mitochondria to
external stimuli, i.e., Af3 peptide, an event that might be im-
portant in the neurotoxicity found in AD [29, 30].

Additionally, it has been shown that caspase activation pre-
cedes and promotes NFTs and that formation of caspase cleav-
age of tau occurs prior to the formation of NFTs [55]. This
implies that the effects of caspase-cleaved tau on mitochon-
drial dynamics showed in our study could be considered an
early event in the pathogenesis of AD and that would contrib-
ute to memory impairment through synaptic failure [56].
Since the mechanism by which caspase-cleaved tau decreases
Opal is still unknown, further studies should elucidate how
caspase-cleaved tau affects the expression of Opal and to
determine if this Opal downregulation has direct conse-
quences for mitochondrial integrity in AD.
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