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Abstract

Loss of synapses and synaptic damage are the best correlates of cognitive decline identified in
patients with Alzheimer’s disease (AD), and mitochondrial oxidative damage and synaptic pathology have
been identified as early events in the progression of AD. The progressive accumulation of amyloifl)beta (A
in synapses and synaptic mitochondria are hypothesized to cause synaptic degeneration and cognitive de
in patients with AD. However, the precise mechanistic link betwegansl mitochondria is not well
understood. The purpose of this study was to better understand the effegtsrofmtochondrial axonal
transport and synaptic alterations in AD. Using mouse hippocampal neuronf 26132\ peptide, we
studied axonal transport of mitochondria, including mitochondrial motility, mitochondrial length and size,
mitochondrial index per neurite, and synaptic alterations of the hippocampal neurons. In the PBS-treated
neurons, 36.4 + 4.7% of the observed mitochondria were motile, with 21.0 + 1.3% moving anterograde an
15.4 + 3.4% moving retrograde and the average speed of movement was 1uin#ir® In contrast, in
the AB-treated neurons, the number of motile mitochondria were significantly less, at 20.4 + 2.6% (P<0.03:
as were those moving anterograde (10.1 + 2.6%, P<0.016) relative to PBS-treated neurons, suggesting th
the A325-35 peptide impairs axonal transport of mitochondria in AD neurons. InBtteeéted neurons,
the average speed of motile mitochondria was also less, at 10@m/lrén, and mitochondrial length was
significantly decreased. Further, synaptic immunoreactivity was also significantly less i-treated
neurons relative to the PBS-treated neurons, indicating fhaffActs synaptic viability. These findings
suggest that, in neurons affected by AIB, i& toxic, impairs mitochondrial movements, reduces

mitochondrial length, and causes synaptic degeneration.



Introduction

Alzheimer’s disease (AD) is the most common neurodegenerative disorder in the aged population.
is characterized by the progressive decline of memory, decline in cognitive functions such as memory, anc
changes in behavior and personality [1]. It is a major health concern in society mainly, especially because
half of individuals 85 years of age and older are expected to develop AD [2]. AD is associated with multipls
cellular changes in the brain, including the loss of synapses/synaptic pathology, mitochondrial
structural/functional abnormalities, inflammatory responses, extracellular amyloid Bg¢@e@osits, and
intracellular neurofibrillary tangles [1,3-10]. Among these changes, mitochondrial oxidative damage and
synaptic pathology are reported as early events in AD progression [11-15].

In AD, AB is a major component of neuritic plaques found in brain regions known to be responsible
for learning and memory. A the 39-43 amino acid residue protein, is generated by the proteolygis of A
precursor protein (BPP) by the sequential enzymatic actifrsecretase, angsecretase. In AD, levels of
AP are steady-state and are controlled by the production, the clearance, and the degradgtion of A
Decreased clearance op Ar the overproduction of Amay lead to an accumulation op An subcellular
compartments, including synapses, mitochondria, and may impair functions of subcellular organelles and
damage neurons [4,5,16]. Thus, agents or drugs capable of increasing the clearance or decreasing the
production of A8 may be important therapeutic strategies in preventing AD development and progression.

Several researchers have reported tiflaisAesponsible for damaging mitochondria and synapses in
neurons affected by AD [17-24]. Monomeric and oligomeric forms[bhave been found in mitochondrial
membranes and to interact with mitochondrial proteins, induce free radical production, alter mitochondrial
enzymes, disrupt the electron transport chain, inhibit adenosine triphosphate (ATP) production, and dama
mitochondria [17-19,24-26]. Although these results clearly assocfhateith subcellular components such
as mitochondria, the precise link betweghahnd mitochondria is not clear and ho@ damages
mitochondria is also not well understood.

Mitochondrial shape and structure are maintained by mitochondrial fission and fusion [27-29].
Fission and fusion mechanisms are equally balanced in healthy neurons. Mitochondria alter their shape ar
size to move, through mitochondrial trafficking, from the cell body to the axons, dendrites and synapses vi
anterograde fashion, and back to the cell body via retrograde manner [30]. Synapses are the sites of high-
energy demand. Mitochondria supply energy to synapses, which is required for neural communications an
several synaptic functions, including the release of neurotransmitters, synaptic vesicles between pre- and
post-synaptic neurons. In a healthy neuron, abundant numbers of healthy, functionally active mitochondrie

are present at synapses, whereas in diseased neurons, such as in AD-affected neurons, small numbers o
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defective mitochondria are present [31]. In the AD neurdghaécumulates in the mitochondria, induces free

radical production, and activates the two mitochondrial fission proteins dynamin-related protein 1 (Drpl) al
mitochondrial fission 1 (Fis1) [29]. Activated Drpl and Fisl have been associated with excessive
fragmentation of mitochondria that may not move to synapses and do not supply the necessary ATP at ne
terminals. Further, these defective mitochondria may not be able to participate in mitochondrial fusion, ma
not be able to synthesize healthy mitochondria, and may, ultimately, prematurely die. The continual
production of excessive numbers of defective mitochondria in neurons may ultimately damage synapses a
cause synaptic neurodegeneration [29,31].

Using electron and confocal microscopy, gene expression analysis, and biochemical methods, we
treated mouse neuroblastoma (N2a) cells with 825735 peptide, and studied mitochondrial structure and
function; expressions of the fission genes Drpl and Fisl and the 3 fusion genes Mfnl, Mfn2, and Opal; a
neurite outgrowth in [32]. In the neurons treated with orfly we found increased expressions of fission
genes and decreased expressions of fusion genes, indicating abnormal mitochondrial dynamics in neuron
treated with 8. Our immunocytochemistry of N2a cells treated wifhrAvealed increased
immunoreactivity of Drpl and Fisl, suggesting thAtefevates fission genes and fragments mitochondria.
Electron microscopy of the N2a cells incubated wifhr@vealed a significantly increased number of
defective mitochondria, indicating thapAragments mitochondria. Biochemical analysis revealgthA
association with defective mitochondria. Neurite outgrowth was significantly decreased in those N2a cells
that we incubated with [ indicating that & affects neurite outgrowth.

In the research reported here, we sought to determine the effedsoafakonal transport of
mitochondria in mouse hippocampal neurons. We measured the total number of mitochondria, the length :
size of mitochondria, the mitochondrial index (length of the mitochondria per neurite length), and the
synaptic immunoreactivity of AD neurons treated with tifi2%-35 peptide compared to control neurons
(AB35-25) and those treated with the vehicle (PBS).

Materials and Methods
Neuronal Culture

Hippocampal neurons were cultured, as previously described [32]. Briefly, hippocampi were
dissected from C57BL/6 day 1 pups in room temperature HABG (Hibernate E medium [Brain Bits, LLC]
supplemented with 1X B-27 [Invitrogen] and 0.5 mM glutamine [Invitrogen, CA]). The tissues were
dissociated with 2 mg/ml papain at 30°C for 30min in a dissociation medium (Hibernate E medium without
Cca'™, supplemented with 0.5 mM glutamine). Digested tissue was triturated, using a fire-polished, silicon-

coated Pasteur pipette in 2 ml HABG. Non-dissociated tissue was allowed to settle for 5 min, after which
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time the supernatant was passed through a 70-mm nylon mesh, into a 50-mL conical tube and centrifugec

2 min at 200g. The pellet was gently resuspended in a maintenance medium (Neurobasal A medium
[Invitrogen, CA] supplemented with 1X B-27 minus antioxidants, and 0.5 mM L-glutamine) and plated onto
a poly-D-lysine (Sigma-Aldrich) —coated, chambered coverglass (Nunc). The medium was completely

replaced after 1 hr, and then half of the medium was replaced every 3days.

Time Lapse Photography of Mitochondrial Motility and Data Analysis

Mitochondria were labeled by transfecting pDsRed2-mito (Clontech) into the hippocampal neurons
day 2 (DIV) with lipofectamine 2000 (Invitrogen), according to the manufacturer’s protocol. DsRed-labelec
neuronal mitochondria were observed in cultures up to 21 days after transfection (data not fpgw#). A
ABss-25 (control) peptides were dissolved in 1XPBS. To increase the toxicitf} peftide, we incubated
AB2s.35 and ABss.2s (control) peptides at 8€ for overnight, and this overnight incubation is expected to
convert monomeric B to oligomeric 3. We treated neurons with 20/ AB2s-35 (oligomeric) Adss o5
(control), and a vehicle (PBS) at 10 DIV and then imaged 24 hours later. Axonal processes were determin
by morphological characteristics. Axons were identified as processes stemming from the soma that are tw
to three times longer than other processes [32,33]. Recordings were made on axonal segments about 20-
um from the soma. Series of time-lapse images were captured every 5 sec, using a Leica SP5 AOBS
confocal microscope with a heated 37°C, 5% Cantrolled stage for a total of 5min. Z-stacks for each time
point were collapsed to maximum projections, and the time series were archived as avi files. ImageJ
software, with a Mulitple Kymograph plug-in, was used to analyze the avi files. Mitochondrial movements
(direction and speed) were determined from the kymographic images. Mitochondria were considered
stationary if they did not move more thanr® during the entire recording period. Each series of images was
recorded for at least three randomly selected Ds-Red-mito labeled cells per culture and four independent
cultures per condition.

Mitochondrial Content of Neurites

After imaging the mitochondria in the neuronal cultures, the cultures were fixed with 4%
paraformaldehyde for 5 min at room temperature and then washed with PBS. The plastic chambers were
carefully removed, and the coverslips were mounted on slides with a ProLong Gold mounting medium.
Images of cell bodies with neurites extending at leasb®@ere collected, using a Leica SP5 AOBS
confocal microscope with a 63x objective. GFP and Ds-Red were analyzed using measurement tools in

ImageJ to determine the neurite mitochondrial index, the average mitochondrial length, and the number of
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mitochondria per neurite length). Data were collected from at least six cells per culture and four independe

cultures per condition

Immunofluoresence analysis of synaptic proteins

To determine the toxicity of Ain hippocampal neurons, we performed immunocytochemical
analysis of Drplwith mitochondria-encoded protein Cytochrome b (Cyt. B), and synaptophysin, which is
marker for AD, with microtubule associated protein 2 (MAP2). Briefly, we plated cells on 13-mm round
coverslips coated with poly-D-lysine contained within wells of a 24-well plate. After treatment, the medium
was removed, and cells were fixed with 4% paraformaldehyde in PBS for 10-15 min at room temperature.
Coverslips were washed with PBS, and cell membranes were permeablized with 0.1% Triton X-100 in PB:
for 5 min, after which time a blocking solution was applied (2% normal goat serum, 1% BSA in PBS). All
subsequent incubations were carried out in a humidified environment. Samples were blocked for 2 hr at ra
temperature and then incubated with a primary antibody diluted in a blocking solution overnfghtip4
(2:200, rabbit polyclonal, Novus Biologicals, Inc.), and synaptophysin (1:200, mouse monoclonal,
Millipore/Chemicon, Temecula, CA) were probed. After cells were incubated with the primary antibody,
cells were washed three times with PBS and then incubated with either goat-anti-rabbit-Alexa488 or goat-
anti-mouse-Alexa568 (both 1:500, Invitrogen/Molecular Probes) for 2 hr at room temperature. For co-
labeling with Cyt. B (1:50, mouse monoclonal, Invitrogen) or MAP2 (1:1000, rabbit polyclonal, Milipore),
cells were then incubated with the second primary antibody for 3 hr at room temperature. After washing
three times with PBS, coverslips were incubated with the corresponding secondary antibody for 2 hr at roc
temperature. Antibody was removed, and DAPI (600nM in PBS) was added to the cells foCglminere
washed three times in PBS, and then coverslips were mounted on slides using a ProLong Gold antifade

mounting reagent (Invitrogen). Cells were imaged, using a Zeiss Axioskop 40 FL microscope.

Satistical Analysis
Data from independent cultures were compared, using a two-tailed, unpaired student’s t-test with

significance level set at$0.05.

Results

Mitochondrial motility is less after AGtreatment. To determine the effect offApeptide on mitochondrial
transport, we incubated hippocampal neurons witpfM®A 325-35, A335-25 (control), or PBS for 24 hours,
and then quantified mitochondrial motility in axons. The average speed of mitochondrial movement was 1:

+ 1.8 mm/min. In the B25-35-treated cultures, we observed significantly decreased total mitochondrial



7
motility (20.4 £ 2.6% — mean = SE, P<0.032) and mitochondria moving anterograde (10.1 + 2.6% — mean.

SE, P<0.016) relative to the PBS vehicle-treated neurons. A decrease in retrograde-moving mitochondria
was also observed (10.3 £ 1.5% — mean + SE) in pbA5-treated neurons relative to the PBS vehicle-
treated neurons. However, this decrease did not reach statistical significance (P=0.234). The average sp
of mitochondria undergoing the&5-35 treatment was only slightly decreased (10.9utf/fhin — mean +
SE, P = 0.66) compared to the mitochondria from the vehicle-treated neurons. In the PBS vehicle-treated
neurons, 36.4 = 4.7% (mean = SE) of the observed mitochondria were motile, with 21.0 + 1.3% moving
anterograde and 15.4 * 3.4% moving retrograde.

As shown in Fig. 1, the B385-25-treated neurons (the controls) did not show any change in total
mitochondrial motility — neither anterograde nor retrograde— relative to the PBS vehicle-treated neurons,

indicating that mitochondrial alterations are specific B28-35 specific.

Mitochondrial distribution is altered after AGtreatment. Following our observations of the decrease in
overall anterograde mitochondrial motility, we examined whetlfietréatment also induced changes in
mitochondrial distribution within neurites. Cultures treated for 24 hours with the PBS vehicle @2Hhea3\
were harvested, and the neuritic mitochondrial content was analyzed. We founfl tresitfent

significantly decreased the mitochondrial index in neurons treated Wifd®A1 + 3.1%) relative to the
PBS-treated (PBS, 40.1 £ 3.1% — mean = SE; ¥8.4 + 2.5% — mean £ SE, P < 0.001) (Figs.2 and 3). We
found the mitochondrial index did not change in neurons treated \BBB-R5 peptide, indicating that the
decrease in the mitochondrial index that we found in neurons treB2®3% peptide is, indeed, associated
with ApB.

The mitochondrial index reflects the total mass of mitochondria per unit length of a neurite and can
be affected by changes in either the number or the size of mitochondria. We therefore analyzed
mitochondrial length and density (the number of mitochondria per length of). As shown in Fig. 2, the
average mitochondrial length was significantly decreased in neurons witlf3 ghepfide relative to the PBS-
treated neurons (PBS, 2.47 + Oi#h — mean + SE; B, 1.37 £ 0.1Qum — mean = SE, P < 0.001) (Fig.2).
Mitochondrial density decreased from 17.3 + 0.9 mitochondria/100 mm in the PBS-treated neurons to 13.€
1.5 mitochondria/100mm relative to th@Areated neurons (P = 0.054). Overall, we found that
mitochondrial mass was greatly reduced after receivfigrdatment relative PBS vehicle treated control
neurons, and that this effect is largely due to decreased mitochondrial size (Figs. 2 and 3). As shown in Fi
3, we found fragmented mitochondria in Ds-red labeled hippocampal neurons treate vathti&e to

PBS treated control neurons.



Immunor eactivity of synaptic protein was lessin A525-35- treated neurons

To determine the effect off25-35 treatment on the immunoreactivity of synaptophysin and Drplin
hippocampal neurons, we treated neurons wR%A35 and with PBS for 24 hrs, and then performed
immunostaining. As shown in Fig. 4, we found the immunoreactivity of synaptophysin significantly
decreased, particularly at synapses in those neurons treated326H34 (54.25.9%, meatiSE- P<0.013,
Fig. 49), relative to the synapses in neurons treated with the PBS vehicte (296 meahSE).

To determine, the effect off25-35 on synapses, we performed double-labeling immunostaining
analysis using synaptic marker, MAP2 and Drpl in neurons treated 325235 and with PBS for 24 hrs.
Similar to synaptophysingnmunoreactivity of MAP2 is decreased in neurons treated wW32bA35 (Fig. 4
image E) relative to PBS treated neurons (image B), indicating f28-85peptide may be involved in
synaptic degeneration.

To determine the effect off25-35 on mitochondria, particularly mitochondria localized at synapses,
we performed double-labeling analysis of Drpl1 (enriched in synapses) and Cyt.B (mitochondria-encoded
protein) antibodies. As shown in Fig. 5, we found fragmented and punctuated immunoreactivity of Drp1l in
neurons treated with[325-35 relative to the Drpl immunoreactivity in neurons treated wsBbA25 or the
PBS vehicle (Fig. 5). Drpl expression was higher in synapses, spines, and branches that were developinc
reverse B peptide or PBS vehicle treated neurons, wherea #5885 peptide treated neurons, we found
decreased and fragmented immunoreactivity, particularly at synapses indicating mitochondrial
fragmentation, and degenerating synapses. Further, Drpl is colocalized with Cyt. B further confirming that

fragmented immunoreactivity represents mitochondrial fragmentation causi?b6y3a peptide.

Discussion

In this study, we analyzed the effect b &eatment on mitochondrial motility and distribution in
hippocampal neurons from mice. We found mitochondrial motility greatly reduced by the exposure of the
hippocampal neurons toAand the reduction in anterograde transport greater than the reduction in
retrograde movement. Overall, a reduction in mitochondrial transport in the hippocampal neurons was
observed and mitochondrial transport was impaired in the distal regions of the neurites. We also found
decreased synaptic branching and growth in neurons treated pvith/s would lead to decreased ATP
production, followed by synaptic dysfunction and degeneration. These findings lead us to conclufle that A

impairs axonal transport of mitochondria and may cause synaptic degeneration.
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Amyloid beta and impaired axonal transport of mitochondrfaisgenerated in neurons, wherever APP and

B- andy- secreteses are present, which is in several intracellular sites, including Golgi apparatus,
endoplasmic reticulum, endosomal-lysosomal systems, and multivesicular bodies. Recent studies of AD
patients and transgenic AD mice found intracellulgrpfesent in AD-affected brain regions and thA1LA

42 participates in fibrillogenesis and the formatiodpfplaques. Increasing evidence suggests that A
accumulates in cellular compartments, including mitochondria, andghaterfere with normal functions

of mitochondria and synapses. Findings from the present study help elucidate a mechanistic relationship
amongAB, synaptic damage, and mitochondrial damage in neurons affected by AD. We found a dramatic
reduction (55%) in the total mitochondria in hippocampal neurons exposd amdwe found significantly
reduced anterograde mitochondrial movement (cell body to synapses) ip-tteaed hippocampal neurons
relative to the PBS-treated neurons. We also found the length of mitochondria significantly decreased in tf
AB-treated hippocampal neurons compared to the PBS-treated gb36e2B-treated hippocampal neurons.
Finally, we found the immunoreactivity of synaptophysin significantly decreased irptlreaed neurons,
compared to the PBS-treated hippocampal neurons.

Reductions in the total number of mitochondria and of anterograde-moving mitochondria are likely
responsible for the synaptic degeneration observed in the AD neurons since a large number of healthy an
functionally active mitochondria are necessary for ATP trafficking to synapses where energy-demand is
high. Reduction in anterograde-moving mitochondria appear to reduce the supply of ATP at synapses, wh
may cause synaptic degeneration that marks AD neurons. Our finding pointifgriduted impaired
mitochondrial transport is consistent with other studies showing decreased mitochondrial transport [23,35-
36] and organelle transport [37-39] ifsAreated neurons.

Wang et al. [23] reported thaf3oligomer (ADDLSs)-treated hippocampal neurons from mouse
showed significantly reduced mitochondrial anterograde ©.87) and retrograde axonal transport (0.44
+.21), compared to hippocampal neurons not so treated£3l34or anterograde and 3.312 for
retrograde transport). Neurons treated wi#2-1 exhibited a fast axonal transport of mitochondria that
was similar to the axonal transport found in the control neurons.

Du and colleagues [36] found a 30% increase in the percentage of stationary mitochongkia in A
treated neurons relative to mitochondria in untreated neurons. Further, the total number of mitochondria
moving in both directions (anterograde and retrograde) was significantly reduced fitieat&d neurons
compared to those treated with the PBS vehicle or the conf8dR(A treated). After p treatment, the
anterograde moving mitochondria decreased28f6 compared to those in the PBS-treated neurons and in
the control neurons (P < 0.05). In contrast, the percentage of retrograde mobile mitochondria increased th

neurons treated with (f1-42.
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The velocity of mitochondrial motility was also less in heurons treated vittelative to that of the

PBS-treated neurons, indicating thdt @&fects mitochondrial velocity. Our findings are consistent with
those from Du et al. [34], who also reported significantly reduced mitochondrial anterograde velocity in
neurons treated with(f1-42 relative to control andp¥2-1-treated neurons.

Overall, findings from our study, together with those from Wang et al. [23] and Du et al. [36],
indicate that the B peptide is toxic and impairs axonal transport of mitochondria. Further, our findings are
consistent with findings from other mitochondrial trafficking studies by Chang et al. [40] and Rui et al. [35],
reporting that mitochondrial transport and distribution were affected by hippocampal neurons exposed to t
AP peptide, glutamate and zinc.

By shifting the balance of anterograde/retrograde transport toward retrograde, a decrease in axona
and neuritic mitochondria would be expected. Indeed, we observed this effect, finding a large reduction in
mitochondrial mass in theAtreated cells (Fig. 2); more specifically, we found the average length of
mitochondria length was decreased, but the total number of mitochondria per each length was less affecte
These findings suggest that factors dictating mitochondrial distribution along an axon are unaffe@ed by A

treatment. However, mitochondrial dynamics are likely shifted toward fission.

Amyloid beta and abnormal mitochondrial dynamics. We [32] and others [21,22] reported increased
mitochondrial fission and decreased fusion in neurons affected by AD. In other words, abnormal
mitochondrial dynamics occurs in neurons affected by AD. This may be due to the associafomitbf A
mitochondria. Mitochondrial B is known to induce free radical production and to activate the fission
proteins Drpl and Fis1, and to fragment mitochondria [32]. When mitochondrial fission is activated, fusion
proteins decrease.

Our immunostaining analysis of Drpl showed fragmented and punctuated immunoreactifity in A
treated neurons, indicating increased mitochondrial fission and decreased fusion. As described elsewhere
[32], in AB-treated neurons, mitochondrial fusion is reduced following the induction of apoptosis. Over-
expression of mitofusins can reduce apoptosis. Further, it has been previously suggested that mitochondr
fusion and transport are closely linked, such that disruptions in either process affect the other. Recently,
Miskow et al. [41] showed that Mfn2 interacts with the Miro-Milton complex, and this interaction is required
for axonal transport of mitochondria in dorsal root ganglia neurons. Conversely, mitochondrial fragmentatic
induced by Pink1l knockdown can be rescued by the overexpression of Miro or Milton [42]. In this light, it is

not surprising that we observed both altered mitochondrial transport and altered mitochondrial dynamics.
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Decreased synaptic growth irAreated neurons. Our quantitative analysis of synaptophysin

immunoreactivity revealed that synaptophysin was significantly decreasgidtieated neurons, indicating
that AB3 affects synaptic growth, an observation supported by other studies [43-46]. Further, MAP2
immunoreactivity was decreased ifiAreated neurons, further supporting that synaptic degeneration is
present in 8-treated neurons. This reduced synaptic growth was primarily due to the decrease mitochondr
trafficking, particularly the anterograde movement of mitochondria, which is known to ultimately lead to the
production of ATP at synapses and to the degeneration of synapses in AD neurons.

In summary, we found reduced mitochondrial mass, reduced mitochondrial motility, and reduced
mitochondrial anterograde transport in neurons exposed to32%&-36 peptide. We also found a reduction
in the number of mitochondria in distal regions of neurons and decreased synaptic branching and growth i
the AB-treated neurons. These findings lead us to conclude fhahpairs axonal transport of mitochondria

and may cause synaptic degeneration.
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Figure legends

Figure 1. Amyloid beta treatment reduces mitochondrial movementsAxons from mature hippocampal
neurons transfected with DsRed-mito and GFP, then treated for 24 hours with vebiderdverse peptide
were imaged to evaluate mitochondrial movements. Total proportion of moving mitochondria, proportion o
mitochondria moving anterograde, and proportion of mitochondria moving retrograde were calculated (A).
The speed of motion was also calculated for all moving mitochondria (B). Calculations were based on
analysis of kymographs. Representative kymographs are shown for the three experimental groups (C). N-=

independent cultures. * p < 0.05 compared to vehicle treated, and statistical variation is show8& mean

Figure 2. Amyloid beta treatment causes a reduction in mitochondrial mass within neurites.

Mitochondria from DsRed-mito transfected hippocampal neurons were analyzed after vehicle, A-beta, or
reverse peptide treatment. Mitochondrial index was calculated as the percent of neuritic length occupied b
mitochondria. A8 treated cultures showed pronounced reduction in mitochondrial index (A). The distributior
of mitochondria was evaluated as number of mitochondria per neuritic length (B). Mitochondrial length wa:
reduced by § treatment (C). N = 4 independent cultures. ** p < 0.01. Statistical variation is shown as

meartSE.

Figure 3. Mitochondria are more fragmented after Amyloid beta treatment.DsRed-mito transfected
hippocampal neurons were imaged after vehicf, ok reverse peptide treatment. Representative images are

shown in upper panels. Enlargements of neurites are shown in the lower panels.

Figure 4. Double-labeling analysis of Synaptophysin and MAP2 in neurons treated with amyloid beta.

Hippocampal neurons treated with PBS vehicle pwere immunostained for synaptophysin and MAP2

(a). Vehicle treated cells (upper panel) showed typical strong synaptophysin (A), MAP2 (B)
immunoreactivities and colocalization of synaptophysin and MAP2 (B}tréated cells (lower panel)

showed reduced density of synaptophysin puncta (D), MAP2 (E) and merged (C)biistagss

quantification of synaptophysin immunoreactivity. Significantly decreased synaptophysin was foad in A
treated neurons (P<0.005). Imagshows enlarged portion of a neurite from PBS vehicle treated neuron (A)

and AB-treated neuron (B).

Figure 5. Drpl distribution relocates from areas of active neurite outgrowth to neuritic processes after

amyloid beta treatment.Hippocampal neurons treated with PBS vehicle @mwere immunostained for
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Drp1, mitochondrial-encoded protein, Cyt. B and nuclear marker, DAPI. Vehicle treated cells (upper panel

showed intense immunoreactivities of Drpl (A), Cyt. B (B), DAPI (C) and merged (D) in neurite growth
cones (white arrows). Drp1l is colocalized with Cyt. B (D) (white arrows). Affetrdatment (lower panel),

Drp1 staining is reduced (E), and Drp1l is colocalzed with mitochondria in merged image (H).
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Research highlights

1. We investigated toxic effects of amyloid bet$)An mitochondrial axonal transport ifBAreated mouse
hippocampal neurons.

2. Mitochondrial mass, mitochondrial motility and mitochondrial anterograde transport were redufied in A
treated neurons.

3. A reduction in the number of mitochondria in distal regions of neurons and synaptic branching were
observed.

4. We conclude thatAimpairs axonal transport of mitochondria and may cause synaptic degeneration.



