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Mitochondrial dysfunction is a prominent feature of Alzheimer dis-
ease but the underlying mechanism is unclear. In this study, we
investigated the effect of amyloid precursor protein (APP) and amy-
loid B on mitochondrial dynamics in neurons. Confocal and electron
microscopic analysis demonstrated that ~40% M17 cells overexpress-
ing WT APP (APPwt M17 cells) and more than 80% M17 cells over-
expressing APPswe mutant (APPswe M17 cells) displayed alterations
in mitochondrial morphology and distribution. Specifically, mitochon-
dria exhibited a fragmented structure and an abnormal distribution
accumulating around the perinuclear area. These mitochondrial
changes were abolished by treatment with B-site APP-cleaving en-
zyme inhibitor IV. From a functional perspective, APP overexpression
affected mitochondria at multiple levels, including elevating reactive
oxygen species levels, decreasing mitochondrial membrane potential,
and reducing ATP production, and also caused neuronal dysfunction
such as differentiation deficiency upon retinoic acid treatment. At the
molecular level, levels of dynamin-like protein 1 and OPA1 were
significantly decreased whereas levels of Fis1 were significantly
increased in APPwt and APPswe M17 cells. Notably, overexpression of
dynamin-like protein 1 in these cells rescued the abnormal mitochon-
drial distribution and differentiation deficiency, but failed to rescue
mitochondrial fragmentation and functional parameters, whereas
overexpression of OPA1 rescued mitochondrial fragmentation and
functional parameters, but failed to restore normal mitochondrial
distribution. Overexpression of APP or AB-derived diffusible ligand
treatment also led to mitochondrial fragmentation and reduced
mitochondrial coverage in neuronal processes in differentiated pri-
mary hippocampal neurons. Based on these data, we concluded that
APP, through amyloid B production, causes an imbalance of mito-
chondrial fission/fusion that results in mitochondrial fragmentation
and abnormal distribution, which contributes to mitochondrial and
neuronal dysfunction.

amyloid precursor protein | DLP1 | mitochondrial fragmentation | OPA1 |
perinuclear accumulation

Izheimer disease (AD) is the most common neurodegenera-

tive disorder in the aged population and is characterized by
extensive regionalized neuronal loss and the presence of neurofi-
brillary tangles and senile plaques in the brain. Senile plaques are
deposits of amyloid-B (AB), a 39-43-aa peptide produced by the
sequential cleavage of B- and y-secretase at the C terminus of
amyloid precursor protein (APP) (1). More than 20 mutations in
APP have been linked to familial AD (fAD) that have altered APP
processing with respect to enhanced AB generation or aggregation
(2). Despite intensive focus on APP and A, the exact mechanisms
responsible for the massive neurodegeneration in early-stage fAD
are incompletely resolved.

Persuasive evidence suggests that oxidative stress is one of the
earliest changes and plays an important role in the pathological
process in AD (3). Increased oxidative stress levels have been found
in the brains of patients with fAD in Sweden and early in Tg2576

19318-19323 | PNAS | December9,2008 | vol. 105 | no.49

APP transgenic mice (4, 5), suggesting that fAD-associated muta-
tions probably enhance oxidative stress. Mitochondria are the major
source of reactive oxygen species (ROS) and, in fact, mitochondrial
dysfunction, as well as hypometabolism, have long been implicated
in the onset of the familial and sporadic forms of AD (6). mtDNA
defects have also been linked to an increased incidence of AD (7,
8). Quantitative morphometric analysis of mitochondria shows
increased abnormal and damaged mitochondria in AD (9, 10).
Multiple lines of evidence support APP and A as contributing
factors to mitochondrial dysfunction in AD: both APP and A are
present in mitochondrial membrane and interact with mitochon-
drial proteins, block mitochondrial import channels, impair mito-
chondrial transport, disrupt the electron transfer chain, increase
ROS levels, and cause mitochondrial damage (11-15).

A number of recent studies demonstrated that mitochondria are
dynamic organelles undergoing continual fission and fusion (16). In
mammalian cells, fission requires Fisl and dynamin-like protein
(DLP1). Conversely, fusion involves OPA1, Mfn1, and Mfn2 (17).
Unbalanced fusion leads to mitochondrial elongation and unbal-
anced fission leads to excessive mitochondrial fragmentation, both
of which impair mitochondrial function (18, 19). Impairments in
mitochondrial dynamics are being increasingly implicated in neu-
rodegenerative diseases (16). Very recently, we reported abnormal
mitochondrial fission and fusion in AD fibroblasts (20). In this
study, we aimed to determine whether APP and AP cause mito-
chondrial dysfunction and neuronal dysfunction through modula-
tion of mitochondrial dynamics.

Results

Generation of Stable M17 Cell Lines Overexpressing APP. To inves-
tigate the effects of APP overexpression on mitochondrial dynamics
in neuronal cells, three independent clones of M17 cells stably
transfected with WT APP cDNA (APPwt M17 cells) or APP
Swedish mutant cDNA (APPswe M17 cells) were established.
Overexpression of APP in these lines was confirmed by Western
blotting (Fig. 14). There was no increase in basal cell death in any
of these cell lines compared with control cells (i.e., untransfected or
empty vector-transfected cells; not shown). No cell processes, or
only very short ones, were seen in control or transfected cells before
differentiation. Interestingly, upon RA treatment at 1 month, the
majority (>75%) of control cells extended long and branched
neurites, but only 19.4% * 4.9% APPwt cells and no APPswe M17
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APP causes abnormal mitochondrial dynamics in M17 cells. (A) Representative immunoblot of APP. Tubulin is used as an internal loading control. (B)

Representative pictures of stable M17 lines with different mitochondrial distribution patterns are shown. Green, tubulin; red, mito-DsRed2; blue, DAPi.
Mitochondrial distribution (C) and morphology (D) are analyzed. At least 1,000 cells were measured for each cell line. (Scale bars, 10 um.) *, P < 0.05, Student

t test.

cells extended neurites, suggestive of no differentiation. Therefore,
we used M17 cells in undifferentiated status in all of the following
studies.

Effects of APP Expression on Mitochondrial Dynamics. To visualize
mitochondria, stable M17 cell lines were transiently transfected
with Mito-DsRed 2. Forty-eight hours after transfection, cells were
fixed, stained, and evaluated using laser confocal microscopy (Fig.
1B). Mitochondrial distribution was strikingly different in APPwt
and APPswe M17 cells compared with control cells (i.e., untrans-
fected or empty vector-transfected cells): in control cells, mitochon-
dria were distributed evenly throughout the cytoplasm (>95% cells;
Fig. 1 B and C). However, in APPwt M17 cells, 30% to 50% cells
demonstrated an abnormal distribution with mitochondria accu-
mulating around the perinuclear area whereas more remote cyto-
plasmic areas were devoid of mitochondria (Fig. 1 B and C). It
became more severe in APPswe M17 cells, in which 80%-95% cells
exhibited such abnormal mitochondrial distribution (Fig. 1 B and C).

As to mitochondrial morphology, most control cells (>95%)
exhibited normal short tubular mitochondria (Fig. S1B). Con-
versely, in APPwt M17 cells, whereas 20%-40% cells displayed
such normal short tubular mitochondria as control cells (Fig. 1D),
40%—-60% of the APPwt M17 cells had a fragmented, punctiform
structure of mitochondria (Fig. S1B), and a small population
(10%-15%) showed an elongated, net-like structure of mitochon-
dria (Fig. S1B). It again became more severe in APPswe M17 cells,
in which the percentage of cells with fragmented mitochondria
exceeded 80% (Fig. 1D).

Consistent with our confocal microscopic studies, electron mi-
croscopic studies on mitochondria in these stable lines showed a
similar pattern of mitochondrial alterations such that the majority
of empty vector-transfected control cells exhibited even mitochon-
drial distribution (Fig. S24) whereas APPwt (Fig. S2B) and APP-
swe M17 cells (Fig. S2C) exhibited abnormal mitochondria accu-
mulation around the perinuclear area. Long and thin mitochondria
were abundant throughout the cytoplasm in control cells (Fig. S24)
but were much less in APPwt (Fig. S2B) or APPswe M17 cells (Fig.
S2C). Instead, mitochondria became significantly shorter and fatter,
with a slight but significant increase in size in these cells (Fig. S2E).
Total mitochondrial number was decreased while the number of
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damaged mitochondria in APPwt or APPswe M17 cells (Fig. S2D)
was increased compared with control cells.

Effects of AB Production on Mitochondrial Dynamics. As there was no
correlation between APP levels and severity of mitochondrial
defects, we speculated that AB production was involved. Secreted
APBi_4 levels in the medium were measured and correlated with the
percentage of cells exhibiting abnormal mitochondrial distribution
or morphology in each of these lines (Fig. S34). A significant
positive correlation was found between A levels and the percent-
age of cells with abnormal mitochondrial distribution (12 = 0.938,
P < 0.01) and the percentage of cells with fragmented mitochondria
(r> = 0.958, P < 0.01). Likewise, we found a significant negative
correlation between A levels and the percentage of cells with
normal mitochondrial morphology (> = 0.946, P < 0.01).

To corroborate the role of AB production, we transiently trans-
fected control M17 cells with DsRed-tagged APPwt or APPswe
constructs in the presence or absence of B-site APP-cleaving
enzyme (BACE) inhibitor IV, which is able to efficiently prevent
AP production without affecting APP expression. Mito-AcGFP
was co-transfected to label mitochondria. Forty-eight hours after
transfection, cells were fixed and immunostained with an antibody
against tubulin to label the cell shape. Positively co-transfected cells
were selected by the presence of both DsRed and AcGFP fluores-
cence signals (Fig. S3B). As previously reported, BACE inhibitor
IV did not increase cell death in M17 cells (not shown), and it did
not cause any mitochondrial abnormality (Fig. S3 B-D). Con-
sistent with the observations in stable lines, transient overexpres-
sion of APPwt or APPswe also resulted in a significantly increased
percentage of cells with fragmented mitochondria (Fig. S3C) and
abnormal mitochondrial distribution (Fig. S3D). In both cases,
BACE inhibitor IV, by blocking AB production (not shown),
efficiently prevented mitochondrial abnormalities, suggesting
that AB overproduction is responsible for these mitochondrial
abnormalities.

Effects of APP Expression on Mitochondrial Fusion. Given the alter-
ations in mitochondrial morphology, it is likely an impaired balance
of fission/fusion is involved. To measure the occurrence of mito-
chondrial fusion events, stable M17 cell lines were transfected with
a photo-convertible fluorescence protein, Mito-Dendra2, which can
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APP expression affects mitochondrial fusion. M17 cells were transfected with mito-Dendra2 to label mitochondria. Before photo-conversion (Pre), Dendra2

emits green fluorescence. At time 0, laser activation is applied to ROI (square box) to allow full photo-conversion, from green to red, of all of the mitochondria within
the ROI. Thereafter, mitochondrial behavior in the entire cell was monitored for 60 min. Active mitochondria fission (filled arrowhead) and fusion (open arrowhead)
of individual mitochondrion could be observed in the representative control cell. (Scale bars, 20 um.)

be irreversibly converted from a green to a red fluorescent state
upon laser activation. Forty-eight hours after transfection, plates
were placed under a confocal microscope, and using a lower power
laser, we were able to detect positively transfected cells with green
signal (Fig. 2). Several positively transfected cells with similar shape
were chosen, and laser activation was applied to a defined region of
interest (ROI) of the same size in these cells to allow full photo-
conversion, from green to red, of all of the mitochondria within the
ROI. Thereafter, mitochondrial behavior in the entire cell was
monitored for the following 60 min (Fig. 2). The percentage of red
mitochondria that became yellow (i.e., fusion between red and
green mitochondria) over time was measured as an overall index for
fusion events (Fig. 2). It took ~10 min for all of the red mitochon-
dria to become yellow in control cells, compared with more than 20
min in APPwt M17 cells with normal mitochondrial distribution
(Fig. 2). It took even longer (i.e., 40 min) in both APPwt M17 cells
with abnormal mitochondrial distribution and in APPswe M17
cells. These data suggested mitochondrial fusion occurred signifi-
cantly slower in APPwt and APPswe M17 cells compared with
control cells.

Effects of APP Expression on Mitochondrial Fission/Fusion Proteins.
We next investigated effect of APP overexpression on mitochon-
drial fission (i.e., DLP1 and Fisl) and fusion proteins (i.e., OPA1L,
Mifnl, and Mfn2). Immunoblot analysis revealed that DLP1 and
OPAL1 were significantly reduced whereas Fisl levels were signifi-
cantly increased in APPwt and APPswe M17 cells compared with
control cells (Fig. 34 and B). Conversely, there were no significant
changes in Mfnl and Mfn2 levels. Correlation analysis (Fig. S4
A-C) revealed that the levels of DLP1 or OPA1 were negatively
correlated with AB levels whereas Fisl levels were positively
correlated with ApB levels (P < 0.01). Moreover, the expression of
DLP1 or OPA1 demonstrated a significantly negative correlation
whereas the expression of Fisl demonstrated a significant positive
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Fig. 3.

correlation with percentage of cells displaying abnormal mitochon-
drial distribution or morphology induced by APP overexpression.
Supporting a causative role of increased A production, changes in
the levels of these proteins were abrogated when APPwt or APPswe
M17 cells were treated with BACE inhibitor IV (Fig. S4D).

Effects of DLP1 and OPA1 on APP-Induced Abnormal Mitochondrial
Dynamics. To test whether DLP1, OPA1, and/or Fis1 played a direct
role in APP-induced mitochondrial abnormalities, we transiently
transfected stable APPwt or APPswe M17 cells with Myc-tagged
DLP1 or OPA1. Mito-DsRed2 was co-transfected to label mito-
chondria (Fig. S54). DLP1 overexpression resulted in an increased
percentage of cells with fragmented mitochondria in APPwt M17
cells, without much change in APPswe M17 cells, whereas OPA1
overexpression rescued morphological abnormalities in these cells
by significantly decreasing the percentage of cells with fragmented
mitochondria and restoring the percentage of cells with normal-
length mitochondria (Fig. S5B). Most interestingly, the percentage of
APPwt or APPswe M17 cells with abnormal mitochondrial distri-
bution (i.e., peri-nuclear accumulation) decreased significantly with
DLP1 overexpression but remained unchanged with OPA1 over-
expression (Fig. S5C). Fis1 knockdown by miR RNAI technique in
APPwt or APPswe M17 cells (Fig. S6A4) had no effect on either
mitochondrial morphology or distribution (Fig. S5 B and C).

In these experiments, we noticed an interesting phenomenon:
DLP1 overexpression also caused prominent changes in cell shape
in almost all of the positively transfected APPswe M17 cells, as
evidenced by the appearance of longer processes even without RA
treatment; these processes always contained mitochondria span-
ning the full length (Fig. S54). We suspected that DLP1 overex-
pression in APPswe M17 cells may restore their ability to differ-
entiate upon RA treatment. To test this hypothesis, we generated
a stable M17 cell line overexpressing both APPswe and DLP1
(APPswe/DLP1 M17 cells). Immunoblot analysis confirmed the
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o
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APP expression modulates mitochondrial fission/fusion proteins. Representative immunoblot (A) and quantification analysis (B) revealed that DLP1 and

OPA1 were reduced, whereas Fis1 was increased significantly in APPwt and APPswe M17 cells (*, P < 0.05).
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Fig. 4. APP causes abnormal mitochondrial dynamics in differentiated rat E18 primary hippocampal neurons. Neurons (DIV7) were co-transfected with
mito-AcGFP and DsRed-tagged APP or APPswe in the absence or presence of 20 nM BACE inhibitor IV. Three days after transfection, neurons were fixed and
evaluated. (A) Representative pictures of positively transfected neurons with different mitochondrial morphology and distribution pattern were shown. Red,
DsRed-APP; green, mito-AcGFP. (Scale bar, 100 um.) (B) Higher magnification pictures of the boxed area in A. (Scale bar, 20 um.) (C and D) Mitochondria (length
and coverage) in a segment of neuronal process at least 200 um in length beginning from the cell body of neurons were analyzed. At least 20 cells were analyzed

each time in three independent experiments.

restoration of DLP1 levels in APPswe/DLP1 M17 cells and the
restoration of DLP1 expression did not affect APPswe expression
(Fig. S6B). Indeed, at 1 month of RA treatment, ~50% APPswe/
DLP1 M17 cells extended long and branched neurites (Fig. S6C),
similar to that of control M17 cells, suggesting that DLP1 overex-
pression restored the capability of differentiation in APPswe M17
cells. However, the stable M17 cell line overexpressing APPswe and
OPAL still failed to differentiate on RA treatment (Fig. S6C).

Effects of DLP1 and OPA1 on APP-Induced Mitochondrial Functional
Changes. Because mitochondrial morphology is critical for function,
we investigated the effect of APP overexpression on mitochondrial
function and the effect of DLP1 or OPA1 expression. Mitochondria
are the primary source for endogenous ROS. ROS levels were
significantly enhanced in APPwt M17 cells and even more so in
APPswe M17 cells (Fig. S7A4). Although transient overexpression of
DLP1 or OPAL1 did not change the basal ROS levels in normal M17
cells, conversely, transient overexpression of DLP1 resulted in a
further increase of ROS levels in APPwt M17 cells, but not much
change in APPswe M17 cells, and transient overexpression of
OPAL in either APPwt or APPswe M17 cells resulted in a signif-
icant decrease in ROS levels comparable to control level. We also
measured mitochondrial membrane potential (MMP) using the
fluorescence dye Rodamine 123 (Fig. S7B). To control for the
difference in mitochondria numbers in different lines, we also
measured the fluorescence intensity of MMP-independent dye
Mitotracker Red 580 FM. The relative MMP (i.e., ratio of intensity
with Rodamine 123 to Mitotracker Red 580 FM) was significantly
decreased in APPwt and APPswe M17 cells. Transient overexpres-
sion of DLP1 caused decreased MMP whereas transient overex-
pression of OPAI caused increased MMP in normal M17 cells.
Importantly, transient overexpression of DLP1 in APPwt or
APPswe M17 cells caused a further significant decrease in MMP
whereas overexpression of OPAL1 partially rescued the decrease of
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MMP in these two lines. ATP production was significantly de-
creased in APPwt and APPswe M17 cells (Fig. S7C). Transient
overexpression of DLP1 had no effect, whereas transient overex-
pression of OPA1 caused increased ATP production in normal M17
cells. Similarly, transient DLP1 overexpression had no effect,
whereas transient overexpression of OPA1 partially restored ATP
production in APPwt and APPswe M17 cells.

Effects of APP Expression and ApB-Derived Diffusible Ligands on
Mitochondrial Dynamics in Primary Neurons. To determine whether
APP expression has similar effects in differentiated neuronal cells,
rat E18 primary hippocampal neurons (7 days in vitro [DIV]) were
transiently co-transfected with mito-AcGFP and DsRed-tagged
APP. Seventy-two hours after transfection, positively co-
transfected cells with the presence of both DsRed and AcGFP
fluorescence signals were analyzed (Fig. 4). Mitochondrial length in
neuronal processes was decreased significantly in control cells
(2.1 £ 0.24 pm) compared with APPwt- overexpressing cells (1.1 =
0.25 wm) and APPswe-overexpressing cells (0.7 = 0.11 wm). Mito-
chondrial density in neuronal processes also decreased significantly
in control neurons (0.11 * 0.012 wm) and APPwt-overexpressing
neurons (0.14 = 0.031 wm) compared with APPswe-overexpressing
neurons (0.04 = 0.017 um). The overall mitochondrial coverage
in neuronal processes, as indicated by neurite mitochondria index
(i.e., total mitochondrial length/neurite length) (21), was signifi-
cantly decreased in neurons overexpressing APPwt (0.16 = 0.031)
or APPswe (0.04 = 0.019) compared with control neurons (0.22 *
0.013). Moreover, APP-induced mitochondrial changes were com-
pletely prevented by BACE inhibitor IV treatment (Fig. 4), sug-
gesting that these effects were mediated by A production.

To directly test the effect of AB on mitochondrial dynamics, we
treated primary hippocampal neurons (DIV = 7) with 800-nM
Ap-derived diffusible ligands (ADDLs), a condition that did not
cause significant cell death, and found that ADDLs led to a
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significant decrease in mitochondrial length, mitochondrial density,
and overall mitochondrial coverage in neuronal processes (data not
shown). As a control, AB4—1 (10 uM) had no effect on any of these
parameters.

Discussion

In this study, we show that APP overexpression, likely through
increased production of AP, results in perturbed mitochondrial
dynamics, which impact mitochondrial function and neuronal func-
tion. Specifically, we found that APP overexpression induced
mitochondrial fragmentation and abnormal mitochondrial distri-
bution in M17 cells and rat primary hippocampal neurons. That
these effects were completely prevented by BACE inhibitor IV
treatment and that ADDL treatment also led to similar mitochon-
drial changes suggest that AB production mediated APP-induced
mitochondrial abnormalities. Although perturbation in cellular
metabolism, energy status, and redox homeostasis may affect
mitochondrial dynamics (22), it is likely that APP affects mitochon-
drial dynamics directly through the differential modulation of
mitochondrial fission and fusion proteins that cause an impaired
balance of mitochondrial fission/fusion, rather than indirectly
through perturbation of mitochondrial function, because manipu-
lations of DLP1 or OPA1 rescued the effect of APP overexpression,
resulting in a restored cellular capability to differentiate upon RA
treatment and mitochondrial functions such as MMP and ATP
production and lowered ROS levels.

One major observation of this study is that APP overexpression
causes mitochondrial fragmentation in neurons, as evidenced by
both confocal and electron microscopy. Because mitochondrial
morphology is tightly controlled by the balance of mitochondrial
fission and fusion (16), we hypothesized that APP-induced mito-
chondrial fragmentation was caused by enhanced fission, reduced
fusion, or both. In support of this notion, using photo-convertible
fluorescence labeling, we were able to demonstrate that mitochon-
dria in APP-overexpressing cells are able to fuse, but at a signifi-
cantly slower rate than control cells. It is unclear whether an
increased fission rate is also involved in our models. In line with the
suggestion of an impaired balance of mitochondrial fission and
fusion, we found that APP overexpression reduced the levels of
DLP1 and OPAL and increased the levels of Fisl. Although
decreased expression of DLP1 or Fisl can lead to mitochondrial
elongation while decreased expression of OPAL or increased ex-
pression of Fisl is more typically thought to effect fragmentation
(18, 23-25), recent studies show that decreased expression of both
Fisl and OPAL actually led to mitochondrial fragmentation (26,
27). We also found that mitochondria become fragmented when
both DLP1 and OPA1 were decreased (data not shown), indicating
that mitochondria are predominantly fragmented when both fission
and fusion proteins are perturbed. This is consistent with our
observation of mitochondrial fragmentation in APP-overexpress-
ing M17 cells in which DLP1, OPA1, and Fisl are all perturbed.
Indeed, it was the manipulation of OPA1 but not DLP1 or Fisl that
rescued APP-induced mitochondrial fragmentation. It is known
that changes in mitochondrial morphology may affect mitochon-
drial function (18, 19). In this regard, it is important to note that
mitochondrial dysfunction, including increased ROS levels and
reduced MMP and ATP production, were observed in APPwt and
APPswe M17 cells in which mitochondrial fragmentation was also
observed. Therefore, it is likely that enhanced mitochondrial frag-
mentation contributes to APP-induced mitochondrial dysfunction.
In support of this, overexpression of OPAL in APPwt or APPswe
M17 cells partially rescued mitochondrial fragmentation, restored
normal mitochondrial morphology, and also partially rescued mi-
tochondrial functional parameters. Conversely, overexpression of
DLP1 had little effect or even exacerbated mitochondrial fragmen-
tation and failed to rescue mitochondrial functional parameters.
Nevertheless, given the presence of APP in mitochondria (Fig. S8)
and its interaction with mitochondrial proteins, the possibility that
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APP may also induce mitochondrial dysfunction through other
pathways cannot be ruled out.

Another notable aspect of the perturbed mitochondrial dynamics
induced by APP overexpression observed in neurons is the abnor-
mal mitochondrial distribution (i.e., perinuclear accumulation).
Mitochondrial fission and fusion proteins regulate mitochondrial
distribution (25, 28), and we found reduced DLP1 and OPA1 and
increased Fis1 in cells overexpressing APP. It is of interest to note
that reduced DLP1 or OPA1 expression or increased Fisl expres-
sion alone, despite their differential effects on mitochondrial mor-
phology, all cause perinuclear accumulation of mitochondria in
non-neuronal cells (25, 28, 29). However, suggestive of a dominant
pathway, it is likely that DLP1 plays a major role in APP-induced
abnormal mitochondrial distribution as the overexpression of
DLP1, but not manipulations of OPAL1 or Fisl, rescued perinuclear
mitochondrial accumulation. Indeed, we recently reported a similar
abnormal mitochondrial distribution as a prominent feature in AD
fibroblasts that could also be rescued by overexpression of DLP1
(20). Because DLP1 failed to rescue APP-induced mitochondrial
dysfunction (i.e., ROS, MMP, and ATP), it appears that the
abnormal mitochondrial distribution had minimal impact on mito-
chondrial function parameters measured in this study; however,
more subtle changes may not be ruled out. In this regard, it is
notable that APPswe M17 cells exhibit a profound cellular dys-
function such that they lose the capability to differentiate upon RA
induction, which is consistent with a previous report in N2a cells
(30). Interestingly, we found that DLP1 overexpression rescued this
differentiation deficiency in APPswe M17 cells. The rescue effect
of DLP1 overexpression is most likely a result of the restoration of
mitochondrial distribution rather than influence on mitochondrial
morphology/function because (/) DLP1 overexpression failed to
rescue mitochondrial fragmentation and functions and (if) con-
versely, overexpression of OPA1, which rescued mitochondrial
morphology/functions but not abnormal mitochondrial distribu-
tion, failed to rescue the differentiation deficiency. There are
several implications of this observation. First, it is likely critical for
mitochondria to be distributed evenly during differentiation, im-
plicating a local support closer to plasma membrane from mito-
chondria is essential, which is likely lost in APPswe M17 cells.
Second and more importantly, abnormal mitochondrial distribu-
tion must have caused some cellular functional deficits that even-
tually manifest as differentiation deficiency upon RA induction.
Although the nature of such deficits are still unclear, it likely
involves deficiency of local mitochondrial support, which can be
very subtle and become apparent only in high-demand situations
and may be exacerbated in very polarized cells such as differenti-
ated neurons. In this regard, we also found that APP overexpression
or ADDL treatment caused mitochondrial fragmentation and
reduced mitochondrial coverage in neuronal processes in differen-
tiated primary hippocampal neurons. Indeed, synaptic terminals
have abundant mitochondria essential to meet the local demand
(31), and the paucity of mitochondria leads to synaptic dysfunction
in both dendrites and axons (21, 32). Not coincidentally, synaptic
abnormalities were reported in APPswe neurons and transgenic
mice (33). Therefore, it is likely that APP overexpression, by
down-regulating DLP1 and causing abnormal mitochondrial dis-
tribution, depletes local mitochondrial support at remote sites and
causes synaptic dysfunction. Indeed, our preliminary studies suggest
that DLP1 levels are also reduced in Tg2576 APP transgenic mice
(data not shown), and we are investigating whether APP-induced
DLP1 reduction also leads to abnormal mitochondrial distribution
and synaptic dysfunction in transgenic models.

Taken together, the findings presented here suggest that abnor-
mal mitochondrial dynamics are likely involved in mitochondrial
and neuronal dysfunction in the brain of patients with AD with APP
mutations. However, as similar abnormalities in mitochondria are
also evident features of fibroblasts from sporadic AD cases (20), it
is likely that abnormal mitochondrial dynamics may be a feature of
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all AD cases, sporadic or familial. Such a notion is consistent with
the decreased number but increased size of mitochondria in vul-
nerable neurons in the biopsied AD brain (9). In re-analyzing this
same data set (9), we found that AD neurons exhibited significantly
reduced length (Fig. S9) with a significant increase in overall size
(9). These in vivo findings are very similar to what is reported here
in APPwt and APPswe M17 cells. Overall, such data indicate a
balance tipped toward more mitochondrial fission may be in play in
AD neurons, and modulation of mitochondrial dynamics may prove
to be a valuable therapeutic target of AD. Given the critical role of
mitochondria in neurons, especially at the tips of axon or dendrite,
it is very likely that abnormal mitochondrial dynamics may be a
common pathway leading to cellular dysfunction critical to various
neurodegenerative diseases. In this regard, it is worth noting that
PINK1, mutations of which lead to Parkinson disease, appears
to play a role in mitochondrial fission through regulation of
DLP1 (34), and fibroblasts from patients with Parkinson disease
bearing PINK1 mutations also exhibit abnormal mitochondrial
morphology (35).

Materials and Methods

Cell Culture and Transfection. Human neuroblastoma M17 cells were grown as
described before (36). Transfection was performed using Effectene (Qiagen) (20)
and 300 ug/ml geneticin (Invitrogen) or 400 ng/ml of hygromycin B (Calbiochem)
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was included in the medium for stable cell line selection. Stable cell lines were
maintained with 100 pg/ml geneticin or 200 pg/ml of hygromycin.

Expression Vectors, Antibodies, Cell Treatments and Measurements, Western
Blot Analysis, Electron Microscopy, Inmunofluoresence, and Time Lapse Imag-
ing. See S/ Materials and Methods.

Quantification of Mitochondrial Distribution. For each cell line, at least 1,000 cells
were measured. Staining for tubulin allowed for visualization and measurement
of the total cellular area (i.e., total cytoplasmic area). Mitochondria were labeled
by Mito-DsRed. A boundary line was drawn along bordering mitochondria to
encircle an area containing all mitochondria within the cell, the size of the
cytoplasmic area outside this circled area was measured (i.e., cytoplasmic area
devoid of mitochondria), and its ratio to total cytoplasmic area was calculated and
presented as a percentage. Comparing to control cells, the percentage of the
cytoplasmic area devoid of mitochondria was approximately fourfold larger in
APPwt M17 cells and ~15-fold larger in APPswe M17 cells. Based on the fact that
more than 95% of control cells exhibited less than 10% cytoplasmic areas devoid
of mitochondria (Fig. S1), we defined those cells containing more than 10%
cytoplasmic areas devoid of mitochondria as cells with abnormal mitochondria
distribution.
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