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Abstract

Inhibition of mitochondrial axonal trafficking by amyloid beta (AB) peptides has been implicated
in early pathophysiology of Alzheimer’s Disease (AD). Yet, it remains unclear whether the

loss of motility inevitably induces the loss of mitochondrial function, and whether restoration

of axonal trafficking represents a valid therapeutic target. Moreover, while some investigations
identify AP oligomers as the culprit of trafficking inhibition, others propose that fibrils play the
detrimental role. We have examined the effect of a panel of Ap peptides with different mutations
found in familial AD on mitochondrial motility in primary cortical mouse neurons. Peptides

with higher propensity to aggregate inhibit mitochondrial trafficking to a greater extent with
fibrils inducing the strongest inhibition. Binding of AP peptides to the plasma membrane was
sufficient to induce trafficking inhibition where peptides with reduced plasma membrane binding
and internalization had lesser effect on mitochondrial motility. We also found that Ap peptide with
Icelandic mutation A673T affects axonal trafficking of mitochondria but has very low rates of
plasma membrane binding and internalization in neurons, which could explain its relatively low
toxicity. Inhibition of mitochondrial dynamics caused by AP peptides or fibrils did not instantly
affect mitochondrial bioenergetic and function. Our results support a mechanism where inhibition
of axonal trafficking is initiated at the plasma membrane by soluble low molecular weight A
species and is exacerbated by fibrils. Since trafficking inhibition does not coincide with the loss
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of mitochondrial function, restoration of axonal transport could be beneficial at early stages of
AD progression. However, strategies designed to block Ap aggregation or fibril formation alone
without ensuring the efficient clearance of soluble AB may not be sufficient to alleviate the
trafficking phenotype.
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1. Introduction

Alzheimer’s Disease (AD) is a progressive neurodegenerative disorder that involves loss

of memory and cognitive abilities. AD presently affects > 5 million Americans with
numbers expected to grow (Alzheimer’s Association, 2017). Extracellular neuritic plaques
that contain amyloid B (AB) aggregated peptides and intracellular neurofibrillary tangles
consisting of hyperphosphorylated microtubule-associated Tau protein are two major
hallmarks of AD (Bossy-Wetzel et al., 2004; Selkoe, 2003). The key role for Ap peptides

in the pathophysiology of AD was suggested based on the evidence that mutations in the
genes that encode amyloid precursor protein (APP) and presenilin 1 and 2 (PS1 and PS2)
found in patients with the early-onset familial AD (FAD) lead to significant accumulation
of these peptides in the brain (Querfurth and LaFerla, 2010). APP is a membrane-spanning
glycoprotein, which is present at the plasma membrane, endoplasmic reticulum (ER), trans-
Golgi network (TGN) and endocytic vesicles (Canevari et al., 2004). APP processing is
complex where three different enzymes rapidly metabolize it producing either toxic or
non-toxic AP fragments (O’Brien and Wong, 2011). Most of the APP cleavage occurs at the
cell surface, where it is delivered from the TGN in clathrin-coated vesicles, or inside the
cell at the TGN and the ER. At the plasma membrane, a-secretase cleaves APP inside the
A region producing extracellular, soluble peptides that are not neurotoxic. However, if APP
gets re-internalized in endosomal compartments containing p-secretase (B-APP cleaving
enzyme, BACEL) and -y-secretase, cleavage produces amyloidogenic, toxic peptides with 40
and 42 amino acids. These peptides are secreted in the extracellular space in association
with exosomes, intraluminal vesicles or multivesicular bodies (MVBSs) during their fusion
with the plasma membrane (Rajendran et al., 2006). The mechanism behind this preferential
cleavage of the APP by one of the secretases is not well characterized but has been linked
to the lateral organization of membranes and the particular compartmentalization of different
proteases in lipid rafts (Ehehalt et al., 2003). Along with the extracellular pool of secreted
AB, high levels of Ap peptides are detected inside neurons. Intracellular accumulation of
AR is attributed to the APP processing by the BACE1 at the TGN and the ER (Greenfield
etal., 1999; LaFerla et al., 2007). Moreover, extracellular Ap peptides secreted at a high
concentration by astrocytes could be internalized in neurons via endocytosis contributing

to the intracellular A pool (Busciglio et al., 1993; Kandimalla et al., 2009). Depending

on the length and the peptide origin, extracellular Ap peptides could form fibrils and
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amyloid plaques. The fibrillization model suggests that native proteins misfold and undergo
conformational changes. When these misfolded proteins reach a critical concentration,
oligomers are formed that result in protofibrils, and finally culminate in mature fibrils.
Furthermore, mature fibrils catalyze the secondary nucleation reaction by forming diffusible
oligomers from the monomers (Benseny-Cases et al., 2012; Cohen et al., 2013). Thus, at any
given time, the neuron could be exposed to a variety of intracellular and extracellular A
species that range from monomers to oligomers and fibrils.

One of the well-characterized cellular targets of pathological AR peptides is mitochondrion.
Altered energy production and increased generation of reactive oxygen species (ROS) is
well documented in AD (Tonnies and Trushina, 2017). Interestingly, while the presence
of AB plaques is essential for AD diagnosis, Ap peptides may not be a primary cause

of neurodegeneration (Jack Jr et al., 2014). There is compelling data suggesting that
increased levels of AB may be a consequence of the upstream pathological mechanisms
that could directly or indirectly affect APP processing and the generation of toxic Ap
species (Area-Gomez and Schon, 2017; Kepp, 2017; Swerdlow et al., 2014). Some of these
mechanisms may include mitochondrial dysfunction associated with aging, the exposure
to environmental toxicants, or genetic variations in mitochondrial haplotype. Increased
production of ROS by dysfunctional mitochondria could activate pathological cascade of
events known as a “vicious cycle” inducing greater severity of metabolic and epigenetic
alterations. This, in turn, could affect multiple essential neuronal functions including an
abnormal APP processing and the generation of toxic AB peptides, ultimately leading to
the loss of cognitive function (Pimplikar et al., 2010; Swerdlow et al., 2014; Tonnies and
Trushina, 2017; Yu et al., 2016). Moreover, once produced, A peptides could exacerbate
mitochondrial dysfunction by incorporating into the organelle and affecting their protein
import and ATP production, further enhancing generation of ROS and A (Chen and Yan,
2010; Hansson Petersen et al., 2008a; Mossmann et al., 2014). This novel approach to
the understanding of the etiology of late onset sporadic AD, the most prevalent form of
the disease, is known as a mitochondrial cascade hypothesis, which views mitochondrial
dysfunction as a trigger of the amyloid cascade (Swerdlow et al., 2014).

The fidelity of mitochondrial function in neurons depends on multiple factors. One of the
essential components of normal mitochondrial dynamics is the ability to move along axons
delivering energy to the distal sites, synapses, and axonal growth cone (Sheng and Cai,
2012). Axonal trafficking is also essential for delivering damaged mitochondria to the soma
for degradation (Lin et al., 2017). Mounting data generated in tissue and cells from AD
patients and in animal models of FAD suggest mitochondrial axonal trafficking is affected
early in the disease prior to the onset of memory impairment or the development of amyloid
plaques (Correia et al., 2016; Galindo et al., 2010; Pigino et al., 2003; Selfridge et al.,

2013; Tillement et al., 2011; Trushina et al., 2012; Yao et al., 2009; Ye et al., 2012). We
have previously demonstrated that bidirectional inhibition of mitochondrial trafficking was
already observed in embryonic neurons from different mouse models with familial AD
mutations prior to the formation of aggregated endogenous AP peptides (Trushina et al.,
2012). Since mitochondrial motility plays an essential role in supporting synaptic activity
and calcium buffering (Hollenbeck, 1996; Hollenbeck and Saxton, 2005; Mar et al., 2014),
alterations in mitochondrial dynamics could contribute to synaptic dysfunction, neuronal
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loss and memory deterioration (Calkins and Reddy, 2011). However, it remains unclear
to what extent various AP species affect axonal trafficking based on their localization
(intracellular vs. extracellular), sequence or aggregation state.

A direct impact of AP peptides on mitochondrial motility with respect to the state of A
aggregation has been investigated in a number of cellular and animal models (Calkins et al.,
2011; Calkins and Reddy, 2011; Chen and Chan, 2009; Decker et al., 2010; lijima-Ando et
al., 2009; Rui et al., 2010; Rui et al., 2006; Rui and Zheng, 2016; Trushina et al., 2012;
Wang et al., 2010). However, while some studies demonstrated that axonal trafficking is
mostly affected by soluble Ap oligomers, others suggest that fibrils are the most detrimental
species (Decker et al., 2010; Meyer-Luehmann et al., 2008; Pigino et al., 2009; Poon

et al., 2011; Poon et al., 2013; Ramser et al., 2013; Wang et al., 2010). Moreover,

different methods adopted by individual laboratories for Ap peptide preparation, significant
range of doses utilized in the experiments, the duration of treatment, and the variety of
cellular models and methods to monitor axonal motility make a direct comparison and the
result interpretation difficult. Additionally, precise characterization and quantification of A
species is technically challenging further complicating the interpretation of these studies
(Benilova et al., 2012). Most often, /n vitro studies were conducted with pathogenic Ap40
and/or Ap42 peptides that are found in brain tissue of AD patients (Swomley et al., 2014).
However, there are several mutations in the N- or C-terminus, and in the Ap region of

APP that are associated with FAD. All of these mutations promote the accumulation of
toxic Ap40 and AP42 peptides, the increase of AB42/AB40 ratio, the propensity of these
peptides to aggregate, or specifically increase a production of toxic oligomeric species
(Hatami et al., 2017). For example, the Osaka (E22A) mutation accelerates AP aggregation
without affecting total AB levels while the Italian (E22K) and Arctic (E22G) mutations
induce a formation of stable oligomers and protofibrils (Jonsson et al., 2012; Masuda et

al., 2008; Nilsberth et al., 2001; Ovchinnikova et al., 2011; Tomiyama et al., 2008). In
contrast, a coding mutation (A673T) in the APP gene identified in the Icelandic population
was linked to a protection against AD and cognitive decline in dementia-free elderly
individuals (Jonsson et al., 2012). This amino acid substitution is located near the aspartyl
protease B-site in APP and results in an approximately 40% reduction in the formation of
amyloidogenic peptides in vitro (Kokawa et al., 2015; Maloney et al., 2014). The protective
effect, therefore, was attributed to the low levels of peptide formation supporting the
hypothesis that reducing the p-cleavage of APP may protect against the disease (Jonsson et
al., 2012). However, no additional investigation of the effect of this peptide on mitochondria
trafficking and function in neurons has been conducted. The objective of our study was to
compare side by side the effect of multiple AR peptides on mitochondrial motility in live
neurons, and to comprehensively characterize the relationship between the peptide structures
in dynamic relationship to the effect on axonal trafficking using variety of biochemical
techniques. Thus, along with the conventional Ap40 and Ap42 peptides, we utilized peptides
with recently identified familial AD mutation that promotes rapid formation of aggregates
(AB39E22A) (Poduslo et al., 2012; Tomiyama et al., 2008) and the protective peptide that
was found in the Icelandic population (Ap40A2T) (Jonsson et al., 2012). We also used a
peptide previously characterized in our laboratory with mutation that significantly reduces
plasma membrane binding and internalization in neurons (AB40H13G) (Poduslo et al.,
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2010). We have utilized well-established protocols in order to obtain the same peptides
either in soluble monomeric or oligomeric form or as fibrils (Poduslo et al., 2012; Verpillot
et al., 2008), and examined the consequences of acute treatment on mitochondrial dynamics.
We also assessed whether inhibition of axonal trafficking induces mitochondrial dysfunction
by monitoring major parameters of mitochondrial energetics in neurons treated with A
peptides using a Seahorse Extracellular Flux Analyzer.

We report here that soluble AB peptides with high propensity to aggregate have larger effect
on trafficking inhibition with fibrils affecting mitochondrial motility most strongly. We

also conclude that exogenous AP peptides initiate signaling cascade involved in the axonal
trafficking inhibition at the plasma membrane. Binding to the neuronal plasma membrane
is sufficient to cause rapid and significant inhibition of axonal transport. We found that

the lesser effect of Icelandic AP peptide on axonal transport compared to AB40 and AB42
peptides could be attributed to its significantly decreased rate of binding and internalization
in neurons. Finally, our data suggest that there is a spatial separation between trafficking
inhibition and a loss of mitochondrial function suggesting that therapeutic strategies aimed
to improve axonal trafficking early in the disease progression could be beneficial.

2. Material and methods

2.1. Animals

Animal care and handling procedures were approved by the Mayo Clinical Institutional
Animal Care and Use Committee in accordance with the National Institutes of Health’s
Guide for the Care and Use of Laboratory Animals. The following mice were used in the
study: a double cross between APPgye (K670N, M671L) (Hsiao et al., 1996) and PS1
(M146L) (Duff et al., 1996) to produce a double transgenic APP/ PS1 mice (Holcomb et
al., 1998). Genotypes were determined by PCR as described in (Trushina et al., 2012).
Time-pregnant (E17) wild-type C57BL/6 mice were used for neuronal cultures.

2.2. Neuronal cultures

Preparation and culture of primary embryonic (E17) cortical neurons from wild-type
C57BL/6 mice was performed as described previously (Trushina et al., 2003; Trushina et
al., 2012). All experiments were done in neurons cultured for 7 days unless specifically
stated.

2.3. A peptides

Human AP peptides utilized in the study (Table 1) were synthesized on a CEM

Liberty (Mathews, NC) peptide synthesizer using HBTU activation and the manufacturer’s
suggested synthesis protocols. The starting resin was Val-NovaSyn TGA (Novabiochem
EMD Biosciences, San Diego, CA). The peptides were then cleaved from the resin support
using 5% crystalline phenol, 5% water, 2.5% triisopropylsilane, and 87.5% TFA for 2

h at RT. Each peptide was purified by reverse-phase HPLC on a Jupiter C18 column

(250 mm x 21.2 mm, Phenomenex Corp) using a gradient system of 0.1% aqueous TFA
containing 80% acetonitrile/water/0.1% TFA. The calculated mass weight was 4329 amu
for AB40; 4249 amu for AB40H13G; and 4514 amu for Ap42; 4200 amu for AB39E22A,
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and 4359 amu for AB40A2T as confirmed by electrospray ionization mass spectrometry
(Thermoelectron Surveyor MSQ). Peptide sequences were as following: AB1-40

(Ap40): DAEFR-HDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV; Ap1-40H13G
(AB-40H13G): DAEFRHDSGYEVGHQKLVFFAEDVGSNKGAIIGLMVGGVV; Ap1-42
(Ap42): DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVG-GVVIA; AB39E22A:
DAEFRHDSGYEVHHQKLVFFADVGSNKGAIIGLM-VGGVYV;, and AB40A2T:
DTEFRHDSGYEVHHQKLVFFAEDVGSNKGAII-GLMVGGVV. Fluorescein-conjugated
F-ApB40, F-AB40H13G, and FAB40A2T peptides were synthesized with Ahx (Fmoc-6-
amino hexanoic acid) attached to the N-terminal for subsequent coupling with flkuor-escein
as previously described (Poduslo et al., 2010). Molecular weights of peptides were as
following: F-Ap40 4801 amu;B40H13G F-A 4721 amu; and F-AR40A2T 4831 amu.

2.4. Preparation of soluble Ap peptides

Dissolution medium and storage conditions are critical parameters for amyloid peptides
that are prone to aggregation or fibrillogenesis. To ensure the presence of predominantly
monomeric form in the starting solutions, all peptide samples, which were received in
lyophilized form, were individually dissolved in aqueous solution of 0.40% ammonium
hydroxide (Verpillot et al., 2008). These solutions were then divided into several aliquots
and individually stored at =20 °C. Each aliquot was thawed only once immediately prior to
the experiment; aliquots were never refrozen. Peptide solutions for atomic force microscopy
(AFM) or electron microscopy (EM) were prepared by adding 0.01 M sodium phosphate
buffer (pH 7.4) to achieve the final peptide concentration of 100 or 0.1 uM, respectively.
All peptides used in the axonal trafficking assay, TEM, AFM and bioenergetic studies were
sonicated prior to the addition to the cells.

2.5. Preparation of fibrillar Ap peptides

Peptides were solubilized in 0.01 M sodium phosphate buffer (pH 7.4) containing 0.01%
(w/v) NaNg3 so that the final concentration was 100 uM. Peptides were incubated for 7 days
at 37 °C using an Innova 40 incubator shaker (New Brunswick). The same peptide samples
from the 96-well plate were pooled in a 1.5 ml microcentrifuge tube (Fisher Scientific).
Fibril formation was confirmed using EM (concentration 100 uM) and AFM. For AFM,
fibrils were diluted to the concentration 1 or 0.1 uM in 0.01 M sodium phosphate buffer

(pH 7.4) and observed without sonication. Fibrils were diluted into cell culture medium (1-4
uM) for axonal trafficking assay or bioenergetic assay without prior sonication.

2.6. Western blot analysis

AP peptides (0.9-1 pg/ul) prepared using ammonium hydroxide were separated using 4—

15% Tris-HCI Gradient Gel (BioRad) using Tris/ Glycine/SDS-containing running buffer.
Primary antibodies were 6E10 (mouse monoclonal, 1:3000 dilution, BioLegend, CA) and
4G8 (mouse monoclonal, 1:10,000 dilution, BioLegend, CA). Secondary antibody was a-
Mu (1:15,000 dilution, BioLegend, CA).
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2.7. Treatment with A peptides and time-lapse imaging of axonal trafficking in neurons

Primary embryonic cortical neurons (E17) from time-pregnant C57BI/6 mice were plated
and cultured for 7 days. Peptides were directly dissolved in the culture medium to the
desired concentration (1-4 uM); cells were incubated for 30 min, and the analysis of axonal
trafficking was performed using time-lapse imaging as described previously (Trushina

et al., 2004; Trushina et al., 2012; Zhang et al., 2016b; Zhang et al., 2015). Briefly,
mitochondria in control neurons and neurons treated with AB peptides were visualized

using Mitotracker Orange CMTMRos or tetramethylrhodamine, methyl ester (TMRM)
(Molecular Probes, Eugene, OR) (final concentration 50 nM, 15 min incubation). TMRM is
a membrane-potential-sensitive, cationic fluorophore that incorporates into actively respiring
mitochondria. Thus, TMRM allows detecting the motility of functioning mitochondria and
the effect of treatment on membrane potential. In our previous studies, we determined that
none of these dyes affect axonal trafficking of mitochondria under experimental paradigm
utilized in our experiments compared to the rates of axonal trafficking determined in neurons
using Nomarski optics (no dye added) (Trushina et al., 2004). Mitotracker and AP peptides
were added directly to cells without prior washing. After 15 min of incubation, the medium
was replaced with fresh F-12K (phenol red-free) medium (37 °C) following with time-lapse
imaging. Experiments were performed using confocal Laser Scanning Microscope (LSM
510, Carl Zeiss Inc., Germany) with a Plan-Apochromat 100x (1.4 n.a.) oil objective.

Cells were incubated at 37 °C during the time of recording. All recordings were started 5
min after the coverslip was placed on the microscopic stage to allow equilibration of the
sample. Laser was set up to 543 nm for excitation; emission was collected at 585 nm and
greater. Laser power was kept below 4%; the pinhole was completely open. Under these
conditions, we did not observe any photobleaching through the entire time of recording.
Assay validation determined that three individual neurons could be reliably and reproducibly
assayed from one coverslip. Axons were selected based on the lack of branching through the
entire length, and the uniform region that immediately follows the hillock was positioned
across the window of observation to get the most mitochondria movement per length. A
total of 600 frames were recorded per cell. Images were taken every 1 s at highest scan
speed (0.9 s) for 10 min. Three different cells were imaged from each coverslip; exactly the
same experimental conditions were maintained from experiment to experiment to allow a
direct comparison. Movies were analyzed using LSM 510 software that allowed animation
of 600 images into a “movie”. For analysis of axonal trafficking, each mitochondrion was
traced from the first frame of the movie to the last. We recorded time and distance that a
particular organelle traveled in axon, and calculated velocities in anterograde (from the cell
body) and retrograde (to the cell body) directions (Trushina et al., 2004). We also measured
the length of each organelle at the beginning of the imaging. At least 15 neurons from 3

to 5 independent cultures were analyzed for each experiment. 35-70 individual organelles
were taken into the analysis for each condition. Kymographs were generated using ImageJ
software.

2.8.1gG4.1 treatment

Cortical neurons 7 DIC were pretreated with 0, 1, 2 and 4 uM of 1gG4.1 antibody for 30
min followed by the addition of 0, 2 or 4 uM of Ap42 for additional 30 min. IgG4.1is a
monoclonal antibody directed against fibrillar human Ap42, which recognizes N-terminal
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residues 2-11 (Poduslo et al., 2007; Ramakrishnan et al., 2009; Ramakrishnan et al., 2008).
Axonal trafficking was examined using Mitotracker Orange CMTMRos and time-lapse
imaging as described above.

2.9. Transmission electron microscopy (TEM)

Peptides originally dissolved in NH4OH or fibrils prepared without NH,OH were diluted

in 0.01 M sodium phosphate buffer (pH 7.4) containing 0.01% (w/v) NaN3 to the final
peptide concentration of 100 uM. Carbon-coated Formvar 300 mesh copper grids (Electron
Microscopy Sciences, Hatfield, PA) were spotted with 3 pl of peptide sample and allowed
to stand for 1 min. The solution was wicked away with filter paper, and the peptide was
rinsed twice with 3 pl of nanopure water. The negative stain was performed using 3 pl of
0.1% uranyl acetate and allowed to sit briefly prior to a removal. Each grid was rinsed twice
with 3 ul of nanopure water and allowed to dry. The entire staining process took ~5 min.
Grids were air dried and imaged. Micrographs were acquired using JEOL 1400 transmission
EM microscope (JEOL Ltd., Tokyo, Japan) at magnifications of 15,000x, 60,000x, and
100,000x.

For conventional TEM in the brain tissue of APP/PS1 mice, animals were perfused with
4% paraformaldehyde, brains were removed and post-fixed in Trump’s solution overnight
(Trushina et al., 2012). Next day, hippocampal CA1 region was dissected from each brain
and subjected to EM staining. CA1 Hippocampal tissue was incubated in 1% osmium
tetroxide, dehydrated in a graded series of ethanol and embedded in Quetol 651 (Ted

Pella, Inc.). Thin sections (0.09-0.1 um) were cut parallel to the ventral surface using a
diamond knife (Diatome US) and an Ultracut E microtome (Reichert-Jung, Wien, Austria).
Sections were collected on copper grids, post-stained with lead citrate and viewed at ~80 kV
with a JEOL 1400 transmission electron microscope (JEOL USA). Ten randomly selected
plaque-containing micrographs per mouse were analyzed. The following mice were used
for the EM examination: three APP/PS1 female mice 6 months of age and three APP/ PS1
female mice 22 months of age.

2.10. Atomic force microscopy (AFM)

Soluble and fibrillar peptides prepared as described above were solubilized in 0.01 M
sodium phosphate buffer (pH 7.4) containing 0.01% (w/v) NaN3 to a concentration of 0.1-4
UM. Immediately, 10 ul of a sample was added to a freshly cleaved layer of mica (Ted

Pella, Inc., Redding, CA.) and allowed to air dry. AFM measurements were carried out on
dry peptide samples with silicon nitride NP-S20 tips (Veeco Metrology, Inc., Santa Barbara,
CA) using a MultiMode Scanning Probe Microscope (MM SPM) with a NanoScope IV
controller. A high resolution J-type scanner was used to scan the peptide surface. Images
were collected by raster scanning across a 10 pm? area at 1024 samples (pixels) per line at a
rate of 3.70 Hz. Images were processed with NanoScope Software (Veeco Metrology, Inc.).

2.11. Dynamic light scattering

Dynamic light scattering was performed with AP peptides prepared using NH4OH. Peptides
were diluted to the final concentration of 100 or 5 uM in double distilled water, and
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placed into the Zetasizer nano series instrument (Malvern) for observation. Scanning was
performed every 5 min for the total of 30 min.

2.12. Internalization assay

Fluorescein-conjugated F-AB40, F-AB40H13G, and F-ApP40A2T peptides (2 uM) were
prepared using NH4OH as described above. Cortical neurons plated on poly-L-ornithine-
coated glass cover slips were washed with HEPES-buffered MEM (10 mM HMEM) at room
temperature and then incubated with AP peptides for 10 min at 37 °C in the incubator

with 5% CO5 to induce endocytosis. Excess of fluorescent peptides at the cell surface

was removed by acid stripping (Trushina et al., 2006). After incubation, the medium was
replaced with ice-cold HMEM without glucose, and the culture dishes were transferred

to a 10 °C bath. Cells were observed using LSM 780 confocal microscope (Carl Zeiss

Inc., Germany) with a Plan-Apochromat 100x (1.4 n.a.) oil objective. 30 cells from each
experiment were taken into the analysis. Experiments were repeated three times. In some
experiments, TMRM was added to visualize mitochondria and their colocalization with Ap
peptides in live neurons.

2.13. Mitochondrial respiration

Primary embryonic cortical neurons (E17) from BI6 mice were seeded in the 24 well plates
(Seahorse Biosciences, North Billerica, MA) covered with poly-L-ornithine at 1x 10° cells
per well and cultured for 6-7 days in Neurobasal media (Zhang and Trushina, 2017).

Cells were treated with vehicle, 2 uM of soluble Ap40, Ap42, Ap40H13G, and Ap40A2T
prepared using NH4OH or 2 uM of AB40, AB42, and AB40H13G 7-day fibrils dissolved

in fresh bicarbonate-free DMEM containing 25 mM glucose, 0.5 mM glutamine and 0.2
mM pyruvate for 30 min at 37 °C and 5% CO,. Formation of fibrils prior to the addition

to cells was confirmed using TEM. Before subjecting cells to mitochondria stress test,

cells were washed once with fresh media. Oxygen Consumption Rate (OCR) was assessed
using a Seahorse XF24 Extracellular Flux Analyzer (Seahorse Biosciences, North Billerica,
MA). Baseline OCR was assessed with 3 measurement loops consisting of a 3 min mix
cycle, a 2 min delay cycle, and a 3 min measurement cycle. Respiratory chain inhibitors
were sequentially injected into the wells as described in (Lange et al., 2012; Zhang and
Trushina, 2017). Briefly, the ATP-coupled OCR was calculated as the fraction of the basal
OCR sensitive to 1 pg/ml of an ATP synthase inhibitor oligomycin. Maximal uncoupled
respiration rate was determined by depolarizing mitochondrial membrane potential with
0.75 UM carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP). Non-mitochondrial
respiration was determined as the activity remaining after inhibition of complexes I and

I11 with 0.75 pM rotenone and 0.75 UM antimycin A, respectively. At the end of the
experiments, cells were harvested, and protein content of each well was determined using
Bradford assay. Mitochondrial respiration values were normalized to protein content of
each well. Mitochondrial coupling efficiency was determined as a ratio between ATP
turnover and basal respiration. Maximum respiratory capacity, spare respiratory capacity and
respiratory state apparent (Stateypp) were determined as described in (Brand and Nicholls,
2011; Sansbury et al., 2011).
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2.14. Statistical analysis

3. Results

Unless specifically mentioned, data were analyzed using Student #test. £< 0.05 was
considered statistically significant.

3.1. Soluble AB42 peptides with higher propensity to aggregate affect mitochondrial
trafficking to a greater extent compared to AB40 peptides

AP peptides tend to form multiple species in the solution spanning from monomers to
oligomers to protofibrils (Tsigelny et al., 2014). To examine the effect on axonal trafficking
in neurons, Ap40 and Ap42 peptides were prepared using ammonium hydroxide that
reportedly should maintain peptides primarily in monomeric soluble form (Verpillot et al.,
2008). To ensure that both peptides added to neurons were in the soluble monomeric form,
we examined the composition of each peptide in the solution starting immediately after

the preparation and for the next 30 min using dynamic light scattering (Fig. 1a). We have
found differences in peptide behavior. Peak corresponding to the monomeric Ap40 was
present in the solution for the first 10 min after the preparation with peaks corresponding
to the high molecular weight soluble AB40 species appearing later (Fig. 1a, upper panel,
asterisk denotes monomeric AB40). In contrast, we did not detect the monomeric Ap42
peak at any time of observation. Immediately after the preparation, solution of Ap42
contained high molecular weight soluble oligomers (Fig. 1a, bottom panel). Similar results
indicating higher propensity of AB42 to form oligomers immediately after the dissolving
were obtained after the examination of peptides within 5 min after the preparation using
atomic force microscopy (AFM) (Fig. 1b). While AB40 peptides were detected primarily
in the monomeric form (Fig. 1b, top panel), Ap42 peptides formed a mixture of oligomers
(Fig. 1b, bottom panel). These observations were also confirmed using western blot analysis
(Fig. 1c, AB40 and AB42). Thus, in freshly prepared solutions, Ap42 peptides rapidly form
high molecular weight oligomers while AB40 peptides stay as monomers for at least 10 min
after the preparation.

We next examined the effect of Ap40 and AP42 peptides prepared using ammonium
hydroxide on axonal trafficking of mitochondria in live primary embryonic (E17) cortical
neurons from wild-type mice using time-lapse imaging assay developed in our laboratory
(Trushina et al., 2004; Trushina et al., 2012; Zhang et al., 2015). Mitochondria were
visualized using a non-toxic TMRM dye (Fig. 2 a—c), which, as we have shown previously
by comparing rates of axonal trafficking in neurons using Nomarski optics, has no effect
on mitochondrial motility (Trushina et al., 2004). Mitochondrial movement to (retrograde)
and from (anterograde) the cell body was examined in cells treated with different
concentrations of Ap peptides, and compared to untreated cells (Fig. 2d). Concentrations
of AP peptides (1-4 uM) were selected based on the lack of cell death within 24 h after
treatment determined with trypan blue staining (data not shown). We have found that

both AB40 and AB42 peptides significantly inhibit mitochondrial trafficking in anterograde
and retrograde directions (Fig. 2d). Data obtained in a large cohort of neurons (20-30
cells per experiment, at least three biological replicates) demonstrate that Ap42 induced
stronger trafficking inhibition in both directions compared to Ap40. Incubation with 4 uM
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of AB40 resulted in ~15% reduction of mitochondrial rates in anterograde and ~32% in
retrograde direction while treatment with the same concentration of AB42 lead to ~42% of
trafficking inhibition in both directions (Fig. 2d). It is interesting to note that trafficking
inhibition in neurons treated with AB40 vs. Ap42 was not consistently dose-dependent
(Fig. 2d). While anterograde trafficking of mitochondria was inhibited in a dose-dependent
manner in anterograde direction by Ap42 peptide and in retrograde direction by Ap 40
peptide, treatment with 4 uM of AB40 actually increased rates of mitochondria motility in
anterograde direction. One of the explanation could include the compensatory effect since
under these conditions over 80% of mitochondria are already stationary while remaining
20% of organelles have to respond to metabolic demand of the cell (Fig. 2d,e). It is well
known that mitochondria display a variety of movement patterns in neurons such as smooth,
non-stop motion without a change in the direction; a stop-and-go motion with multiple
changes in the direction; a saltatory movement without a net direction, and a large number of
mitochondria often remain stationary (Chada and Hollenbeck, 2003; Hollenbeck and Saxton,
2005; Overly et al., 1996; Trushina et al., 2004). In our experiments, ~50% of mitochondria
were stationary in control neurons (did not move over 10 min of observation, Fig. 2e).

In contrast, in neurons treated with Ap peptides, the number of stationary mitochondria
significantly increased. However, despite a stronger effect of Ap42 peptides on the rate of
mitochondrial trafficking (Fig. 2d), an increase in stationary mitochondria did not differ
significantly between Ap40 and ApP42 neurons treated with 2 uM of peptides. These
changes became significant only at a high concentration where the number of stationary
mitochondria reached almost 100% in Ap42-treated neurons (Fig. 2e). These data may
indicate that trafficking inhibition does not immediately result in organelle immobilization.
However, at high concentrations of Ap peptides, trafficking inhibition coincides with
organelle immobilization (Fig. 2d,e). Mitochondrial motility in untreated cells (Fig. 2f)

and in neurons treated with Ap peptides (Fig. 2g,h) is illustrated in kymographs generated
by combining 600 frames collected over a 10 min time period. An increase in stationary
mitochondria and a decrease in moving organelles after Ap treatment are demonstrated

by a significant reduction in diagonal lines representing mitochondrial movement and an
increase in parallel lines representing stationary organelles (Fig. 2f-h). These data suggest
that both monomeric and oligomeric soluble Ap species affect axonal trafficking. However,
higher propensity of Ap42 to aggregate may account for a stronger inhibitory effect on
mitochondrial motility and immobilization (Fig. 2).

3.2. AB peptides with higher propensity to aggregate and A fibrils induce stronger axonal
trafficking inhibition compared to soluble AB peptides

To examine to what extent aggregated AP peptides affect axonal trafficking compared

to soluble oligomers, we utilized the recently identified Ap variant lacking glutamate 22
(AB39E22A) found in Japanese families with Alzheimer’s-type dementia (Tomiyama et al.,
2008). This peptide shows enhanced aggregation and rapidly converts to fibrils in solution
(Cloe et al., 2011; Poduslo et al., 2012). We first prepared AB39E22A using ammonium
hydroxide (Fig. 1c, AB39E22A). In fresh solution, AB39E22A rapidly formed oligomers
similar to AB42 peptide. We next prepared AB39E22A and AB40 7-day fibrils to examine
the effect of the same peptides on axonal trafficking in relationship to their aggregated
state (Fig. 3). Formation of AB39E22A and AR4O fibrils was confirmed with AFM (data
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not shown) and TEM (Fig. 3a). Western blot analysis of fibrils in solution confirmed

the presence of high molecular weight oligomers and aggregates. We found that soluble
AB39E22A (Fig. 3b, light green bars) inhibited axonal trafficking to the greater extent than
soluble Ap40 peptide (Fig. 3b, light orange bars). However, both fibrillar AB39E22A (Fig.
3b, dark green bars) and fibrillar Ap40 (Fig. 3b, dark orange bars) induced similar effect on
axonal trafficking inhibition, which was stronger compared to soluble AB39E22A or Ap40
peptides. Moreover, fibrillar Ap40 peptides affected mitochondrial motility to a significantly
greater extent compared to soluble AB40 peptides (Fig. 3b). For all peptides tested,
inhibitory effects were comparable in both anterograde and retrograde directions. Thus,

AP peptides with high tendency to aggregate inhibit axonal trafficking of mitochondria to
a greater extent with fibrils inducing the most significant inhibition compared to soluble
oligomers or monomers.

This conclusion was unexpected. Many recent studies provide a compelling support for
the notion that soluble oligomeric A peptides represent the most toxic species affecting
multiple cellular mechanisms involved in AD including axonal trafficking (Verma et al.,
2015). Moreover, formation of fibrils has been proposed to be protective by acting as a
reservoir for toxic oligomers (Verma et al., 2015). Therefore, to determine the effect of
amyloid aggregates and fibrils on neurons and mitochondria in vivo, we applied TEM to
examine the brain tissue in a mouse model of familial AD at two time points corresponding
to early and late stages of disease development. This mouse model carries multiple
mutations in two human transgenes, APP and PS1, found in familial AD. The mouse
model was created by crossbreeding of APPswe (K670N, M671L) (Hsiao et al., 1996)
and PS1 (M146L) (Duff et al., 1996) mice to produce the APP/PS1 mice (Holcomb et

al., 1998). These mice express high level of Ap peptides from birth, and start to develop
amyloid plaques around 6 months of age (Holcomb et al., 1998). We examined the CAl
hippocampal brain region of APP/PS1 female mice at 6 and 22 months of age (Fig. 4).
We specifically studied areas of the brain in a close proximity to the amyloid plaques at
the low (Fig. 4a, b) and high magnification that allowed visualizing individual Ap fibrils
(Fig. 4c, d, F). Our observations revealed that all amyloid plaques observed in the brain
tissue of young and old APP/PS1 mice were surrounded by dystrophic neurites (Fig. 4a,
b, arrows). Some of these neurites contained mitochondria that could be easily identified
(Fig. 4a, b, asterisks). Further examination revealed that in some neurites mitochondria
have abnormal cristae organization and morphology indicating mitochondrial dysfunction.
However, in other cases, we were able to detect a presence of amyloid fibrils in a close
proximity to the plasma membrane of neurites where mitochondria appeared to be normal
(Fig. 4c, d, M). These observations support the hypothesis that there is a direct contact
between A fibrils and neuronal membranes in vivo that could affect mitochondrial transport
and function. Moreover, these interactions could disturb mitochondrial motility early in
disease progression and at the later stages of the disease impeding functions of remaining
neurons.
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3.3. Reduced binding of AB peptides to the neuronal plasma membrane rescues trafficking
phenotype

We found that axonal trafficking of mitochondria was significantly inhibited within 30 min
after the addition of AP peptides (Figs. 2d and 3b). Previous observations demonstrated that
the molecular mechanisms involved in trafficking inhibition caused by acute exposure to AR
peptides could involve signaling cascade initiated at the plasma membrane (Mairet-Coello
et al., 2013; Rui et al., 2006; Rui and Zheng, 2016). It has also been shown that the
accumulation of intracellular AB peptides resulting from their endocytosis in neurons occurs
early in AD progression prior to the formation of amyloid plaques (Wirths et al., 2004).
Within the cell, A could directly bind mitochondria affecting their motility and function
(Caspersen et al., 2005; Cha et al., 2012; Hansson Petersen et al., 2008b). We therefore
examined to what extent reduced plasma membrane binding and internalization of the
extracellular AP peptides could rescue trafficking phenotype. Previously, we demonstrated
that substitution of the histidine residues of Ap40, AB40H13G, resulted in a dramatic
reduction of its binding to neurons (Poduslo et al., 2010; Poduslo et al., 2012). Indeed,
treatment of control neurons with soluble AB40H13G prepared using ammonium hydroxide
(Fig. 1c) had no significant effect on mitochondrial motility in both anterograde and
retrograde directions at any concentrations tested (1-4 M, Fig. 5a) compared to soluble
AP40 peptide, which significantly inhibited mitochondrial trafficking at concentrations
above 1 uM (Fig. 2d). Examination of AB40H13G structure in freshly prepared solution
using TEM (data not shown) and AFM (Fig. 5b) revealed presence of species in size and
appearance similar to the observed in the solution of Ap40 peptide (Fig. 1a—c). Thus, the
lack of the inhibitory effect of AB40H13G peptide on axonal trafficking of mitochondria
cannot be attributed to the formation of different species but to the significantly reduced
plasma membrane binding.

To confirm this finding, we next tested whether the capture of soluble amyloid peptides
with a specific monoclonal antibody 1gG4.1 known to prevent neuronal binding and
internalization of Ap42 (Poduslo et al., 2007; Ramakrishnan et al., 2009) could also

rescue mitochondria trafficking phenotype. Indeed, a pre-treatment with 1gG4.1 antibody
completely protected neurons from Ap42 - induced trafficking inhibition in both anterograde
and retrograde directions (Fig. 5¢). Moreover, neither treatment with AB40H13G nor with
AP42 after the pre-treatment with 1gG4.1 antibody resulted in an increase in the amount
of stationary mitochondria, which is in a contrast to a significant increase observed in the
experiments with Ap42 alone (Figs. 2e and 5d). These results suggest that binding of the
AP peptides to the plasma membrane is sufficient to induce axonal trafficking inhibition of
mitochondria in neurons.

3.4. AB peptide with Icelandic mutation differentially affects axonal trafficking and has
reduced rate of internalization in neurons

We next examined the effect of Ap peptide with A673T substitution (AB40A2T) found in
the Icelandic population and claimed to be neuroprotective (Jonsson et al., 2012) on axonal
trafficking of mitochondria. Cortical neurons were treated with different concentrations of
AB40A2T prepared using ammonium hydroxide, and axonal trafficking of mitochondria
was examined using the same assay as was described for soluble Ap40 peptide (Figs. 2,
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3, 5). We found that in contrast to Ap40, an acute treatment with AB40A2T inhibited

rates of mitochondrial motility specifically in retrograde direction (Fig. 6a). Inhibition was
dose-dependent, and reached ~25% in cells treated with 4 uM of AB40A2T (Fig. 6a) while
treatment with the same concentration of AB40 inhibited mitochondrial motility by ~50%
(Fig. 2d). We extended the analysis to measure distances individual mitochondria traveled
between stops in anterograde and retrograde directions, an additional indicator of the
integrity of axonal trafficking machinery (Trushina et al., 2004). Treatment with AB40A2T
peptide differentially affected rates and distances mitochondria traveled in neurons (Fig. 6b).
In retrograde direction, treatment with AB40A2T resulted in inhibited rates and significantly
shortened distances covered by the organelles between stops (Fig. 6b, Retrograde). In
contrast, distances coved by mitochondria in anterograde directions significantly increased,
most likely representing a compensatory mechanism (Fig. 6b, Anterograde). Similar to
ABA40 peptide, treatment with AB40A2T also produced a dose-dependent increase in the
amount of stationary organelles (Fig. 6¢). Thus, a protective effect pof 40A2T peptide can’t
be attributed to the lack of the inhibition of mitochondria motility.

To determine whether A673T substitution in AP peptide could affect plasma membrane
binding and internalization in neurons, we next examined rates of endocytosis of
fluorescently labeled F-AB40A2T in live neurons and compared it to F-AB40 using our
well-established protocol (Trushina et al., 2006). Intracellular levels of F-AB40 observed
using confocal microscopy 10 min after the addition to neurons were very robust with cells
uniformly labeled with green puncta (Fig. 6e, f). F-Ap40 was also found to colocalize
with mitochondria visualized using TMRM (Fig. 6e, top panel). In contrast, internalization
of F-AB40A2T was significantly reduced compared to F-AB40 (Fig. 6e, ). Quantification
revealed that the rate of F-AB40 internalization was at least 2 fold greater compared to
F-AB40A2T (Fig. 6d). Similar to F-AB40AZ2T, and as would be expected based on its

low plasma membrane binding, we also did not observe any significant internalization of
F-Ap40H13G in neurons (data not shown). These results suggest that significantly lesser
effect of AB40A2T on axonal trafficking of mitochondria could be associated with reduced
plasma membrane binding and endocytosis.

3.5. Acute inhibition of axonal trafficking with Ap peptides does not affect mitochondrial
function

Inhibition of axonal trafficking of mitochondria was observed in multiple cellular and animal
models of numerous neurodegenerative diseases including AD, Huntington’s (HD) and
Parkinson’s Diseases (PD) (Beal, 2005; Itoh et al., 2013; Trushina et al., 2004). However,
the spatial relationship between inhibition of mitochondrial motility and a loss of function
has not been established. It is unclear whether a loss of motility immediately evokes the

loss of mitochondrial function or these events are not directly connected. If the latter is true,
therapeutic strategies aiming to restore axonal trafficking could be beneficial at early stages
of the disease, while at the later stages, combination therapy that targets both the restoration
of axonal transport and mitochondrial function should be considered.

To establish whether acute inhibition of axonal dynamics with Ap peptides induces a
loss of mitochondrial function, we compared bioenergetic profiles in live neurons treated
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with 2 uM of soluble or fibrillar AB40, AB42 and AB40H13G using a Seahorse XF24
Extracellular Flux Analyzer and mitochondria stress test (Zhang and Trushina, 2017)

(Figs. 7 and 8). Soluble peptides were prepared using ammonium hydroxide and fibrils
were generated over 7 days as described in the Methods. Cell respiration was examined

in a basal state and after the addition of oligomycin (to block ATP synthesis), FCCP

(to uncouple ATP synthesis from the electron transport chain, ETC), and rotenone and
antimycin A (to block complex | and 111 of the ETC, respectively) (Gerencser et al.,

2009; Nicholls et al., 2010). One of the advantages of using a Seahorse XF24 instrument

is the ability to measure metabolic parameters in intact neurons by monitoring oxygen
consumption rate, an indicator of the oxidative phosphorylation (OXPHOS), in the context
of cellular environment without the need to isolate mitochondria (Figs. 7a, 8a). These major
parameters of mitochondrial respiration include basal oxygen consumption rate (OCR),
spare respiratory capacity (SRC), ATP coupled and uncoupled respiration together with a
non-mitochondrial respiration, proton leak, coupling efficiency, and maximal respiratory
capacity. Measuring these bioenergetic outcomes could inform on the ability of cells to
produce energy under stress conditions and the efficiency of the ETC (Figs. 7 and 8) (Zhang
and Trushina, 2017).

We found that OCR profiles in neurons treated with either soluble or fibrillar AB40, Ap42,
and Ap40H13G did not differ from profiles of neurons treated with vehicle responding in
an anticipated manner to the addition of all of the mitochondrial stress test reagents (Figs.

7 and 8). Thus, the loss of OCR after the addition of oligomycin; an increase after the
addition of the uncoupler FCCCP; and the decrease after the addition of rotenone/antimycin
A was similar in treated and untreated cells, and did not differ based on the state of peptide
aggregation. Since treatment with 2 uM of AB40 or AB42 induced a robust inhibition of
mitochondrial transport in neurons (Fig. 2), the bioenergetic data suggest that mitochondrial
function under these conditions was un-affected. Similar, cellular energetics was unaffected
in neurons treated with Ap40H13G that does not affect axonal transport (Figs. 7 and

8) or AB40AZ2T that affects mitochondrial motility to a lesser extent compared to Ap40
(data not shown). Furthermore, the addition of oligomycin, FCCP or rotenone/antimycin

A failed to reveal any differences in the rates of SRC, an indicator of the mitochondrial
capacity to produce energy under conditions of increased workload or stress, which is
essential for a long-term neuronal survival and function (Choi et al., 2009; Nicholls et al.,
2010). Similarly, there were no changes in the ATP turnover, maximal respiratory capacity
(MRC), non-mitochondrial respiration or proton leak in treated vs. untreated cells (Figs.

7 and 8). No changes were observed in coupling efficiency or state apparent. These data
indicate that trafficking inhibition induced by acute exposure to Ap peptides does not
coincide with the loss of mitochondrial function. Our data suggest that there is a window

of therapeutic opportunity where restoration of axonal trafficking could be beneficial to
promote the dynamics of otherwise functional organelles (Figs. 7 and 8). Furthermore, it was
reported that prolonged exposure to Ap peptides affects mitochondrial length by altering
fission/fusion machinery (Rui and Zheng, 2016). We did not detect significant changes in
mitochondrial length (elongation or fragmentation) 30 min after the addition of various A
peptides to neurons regardless of the peptide origin or state of aggregation (data not shown).
Since mitochondrial fragmentation is associated with mitochondrial dysfunction, this data
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support our findings that an acute exposure of neurons to extracellular AR peptides primarily
affects axonal trafficking and does not cause changes in mitochondrial function.

4. Discussion

We examined the effect of multiple exogenous AP peptides in different state of aggregation,
soluble vs. fibrillar, on mitochondrial axonal trafficking in primary cortical neurons using an
acute treatment (30 min after the peptide addition). Our data suggest that the strongest
inhibition of axonal trafficking was observed with AR fibrils and peptides with high
propensity to aggregate. Another important observation is that binding to the plasma
membrane of the external A peptides plays the essential role in trafficking inhibition.
Finally, our data demonstrate that acute treatment with Ap peptides does not alter
mitochondrial energetics and the ability to generate energy suggesting a spatial separation
between trafficking inhibition and the loss of mitochondrial function.

Inhibition of axonal trafficking of multiple vesicles and organelles, mitochondria in
particular is not limited to AD and has been observed early in the progression of

multiple neurodegenerative disorders (El-Kadi et al., 2007; Goldstein, 2012; Millecamps
and Julien, 2013; Morfini et al., 2009; Palau et al., 2009; Trushina et al., 2004; Trushina

et al., 2012). Consequences of axonal trafficking inhibition are linked to altered synaptic
transmission, inadequate neurotrophic factor support, altered mitochondrial fission and
fusion that eventually leads to the loss of energy production and neuronal death (Calkins

et al., 2011; Calkins and Reddy, 2011; Itoh et al., 2013; Reddy et al., 2010; Schwarz, 2013;
Yao and Brinton, 2011; Ye et al., 2012). Despite significant research efforts, the underlying
molecular mechanism(s) of axonal trafficking inhibition remains unclear. Similar, it remains
uncertain whether restoration of axonal trafficking represents a practical therapeutic target
for neurodegenerative diseases.

Accumulation of AB peptides in the brain tissue is a hallmark of AD. These peptides

are produced in brain cells via the enzymatic processing of APP resulting in the pool

of intracellular and extracellular A peptides. Depending on the sequence, some peptides
rapidly aggregate to form extensive extracellular amyloid plaques. The other, which are
primarily soluble, could be cleared from the brain via the interstitial fluid into the
cerebrospinal fluid or via a direct trafficking out of the brain past the blood-brain barrier
into peripheral circulation (Karran et al., 2011). Thus, a neuron could be exposed to
multiple forms of AR peptides ranging from monomers and oligomers to protofibrils

and fibrils (Tsigelny et al., 2014). Interestingly, various Ap species distinctively affect
cellular functions. Thus, synaptic loss was directly associated with soluble AB42 oligomers
produced /n vitro or extracted biochemically from the brains of patients with AD (Jin
etal., 2011; Lacor et al., 2004; Shankar et al., 2008). Furthermore, Ap42 oligomers

were shown to induce early synaptotoxic effects and progressive dendritic spine loss by
promoting Tau translocation to the dendrites via activation of the CAMKK2-AMPK kinase
pathway (Ittner et al., 2010; Miller et al., 2014). The specific effect of amyloid fibrils was
associated with the abnormal reorganization of the plasma membrane and aggregation of
lipid rafts, which affected GM1 clustering and mobility (Bucciantini et al., 2012; Okada et
al., 2008). Remarkably, this effect was not associated with fibril internalization in neurons
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but with the initiation of the signaling cascade that involved caspase-8 activation after Fas
receptor translocation on fibril binding to the plasma membrane (Bucciantini et al., 2012).
In line with these differential mechanisms of soluble vs. insoluble AP species, the effect
of AP peptides on mitochondrial dynamics and function was also reported to depend on
the peptide structure (Calkins and Reddy, 2011; Decker et al., 2010; Meyer-Luehmann

et al., 2008; Pigino et al., 2009; Poon et al., 2011; Poon et al., 2013; Ramser et al.,

2013; Rui et al., 2010; Rui et al., 2006; Rui and Zheng, 2016; Trushina et al., 2012;

Wang et al., 2010). The strength of our study is in comparing side by side the effect

of multiple AB peptides on mitochondrial motility in live neurons using a standardized
assay; in a comprehensive characterization of the peptide structure in dynamic relationship
to the effect on axonal trafficking and function using variety of biochemical techniques;
and in the utilization of multiple peptides including Ap40, Ap42, AB39E22A, AR40H13G,
AB4A0A2T in soluble and fibrillar forms. Our data suggest that all soluble peptides excluding
AB40H13G caused inhibition of axonal trafficking of mitochondria. However, the impact
on mitochondrial motility directly correlated with the propensity of these peptides to
aggregate. The comparison of structural data obtained with dynamic light scattering,
AFM, and TEM demonstrated significantly higher tendency of Ap42 and AB39E22A to
form high molecular weight species immediately after the preparation compared to AB40,
which formed a mixture of monomers and oligomers. Similar results were obtained for all
fibrillar AR peptides tested in our study. Irrelevant of the peptide origin, fibrillar peptides
impacted axonal trafficking to the significantly greater extent than their soluble forms. This
observation is supported by recent reports demonstrating that A fibrils and not oligomers
foist a specific effect on cellular plasma membrane affecting the composition of lipid rafts.
Interestingly, this interaction with the plasma membrane occurred without penetrating the
cells or permeabilizing them to Ca2* entry (Bucciantini et al., 2012; Okada et al., 2008).

Mitochondria are sensitive to the calcium levels in the cell, and their transportation to and
localization at the sites of calcium entry is essential for proper calcium buffering (Wang

and Schwarz, 2009). Mitochondrial transport machinery includes bidirectional trafficking

in anterograde and retrograde directions. The pattern of mitochondrial motility is rather
chaotic: they could move in each direction in a steady, smooth fashion; display a stop-and-go
motion with frequent changes in directions; and at any given time, the majority of organelles
is stationary displaying a very subtle, salutatory movement without a net direction (Trushina
et al., 2004; Trushina et al., 2012). Molecular complexes that include kinesin superfamily
proteins or dynein protein facilitate transport of mitochondria in anterograde and retrograde
directions, respectively. All of these motor proteins hydrolase ATP to complete the task
(Martin et al., 1999). Regulation of mitochondrial transport is complex, appears to be
specific for a particular neuronal compartment (dendrites vs. axons), and is not well
understood. Emerging findings demonstrate that mitochondrial distribution in neurons is
correlated with synaptic activity where organelle’s matility is directed by ATP, ADP and
calcium levels (MacAskill and Kittler, 2010). In addition, mitochondrial trafficking and
docking could be regulated by the nerve growth factor (NGF), phosphoinositide 3-kinase
(P13K) and AKT—glycogen synthase kinase 3p (GSK3p) signaling (Chada and Hollenbeck,
2003; Chada and Hollenbeck, 2004; Chen et al., 2007). Furthermore, since mitochondria
primarily move along microtubules, it is not surprising that microtubule-associated proteins
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were also found to be involved in the regulation of mitochondrial trafficking. Thus,
trafficking of mitochondria was particular sensitive to the levels of Tau protein where

its overexpression specifically inhibited mitochondria movement in anterograde direction
(Dubey et al., 2008; Stamer et al., 2002; Stoothoff et al., 2009). In our experiments, where
the effect of acute treatment with exogenous A peptides on mitochondrial motility was
tested within 30 min after the peptide addition, we did not detect any changes in the levels
of pTau, PI3K or GSK3p (data not shown). However, there is a strong evidence that the
molecular mechanisms of trafficking inhibition depend on the state of A aggregation. We
and others have observed that inhibition of mitochondrial motility occurs within minutes
after the addition of exogenous AP peptides suggesting the initiating of a signaling cascade
at the plasma membrane (Rui et al., 2006). However, experiments in isolated squid axoplasm
where a perfusion with Ap peptides caused a bidirectional inhibition of axonal transport
suggest the existence of an additional plasma membrane—independent mechanism (Pigino

et al., 2009). Thus, it is feasible that exogenous and endogenous AR peptides facilitate
mitochondrial trafficking inhibition via different mechanisms. In support, our examination of
the effect of Ap40H13G peptide with reduced plasma membrane binding on mitochondrial
motility in neurons revealed a total lack of trafficking inhibition regardless of the peptide
concentration. Moreover, capture of Ap42 peptides with specific antibody 1gG4.1 (Poduslo
et al., 2007; Ramakrishnan et al., 2009) also blocked the effect on axonal trafficking
suggesting that binding to the plasma membrane is essential to cause trafficking deficit

in neurons. We have previously demonstrated that early stage and late stage fibrils of
AB39E22A have enhanced neuronal binding with subsequent accumulation in lysosomes
(Poduslo et al., 2012). The present study confirms that the enhanced aggregation capacity
and plasma membrane binding of fibrillar AB39E22A must exert a stronger inhibitory effect
on mitochondrial trafficking compared to AB40 peptides. Taking together, these data imply
that Ap may impact trafficking machinery in multiple ways. The extracellular AB could
initiate a signaling cascade by binding to the plasma membrane, while after internalization
it may also exacerbate trafficking inhibition by directly impacting motor proteins and/or
mitochondria in the cytoplasm (Hansson Petersen et al., 2008a; Pigino et al., 2009; Pigino et
al., 2003). The stronger inhibitory effect of Ap fibrils is consistent with the hypothesis that
inhibition of axonal transport requires activation of a signaling cascade through particular
receptors at the plasma membrane. Indeed, activation of pathways that involve GSK3p,

JNK and Cdk5 kinases were proposed to play a role in axonal trafficking inhibition in AD
(Morfini et al., 2002; Muresan and Muresan, 2012; Pigino et al., 2003; Rui et al., 2010;

Rui et al., 2006). In this case, fibrils could cause an amplified response by affecting larger
number of plasma membrane receptors compared to AR monomers or oligomers. Moreover,
we have previously demonstrated that different Ap peptides are internalized in neurons via
different endocytic mechanisms. Interaction of Ap peptides with distinctive areas of the
plasma membrane such as lipid rafts that are involved in facilitating the specific signaling
cascades could also account for different and peptide-specific mechanisms of axonal
trafficking inhibition. Furthermore, A binding to cellular prion protein (PrPC) (Walsh et al.,
2014) or Bl-integrin acivates cofilin (Woo et al., 2015) leading to a formation of bundles of
filaments (rods) containing cofilin:actin (1:1), which disrupts dendritic microtubule integrity
and blocks intracellular trafficking of mitochondria and early endosomes (Cichon et al.,
2012; Davis et al., 2011). Finally, our data demonstrate that Icelandic Ap peptide with
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protective A673T mutation affects axonal trafficking of mitochondria and increases the
number of stationary organelles similar to other AR peptides. This variant is associated with
minimal amyloid deposition and significantly reduced amyloid production (Benilova et al.,
2014; Maloney et al., 2014; Zheng et al., 2015). Therefore, these properties together with
its significantly reduced binding to neuronal plasma membrane could account for the lack
of pronounced pathological effect on mitochondrial trafficking since this peptide could be
cleared from the brain prior to imparting mitochondrial dysfunction.

Accumulation of extracellular secreted pathogenic Ap in neurons was reported early in AD
progression prior to the onset of AD phenotype (Echeverria and Cuello, 2002; Gouras et al.,
2005; Kandimalla et al., 2009). Our data is consistent with the mechanism where soluble
AP monomers and oligomers formed early in AD inhibit mitochondrial trafficking by
binding to the plasma membrane and internalizing via energy dependent and/or independent
mechanisms (Jungbauer et al., 2009; Kandimalla et al., 2009). Later in the disease,
formation of extracellular plaques and Ap fibrils could additionally exacerbate trafficking
phenotype in neurons, especially affecting neuropils in close proximity to plaques. Indeed,
we directly observed the interaction of A fibrils with mitochondria - containing neuropils
in the brain tissue of the APP/PS1 mice using TEM. Taken together, our data suggest

that early in AD development, axonal transport could be primarily affected by soluble AB
monomers and oligomers while during the disease progression the formation of extracellular
aggregates and fibrils could exacerbate trafficking phenotype. This is in agreement with

the data demonstrating that axonal trafficking is already affected in embryonic neurons

in mouse models of AD where, at that stage of the disease progression, formation of
aggregated AP is not observed (Trushina et al., 2012). Later in the disease, aggregated AB
peptides could exacerbate axonal transport deficiency in neurons located in proximity to the
amyloid plaques contributing to the accelerated neuronal loss. Since we have found that A
monomers along with oligomers significantly impact axonal trafficking, strategies designed
to block Ap oligomerization or fibrillization alone without ensuring the efficient clearance
of AB monomers may not be sufficient to alleviate trafficking phenotype. However, our data
demonstrate that trafficking inhibition does not cause the loss of mitochondrial function
providing a compelling evidence for spatial separation of these two events in disease
progression and validating restoration of axonal trafficking as a therapeutic strategy for

AD. However, the scope of our study was on the evaluation of the ability of mitochondria
to produce energy and maintain bioenergetic parameters that could be measured using

a Seahorse Extracellular Flux Analyzer. It remains to be determined to what extent and

at what time the exposure to various peptides affects mitochondrial ROS production or
calcium buffering in respect to changes in axonal trafficking. Our data are consistent with
recently reported observations that anterograde and retrograde transport of brain-derived
neurotrophic factor (BDNF) - containing vesicles but not the activity-dependent release of
BDNF from these vesicles was affected after the acute treatment with AB42 peptides in
neurons (Seifert et al., 2016). Indeed, we have shown that partial inhibition of mitochondrial
complex I with small molecules induces a positive metabolic adaptation resulting in a
reduction of pTau and Ap levels, and the activity of GSK3p in multiple mouse models

of AD (Zhang et al., 2015). When breeding APP and PS1 mice were treated with this
compound, axonal trafficking of mitochondria was completely restored in primary neurons
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from progeny while in untreated mice it was severely affected (Trushina et al., 2012; Zhang
et al., 2015). Moreover, AD mice born from the drug-treated parents had significantly
delayed onset of cognitive and behavior phenotype (Zhang et al., 2015). Analysis of the
brain tissue from these mice revealed increased levels of BDNF and synaptic proteins, and
enhanced cellular energetics associated with cognitive protection. Similar, restoration of
axonal trafficking using antioxidants, by increasing the acetylation of anti-oxidant protein
peroxdiredoxinl by HDACSG inhibition or by treatment with geniposide, a pharmacologically
active component purified from gardenia fruit, resulted in reduced levels of ROS and Ca?",
and synaptic protection in multiple cellular and mouse models of AD (Choi et al., 2017;
Guo et al., 2013; Lv et al., 2015; Reddy et al., 2012; Yu et al., 2016; Zhang et al.,

2016a). Since mitochondrial trafficking inhibition in neurons is not specific to AD (De

Vos and Hafezparast, 2017; Morfini et al., 2009; Trushina et al., 2004), the development

of therapeutic strategies to restore axonal trafficking could be beneficial for multiple
neurodegenerative diseases.

5. Conclusions

AP peptides including Icelandic peptide inhibit axonal trafficking of mitochondria regardless
of their aggregated state and solubility. Peptides with high propensity to aggregate and
fibrils affect axonal trafficking to the greater extent. Binding to the plasma membrane is
sufficient to cause trafficking inhibition. There is a spatial separation between Ap-induced
inhibition of axonal transport and the loss of mitochondrial bioenergetics. Therapeutic
approaches focused on the restoration of axonal trafficking may be specifically efficient

at the early stages of multiple neurodegenerative diseases where mitochondrial function is
mainly preserved.
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Fig. 1.

Characterization of soluble AB40 and AB42 species in the solution. (a) Dynamic light
scattering analysis of particle size distribution in the solutions of AB40 and AB42 peptides
prepared using NH4OH. Changes in the composition of peptides was observed immediately
after the preparation and for the next 30 min; data was collected every 5 min. *, A
monomers. (b) AFM examination of Ap40 and Ap42 peptides (0.1 pM) prepared using
NH4OH and diluted to the final concentration in sodium phosphate buffer. Samples

were

examined immediately after preparation. Deflection images were collected by raster

scanning across a 10 um? area at 1024 samples (pixels) per line at a rate of 3.70 Hz. Scale
bar, 1 um. (c) Western blot analysis of Ap peptides prepared in NH4OH using specific
monoclonal antibody 6E10 against Ap 1-17.
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Fig. 2.
Soluble AB42 peptides inhibit axonal trafficking of mitochondria to the greater extent than

AB40 peptides. (a) Primary cortical neuron (E17) 7 days in culture treated with TMRM

and imaged using confocal microscopy. Axon could be identified as the longest process
where mitochondria (red) are moving in anterograde (A) or retrograde (R) direction. (b)
Individual mitochondria visualized in the same primary neuron as in (a) using TMRM in
axon (asterisk), dendrites (#), and soma (arrow). Scale bar, 5 um. (c) Time-laps visualization
of a mitochondrion (in circle) moving in anterograde direction along the axon in live
primary neuron. Scale bar, 1 pm. (d) Rates of mitochondrial trafficking in anterograde and
retrograde directions is inhibited in live embryonic (E17) primary cortical neurons treated
with different concentrations of AB40 (grey bars) and AB42 (white bars) compared to
untreated neurons (black bars). *, p< 0.01; **, p< 0.001. Analysis was done in three
independent cultures; 30 to 57 individual organelles from 15 to 20 neurons were examined.
Total fraction of moving mitochondria was ~50% in control neurons; and 10-20% in
neurons treated with AB40 and Ap42 peptides. (€) Treatment with 2 uM of Ap40 and

AP42 peptides resulted in similar increase in stationary mitochondria compared to untreated
control neurons. At 4 pM, an increase in stationary mitochondria was particularly evident

in neurons treated with Ap42 peptide. *, p< 0.01; **, p< 0.001. (f, g, h) AB40 and Ap42
treatment significantly inhibits axonal trafficking of mitochondria in neurons. Kymographs
generated from the time-lapse movies represent an overview of mitochondrial dynamics over
10 min of observation in (f) vehicle - treated, (g) AB40 — treated, and (h) AB42 — treated
neurons. Horizontal lines indicate stationary mitochondria while diagonal lines represent
mitochondria moving in anterograde (A) or retrograde (R) directions.
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Fig. 3.

A[g Fibrils affect mitochondrial trafficking to a greater extent than soluble AR peptides. (a)
TEM of Ap40 and AB39E22A fibrils 7 days after preparation. Concentration of all peptides
is 100 uM. Scale bar, 200 nm. (b) Rates of mitochondrial trafficking in live embryonic
(E17) cortical neurons treated with AB40 and AB39E22A peptides prepared using NH,OH
or AB40 and AB39E22A fibrils (fib). Concentrations of peptides are in uM. *, p< 0.01
(#test compared to untreated neurons). At least 15 neurons from 3 independent cultures
were analyzed for each experiment. 35-70 individual organelles were taken into the analysis
for each condition.
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Fig. 4.
AP Fibrils have a direct contact with neurites containing mitochondria in the hippocampal

brain tissue of young and old APP/PS1 mice. (a, b) Low magnification EM micrograph
showing an amyloid plaque (P) surrounded by dystrophic neurites (arrows) in the
hippocampal CAL1 region of a 6-months-old (a) and 22-months old (b) APP/PS1 mice.
Dystrophic neurites are filled with vesicles that contain electron-dense material. Asterisks
denote neuritis with mitochondria. (a) Scale bar, 1 um. (b) Scale bar, 2 um. (c, d) High
magnification EM micrographs of amyloid fibrils (F) located in close proximity to neurites
containing mitochondria (M) in the brain tissue of young (c) and old (d) APP/PS1 mice.
Individual fibrils (F) could be clearly seen. Scale bars: (c) 50 nm; (d) 200 nm.
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Fig. 5.

Regduced plasma membrane binding of AP peptides or capture with AB-specific antibody
rescues trafficking phenotype. (a) AB40H13G peptide with reduced binding to the plasma
membrane does not affect axonal trafficking of mitochondria in embryonic (E17) cortical
neurons. Black bars — untreated neurons; red bars — neurons treated with different doses

of AB40H13G. (b) AFM of AR40H13G peptide (0.1 uM) immediately after preparation
using NH4OH. Scale bar, 1 pm. (c) Rates of mitochondrial trafficking in embryonic neurons
pre-treated with specific anti- Ap 1gG4.1 antibody and post-treated with different doses

of AB42. Black bars —neurons treated with 1gG4.1 alone; grey bars — neurons pretreated
with 1gG4.1 and post-treated with Ap42. (d) Analysis of mitochondria motility indicates

no increase in stationary mitochondria in neurons treated with AB40H13G (H13G) or
AB42 after pretreatment with 1gG4.1 antibody. ns, not significant (#test compared to
untreated neurons). At least 15 neurons from 3 independent cultures were analyzed for each
experiment. 35-70 individual organelles were taken into the analysis for each condition.

Neurobiol Dis. Author manuscript; available in PMC 2018 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 34

Anterograde Retrograde b Anterograde  Retrograde c
3 *k

Q

" %

*%

~
(&)

(&)

ﬁ 0.8 g_ , o\o~

g_ 8 E 50
Z 04 & S

S ® ! T 25
9 — 8

2 n

0 2 4 o0 2 4 o 2 4 02 4 0%
AB40A2T, uM AB40A2T, uM AB40A2T, uM

f F-AB4Q,,

F-AB40A2T - Overla

Fig. 6.
ABAOA2T peptide with Icelandic mutation differentially affects mitochondrial trafficking

and has reduced rate of internalization in neurons compared to Ap40. (a) Treatment with
AB4AOAZT inhibits retrograde transport of mitochondria in a dose-dependent manner. *, p <
0.05; **, p< 0.01. (b) Mitochondria in AB40A2T-treated neurons travel shorter distances in
retrograde direction and increased distances in anterograde direction compared to untreated
cells. (c) Treatment with AB40A2T increases the amount of stationary organelles. *, p<
0.05. (d) Quantification of internalization experiments with fluorescein-labeled F-Ap40A2T
and F-AB40 presented in (eand f). *, p< 0.05. (g, f) Internalization of fluorescein-labeled
F-AB40A2T (4 uM) is reduced in primary neurons compared to F-Ap40. 40-60 cells from
two independent experiments were taken into the analysis. AFU, arbitrary fluorescence
units. *, p< 0.05. Confocal images were taken 10 min after the addition of AB peptides to
cells. Internalized F- AB40 (green) colocalized with mitochondria visualized using TMRM
(e, red). DIC images together with fluorescence images are provided in (f). Images were
acquired using LSM 780 laser scanning microscope (Carl Zeiss) with 100x oil DIC (1.4 n.a.)
lens. Scale bar, 5 ym.
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Fig. 7.

Inhibition of axonal trafficking in neurons treated with soluble Ap peptides does not affect
mitochondrial function. (a) Parameters of mitochondrial respiration acquired in intact live
primary neurons treated with different Ap peptides using a Seahorse XF24 Extracellular
Flux Analyzer. Measurements of oxygen consumption rates (OCR) in the absence or
presence of specific mitochondrial toxins allows to estimate the following parameters:

basal OCR (light blue); ATP-coupled respiration (dark blue) and proton leak (Uncoupled,
yellow) after the addition of 1 pg/ml oligomycin; maximal (MRC, red) and spare (SRC,
purple) respiratory capacity after an addition of 0.75 uM FCCP. The contribution of non-
mitochondrial (green) respiration to basal OCR is determined as the activity remaining after
the inhibition of complexes I and 111 with 0.75 pM rotenone and 0.75 pM antimycin A (AA).
(b) Treatment of intact primary neurons with 2 pyM Ap42 (diamonds), 2 uM AB40H13G
(circles) or 2 uM AB40 (triangles) did not affect mitochondrial energetics compared to
neurons treated with vehicle (squares). Each data point is compiled from 6 to 8 individual
wells from 3 independent experiments. (c) Analysis of the experiments conducted in (b).
(d) Quantification of mitochondria coupling efficiency. (e) Estimation of mitochondria state
apparent.
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Fig. 8.
Inhibition of axonal trafficking in neurons treated with 7-days Ap fibrils does not

affect mitochondrial function. (a) Treatment of intact primary neurons with 2 uM

AB42 (diamonds), 2 UM Ap40 (triangles) or 2 uM AB40H13G (circles) did not affect
mitochondrial energetics compared to neurons treated with vehicle (squares). Each data
point is compiled from 6 to 8 individual wells from 3 independent experiments. (b)
Parameters of mitochondrial respiration acquired in intact primary neurons treated with
different A fibrils using a Seahorse XF24 Extracellular Flux Analyzer. Measurements

of oxygen consumption rates (OCR) in the absence or presence of specific mitochondrial
toxins allows to estimate the following parameters: basal OCR (light blue); ATP-coupled
respiration (dark blue) and proton leak (Uncoupled, yellow) after the addition of 1 pg/ml
oligomycin; maximal (MRC, red) and spare (SRC, purple) respiratory capacity after an
addition of 0.75 UM FCCP. The contribution of non-mitochondrial (green) respiration to
basal OCR is determined as the activity remaining after the inhibition of complexes I and I11
with 0.75 pM rotenone and 0.75 UM antimycin A (AA). (¢) Quantification of mitochondria
coupling efficiency. (d) Estimation of mitochondria state apparent.
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Peptide

Sequence

Notes

References

AB40

AB42

AB39E22A

AB4OH13G

AB40A2T

DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV

DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA

DAEFRHDSGYEVHHQKLVFFADVGSNKGAIIGLMVGGVV

DAEFRHDSGYEVGHQKLVFFAEDVGSNKGAIIGLMVGGVV

DTEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV

Most common peptide that
forms soluble and fibrillar

structures

Soluble up to 0.1-0.2 pM;

at higher concentrations

aggregates into well-ordered

u-sheet- rich fibrillar
structures

Accelerated aggregation in

solution

Reduced plasma membrane

binding

Proposed protective effect

of this mutation is
associated with reduced
BACE1-mediated APP

cleavage and low levels of

Ap production

(Hellstrand et al., 2010)

(Hellstrand et al., 2010)

(Kassler et al., 2010;
Nishitsuji et al., 2009;
Ovchinnikova et al.,
2011; Tomiyamaet al.,
2008)

(Poduslo et al., 2010)

(Jonsson et al., 2012;
Maloney et al., 2014)
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